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ABSTRACT

Countries are managed based on accurate and precise laws. Enacting appropriate and timely laws can
cause national progress. Each law is a textual term that is added to the set of existing laws after passing
a process with the approval of the assembly. In the review of each new law, the relevant laws are
extracted and analyzed among the set of existing laws. This paper presents a new solution for extracting
the relevant rules for a term from an existing set of rules using semantic similarity and deep learning
techniques based on the BERT model. The proposed method encodes sentences or paragraphs of text in
a fixed-length vector (dense vector space). Thereafter, the vectors are utilized to evaluate and score the
semantic similarity of the sentences with the cosine distance measurement scale. In the proposed method,
the machine can understand the meaning and concept of the sentences by using the BERT model coding
method. The BERT model considers the position of the entities in the sentences. Then the semantic
similarities of documents, calculating the degree of similarity between their documents with a subject,
and detecting their semantic similarity are done. The results obtained from the test dataset indicated the
precision and accuracy of the method in detecting semantic similarities of legal documents related to the
Islamic Consultative Assembly of Iran, as well as the precision and accuracy of performance above 90%.
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1. INTRODUCTION

In a legal system, legislation plays a critical role in
shaping the policies and regulations that guide a nation's
development. Therefore, the process of enacting laws
must be approached with a high degree of precision and
deliberation to ensure that they are beneficial for the
country's progress. To this end, a plan or bill sent to the
assembly for approval is first evaluated and analyzed by
experts from different aspects. However, human mistakes
in data collection and evaluation of legal frameworks in
the review of plans and bills can challenge this
legislation. Artificial Intelligence (Al)-based software
can play the role of an intelligent assistant in law and
legislative affairs, and help representatives and experts
prepare plans and bills, evaluate them, control documents
regarding solecism, and identify and extract relevant
laws. This capability accelerates the legislative process,
decreases costs, and improves the quality of decrees (1,
2).

The legislative process is time-consuming, involving
lengthy discussions and multiple levels of expertise (3).
Hence, it is required to analyze a significant volume of
textual data in a short timeframe, making it challenging
to accurately assess the relationships between proposed
bills and existing laws. The use of Al-powered software
can significantly reduce the time and effort required for
this analysis, allowing legislators to focus on critical
decision-making and debate. Given the recent
development in text processing, deep learning technigues
based on BERT model (4) can be utilized for the semantic
search of different parts of a plan and bill in the existing
set of laws, and then they can be carefully evaluated by
experts and legislators (5).

In this method, the text of a plan and bill, which is
submitted to the assembly, is first pre-processed.
Therefore, spelling errors are corrected, the text is
converted into sentences, the word roots in the sentence
are found, and the roles of words in the sentence are
identified. Thereafter, the prepositions are removed and
the text sentences are converted into numerical vectors
(6). Further, the semantic similarities (7-9) of the text
sentences with the relevant laws are extracted in such a
way that the sentences or paragraphs of the texts are
encoded in a vector space using BERT model based on
deep learning. Then the scores of semantic similarities of
the sentences are calculated using a similarity criterion.
Additionally, the sentences with the same or close
meanings are extracted. Therefore, the important
semantic words are discovered from documents and the
model identifies which sentences are semantically similar
by considering the position of their constituents.

The comparison and evaluation of the proposed
method with the existing methods for searching in the
text indicated that this method can provide better results
in the semantic search of documents due to recognizing

and understanding the relationships between words, and
ultimately the meaning of the sentence.

The initial methods for text search, which perform the
search only based on the matching of the query string,
cannot work properly if the words are embedded in the
sentence or the word is used in an expanded way in the
sentence (6, 10).

In the second text search methods, which use Term
Frequency - Inverse Document Frequency (TF-IDF) and
BM25 techniques, the keywords are first extracted, and
then the topics and meanings of the sentences are
detected using these keywords. In this method, keywords
are specified and weighed for the semantic analysis of
sentences. Keywords represent the entire content of the
text, and thus they are weighed based on the number of
repetitions and their importance. However, this method
cannot recognize synonyms and more complex search
terms in a paragraph because TF-IDF and BM25
techniques work based on a "bag of words" simplifying
principle. In other words, the text is classified into a set
of words from which numerical vectors are generated,
but the order and positions of the words in the text are not
observed. Therefore, this method cannot accurately
understand and extract semantic similarities of
documents.

The third methods (such as the proposed method) are
designed based on the neural network. In semantic search
with the neural network, the neural model learns to
encode a query as a vector to better understand the
meaning or semantic value of a query and calculate the
association between sentences by placing sentences in a
vector space. This technique seeks to encode a sentence
or paragraphs of short text into a fixed-length vector
(dense vector space), and then use the vector to evaluate
to some extent their similarities reflect human semantic
judgments. In this method, the neural language model is
designed based on the transformer architecture and it
allows detecting the relationships between words easily,
and then correctly extracting the semantic relationship of
documents (11, 12).

The remainder of this paper is as follows. Section 2
presents a review of the literature on text processing and
the use of artificial intelligence in legislation in recent
years. Section 3 elaborates the proposed method and the
different steps of this method, in addition to some basic
concepts to identify the semantic similarities. Section 4
discusses the evaluation criteria, result analysis, and
performance appraisal. Finally, the conclusion is
presented in section 5.

2. LITERATURE REVIEW AND RESEARCH
BACKGROUND

The Islamic Parliament Research Center of Iran has
recognized the potential of Al in enhancing the policy-
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making and planning processes, and has emphasized the
need for skilled human resources in Al and law to
effectively implement Al technology in the legislative
process. This recognition highlights the importance of
investing in Al-related training and education to support
the effective use of Al in lawmaking (13).

The research conducted by Leskovec et al. (14)
focused on the application of data mining techniques for
analyzing textual data, specifically in terms of
terminology extraction and document similarity
assessment. The paper discussed various segmentation
and distance measurement methods used in text analysis,
including Euclidean, Jaccard, and cosine distances.

Researchers proposed a method that leverages
semantic similarities in thesauri to identify key terms in
textual data (15, 16). After pre-processing the text,
significant words are initially identified using statistical
techniques. Next, secondary key terms are generated by
analyzing the embedded terms derived from the
significant words and the thesaurus, with the TF-IDF
weighting scheme. Finally, the ultimate key terms are
selected based on the hierarchical and equivalent
relations present in the thesaurus, utilizing clustering
techniques (17).

Within the field of Al, textual databases continue to
grow, encompassing an extensive range of documents
such as new articles, books, and web pages. This rapid
expansion highlights the pressing need for automated
evaluation tools to assess text sources efficiently. One
such solution is automatic text summarization, which
utilizes text processing methods to extract precise
summaries and employs scoring criteria and part-of-
speech tagging to assign importance weights to words in
a sentence (18).

Earlier research has utilized deep learning techniques
to evaluate the semantic similarity of textual sentences by
mapping them into a vector space. This approach
involves embedding sentences and paragraphs of
documents within a vector space and identifying the most
similar embeddings from the collection, enabling the
extraction of semantically similar documents that share a
high degree of overlap (19).

Numerous researchers emphasized the potency of text
mining in uncovering critical patterns within big data by
analyzing unstructured text. The assessment of word or
document similarities is a critical component of natural
language processing and information retrieval, as these
similarities can be identified through statistical
calculations and word similarity measurements (20).

Jiang et al. (21) explored the extraction of semantic
relationships between documents and text similarities,
building a concept space for each term based on the
Wikipedia knowledge base. This concept space is
constructed by weighting various parts of the Wikipedia
website, enabling the calculation of semantic similarities

between two terms. Moreover, two texts can be compared
using the weighted concept space to evaluate their level
of similarity.

Karaa (22) proposed a method for performing
stemming, retrieving information, and locating
documents relevant to users' information needs.
Stemming is a pre-processing technique in text mining
and a key requirement in natural language processing-
related applications. Therefore, it plays a vital role in
information retrieval systems, contributing to their
accuracy and effectiveness.

Kamyar et al. (23) highlighted the significance of
weighting words, a crucial step in language processing
that influences the precision of text classification. They
also presented a novel approach to weighting words,
building upon the statistical TF-IDF weighting method.
This method modifies the TF parameter, which measures
word frequency in a text, by incorporating additional
linguistic features that enhance its accuracy.

Reimers and Gurevych (24) evaluated the
performance of BERT model and established that it
displays exceptional performance in  sentence
classification and sentence pair regression. This model
leverages the power of transformer networks and mutual
encoding to encode two sentences as input, subsequently
predicting a target value and mapping the text to a vector
space, resulting in the extraction of semantic similarities
between text sentences (25).

Before the advent of neural search, the initial
approaches to text retrieval were restricted to basic string
matching, which involved searching through databases or
text files to identify instances of the query string. These
methods were not sufficiently sophisticated to satisfy the
demands of semantic search in large text corpora,
resulting in limited accuracy and relevance of search
results.

The second generation of text retrieval relied on
algorithms such as TF-IDF and BM25 to identify crucial
keywords in the text and extract semantic topics based on
keyword weighting. Despite this advancement, these
algorithms still faced challenges in identifying broader
search queries within paragraphs and detecting
synonyms, as they operated on the bag-of-words
principle, converting text into numerical vectors without
preserving the word order and position in the document.

The third generation of text retrieval, which
encompasses the proposed method, has leveraged neural
networks to enhance semantic search. This approach
trains a model to encode queries as vectors, thereby
enhancing the understanding and semantic value capture
of the query. Moreover, it can establish relationships
between sentences by placing them in a vector space,
facilitating more sophisticated and accurate retrieval of
relevant information.
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3. THE PROPOSED METHOD

This section proposes a method for processing text and
discovering semantic similarities in plans and bills. The
overall structure of the proposed method is given in
Figure 1.

The proposed method involves pre-processing textual
data, including plans, bills, and laws, into a structured
database (26). The BERT model, which has been pre-
trained on large text datasets, is used to identify semantic
similarities between sentences in the documents. The
sequential neural network and transformer architecture
enable the encoding of each text into a fixed-length
vector, which is then used to score the semantic similarity
of sentences based on cosine distance. This approach can
effectively handle documents with multiple paragraphs,
accurately extracting semantic similarities between
sentences in plans, bills, and laws.

After the semantic similarity score is computed, the
model extracts a semantic classification, identifying
words with similar semantic values. Furthermore, it
evaluates each target sentence in the text based on its
context, considering the preceding and succeeding
sentences, and measuring the score based on the position
of the sentence. This classification of semantic
similarities between plans and bills provides a valuable
tool for legislative experts, enabling them to quickly
identify relationships between laws and accurately detect
semantic similarities between plans and bills (27).

The proposed method involves the following steps:

. Pre-processing: All plans, bills, and laws are
entered into a structured database after text pre-
processing.

. Sentence extraction: Sentences are extracted
from the texts of plans, bills, and laws.

. Semantic similarity analysis: Deep learning and
the BERT model are used to identify semantic
similarities between sentences.

. Score calculation: The semantic similarity score
of each document (plan or bill) is computed.

. Semantic  classification:  The  semantic
classification of documents is extracted based on the
similarity score.

These sections are explained in detail as follows.

3.1.Pre-processing  The first stage of the proposed
method involves text pre-processing and preparation,
including concept identification and extraction. Next,
text enrichment is performed, which involves labeling the
semantic roles of word components in the sentences,
eliminating stop words such as "from" and "with,"
stemming the text words, and extracting and identifying
keywords and nominal entities.

3. 2. Using BERT Model To Identify Semantic
Similarity BERT is a deep learning algorithm

Text processing of plans, bills, and laws

N7

Formation of datasets from plans, bills, and laws

.

Conversion of texts into sentences

.

Extraction of semantic relationships between sentences using the
BERT model

.

Encoding text sentences into vectors

.

Calculation of the highest scores among vectors

.

Extraction of semantic relationships and classification of
sentence meanings

.

Formation of the model

Figure 1. The overall structure of the proposed method

that focuses on natural language processing. It
understands the meaning of the smallest units of spoken
language, including the use of prepositions in text and
expressions. By comprehending the structure and
complexity of language, it grasps the relationships
between words and their meanings. Additionally, unlike
language models that can only read input text
unidirectionally (from left to right or from right to left),
BERT can process information bidirectionally
simultaneously. This allows it to understand the meaning
of words in context and within the text.

In the second stage of the semantic search, the
semantic similarities between sentences are evaluated
using the BERT model. Semantic search systems
examine different criteria such as understanding the
nature, meanings of words, and variety of words to find
the concept of the search and use the meaning of words
to provide more interactive results in a database and help
the searcher to extract answers and results . Semantic
search is performed by embedding words in the text and
finding the closest embeddings to detect inputs with the
same meanings as the query (27).

Using the BERT model, which is a pre-trained model
on large texts, this paper seeks to identify semantic
similarities between sentences. BERT model can
perceive the meaning of sentences, using sequential
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neural networks and a technical architecture called
transformer. Sequential neural networks and a technical
architecture, called transformer are famous and advanced
neural network architecture for text processing and
machine translation. Transformer utilizes self-attention
layers to model dependencies between words in
sentences. The transformer can pay attention to the
connections between each word and other words of the
sentence, using the self-attention operations on different
words of the sentence.

3. 2. 1. Transformer Model Architecture A
transformer model receives a sentence at the input and
delivers its translation at the output.

As shown in Figure 2 this model is classified into
groups, encoders and decoders, which are connected
together.

In this structure, each encoder has two separate sub-
layers, a self-attention layer, and a feedforward neural
network. The encoder input first passes through a self-
attention layer which helps the encoder focus on other
words in the sentence during the word encoding process.
The output of the self-attention layer enters a feedforward
neural network layer.

Each decoder has two layers, self-attention and
feedforward neural network, but in the decoders of the
attention layer, there is another layer, called Encoder-
Decoder Attention, which helps the decoder focus on
relevant words. To the best of our knowledge, natural
language processing first needs to convert the input
words into vectors to be understandable for the machine,
which is done by word embedding algorithms, and thus

| am a student

Decoders

y 3

Encoders

Input  ——» | Je suis etudiant

Figure 2. Transformer model architecture for text translation
from French to English

they embed words in the transformer model only in the
first encoder (lowest encoder). When each word is
converted into a vector, each of the two sub-layers passes
in the encoders. Therefore, these words enter the encoder
in parallel, and another vector is added to each input
embedding vector in the transformer model; thereby
helping the model to recognize the position of each word
or the space between different words in the input
sequence.

The BERT model is beneficial for finding semantic
similarities in documents since this model can
collectively and simultaneously evaluate the semantic
information of documents, analyze the connections
between sentences and different stages of text processing,
and thus easily identify the latent semantic similarities of
the text (28-30).

Thereafter, the texts are converted into vectors and
special features (the same features of an entity) are
extracted. These special features are the criteria which are
used to score the semantic similarities. Then, the
semantic analysis of words is performed to find the
semantic similarities between the text components. In the
next stage, the feature selection is performed based on
repetition and removal of irrelevant information, aiming
to eliminate irrelevant and extra information from the
text.

The most important feature is selected through the
scores of words, and thus only important and relevant
information  with semantic similarities remains.
Therefore, the semantic similarity score between the text
components is calculated. This score is based on the
sentence and criterion positions. At this stage, the
semantic classification of documents is extracted after
calculating the semantic similarity score (plan or bill).
This classification helps legislative experts make
decisions to find the relationships of laws and detect the
rate of semantic similarity between plans and bills with
laws (31, 32).

This manuscript utilized transformer-based models as
the most advanced language models based on deep neural
networks. These models are particularly effective for
natural language processing problems (33). For example,
assume the following sentence: "I like to read articles
about artificial intelligence”. To use the BERT model,
first, we convert the sentence into numerical vectors. This
stage is done as pre-processing, consisting of several
stages. Tokenization is the first stage (at this stage, all
punctuation marks are converted into a string of words by
removing blank spaces and commas). Therefore, the
sentence is divided into smaller tokens. For example, our
sentence is tokenized as follows: "I, like, to, read, articles,
about, artificial, intelligence". These tokens are displayed
as a string of numeric numbers. In chipping, the second
stage, the BERT model usually accepts only fixed-length
inputs. Therefore, if the length of a sentence is longer
than the limit of the model, we must decrease its
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components or make it a fixed length. At this stage, only
selecting some tokens and removing the rest is
considered as a common technique.

The third stage comprises the conversion of vectors.
As the tokens are ready, the BERT model utilizes its
transformer layers to assign vectors to each token. These
vectors are usually vectors with large dimensions. Thus
the connections between words are modeled in the
sentence. Model training is the fourth stage where the
models are trained using large sets of labeled data to learn
linguistic features and relations. This training consists of
optimization and adjustment of the weights related to the
model to have the best performance in different
problems. To this end, sentences and words in the text
can be converted into numerical vectors through the
transformer and BERT model. Furthermore, these
vectors can be used for a large number of language-
processing tasks such as text classification, entity
recognition, and translation. This technique encodes the
sentence in a fixed-length vector (dense vector space) and
embeds each word in the vector space into two vectors,
lexical and semantic (see Figure 3).

The similarity between these vectors is calculated at
this stage after mapping the words in the vector space
using the Cosine distance criterion. Therefore, the coded
terms have a set of corresponding vectors in this vector
space. If the text has similar words, the vectors are placed
close to each other in the vector space, and if they have
opposite meanings, the vectors move away from each
other or their directions are opposite. Therefore, the
semantic similarity score is obtained by calculating the
differences.

4. IMPLEMENTATION AND ANALYSIS OF RESULTS
4. 1. Database This manuscript analyzes data

from250 documents approved by the Islamic
Consultative Assembly from 2006-2021, including 50

Sentence 4 ‘ lexical Vector

. Semantic Vector

: \/\/\/\
Encoding

T Word Vector

Sentence Vector

v

Figure 3. Comparing lexical vector and semantic vector of
a sentence Using Bert Model

bills, 50 plans, and 150 laws. The documents analyzed
include Law of Objectives, Duties, and Organizations of
the Ministry of Science, Research, and Technology; the
statute of the Islamic Republic of Iran Broadcasting
(IRIB); the Law of the Iranian Tobacco Company; the
Law of universities and higher education centers; and the
plan for the conservation and management of rivers in
Iran. Examples of bills analyzed include the annual
budget bill and the bill to amend the statute of the cultural
heritage organization (34).

4. 2. Data Analysis A total of 100 plans and bills,
and 150 laws were considered to analyze the results. The
semantic similarity scores were measured to extract the
semantic similarity of the plans and bills with the laws,
using the model, and then compared them with experts'
opinions.

The present model aims to present a system as an
assistant for legislation experts in such a way that the
model can quickly discover and recognize the semantic
similarities of documents. In this method, the plans and
bills related to the laws are scored, and a scoring
threshold is obtained for the performance and accuracy
of the results. In other words, the plan or bill is compared
with the law sentence by sentence, the semantic score is
calculated, and the sentences and paragraphs of the texts
are encoded in a fixed-length vector (dense vector space).
Furthermore, the vectors are used for evaluation and
scoring the sentences, using cosine distance.
Additionally, this method compares experts' previously
measured semantic similarity with the semantic
similarity score discovered by the model.

This research aimed to design and implement an Al
model based on deep learning as an assistant to experts in
finding laws related to plans and bills that are proposed
to the Islamic Consultative Assembly. The Al model
developed in this research should work in such a way that
it can have the minimum error in finding the relevant
semantic items, and the model can extract the maximum
relevant semantic items.

To evaluate the performance of the Al model, we
compared its results with the opinions of experts in the
Islamic Consultative Assembly. This comparison of the
model settings and parameters revealed that the error rate
in detecting semantic similarities decreased. After
conducting multiple tests and gathering extensive
feedback and information from the assembly, we
determined that a semantic similarity score of 34% or
higher indicates a correct extraction of relevant semantic
items.

The Receiver Operating Characteristic (ROC) curve
of this model is shown in Figure 4 to evaluate the
efficiency of data classification parameters, called True
Positives (TP), False Positives (FP), True Negatives
(TN), and False negatives (FN). The TP class occurs
when the expert and the Al model report the positive
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semantic similarity between the two documents. The FP
class happens when the expert reports a negative
semantic similarity between the two documents, but the
Al model reports a positive semantic similarity between
the two documents. The TN class occurs when the expert
and the Al model declare a negative semantic similarity
between the two documents. Furthermore, the FN class
happens when the expert declares a positive semantic
similarity between the two documents, but the Al model
declares a negative semantic similarity between the two
documents. The ROC curve indicate the good
performance and very high precision of the model in the
evaluation. Implementation results of the proposed
model on three sample plans and bills from the dataset
are shown in Table 1.

Table 2 compares the results between experts and the Al
model on the data provided in this research. The best
result was found regarding the accuracy and precision of
the model performance by considering a 34% threshold
of the similarity score for documents. A precision of
above 96% was obtained for the model on the evaluation
data. Results provided in Table 2 indicatie the accuracy

and precision of the Al model in detecting the semantic
similarities of legal documents related to the Islamic
Consultative Assembly. It also shows the achievement of
accuracy and precision of performance above 90%.

1.10
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0.90
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0.60
0.50
0.40
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0.00
-0.10 0.40 0.90

FP-Rate
Figure 4. ROC curve of the method evaluation

1

TP-Rate

TABLE 1. Dataset model, comparison of the results between experts and artificial intelligence model

Semantic

Semantic

. evaluation evaluation .Se.ma_ntic _Se_mantic .
Name of plan or bill Name of relevant law similarity of similarity of Confusion
percentage percentage the expert the model
of the expert  of the model P
1. The _plan c_)f regulating The Law on the creation of
some financial, education councils in provinces
administrative, and support - npr ' 40 43 No yes FN
- L counties, and districts-
regulations of the Ministry of 18/05/2000
Education- 15/06/2010
2. The plan of saving and o
revitalizing Iran's lakes and devzlge ylﬁ\é\;]?néﬁn; /(];II/thll 40 27 No No TN
wetlands- 15/06/2010 prment p
3.The plan of supporting The law on social insurance for
handicraft masters and carpet weavers, and handicraft 20 29 No No TN

artists- 15/06/2010 workers with 1D- 9/08/2009

TABLE 2. Results of the proposed method evaluation with
specific parameters for test dataset samples

The mean score of semantic similarities of

sentences given by the expert 59

The mean score of semantic similarities of 48
sentences (proposed method)

Performance statistics -II—:FI’\I_:g(? E,Z;i
Precision 0.92
Recall 1.0
Accuracy 0.93
Precision and recall outcome- F1-Score 0.96

5. CONCLUSION

The semantic searching method proposed in this paper
was designed and implemented using a neural network,
BERT model, and transformer architecture based on deep
learning. This paper introduces a model that offers an
efficient and useful solution for detecting laws related to
plans and bills. The model can encode sentences or
paragraphs into fixed-length vectors, using cosine
distance to evaluate and score sentences. Furthermore,
the proposed approach's consideration of text conceptual
and semantic relationships suggests that it is well-suited
for classifying complex texts and accurately extracting
semantic relationships. The test dataset sample results
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demonstrate the method's high precision and accuracy in
identifying semantic similarities between relevant legal
documents on real datasets.
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1. INTRODUCTION

The Metal-Oxide-Semiconductor Field-Effect Transistor
(MOSFET) is a crucial component in modern electronics,
serving as a fundamental building block for digital and
analog circuits. Developed as a successor to the bipolar
junction transistor (BJT), MOSFETSs play a pivotal role
in integrated circuits, enabling the amplification and
switching of electrical signals with remarkable efficiency
(1). The MOSFET's design leverages the principles of
semiconductor physics, offering advantages such as low
power consumption, high integration density, and
compatibility and comparison with complementary metal
oxide-semiconductor (CMOS) technology (2).

The MOSFET has a metal gate that acts as a control
electrode. This gate is separated from the semiconductor
material by a thin insulating layer, typically made of low-
k dielectric materials and high-k dielectric materials such
as silicon dioxide (SiO), hafnium oxide (HfO2) and
Titanium dioxide (TiO) (3). The insulating oxide layer
isolates the gate from the semiconductor. Its thinness is
crucial for facilitating effective control of the transistor.
The MOSFET consists of a semiconductor material,
often silicon, which forms the channel region where the
flow of charge carriers is controlled by the electric field
applied by the gate (4). The MOSFET relies on the
modulation of the conductivity of the channel region
between the source and drain terminals. This modulation
is achieved by applying a voltage to the gate terminal,
creating an electric field that controls the flow of charge
carriers. In an n-type MOSFET, electrons are the
majority carriers, and applying a positive voltage to the
gate repels electrons, reducing the conductivity of the
channel (5). In a p-type MOSFET, holes are the majority
carriers, and a negative voltage on the gate serves a
similar purpose. MOSFETs are extensively used in
digital and analog circuits, serving roles in amplification,
signal switching, and as key components in integrated
circuits (6). MOSFETs consume minimal power due to
their inherent voltage-driven drain current operation and
are compatible with CMOS technology, allowing for the
integration of large numbers of transistors on a single
chip (7). MOSFETS exhibit fast and improved switching
characteristics, making them suitable for high-speed
digital applications. Therefore, MOSFET is a
foundational present trend semiconductor device that has
revolutionized the field of electronics. Its versatility,
efficiency, and compatibility with integrated circuit
technologies have contributed significantly to the
miniaturization and performance improvement of
electronic devices.

As the quest for more energy-efficient and high-
performance electronic devices continues, researchers
and engineers are exploring the present novel transistor
architectures, and one promising candidate is the Tunnel
Field-Effect Transistor (TFET). TFET represents a

departure from traditional MOSFETs by leveraging
quantum tunneling phenomena to achieve enhanced
energy efficiency and reduced power consumption (8, 9).
This innovative transistor design holds great potential for
applications in low-power integrated circuits and
emerging technologies. TFETs operate based on
quantum tunneling phenomenon in quantum mechanics
where particles can pass through energy barriers that
classical physics would consider insurmountable. In the
case of TFETS, electrons or holes tunnel through a thin
barrier in the transistor's channel region employing with
low-k dielectric materials and high-k dielectric materials
such as silicon dioxide (SiOy), hafnium oxide (HfO-) and
titanium dioxide (TiOy). Similar to MOSFETs, TFETs
have source and drain terminals, defining the direction of
current flow through the channel. However, the operation
of TFETSs involves tunneling rather than traditional drift
or diffusion of charge carriers (10).

The TFET's energy band diagram plays a crucial role
in its operation. With low-k dielectric materials and high-
k dielectric materials such as SiO,, HfO, and TiO-
engineering the bandgap and the tunneling barrier,
TFETs can achieve steep subthreshold slopes, a key
metric for low-power performance. TFETs have the
potential to achieve sub-60 mV/decade subthreshold
slopes, surpassing the physical limitations of traditional
MOSFETs (11, 12). This characteristic makes them
highly attractive for applications where minimizing
power consumption is critical. TFETs can operate
efficiently at lower supply voltages, contributing to
energy savings and enabling the design of circuits with
extended battery life in portable devices. TFETs show
promise in various applications, including low-power
integrated circuits, energy-efficient processors, and
devices where extended battery life is crucial (13, 14).

In semiconductor technology, the continual pursuit of
smaller transistor sizes and improved performance has
led to the development of advanced transistor structures.
One such innovation is the Dual Metal Gate FinFET with
high-K dielectric materials, a cutting-edge technology
implemented in 10nm semiconductor nodes (15). This
high-K advanced dielectric materials and transistor
architecture addresses the challenges posed by traditional
transistor scaling, such as leakage currents and power
consumption, thereby enhancing the overall efficiency
and performance of integrated circuits (16).

The conventional FinFET technology is widely used
in  semiconductor manufacturing, particularly in
advanced nodes for digital integrated circuits. The
process begins with a silicon wafer, which serves as the
substrate for the semiconductor device and a thin layer of
silicon is deposited on the substrate. A gate dielectric
layer is deposited over the fins to control the current.

FinFET (Fin Field-Effect Transistor) is a 3D
transistor design that overcomes some limitations of
traditional planar transistors. It involves the use of a fin-
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like structure for the channel region, enabling better
control over the flow of electrical current (17). The dual
metal gate refers to the incorporation of two distinct
metal layers in the gate structure of the FInFET. This
dual-layer design enhances control over the transistor's
conductivity and allows for improved performance,
reduced leakage currents, and enhanced reliability. The
semiconductor industry has witnessed a relentless pursuit
of improved miniaturization to enhance performance and
energy efficiency (18). As the semiconductor industry
progresses towards smaller nodes, the 10nm process
emerges as a promising device. This study focuses on the
qualitative performance analysis of dual metal gate
(DMG) FIinFET (DMG-FInFET) in the 10 nm technology
node (19).

Power efficiency is a critical concern in modern
semiconductor design. The analysis delves into the power
consumption patterns of DMG FinFETs under various
operating conditions being dynamic power consumption
during switching events and static power dissipation in
idle states (20). This work investigates the robustness of
DMG FinFETs in the face of process variations and
environmental factors, providing insights into their long-
term performance related to low-K dielectric materials
and high-K dielectric materials such as SiO,, HfO, and
TiOz (21).

Traditional transistors use silicon dioxide (SiO2) as
the gate dielectric. However, as transistors shrink, the
insulating properties of silicon dioxide diminish. High-K
dielectric materials, characterized by a higher dielectric
constant (K), are employed to counteract this effect.
Common high-K materials include hafnium oxide (HfO2)
-based compounds, which offer better insulation and
allow for further downscaling of transistor dimensions.
The high-K dielectric materials help minimize leakage
currents, enhancing the energy efficiency of the
transistors. The dual metal gate design provides better
control over the transistor's conductance, resulting in
improved speed and performance. The 10nm technology
allows for the fabrication of smaller, more densely
packed transistors, contributing to increased device
integration and overall performance. The DMG FinFET
with high-K dielectric materials in 10nm technology
finds applications in a wide range of electronic devices,
including smartphones, tablets, high-performance
computing systems, and other advanced electronic
devices demanding higher processing power and energy
efficiency (22).

2. DEVICE STRUCTURE AND MODELLING

The fabrication process for FINFETs is more complex
compared to traditional planar transistors, requiring
additional manufacturing materials and increased process
control. The complexity of the FIinFET fabrication

process, along with the need for advanced materials and
equipment, can lead to higher manufacturing costs.
Variability in the height of the fin structures can occur
during the fabrication process, leading to performance
variations among transistors. This variability can affect
the overall yield and reliability of the semiconductor
device.

The design of a DMG FinFET with high-K dielectric
material such as silicon dioxide (SiOy), hafnium oxide
(HfOy) and titanium dioxide (TiOy) involves several key
considerations to optimize device performance, reduce
power consumption, and ensure manufacturability. In
this proposed HfO, DMG-FInFET, employing a suitable
semiconductor material for the fin structure as silicon and
gate dielectric materials as HfO, and TiO; as shown in
Figure 1. The fin provides the channel through which the
current flows. The high-K dielectric material, such as
hafnium oxide (HfO,), to replace traditional silicon
dioxide as the gate dielectric. High-K materials enable
effective gate control and minimize leakage currents. The
proposed high-K FinFET architecture to enhance control
over the channel. The fin structure allows for better
electrostatic control of the channel, reducing leakage
current and improving overall transistor performance.
Design a gate stack in the proposed device that includes
the high-K dielectric layer and the metal gates. Optimize
the thickness and composition of each layer to achieve
the desired electrical characteristics, such as threshold
voltage and subthreshold slope (23).

The high-K dielectric material, HfO, device fin for
optimal carrier mobility and electrostatic control.
Consider the fin width, height, and doping concentration
to achieve the desired device characteristics. In this
proposed device spacer engineering dielectric material
being TiO helps in achieving better control over the
transistor characteristics and mitigating issues related to
process variations. The integration of the DMG FinFET
into the semiconductor fabrication process must be
seamless to enable large-scale production and 10nm, to
leverage the advantages of this high-K dielectric
materials being HfO, and TiO, manufacturing processes
(24).

Figure 1. Proposed DMG- FinFET
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Utilized the simulation and modeling TCAD tool to
predict and optimize the device characteristics before
actual fabrication. This aids in fine-tuning the design
parameters for optimal performance. Therefore, the
proposed device design of DMG-FInFET with high-K
dielectric materials, engineers can create transistors that
offer improved qualitative performance, reduced power
consumption, and enhanced reliability for advanced
semiconductor technologies (25, 26). High-K dielectric
materials and the FinFET architecture help achieve lower
subthreshold slopes, reducing power consumption in
subthreshold slop operation (27). This is particularly
advantageous for applications requiring energy-efficient
operation in low-power states. The use of high-K
dielectric materials contributes to improved temperature
stability. This is vital for maintaining consistent device
performance across a range of operating conditions,
ensuring reliability in various environments (28).

Table 1 shows the proposed device utilized
parameters for the simulation in 10nm technology. The
improved performance parameters of proposed device
compared with existing devices are shown in Table 2.

3. PROPOSED DEVICE ALGORITHM

The algorithmic proposed FinFET design determining
the materials for the dual gate structure. This could
involve optimizing the properties of each SiO, and HfO,
material to achieve higher drain current and lower
leakage current performance characteristics. Developing
algorithms for the precise placement and control of the
dual materials within the gate structure. This may involve
considerations for thickness, composition, and other

TABLE 1. Used parameters of the proposed device

Device Parameter Value
Length of device(W,) 60 nm
Gate Length(Lg) 10 nm
Source Length(Ls) 30 nm
Drain Length(Lp) 30 nm
Channel Length(Lc) 10 nm
Source Doping(Np) 10%cm
Drain Doping (Np) 10%8cm?3
Channel Doping 10% cm3
Gate Work Function 4.3eV
Low-k material SiO,
High-k material HfO,
Fin width 10nm
Fin height 14nm

TABLE 2. Used Modelling for the proposed structure

Model Description

conmob Specifies the concentration mobility
fldmob Calculation of the field dependent mobility
evsatmod=1 implements the carrier temperature mobility
hcte.el to enable energy balance for electrons
taurel.el specifies the relaxation time in the
taumob.el specifies the relaxation time for electrons

material properties. Implementing algorithms to optimize
the manufacturing process, including deposition, etching,
and other steps involved in creating the dual material gate
FinFET. The development of algorithms to model the
electrical characteristics and performance of the dual
material gate FinFET. This could include simulations and
analyses to predict behavior under various dielectric
materials. The algorithms may be developed to
seamlessly incorporate the dual material gate FInNFET
into existing fabrication processes.

The novelty in semiconductor technology often
involves improvements in performance, power efficiency
and transistor design. In DMG FinFET is a recent
development with gate length of 22 nanometer and
thickness of Fin is 2nm. The unique features of this
device is improved drain current, reduced leakage current
and lower sub threshold swing about 64 percent.
Therefore, this device is suitable for low power
applications.

4.RESULTS AND DISCUSSION

4. 1. Drain Current Vs Drain Voltage
Characteristics Analyzing the characteristics of
the drain current (Id) as a function of the drain-to-source
voltag (Vds) for a DMG FinFET with high-K dielectric
materials being hafnium oxide (HfO2)and titanium
dioxide (TiO2) involves at low Vds values, below the
threshold voltage (Vth), the proposed device is in the
subthreshold region. In this region, the drain current is
exponentially dependent on Vds. The subthreshold slope
is a crucial parameter, and the use of high-K dielectric
materials (HfO2) helps in achieving lower subthreshold
slopes, contributing to lower power consumption in
subthreshold operation as shown in Figure 2. The
threshold voltage is the gate voltage at which the Id
begins to conduct. In the Id Vs Vds plot, this is the point
where the curve starts to rise. DMG design can impact
the threshold voltage, allowing for better tuning and
control. As Vds increases beyond Vth, the transistor
enters the saturation region. In this region, the drain
current becomes relatively independent of Vds (29, 30).
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4.2.Drain Current Vs Gate Voltage Characteristics
The drain current (Id) as a function of gate-to-source
voltage (Vgs) measured in volts (V) for DMG FinFET
with high-K dielectric materials provides valuable
insights into the transistor's behavior. The threshold
voltage (Vth) is the gate voltage at which the transistor
just starts to conduct. In the Id vs Vgs plot, where the
curve begins to rise. High-K dielectric materials such as
hafnium oxde (HfO,) and titanium dioxide (TiO2) and the
dual metal gate design influence Vth, allowing for better
control and optimization. At lower Vgs (V) values
(below V1th), the transistor is in the subthreshold region.
The drain current in this region is exponentially
dependent on Vgs. High-K dielectric materials (HfO2 and
TiO,) help in achieving lower subthreshold slopes,
contributing to lower power consumption in subthreshold
operation. As Vgs increases beyond Vth, the transistor
enters the saturation region. In this region, the drain
current becomes relatively independent of further
increases in Vgs (V). The dual high-K metal gate design
contributes to improved electrostatic control, reducing
the impact of gate voltage on the drain current as shown
in Figure 3.

4. 3. Drain Conductance Characteristics The
drain conductance is an important parameter in the
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Figure 3. Id Vs Vgs characteristics of Proposed device with
HfO2 and TiO2 high-K dielectric materials

operation of a proposed DMG-FIinFET, employing with
high-K gate dielectric materials being HfO, and TiO,. It
is a measure of how easily current can flow from the
source to the drain terminal of the device. The drain
conductance is influenced by high-K dielectric materials
as HfO, and TiO,. The drain conductance of a DMG
FinFET would be influenced by the specific
characteristics of the dual metal gate structure. The
choice of high-K dielectric materials and spacer
materials, and the overall design of the transistor impact
how efficiently current can be conducted from the source
to the drain as shown in Figure 4.

4. 4. Transconductance Characteristics The
transconductance (gm) of a DMG FinFET with high-K
dielectric materials high-K gate dielectric materials being
HfO, and TiO; is a crucial parameter that indicates how
effectively the transistor amplifies small input signals.
The transconductance of this device is mathematically
expressed as the derivative of the drain current (1d) with
respect to the gate-source voltage (Vgs) and it is highly
dependent on the gate-source voltage. As Vgs increases,
the transistor enters the saturation region, where the slope
of the Id vs Vgs curve determines the transconductance.
In the saturation region of the transistor operation, the
slope of the Id vs Vgs curve represents the
transconductance. A steeper improved slope corresponds
to a higher transconductance and indicates better
amplification capability as shown in Figure 5.
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The resistance characteristics of a DMG FinFET with
high-K  dielectric materials are important for
understanding the device's behavior in various operating
conditions. The channel resistance is a crucial component
of the total resistance in a transistor as shown in Figure
6. It is influenced by the properties of the semiconductor
material forming the channel and the dimensions of the
fin structure. In a FinFET, the 3D fin structure provides
better electrostatic control, reducing channel resistance
compared to traditional planar transistors. The overlap
between the gate and source regions can contribute to
resistance. Design considerations, such as optimizing the
gate-source overlap and using appropriate materials can
impact this resistance as shown in Figure 6. The series
resistance of the source and drain regions, including the
contact resistances, can significantly affect the overall
transistor resistance. Techniques such as silicidation are
often employed to reduce source and drain contact
resistances.

The reduction of sub threshold slope increases the
off-current and power dissipation in the device. These
characteristics are essentials for low power portable
devices. The amount of gate voltage needed for variation
of drain current defined as sub threshold slope given in
Equation 1:

AWys
a(log (Ias)) @

Silicon dioxide (SiOz) is a key material in
semiconductor manufacturing, particularly in the
fabrication of integrated circuits. SiO, has a high
dielectric constant, making it an excellent insulator. This
property is crucial for the gate dielectric in metal-oxide-
semiconductor (MOS) transistors, where SiO; has
historically been used and the thickness of SiO; is 2nm in
proposed in this simulations

Subthreshold slope (SS) =

4. 5. Main Achievement of the Prposed Device
The DMG-FIinFET device contributes to improved
electrostatic control, reducing the impact of drain voltage
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Figure 6. Ron characteristics of Proposed device with HfO:
and TiOz high-K dielectric materials

TABLE 3. Performance parameters comparison with various
devices based on literatures work

HD-

Parameters FinIEET Fir?l(:;ET Fir?FGET DMG PE%‘C?iSd
FinFET

lon (A/um) 413 584 59 503 8.2
loff (\m) 820 890 622 620 227
lon/loff 229 29 31 381 3841
Gm(Simm) 231 234 26 261 381
Gd(S/mm) 21 119 184 28 2,01
Ron (Qmm) 3.1 26 214 217 315

on the drain current. The higher Vds values, the transistor
enter a linear region where the drain current increases
linearly with Vds. This region is generally not desirable
for digital applications but may relevant in certain analog
circuit configurations also based on higher drain current,
lower leakage current and lower sub threshold swing.
The block diagram of proposed device as shown in Figure
7.

[ Designing of Proposed structure I
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il
)

Figure 7. Block diagram of Proposed device

[ DMG-FinFET

5. CONCLUSION

The integration of Dual Metal Gate FinFET with high-K
Dielectric Materials in 10nm technology represents a
significant advancement in semiconductor technology,
offering a range of benefits for modern electronic
devices. The proposed device employing high-K
dielectric materials such as hafnium oxide (HfO,) and
titanium oxide (TiO;) and investigated in 10 nm
technology. The dual metal gate design enhances
electrostatic control over the channel, reducing leakage
currents and improving overall device performance. The
incorporation of high-K dielectric materials in the gate
stack replaces traditional HfO, and TiO,. The proposed



P. Padmaja et al. / IJE TRANSACTIONS C: Aspects Vol. 37 No. 06, (June 2024) 1059-1066 1065

high-K dielectric materials DMG-FIinFET has improved
performance over silicon dioxide (SiO;) gate stack and
notable enhancement in device performance and
subthreshold slope. The advantages of the proposed
structure have the improvement performance compared
to existed devices such as drain current and reduced
leakage currentin and switching ratio about ~ 12 times is
reported. The most recent innovation in this proposed
structure lies in the Fin thickness, which is now 2nm and
enables precise control of the current across the entire
device. The limitations of this proposed structure is SS,
which can be reduced in submicron node. The future
scope in this proposed device can introduce advanced
structural modifications in the optimized FinFET to
enhance device further features for very lower
applications.
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1. INTRODUCTION pollution, global warming, and climate change.

Therefore, the management of human activities is
The increasing energy consumption at the global level necessary to preserve life on earth [1]. In addition, the
has led to many environmental problems, such as air limitation of energy reserves is a problem that has caused
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many concerns in many countries. Conventional energy
sources are not sustainable and obtaining and using fresh
reserves is becoming more challenging day by day [2].

These problems have drawn the attention of
researchers to the prediction of energy consumption in
different fields [3]. Since the contribution of buildings in
energy consumption is significant (36 % of the total
global energy), predicting building energy consumption
and optimizing energy consumption has become a
fundamental issue [4].

The building sector is a major energy consumer,
accounting for a significant percentage of global energy
consumption of CO; emissions, and over time its annual
growth rate increases. The increase in building energy
consumption has been due to population growth and
increased demand  for  building  comfortable
environments. This increased use of energy consumption
in the building sector raises concerns about supply issues
and global environmental impacts. Therefore, energy
efficiency in this sector is needed to reduce carbon
emissions and reduce supply problems, and it serves as
the basis for many advanced building energy
management techniques, such as safety monitoring,
demand response and optimization control.

Hence, a precise method for predicting building
energy consumption for energy management systems is
important and challenging. However, building energy
consumption data often shows nonlinear and non-
stationary patterns that make forecasting more difficult.

With the increasing demand for energy consumption,
the necessity of activity in this field is still ongoing, as
well as up-to-date articles in this field are presented in
prestigious journals. In order to address the mentioned
problems, in this research, a new approach to predicting
energy consumption using artificial intelligence
techniques has been presented in order to increase
accuracy. In this research, the combination of deep
learning and artificial intelligence techniques will be
used to develop a solution to the problem that offers both
good accuracy and efficiency.

The innovations of this research can be expressed as

follows:
* Integrated use of deep learning methods in predicting
energy consumption in the building field which includes
various networks such as torsion, recursive network, etc.
Was.

e Optimize the parameters of several deep learning
methods simultaneously in order to achieve higher
accuracy. This optimization is applied with the help
of a successive halving method.

» Feature selection with the help of recursive feature

removal to achieve higher performance.

* Apply the voting process between the results of

applying different deep models based on the weights

assigned to each model.

In addition, increasing urbanization and the
development of cities is one of the issues that aggravates
this concern in many countries [5]. One of the available
solutions to control this problem is to predict the energy
consumption of the building before designing and
building the structure. This prediction can lead to the
optimal construction of buildings and energy saving.
Building energy prediction is related to several factors
such as the behavioral characteristics of the building
occupants, physical characteristics of the structure,
environmental conditions and weather. These cases have
complicated the accurate prediction of this issue. Various
tools have been provided to simulate building energy
consumption and their performance depends on many
input parameters. In fact, for the correct use of this tool,
accurate and extensive information must be available. In
practice, this issue itself has become a new challenge and
the unavailability of this information leads to the poor
performance of these tools [6]. One of the available
solutions to solve this problem is the use of machine
learning techniques that are used in various fields [7].
These methods do not require a lot of information and
can provide a suitable forecast using the historical data of
each region.

Machine learning algorithms and models use patterns
and inference to learn, rather than using clear
instructions. In this way, they easily identify trends and
patterns without the need for human intervention. The
widespread use of machine learning methods in various
fields to manage multidimensional and complex data in a
short time and using limited resources is significant. In
addition, researchers' attention to this field has led to the
continuous improvement of its techniques.

In this way, it is possible to predict the building's
energy needs in any area by using the available data and
using the machine learning technique, and avoid possible
future problems. The proper performance of machine
learning methods largely depends on the models used for
learning and the available data. In this research, an
approach based on deep learning techniques is used,
which processes data in a way inspired by the human
brain and recognizes complex patterns. In addition, this
research will use a standard data set that has been
collected and used by several research teams in recent
years, and will keep the possibility of comparing the
results for future research.

In the continuation of this research, in section 2, the
recent work done in the field of using machine learning
and deep learning techniques in the problem of predicting
building energy consumption are presented. In section 3,
the proposed voting-based system is discussed and its
details wiare explained. In section 4, explanations about
the data set used are provided. The results of the
implementation of the proposed method and its
components are presented in section 5, and finally,
conclusion is stated in section 6.
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2. RELATED WORK

Currently machine learning and deep learning algorithms
have proven their ability to manage sequential data and
are used to solve many data- driven problems [8, 9]. In
Yazdan et al. [10] used RNN to predict energy
consumption. The results of this research showed that the
proper efficiency of this method is obtained by increasing
the number of courses and setting the parameters
properly. Olu-Ajayi and Alaka [11] introduced machine
learning techniques including artificial neural network,
support vector machine and decision tree; they have
applied on a dataset of multiple buildings and were able
to predict the average amount of energy consumption in
buildings.. The results obtained from this research
showed that the artificial neural network showed the best
performance among the evaluated methods and achieved
values of 2.80 and 7.85 in RMSE and MSE criteria,
respectively.

A building energy consumption prediction model
called SSA-CNNBIGRU was proposed by Wei and Bai
[12] which combines SSA, CNN and BiGRU methods.
Actual data is used from a number of office buildings in
the UK. The obtained results and comparison with other
machine learning techniques showed the appropriate
accuracy of the proposed method of this research. So that
in the MAE criterion, the values of 76.85 and 77.70 were
obtained for the prediction of electricity consumption and
gas consumption, respectively. A new architecture based
on hybrid deep learning was proposed by Jogunola et al.
[13] using two layers of CNN and BLSTM and LSTM.
This method was used to predict energy consumption in
commercial and residential buildings in areas such as
Canada and the United Kingdom, and satisfactory results
were obtained.

An electric load forecasting model was proposed by
Alsharekh et al. [14] in which the input data which
includes spatial and temporal features is pre-processed.
After that, a method based on R-CNN and MLLSTM is
used to learn patterns in two steps. The results of
implementing the proposed method on the IHEPC and
PJM datasets showed a relative reduction in the error rate.

Khan et al. [15] investigated several deep learning
methods and finally a CNN-based model was proposed
to extract new features from the analyzed data to predict
the energy required in residential and commercial
buildings. The features extracted in the previous step are
used by the LSTM encoder and decoder to generate
prediction sequences. Khan et al. [16] presented a
framework for predicting short-term electric energy
consumption; which first deals with data preprocessing
and cleaning. In the continuation of this research, CNN
is used to extract the pattern. The output obtained from
this section is sent to a stacked LSTM. Evaluation of this
system on the IHEPC and PJM datasets provided good
results.

Amalou et al. [17] investigated a number of deep
learning methods, such as RNN, LSTM and GRU to
solve the problem of energy consumption management
and prediction. The results of this research on the SGSC
data set showed that among the mentioned methods,
GRU provides the best performance., LSTM, GRU and
combined LSTM-GRU learning methods were used by
Cetiner [18] to predict energy consumption. The
proposed method of this research was applied to the
dataset published by ENTSO-E (European Distribution
Authority). The results of the research showed that the
combined LSTM-GRU method has relatively higher
training time, however, it has achieved appropriate
accuracy.

Wang et al. [19], a multi-scale recurrent neural
network (MCRNN) was proposed that uses multi-scale
convolution units to gather information about
temperature, air pressure, light data. Bi-RNN is used to
obtain the dependence between the expressed factors. In
the proposed method of this research, a recurrent
convolutional connection is used to filter useful multi-
scale and long-term information. Lei et al. [20] first used
the rough sets theory to reduce the effective factors. In
the following, the extracted features were used as the
input of a deep neural network to predict the energy
consumption of the building in the short and medium
term. The results of the proposed method with other
methods proved the appropriate accuracy of this method.

El Alaoui et al. [21] focused on predicting the energy
consumption of an administrative building through the
utilization of machine learning and statistical techniques.
The study aims to develop accurate and efficient models
for forecasting energy usage, which can contribute to
energy management and conservation efforts. They
collect and analyze historical energy consumption data
from an administrative building, along with relevant
external variables like weather conditions and occupancy
patterns. This data is then utilized to develop predictive
models using machine learning algorithms, such as
artificial neural networks and support vector regression.
Additionally, statistical methods, including
autoregressive integrated moving average models, were
employed for benchmarking purposes and model
comparison. The models' performances were compared
based on three statistical indicators: normalized root
mean square error (NRMSE), mean average error (MAE),
and correlation coefficient (R). The results show that all
studied models have good accuracy, with a correlation
coefficient of 0.90 < R < 0.97. The artificial neural
network outperforms all other models (R=0.97,
NRMSE=12.60%, MAE= 0.19 kWh).

3. PROPOSED METHOD

In this study, several machine learning regression
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TABLE 1. Comparison of previous works

Evaluation Data collection Method Reference
RMSE /0.084 OPSD, Germany RNN (10)
RMSE /2.80 MHCLG + Meteostat ANN (11)
MAE/ 76.85 . e .

Real office buildings in the UK SSA-CNNBIiGRU (12)
MAE/ 77.70
MSE /0.09 commercial and domestic building in Canada and UK CBLSTM-AE (13)
MSE /0.002

IHEPC and PJM datasets R-CNN + ML-LSTM (14)

MSE / 0.0005
MSE /0.19 L oo

UCI residential building dataset CNN + LSTM-AE b (15)
RMSE /0.47
RMSE /14.85

IHEPC and PJM datasets CNN + stacked LSTM (16)

RMSE /3.4
RMSE /0.034 SGSC GRU an
MSE /0.0013 Germany energy consumption data set LSTM-GRU (18)
RMSE / 38.3016 Residential building in Belgium MCRNN (19)
Relative error/ 7% Civil public and laboratory building RS-DBN (20)

methods, including Random Forest (RF), Multi-Layer
Perceptron (MLP), Linear Reggression (LR), and
Convolutional Neural Networks (CNN) were used to
analyze the investigated data set. The results showed that
the CNN method has a significant superiority over the
other investigated techniques. Since deep learning
methods can detect complex patterns in data with
appropriate accuracy, in this research, deep learning
methods were further investigated. Different structures of
CNN and Deep Neural Network (DNN) were
investigated and finally a method based on voting was
proposed to predict building energy consumption. The
proposed method of this research is shown in Figure 1.
Since deep learning methods work well on data and
perform well, it is difficult to choose the best method
among them. To get better results in the proposed method
of this research, voting technique has been used. The
proposed voting regression-based method is a meta-
estimator that averages the predictions of individual
models and provides a final prediction. In this method,
instead of providing a strong model, a combination of
several models is used. In the proposed method, each
model examines aspects of the data structure and the
result of the final model will be more robust. In methods
with appropriate robustness, one can be sure that the
performance of the model does not change and does not
deviate significantly when using new data compared to
the training data. As can be seen in the figure, in the
proposed research system, three different versions of
CNN and a DNN models are applied to the training data
after the pre-processing of the obtained data. The
specifications of the CNNs used in the proposed method

are given in Table 2. The results obtained from voting
methods will be presented as the final prediction.

We examined different methods of deep learning
approaches with different parameters; finally, the
architecture proposed in this article has provided the best
results.

4.DATA SET

In this research, the WiDS Datathon dataset is used to
check the energy consumption prediction model. WiDS
Datathon has been created in collaboration with various
institutions and universities such as Stanford University,
Harvard University and the WiDS Datathon Committee.
This continuously developing dataset is collected by
research teams and university researchers around the
world for climate change mitigation and energy
efficiency. The WiDS Datathon 2022 used in this
research contains approximately 100k observations of
building energy consumption records, and each record
represents the energy consumption information of a
building over the course of one year. This information
was collected over 7 years from several different states of
the United States. In each record, information related to
31 features is recorded, which includes building
characteristics, climate characteristics of the region (the
region where the building is located), geographical
characteristics of the region, the year in which the
information was checked, and the amount of energy
consumption. Among the things that are checked for
building specifications are things like the type of
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Pre-processing
Handling missing values
Training data
Remove outliers
Dimension reduction
Normalization
Discretization
Data splitting
Final prediction
Testing final model Result and evaluation
Figure 1. Flowchart of the proposed method
TABLE 2: The specifications of the CNNs used in the proposed method
Layer (type) Output Shape Param #
ConvlD_1 (ConvlD) (None, 54, 64) 640
dropout_2 (Dropout) (None, 54, 64) 0
ConvlD_2 (ConvlD) (None, 52, 32) 6176
ConvlD_3 (ConvlD) (None, 51, 16) 1040
CNN_1
MaxPooling1D(MaxPooling1D) (None, 25, 16) 0
flatten_2 (Flatten) (None, 400) 0
Dense_1 (Dense) (None, 64) 25664
Dense_2 (Dense) (None, 1) 65
ConvlD_1 (ConvlD) (None, 58, 32) 192
dropout_1 (Dropout) (None, 58, 32) 0
ConvlD_2 (ConvlD) (None, 56, 32) 3104
CNN_2 MaxPooling1D (MaxPooling1D) (None, 28, 32) 0
flatten_1 (Flatten) (None, 896) 0
Dense_1 (Dense) (None, 32) 28704
Dense_2 (Dense) (None, 1) 33
ConvlD_1 (ConvlD) (None, 56, 64) 512
dropout (Dropout) (None, 56, 64) 0
ConvlD_2 (ConvlD) (None, 54, 32) 6176
Convl1D_3 (ConvlD) (None, 53, 16) 1040
CNN_3
MaxPooling1D (MaxPooling1D) (None, 26, 16) 0
flatten (Flatten) (None, 416) 0
Dense_1 (Dense) (None, 32) 13344
Dense_2 (Dense) (Noneg, 1) 33
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building, the floor area of the building and the year of its
construction. Among the climatic and geographical data
recorded in this dataset, we can mention things like
minimum, average and maximum temperature, annual
rainfall in the building site, maximum wind speed and its
direction. More information about this dataset is
available on the Kaggle site.

In order to use the WiDS Datathon data set in this
research, pre-processing operations were first applied to
the data. Management of missing values, removal of
outliers, dimensionality reduction, normalization and
discretization are among the things that have been done
in the pre-processing of the data set investigated in this
research.

5. RESULTS AND DISCUSSION

In order to better compare the performance of the
proposed method in this research, the performance of the
basic regression methods that are used in many
researches are first examined. In the first experiment, RF,
MLP, LR, and CNN methods were applied separately on
the training data set, and the results obtained from their
application on the test data set are given in Table 3. As
can be seen from the results of this table, the results
obtained from the CNN method are significantly superior
to other methods. Among RF, MLP and LR regression
methods, LR regression method has the best
performance. However, the CNN method has performed
better than it in terms of MSE, MAE, MAPE and

Mean Squared Error
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Coefficient of Determination by 369.63, 2.43, 0.03 and
0.11, respectively. The comparison of the methods in
different criteria in Figure 2 clearly shows the superiority
of the CNN.

In the continuation of this section, the performance
results of the proposed method of this research and the
deep learning methods used in it were compared. As
stated in the previous section, three regression models
based on CNN that have different structures and one
regression model based on DNN have been used in the
proposed method. The results recorded by each of them
are given in Table 4. Figure 3 shows the comparison of
the efficiency of deep learning methods and the
implemented basic methods (LR, MLP and RF).
Comparison of the graphs obtained from this figure show
that deep learning methods are superior in various
criteria.

TABLE 3. Comparison of the results obtained from LR, MLP,
RF, and CNN

LR MLP RF CNN

Mean Squared Error ~ 2528.87  2535.43  2674.97 2159.24

Mean Absolute 2751 2751 27.86 25.08

Error

Mean Absolute

Percentage Error 067 067 068 004
Coefficient of 021 021 0.21 0.32

Determination

Mean Absolute Error
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Figure 2. Performance comparison of LR, MLP, RF, and CNN in (a): Mean Squared Error (b): Mean Absolute Error (c): Mean

Absolute Percentage Error and (d): Coefficient of Determination
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TABLE 4. Comparison of the results obtained from DNN, CNN_1, CNN_2, CNN_3 and Voting system

DNN CNN_1 CNN_2 CNN_3 Voting system
Mean Squared Error 2457.63 2159.24 2495.87 2092.89 2126.62
Mean Absolute Error 27.02 25.08 29.72 23.45 25.00
Mean Absolute Percentage Error 0.65 0.64 0.80 0.55 0.65
Coefficient of Determination 0.23 0.32 0.22 0.34 0.33
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Figure 3. Performance comparison of LR, MLP, RF, CNN_1, CNN_2, CNN_3 and DNN in (a): Mean Squared Error (b): Mean
Absolute Error (c): Mean Absolute Percentage Error and (d): Coefficient of Determination

Figure 4 shows the comparison of deep learning
methods and the proposed voting-based method. The
results of this study show that the CNN_3 method is the
best available method and the proposed method of this
research is the second best method in the results with a
small difference. The proposed method consists of voting
regression models and the average of the methods used

in it is used to obtain the final result. In this way, the final
result obtained is directly related to the results of the
basic methods used, and the final result will be less than
the best available method among the basic methods. This
small difference in the accuracy of the system can be
ignored compared to the more robustness of the proposed
method.
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Figure 4. Performance comparison of DNN, CNN_1, CNN_2, CNN_3 and Voting system in (a): Mean Squared Error (b): Mean
Absolute Error (c): Mean Absolute Percentage Error and (d): Coefficient of Determination

6. CONCLUSION

In this research, first, a number of machine learning
regression models were used to predict building energy
consumption. For appropriate review of the methods, the
WiDS Datathon data set was used, which is available to
all researchers and makes it possible to compare the
results for future research. The results of the
investigations showed that the compared deep learning
method recorded relatively more appropriate results in all
the investigated criteria, including MAE, MSE, MAPE
and R2. In this way, in the continuation of this research,
a method based on voting of deep learning methods was
proposed. Each of the deep learning methods used in the
proposed method provide suitable results and finally, the
voting between these regression methods is done by the
averaging. Due to the fact that the proposed method
obtains the final result from voting regression models
with high accuracy, it is considered a robust model that
will be able to provide a suitable prediction against new
data.
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1. INTRODUCTION

The biological improvement of soils is a permanent, eco-
friendly method that improves their mechanical
properties (1). Soil Microorganisms have been active,
renewable, anti-pathogenic, and eco-friendly on the earth
for millions of vyears, but classical geotechnical
engineering did not pay attention to this manner (2). The
chemical reaction of urea hydrolysis is carried out so
slowly in nature. Bacteria such as Sporosarcina pasteurii
that produce urease enzymes increase the rate of urea
hydrolysis up to 10%* times (3). Equations 1 and 2 showed
calcium carbonate precipitation occurs on soil particles
and bio-cementation. Finally, the soil's shear strength and
stiffening increase. Also, its permeability and settlement
decrease (Figure 1).

CO (NH2)? + 2H20 — 2NH** + COs?? (1)

CO3? + Ca*2 — CaCOs )

The potential applications for bio-cementation
include soil strengthening for slope stability, liquefaction
mitigation, seepage reduction, erosion prevention, and
contaminant immobilization (4). Also, bio-grout is a bio-
mineralization product that improves its mechanical
properties. The bio-grout reaction is so slower than the
chemical grout reaction. This solidification rate reduction
allows the bio-grout to spread through soil species (5).
Also, previous research showed that bio-grout helped to
control soil permeability and bio-improve soil with bio-
cementation (6). Bio-grout's other workability is wind
erosion resistance. Bio-coating methods can control this
problem (7). In addition, the generation of bio-
denitrification from bio-grout injection and microbial
metabolic activity affects the bulk modulus of the pore
fluid. It thus reduces the generation of excess pore water

Figure 1. Microbially induced calcium carbonate
precipitation (MICP) in sand particles

pressure during shearing. Furthermore, microorganisms
can form bio-film and bio-polymers by bio-grout
injection, which may clog the pore space, reducing the
permeability of the soil (8).

Moreover, soil reinforcing with micropiles, as a soil
improvement method, has been used significantly since
their conception in the 1950s (9). Micropiles used as
foundations support elements to resist static and seismic
load to a lesser extent, as in-situ reinforcements to soil
improvement or provide stabilization of slopes and
excavations of soil (10). Grouting operations have an
impact on micropile bearing capacity (Figure 2).

Injected grout increases the bearing capacity of the
micropile while protecting it from corrosion (11). The
grout usually comprises a neat cement mix W/C ratio of
0.45. Cement production, as one of the most consumed
construction materials, requires high energy and creates
high pollution. Air emissions such as oxides of carbon
dioxide, NOx, sulfur dioxide, polychlorinated dibenzo-p-
dioxins, dibenzofurans, and their compounds increase
environmental problems (10). The effect of bio-grout
injection in micropile compared to cement-grouted
micropile in this research is studied.

2. MATERIALS AND METHODOLOGY

2. 1. Sandy Soil Properties  The tested soils of this
research were the Mashhad Kashafroud River sand. The
particle size distribution curve is shown in Figure 3;
which is classified as poorly graded sand (SP) at the
Unified Soil (USCS). Research showed that SP soil bio-
precipitation amount is five times more than that of
graded sandy soil (SW) with the same moisture and
density (12).

The test soil had a specific gravity (Gs) of 2.65, a
mean particle size (Dsg) of 0.8 mm, and a maximum and
minimum void ratio (Emax and Emin) of 0.90 and 0.57,
respectively. The soil was non-cohesive, its cohesion was
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Figure 2. Grout-injected micropile general section
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Figure 3. Kashafroud sand gradation graph

zero, and its internal friction angle was 30° in the speed
direct shear test (Figure 4). Also, soil pH is effective as a
chemical characteristic in soil bio-precipitation. The
research showed that MICP in an alkaline soil mass, with
a pH between 7.5 and 9.5, had better function. The
sample soil pH was 8.5.

2. 2. Bacteria Cultivation and Growth Condition
The most crucial parameter in microorganism choice for
the MICP process is its ability to produce urease
enzymes. Enzymes, as a bio-catalyst, significantly
reduces the time of bio-precipitation. Research showed
that the Sporosarcina pasteurii has the highest
performance in urease enzyme production. Therefore,
these microorganisms are used in the tests.

Bacterial cultures grew in an ATCC-specified
medium. These bacteria are added to a Nutrient Agar
culture medium containing 2% urea. First, 20 g of urea
was dissolved in a liter poor water and about 8 g of
nutrient broth culture, along with 100 mg of calcium
chloride, was poured into Erlen and stirred well by a
shaker (13). The liquid cultures were placed on a hot plate
to have a solid culture medium. Then, nutrient agar was
added to the solution (Figure 5). So, solid and liquid
culture areas were prepared for the activation and
cultivation of bacteria (14).
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Figure 4. The result of Samples direct shear test graph

Figure 5. Bacterial cultures medium

The calcium chloride and urea reagents are needed to
complete the reaction and precipitation of calcium
carbonate. This cementing solution increases the process
of bio-precipitation like a catalyst.

2. 3. PLT Set and Parameters Plate loading tests
set are used to determine the ultimate bearing capacity
and the probable soil settlement. The FHWA
recommends that the thickness of the loading plate be
more than ten times the maximum soil particles.
Therefore, in research, the rigid steel loading plate with
dimensions of 8*8*2 cm?®. Also, According to The
Boussinesq approximation, for the distribution of stress
bubbles under the loading plate to ignore the boundary
condition, the diameter and height of the tank were 55
and 60 cm. The sand soil was compacted to prepare the
specimens in three 15 cm layers with a moisture content
of about 6% (Figure 6).

2. 4. Micropile and its variable parameters  The
reinforced soil with four types of bio-micropile, cement-
grouted, non-grout micropile, and reinforced soil with
bio-grout injection, was tested in this research, and the
steel core of micropiles were ST37 thin-walled steel
tubes. Also, according to FHWA's recommendation, the

Figure 6. Plate loading tests set
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micropile diameter was 0.8 mm, and its length was 200
mm. For better infiltration of the grout in the soil around
the micropile wall and the formation of the grout sheath,
the micropile was drilled in two perpendicular directions
and at 4 cm intervals (Figure 7).

Cement grout prepared with FHWA
recommendation. In this instruction, the executive
classification of micropiles with gravity injection of
grout with W/C 0.4 to 0.5 is placed in executive group A
(15). Cement grout prepared with 20% micro-silica and
1% super plasticizer. Micro-silica, like other amorphous
pozzolans, increases the mechanical properties of grout.
The compressive strength and grout shrinkage amount in
the first 2 hours tested. The results were 20.1, 28.6, and
31.2 MPain 2, 7, and 28 days.

2. 5. Qualitative Test of Urease Enzyme
Production Capacity The urease enzyme
production capacity qualitative test is done in a solid
culture medium. Due to the decomposition of urea and
conversion to ammonia, the pH increases, and within 24
hours, the color of the cultivated area changes from
yellow to pink (16). So, the culture areas are used for the
isolation of urease-producing microorganisms. One liter
of UAB culture area needs 20 g urea, 5 g sodium chloride,
1 g peptone, 1 g glucose, 2 g mono potassium phosphate,
12 mg red phenol, and 15 g agar. So, except urea, all of
the materials were mixed in a laminar hood and placed in
an autoclave (Figure 8).

After autoclaving, it cooled to a temperature of 38°C,
dissolved urea was added to the area through a sterile
filter, and then kept in an incubator at 25 to 30°C for 24
hours. During this period, the development of pink color
was recorded in the culture medium.

2. 6. The Solution Concentration Control
Continuous dilution method used for determining the

bl 5

Figure?. Non-grouted micropiles used in the tests

Figure 8. Qualitative test of urease enzyme production
capacity

bacterium. First, 6 test tubes containing 9 ml of distilled
water or sterile normal saline were placed consecutively,
and 1 ml of the solution of the first test tube was
transferred from the container containing cultured
bacteria. The concentration of bacteria in the first tube is
107! of the source solution. This process continued until,
at the last one, the solution concentration reached 106 of
the main one. Then, 1 ml of solution was transferred into
Petri dishes containing solid culture bacteria medium
@an.

These were placed inside the incubator for 24 hours.
After that period, bacterial cells are seen as colonies
inside the culture medium. Then, the contents of each test
tube are poured into the cells of the spectrophotometer
that shows a number OD in the ABS part of the device by
passing light and determining a specific wavelength. In
this research, at the wavelength of 650 nm, the bio-grout
OD was between 0.8 and 1.0.

2. 7. Reinforced Specimen Preparation and Grout
Injection Process Research target was based on
investigating the behavior of micropile-reinforced sand.
In this part, the grout was injected at a slow and constant
gravity injection rate inside the micropile. To drain the
excess grout in this test, install a drain valve at the bottom
of the tank. One-stage cement grout and two-stage bio-
grout were injected into the micropile. Observations of
the tests showed that micropile grout cover is dependent
on the viscosity and type of grout. The amount of
penetration of cement grout around the micropile was 15
mm. In bio-grout injection, Due to its fluid movement,
was about 24 mm (Figure 9). In the other part, we studied
bio-improved reinforced soil. In this research, bio-grout
was injected in two stages. First, bio-grout was injected
inside the micropile. So, it penetrated soil particles
around the micropile. After 6 hours, we drained the soil
by closing the drainage valve. After 2 hours of draining
to bio-mineralization, calcium chloride is added to the
soil. So, bio-cementation happened. The second step
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duplicates the first one. The tests showed that the grout
penetration in the soil decreased by 35% in the second
step injection. Previous research showed that, by
increasing the six stages of injections, the penetration rate
decreased by 75% (18).

2. 8. Reinforced and Bio-improved Soil
Equalization Method  The injection of bio-grout in
soil with or without micropile changes the physical and
mechanical characteristics of the soil. Micropile and bio-
grout injection create a composite cross-section by
increasing the soil stiffness and strength. The bio-grout
injection also improves its conditions in interaction with
micropiles and soil. There are various methods to check
composite sections as bio-improved reinforced soil. The
Transformed-Section Method is one of the most used
methods to explain this situation. This theory is one of
the methods used for bending stress analysis in composite
sections (19).

This method is based on general relationships for
linear or non-linear elastic materials. In this method, the
cross-sectional area of the composite element with
different stiffness is converted into the cross-sectional
area consisting of a hypothetical equivalent material.
This new cross-section is called a transformed cross-
section (20). In this method use the dimensionless
parameters. The equivalent stiffness and mechanical
properties are shown in Equations 3 to 5.

Asail — Abiocement — Asteel —
axb x & axb - B & axb 14 (3)
_ Asoil Api t

Eq - Esoil (aj;) + Ebiocement ( u::r;en ) + (4)
A

Esteel ( steel)
axb

Eq = Egoit X @ + Epjocement X B+ Esteer XV (5)

Figure 9. Bio-grout injection in micropile

3. TEST RESULT ANALYSE

3. 1. Unreinforced Soil Test Results The results
of the PLT test for unreinforced soil in Figure 10 showed
that the unreinforced soil carried a 17.3 kg load at a 50
mm settlement. According to the plate dimensions, loose
sandy soil, and without surcharge condition of the test,
the bearing capacity was about 0.27 kg/cm?. This amount
was nearby according to experimental relationships such
as Terzaghi's method, whose value showed a bearing
capacity of about 0.26 kg/cm?.

3. 2. Bio-improved Soil Test Results Results
showed that bio-cement can be either solid or liquid. In
liquid form, the bio-grout has a much lower viscosity and
can flow like water. Thus, the delivery of bio-cement into
soil is much easier compared with that of cement or
chemicals. Furthermore, when using bio-cement, one
usually must wait weeks for the stiffening, whereas when
using bio-grout, the reaction time can be reduced if
required.

The test results showed that the soil-bearing capacity
increased with bio-improvement. The results showed that
the bio-remedied soil had a growth rate of 54.1% with an
increase in the final load equivalent to a 50 mm
settlement compared to the sandy soil. The formation of
connecting bridges and bio-calcite cementation between
sand particles increased the bearing capacity (Figure 11).

3. 3. Reinforced Soil and Grouted-Micropile Result
The injection of grout into the micropile and its
penetration into the surrounding sand particles cements
the soil and increases its mechanical properties by
forming a composite section. In this research, cement-
grout and bio-grout. The results of the tests showed that
the non-grouted micropile increased the bearing capacity
by 55%. The reinforced soil with micropile behaves as a
composite specimen with higher characteristics than the
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Figure 10. Unreinforced-soil PLT test result
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Figure 11. Bio-improved soil PLT test result

original soil. The cement grout injection inside the
micropile created a suitable interlock between the grout,
soil, and micropile. These increased the bearing capacity
by 126%. While increasing the diameter and hardness of
the micropile, the grout increased the frictional resistance
between the sand particles and the rough surface of the
micropile with cement grout.

Also, the results of the tests showed that the bio-grout
injected into the bio-micropile penetrated the sand soil
particles and increased the bearing capacity of the soil by
96% through bio-cementation. The comparison of these
results showed that using bio-micropile can be a
sustainable and Eco-friendly replacement for cement-
grouted micropile. Soil reinforcement and the injection
grout test results are shown (Figure 12).

—@— sandy soil
—&— Nongrouted reinforced soil
Cementy grouted micropil reinforced soil

45
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30 -/_
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g2 3 M
g -
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15 | oL A I.,..—"""'"""
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0
0 10 20 30 40 50 60

Settlement mm
Figure 12. Reinfocing and grouting test result

3. 4. Bio-grout Injection Effect on Soil
Reinforcement and Improvement The results
showed that bio-micropiles increased the soil
characteristics more than the bio-improving ones. The
results showed that the bio-micropile case created a
strong adhesion between the micropile wall and the bio-
improved soil. Also, the injection of bio-grout in the
micropile prevents the corrosion of the steel wall by
creating a suitable cover with self-healing ability.

The research results showed that the bearing capacity
in bio-micropile reinforced soil is 88.36% higher than in
bio-improved soils. So, it has resulted in a transformed
soil with a cross-section. Also, the test results in bio-
improved soil showed that the bearing capacity of the soil
increased by 40.55%. The selected method for soil
improvement depends on the Problematic soil type and
the required improvement amount (Figure 13).

3. 5. Bio-micropile Numbers Effect in Reinforced
Soil Another influential parameter in increasing the
bearing capacity of reinforced soil is the number and type
of bio-micropile arrangement. In previous research,
according to the dimension of micropile in soil
reinforcement, the study is usually done on the micropile
group. The number and arrangement of bio-micropiles in
soil improvement are related to other parameters such as
dimensioning, execution method, bio-micropiles
distance from each other, and type of soil granulation. In
this research, according to Figure 14, one, three, and five
bio-micropiles were used under the arrangement shown.

The results of this research showed that, according to
Figure 15, in the case of reinforcing soil with bio-
micropiles with 8mm diameter and 14cm length, an
increase in the bearing capacity of the soil compared to
sand soil in the number of one, three and five bio-

x Biomicropile reinforced soil
@ Sandy soil
Bio improved soil

Force kgf

0 20 40 60
Settelment mm
Figure 13. Reinforcing and bio-grouting test result
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Figure 14. Five bio-micropile arrangment
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Figure 15. Five bio-micropiles arrangment results

micropiles because of stress distribution curves in the soil
and the efficiency of the bio-micropile group are 113.4,
142.3 and 178.9%.

3. 6. Bio-improvement Reinforced-soil Test
This research studied the effect of bio-improvement on
the soil-bearing capacity in reinforced and unreinforced
soils. In the previous tests, bio-grout was injected into the
micropile, and sand particles were cemented within a
limited radius around the bio-micropile. In this test, all
the soil is bio-improved by surface injection in two
stages. The test results showed that bio-cemented soil has
high stiffness and bearing capacity. The homogeneity of
the residual resistance of this soil can be neglected due to
the breaking of the bio-cement bond due to loading. In
Figure 8, it was shown that an increase in the bearing
capacity of the soil in unreinforced and reinforced bio-
improved conditions was 41.1% and 127.6%,
respectively. The improvement percentage of reinforced
to unreinforced soil strength was 54.9% and 161.6%,
respectively. Figure 16 illustrates the bio-improved
reinforced soil test result. The coincidental integration of
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Figure 16. Bio-improved reinforced soil test result

the overall bio-improvement of the reinforced soil caused
a more advantageous result in increasing the mechanical
characteristics, including its bearing capacity.

4. CONCLUSION

With bacterial sources, which can be a suitable
alternative to micropile chemical grout injection. The
injection causes bio-cementation of the soil and increases
the stiffness and strength of the composite soil. Also, the
following results were the output of this process:
*Bio-grout with low viscosity and energy consumption is
prepared from renewable sources, and after injection into
the soil, it causes soil particles bio cementation.
*Bio-improved soil, with bio-grout injection, caused the
connection between the soil particles and increased its
bearing capacity by 54.1%. This increase in soil stiffness
was also noticeable.

In the reinforced soil case, the bio-grout injection
increased the bearing capacity of the soil by 94% by
creating a cover around the bio-micropile. While the non-
grouted micropile only increased it by 55%. Also,
superplasticizer cement grout injection in micropiles
increased its bearing capacity by 112%.

«In a comparative study showed that soil reinforcing with
bio-micropiles improved their mechanical
characteristics. The bio-grout injection is a renewable
and eco-friendly method arison of bio-grout with cement
grout, despite the creation of enough cover in micropile
due to the stability of bio-grout production resources, its
eco-friendliness, the possibility of self-healing of cracks
over time in bio-cement cover, bio-grout benefited from
better advantages.

*The results of the experiment showed that the bio-
improvement method in reinforced soil caused a
significant increase in the bearing capacity of the soil.
The force-settlement curve showed that the soil stiffness
also grew. In this method, the soil's bearing capacity
increased by 124%.
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Bio-grout with low viscosity makes gravity injection
possible. This injection method is low-cost and reduces
energy consumption. However, injecting chemical grout
consumes energy while causing environmental pollution.
*According to the warnings of the U.N regarding Global
Warning, research to find eco-friendly and sustainable
methods is necessary. The bio-micropile usage method
can be a suitable alternative to micropile with chemical
grout.
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Uniform Energy

Composable life under the extensive global warming of the Earth encourages the progress of renewable
energy devices and the adoption of new technologies, such as artificial intelligence. Regarding
enormous potential of wave energy and its consistency, wave energy converter (WEC) plays vital role
in uniform energy harvesting field. In this paper, the significant environmental changes in the ocean
prompt us to propose an intelligent feedback control system to mitigate the impact of disturbances and
variable wind effects on the efficacy of WECs. Deep reinforcement learning (DRL), as a powerful
machine intelligence technique, is capable of identifying WECs as black-box models. Therefore, based
on the DRL model, the disturbance and unmeasured state variables are simultaneously estimated in the
extended state observer section. Leakage in identification data and real-time application requirements
of limited number of layers in the deep neural networks are compensated by implementation of
immersion and invariance-based extended state observer which improves coping with the unwanted
exogenous noises as well. In the overall intelligent control system, the estimated parameters are
inputted into the DRL as the actor-critic networks. The initial actor network is responsible for
predicting the control action, while the subsequent critic network determines the decision criterion for
evaluating the accuracy of the actor's estimated amount. Next, the output value of the critic stage is
backpropagated through the layers to update the network weights. The simulation test results in
MATLAB indicate the convergence of unmeasured parameters/states to the corresponding true values
and the significance of newly designed intelligent DRL method.

doi: 10.5829/ije.2024.37.06¢.05

Graphical Abstract

Methods Results

This work made an effort to address

the undesirable fluctuation in the
utilization of energy produced by a
wave energy converter (WEC). To
do this, we created the WEC's
structure model along with all the
necessary dynamical equations for
the proposed controller's
implementation.
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we presented the new RSO dcaling with the
uncertainties of the structure and unmecasured
outputs. The technique of immersion and
invariance manifold was thoroughly integrated
and confirmed by using LMI. The demand for
regulating intelligent action applied to
structures guided us to the DRL.
Therefore, the built network with appropriate
training method was thoroughly detailed in the
study

The results indicated that our novel designed
control method has a significant
performance, both in  estimating the
unmeasured output and unknown
disturbance, as well as in implementing the
control policy. The future extent of our study
will be altered to disturbance rgjection
problem and cxtended state observer design.
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NOMENCLATURE

WEC Wave energy converter ESO Extended state observer
DRL Deep reinforcement learning RSO reduced state observer
BEM Boundary element method mass of the buoy(kg)
MPC Model predictive control water level(m)

DOF Degree of freedom lateral restoring force(N)
ADRC Adaptive disturbance rejection control water’s density(kg/m°)
g gravity acceleration(m/s?) radiation force(N)

A cross-section of the float(m?) extra mass(kg)

Z, heave motion of the float(m) core of the radiation force
w unknown disturbance PTO power take-off

1. INTRODUCTION

Global warming, a major consequence of the increasing
use of fossil fuels, has led to a growing tendency among
people to seek benefits from renewable energy sources.
Accordingly, offshore energy converter devices such as
wind turbines and WECs are developed to generate
consistent energy for everyday needs. In this paper, we
propose an artificial intelligence algorithm in the form
of a closed-loop control system for the WEC plant to
mitigate obstacles to achieving uniform clean energy
production. As a means of reducing test platform costs,
it is recommended to employ dynamic modeling of the
WEC and simulate it along with the proposed control
algorithms. The boundary element method (BEM)
employs a linear potential theory, assuming small
displacements of the structure relative to the wavelength
in the presence of non-rotational flows. Hence, the
performance of BEM solutions in stormy seas is
restricted (1). The theoretical maximum energy has been
determined to be roughly 3.1013 kWh/year, which is
equivalent to almost 20% of the total-energy
consumption in 2019. But the usable resource is roughly
ten times smaller due to technical and budgetary
restrictions. WECs convert wave energy into electrical
current. While there have been efforts to generalize
wave power as a regularly used source since 1890, it is
not currently being widely utilized. Around 16 MW of
operational wave power were globally generated in
2020, which is approximately five times less than about
2 TW, required to fully reach of the world's wave
energy potential. One important aspect is the production
costs per kWh, which in 2020 were approximately 10
times higher than those of offshore wind projects.

In the last three decades, various ways for
conversion of wave power have been created, resulting
in hundreds of patents in recent years. Diversity of wave
energy ideas are now being explored by industry and
academic research organizations all across the globe.
Despite the fact that various operational designs have
been built and validated, only a few concepts have
incorporated modeling and wave tank testing into the
sea.

Wave energy is still a crucial source of clean and
renewable energy, even though it won't likely ever
correspond with the global power output of wind and
solar energy. Wave energy has the ability to deliver the
electricity in hard-to-reach locations like coastal
communities and remote islands that today depend on
expensive, carbon-intensive diesel imports as it is more
predictable and stable than solar / wind energy. Also,
military tasks that need access to deeper seas, offshore
fishing, and marine research may all be powered by
wave energy devices. Waves in the US provide nearly
80% of the energy required by the country. The industry
may access part of that energy, albeit not all of it, to
make it simpler for the country to move to 100% clean
energy. WECs, also known as point absorbers, are
buoy-style devices that collect wave energy from all
directions. They are positioned at or near the surface of
the ocean. Wave energy is captured by a vertically
submerged buoy and then converted into power by a
piston or linear generatorAmong numerous research
studies in the field of control for WECs, Nielsen et al.
proposed a model predictive control (MPC) approach to
demonstrate its superiority in terms of collecting up to
25% more energy compared to conventional reactive
controllers. These reactive controllers take into account
the power losses during the conversion from mechanical
to electrical energy (2). Also, the authors showed the
hydrodynamic and economic performance of an
oscillating wave surge energy converter is significantly
influenced by the installation depth and height of the
incident wave (3). In (4), the authors introduced a novel
configuration for a linear permanent magnet Vernier
machine, specifically tailored for harnessing wave
energy and enhancing the operational efficiency of the
existing Vernier machine prototype. Bayani et al.
presented an overview of an offshore point-absorber
WEC developed by the Hydrodynamics, Acoustics and
Marine Propulsion Group at Babol Noshirvani
University of Technology (5). Alizadeh Kharkeshi et al.
assessed the effectiveness of dimensionless coefficients
in multi-reservoirs within a hydrodynamic oscillating
column converter for sea water waves. The experiment,
which took place in Mazandaran, involved extracting
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parameters that influence the system's behavior in order
to conduct a hydrodynamic analysis of the oscillating
water column (6). Son and Yeung conducted
experimental tests to validate the nonlinear MPC using
a solid-state electrical relay with pulse-width
modulation to simulate analog current flow (7). Korde
explored the sub-optimal time-domain responsive
control of WECs and contrasted the increased reactive
energy consumption for the submerged buoy (8).
Anderlini et al. gave the wave altitude, wave energy
span, and the power take-off damping as an input data
to the artificial neural network to assess the lack of
confidence in linear model (9). Latching control for
heave motion of wave converter was developed to
extremize the motion's measurement irrespective of the
wave's frequency (10). Wu et al. devised the
simultaneous latching control for the single Duck WEC
in unbalanced waves to increase the act of structure in
sea conditions distant from the normal frequency (11).
Using MPC, Faedo et al. examined several methods of
implementing a latching control system in the context of
WEC (12). Upper limit value for wave excitation force
was determined using Kalman filter to monitor energy
absorption with 90% of the ideal constrained optimal
collected energy (13). Using limited MPC, O'Sullivan
and Lightbody produced the large quantity of absorbed
electrical power from the point absorber WEC working
in heave mode independently, linked to a linear
permanent magnet generator (14). Also, Li et al.
developed the multilayer perceptron using the deep
neural network's techniques to anticipate the temporary
wave forces and transferred the output of network via
MPC strategy to conduct online latching control action
to a point absorber WEC (15). For maximum power
extraction, a robust MPC using Laguerre polynomials
was developed to alleviate the computational burden
(16). A heave-pitch-surge 3-DOF WEC, with the pitch-
surge optimization separated from heave, increased the
gathered energy by more than three times compared to
the captured energy from the lurch-only WEC (17).
Investigation of blocked optimum control on a small
asymmetrical float indicated that, despite the
improvement in power capture achievable with the
current control, the actuation forces are significant (18).
Moreover, Burga¢ and Yavuz implemented the discrete
Fourier transform technique to estimate the dominant
wave frequency in the fuzzy controller for defining the
power take-off control settings (19). Zhan et al. (20)
proposed a categorized adaptive optimum control
framework for WECs to enhance energy conversion
efficiency and reduce the modeling effort required for
control design.

The newly built controller in this study was not
adequately evaluated in the field of WEC and requires
further investigation. The following summarizes the
most crucial related works to our newly proposed

controller. In (21), Han J introduced an active
disturbance rejection control that combines an error-
driven control rule, state observer feature, and the power
of a nonlinear controller. Zhejiang Gao proved that by
unifying the controller and addressing the issue of
disturbance rejection, the performance of traditional
controllers when faced with disturbances is improved.
The proposal of the paper was to improve the developed
controller for the official model, with the aim of
rejecting disturbances in the plant model (22). Zhao and
Guo introduced the novel ADRC, which has the
capacity to track reference signals, reject disturbances,
and maintain closed-loop stability for a group of single-
input single-output systems (23). Also, Feng and Guo
have researched the output feedback stability for
indefinite structures described by partial differential
equations (24). Hosseini and Keighobadi developed an
extended state observer-based robust active control to
approximate both the speed and perturbation trajectories
of the gyro's dynamics using the location signs (25). In
(26), Guo and Zhao sought to demonstrate the stability
issue of an extended state observer by utilizing the error
equation. They aimed to decrease the influence of the
disturbance by implementing a high-gain approach. Li
et al. (27) presented the necessary conditions for the
convergence of the quantized nonlinear extensible state
observer using linear matrix inequality. Zhao and Guo
developed a temporally varying gain ESO to reduce the
peaking effect near the main time caused by the
constant high gain technique (28).

In this research work, to obtain a nearly compatible
model with real plant, the development of the overall
dynamics of a WEC with detailed consideration of
acting forces on the structure is explained. Next, the
paper proposes a new estimation technique for the
disturbance and unmeasured parameters of WEC,
specifically the immersion and invariance-based
extended state observer. Through mapping of
considered observer manifold, the unmeasured variables
are estimated and are fed as input to the intelligent
controller presumed DRL, which consists of two
networks named actor-critic. The output of the actor
network is the input of the main plant. The Q_value,
which represents the output of the critic network, is
used to update the weights and biases of the networks
using the backpropagation method. To prove the
convergence of the control system, the direct stability
method of the Lyapunov is assessed. The results of the
controller are evaluated for the reduced state observer
(RSO) as well. The RSO focuses on estimating
unmeasured states and accounting for exogenous inputs.
The simulation is conducted to design a linear observer
for these unmeasured variables. The wide range
simulation results are assessed with the noisy data to
guarantee the strength and robustness of the suggested
controller.
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2. MATERIAL AND METHODS

In this paper, the software simulation of WEC is
conducted using the point absorber model to
demonstrate the effectiveness of the proposed control
system. To achieve this, we assume the nominal second-
order model of the WEC, considering all acting forces,
in order to obtain an accurate model. The model
contains an immersed object with a cylinder on the
surface of the sea. Wave energy is gathered through the
use of a power take-off system.

2. 1. State Space Model of WEC The state
space calculations of the proposed system include
forces, where z,, represents the water level and z,
represents the heave movement of the middle point of
the float. The power generated by the generator is
proportional to the force f, applied to the piston.
Therefore, the obtained power will be equal to P =
fuv, with the value of v = z,,. By applying Newton's
second law, the dynamics of the system can be
determined:

mgZ, =—fs— f, + fo + 1, €))

where mg represents the mass of the buoy. The
following describes the definition of the forces present
in Equation 1.

fs is the lateral restoring force.

fs = pgAz, 2)

In the given equation, p stands for the density of
water, g represents the acceleration due to gravity, A
shows the cross-section of the float, and z, is the heave
motion of the float.

The radiation force f, is obtained as follows.

f, :mw'z'v+jiohr(r)2v(t—r)dr (3)

where m,, indicates the additional mass and h,
represents the core of the radiation force. Using a finite-
dimensional state-space model, the convolutional term
in the force value is estimated as follows.

Xr = A X +B,Z,

fr=CiX, zr hr(r)z'v(tfr)dr @)
Now, considering the equivalent state-space
representation D,~(A4,,B,,C,,0) leads to thef, =
D, (5)Z,,.
Exterior perturbation force acting on the float is
determined as f, = D.(s)z,,, where D, is the equivalent
representation of the following realization:

Xe = AgXe + Bezyy

fo =CoXe zJ‘i he(7)zy (t—7)dr ®)

By applying the force amounts, the state-space
model of WEC is derived.

X = AX+B,u+B,w
z=C,x

(6)

wherew = z,,,z = z,. y = 2, x = [2,,,Z,]" and

0 1 0 0
_ke }BWC{DE(@)}BUC—{1],@—[1 0] )

The value of m is m, + m,. Additionally, the
dynamics of the radiation and excitation forces include
structure uncertainties, represented by &, and §,,
respectively. The state space form of a dynamic model
is commonly referred to as:

A=

=
O
—
sy

X1:X2

8
Xzsz—sleriuf&szr&w ®

Therefore, we will estimate the amount of x, as
unmeasured output and the quantity of w as an
unknown disturbance value. The viscosity force,
assuming the negligible velocity of WEC compared to
the wave velocity, only includes constant terms that
refer to D,(6,) as an uncertainty term. The
characteristics of the sea required for the training of
DRL were discussed in Section 3. Moreover, Table 1
includes a detailed table about this process and some
training data.

2. 2. Implementation of the Control System
Suppose an n-dimensional lower-triangular nonlinear
system with definition as follows (25).

&(t)=&u(®)+fi(&(t). ... &(t)u(t), i=1:n-1 )

where, &; € R denotes the state variables belonging to a
compact set Q, u € C1(R,,, R) shows the input with an
upper bound namely u,, w € C1(R,,, R) demonstrates
the unknown disturbance with an upper bound of w,,
f; € C°(R™*1,R) are defining parts of the system that
are locally Lipschitz, and g € C°(R™*%, R) stands for
the uncertainty section.

TABLE 1. Target sea characteristic data

Wave height Wave period Wavelength
0.024 0.870 1.186
0.030 1.008 1.581
0.036 1.178 2.109
0.032 1.217 2.231
0.030 1.260 2.367
0.022 1.385 2.761

0.018 1.510 3.152
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We define the measurable output as y, and the other
trajectories and disturbances go into the aggregated

variable vector x. Therefore, the following
representation of overall system is expressed.

y=4¢

X =&y 1=1:n-1 (10)

Xn = g(y,Xl,...,Xn_l,W)

By introducing the following definition as a new state
variables vector:

— T i .

=[%.....% | eR',i=1in
(11)
x=%,eR"

Equation 9 is transferred as:

y()Cxt+f( )

X(t)+ Z 5 f.+1(y (t).%(t).u(t)) (12)
+Bnh(y( ) x(t )M(t)vW(t)vW(t))

0100
[001---0]
A= ERnxn, Bi=[51i, ...,6in]T€
0001
0000

R™ ¢=[10..01eR™ i=1:n

h(y,x,u,w,w)zw&ﬁ fl(y,u))+ (13)

S BB a6 % 0000

LB X w)
ow

Along with the measurable output as first input to the
estimator, the produced control action by the DRL is the
second input. Accordingly, the proposed estimator gives
the unmeasurable part of the output vector, the matched
uncertainty and disturbance values as well. In this
regard, the dynamical system is defined as:

§=alyut) (14)

where & belongs to the n-dimensional space and « is a
continuous function from the (n+3)-dimensional space
to the n-dimensional kind.

If there exists the left-invertible mapping ¢, then the
system of Equation 14 is called a reduced order
observer with the following manifold:

My ={(y.x&ut) R g (x yut)= A (& yut)}  (15)

Therefore, the reduced order ESO is paraphrased as the
dynamical system of Equation 14 along with manifold
introduced by Equation 15. Now, imagine the mapping
¢, is of the form:

a(xy.ut)=x+yp(yut) (16)

Considering this case, the defined manifold is replaced
by:

M=y 1200 <R ()= A2 yu] @)

In the equality of the set in Equation 17, by replacing
the function as estimation of x:

m(&yut)=B(&y.ut) v (y.ut) (18)

By assuming a manifold coordinate of Equation 7 to
describe the distance of the routes of systems in
Equations 13 and 14:

z=x—m (& y.ut) (19)
Considering the n,(¢,y,u,t) as X, the difference
between x and X is obtained as error estimation of the
state variable. The derivative of the Equation 19 and the
substitution of corresponding parameters in Equation 13
lead to:

2(6) = (A —‘;—';c) 2(t) +(A-

ZC) (€0, ¥(0,u(©),6)

+ X Bifir (v(0), %:(8), u(t)) + 20)
Boh(y(6), x(), u(t), W(t) w(t))
— 2B Ay, u®) - T2 a) - 5 -

on,
a’g a(f ®©),y(©),u(®), t)

a . .
If ai; doesn’t have the zero determinant, we introduce

the expression for a to simplify Equation 20:

ayut) = () ((A—

a 1 - =

%C) Mm@y, wt) + X Bifia (0, % i,u)> + (21)
ony\ an, 3711 an,

(E) (__ 10w - 7)

where X is defined as component-wise based on %.
Consequently, the system of Equation 20 is reduced as
25:

() = (A - ";—’;1 C)z(t) +
B (i 0©O.20,40) -

fir(Y(O.F (Ou®)) +
Byph(y (1), x(8), u(t), w(t), w(t))

The matrix inequality of Equation 22 to be stable is as
follows:

.
H[A—%C]+[A—%Cj R+2R<0 (23)
oy %y 1@

(22)
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Theorem 1. Considering the prolonged system of
Equation 13, the system of Equation 14 with given
dynamics in Equation 21 is a reduced order ESO and
the corresponding state estimation is obtained as X =

771(5: y! u, t)
Proof. We present the following Lyapunov function as:

Vi(z) =zTPz (24)

Taking the time derivative of Equation 24 and using the
equivalent amounts of Equations 22 and 23 gives:

7 (z(D) < —Eilv1 (z() +
2z"() X1 PiB; (fl-ﬂ(y(t),fi(t),u(t)) -

(25)
fin(y(©. % :©,u()) ) +
22" ()P, Bph(y (), x(2), u(®), w(t), w(t))
Assuming h(.) is restricted to an upper bound as:
|h(ylxlulwlw)| < hO (26)

Locally Lipschitz assumption of f with Is; multiplier
gives 21:

i e, w) = fi(y, X i) S lpz, i=2:n (27)

Now, the inequality (25) is rewritten as:

(z(®) < - (- 24 220 v, (2(0) +

2h, J—% V1 (2(0))
To complete the proof, the A,-attractivity of the
manifold M is explained as follows.

A,-attractivity: For eacht, € Ry, 1 IS available
such that if z(t,) € A, then z(t) is bounded for all ¢t >
t, and moreover, the positive r; and its finite reaching
time are ast, = t,(rp,11), in this sense z(t) € A,, for
allt >ty + ¢t,.

Now, assuming:

(28)

Amin(Pl)

€, <€ =
1 1 lflmax(Pﬂ

(29)

Application of the comparison lemma on 28 yields in:

2(t) < ﬂmax(Pl) 7(t:) — imax(Pl)
(1)< ﬂmin(ﬁ)[ (o) ﬂmin(ﬂ)l(’l)ho] (30)
ex _ﬂ +ﬂmax( )
p[ ()J ()"
z(,l)#l_‘: : (31)

The inequality 30 implies that the trajectories starting in
A,, stay bounded. Furthermore, the reaching time is of
the form:

]'min(Pl)

o1 o
o= Ala) [ i (R)

2(tg)- [ma(B) o ﬁm] 32)

With the positive scalars r, < r; < 1, gives:

h—-n
ho lmax(Pl) h-n (33)
ﬂ'mln(Pl) o

Noting that €'’; < €';, and Equation 33 holds for the

selected parameters, then the manifold M, is A,-

attractive for any r; < r,. So, the system of Equation 14

with defined dynamics of Equation 21 is a reduced

order ESO.m

Corollary 1. If Theorem 1 satisfied, so (%i_%z(t) =0.
(e1-0)

Proof. Taking the supremum of Equation 30 leads to:

1<

limz(6) < 22 A(er o (34)

Since lirr%) A(€,) = 0(€,), the ultimate bound of ||z(t)||
€1~

approachesto zeroase; —» 0. m

Convergence analysis via LMIs

Considering the i®* component of Z—Z asa;:

a;(t) = a} + a}6;(t),

a™™ < a;(t) < a™,

= (a™ + a"™) /2, (35)
af = (@"™ —a"™)/2
[6;®) <1

Based on Equation 35, we obtain the following
representation of coefficient of z(t) in Equation 22,

A— —(f)C Ap +A,0(0)A; (36)
With the assumptions:
—af 100
—a3 010
Ag=| ¢ +:™i[eR™,
_ag_l 001
_ag 000
-a1dj 00...0
-85 00...0
A=[A, - Al Ay= 5 Pt [er™N
-ap. 19(n-1); 0 0...0 37
-85Sy 00...0

@(t):diag(@,-(t));‘:l, 0;(t)=6; (t) e R™,
Ao=[Ao1, -, Ao
100---
000---0
AQj: it eRr™N
000
000

o

o o
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Theorem 2. Suppose that Equation 37 is valid for the
components of Z—Z and the matrix P is available as
following:

Tp, 2

PAO+A0P+;P:‘PA1A;
AP -1 0 |<0 (38)
A, 0 -

Then, Equation 23 holds with positive €; =€ and
matrix P.
Proof. Considering Equation 36, the inequality 23 is
written as:

P(A0+A1®(t)A2)+(A0+A1®(t)A2)TP+3P§0 (39)

According to Young’s inequality together with
constraint 0T (£)0(t) < I,

PAO(t)Ay + A OT (t)/A{PslPAlAlTPWA}A2 (40)
7

where u is a positive constant. The inequality 40
satisfies if the following is true.

Py + ATP+ 2P + ZPAATP + 1Al Ay <0 (41)

Therefore, inequality 41 is equivalent to the viability of
LMI 38 for a non-negative P. m

Assuming fixed values of Z—Z ask;:
(i)

My, i=12,.n (42)
ov

where n® stands for the i*"* component of 7. Therefore,
n is written as:

nW(Ev) =k + @ () (43)
where the functions wl-’(f) satisfy the gondition of non-

. an® . an®
zero determinant of P The fixed = reduces LMI 38

to:
2
PA +A P+=P<0 (44)

Now, using the generalized eigenvalue solvers, the
solution of P is obtained.

3. NUMERICAL RESULTS
The Simulink diagram of the designed control model in

MATLAB is illustrated in Figure 1. The figure shows
that the first step is to simulate the system in order to

calculate the outputs. Then, the measured output along
with the assigned value for input are fed to the observer
block to estimate the unmeasured output and the
unknown disturbances. Besides, our main block
including the DRL controller will suggest the action u
and it tries to reach the optimal input action along with
correct estimation of the mentioned parameters with use
of the immersion- and invariance-based extended state
observer. The implemented DRL has the structure as
shown in Figure 2. In this figure, the actor and critic
networks are stacked in a row. The lagged version of
two main networks is not shown but they are necessary
to avoid the divergence during the updating process
step. The pseudo code of the DRL as clarification is
brought in Table 2. The output function for getting the
optimal control action is described as:

Tj

terminates at step j+1
yj = ' ‘
rj +ymaxg Qg (sj.0,8 %)

otherwise (45)

where, the Q) stands for the lagged version of the main
critic network, y is the coefficient and 7; indicates the
cumulative reward during processing time. DRL, in
every sea state based on the environment’s observed
conditions, learns the required optimal force on the
piston of PTO to capture the uniform energy, i.e., the
structure faces the waves instead of internal models. At
each processing time, the control system determines a
change in the action, which is carried out by the
hydraulic PTO unit as the agent. Through accumulating
rewards as the function of the produced electrical power
and in an alteration of environment’s state, where the
state is indicated by the substantial wave altitude, H,
the average zero-crossing span, T, and the PTO
damping factor. For the oscillatory essence of sobriety
waves, it is essential to average the captured power in
the reward function over a horizon, H, in one wave
cycle during which the state s, and action a,_; are
fixed. Next, a new action a,, is designated in an instant
modification of state to s,,; and a new mean
progression. The process of DRL is described in detail
as follows.

State Space: As noted before, the circumstances
variables are supposed to be the effective wave height,
average zero-crossing span, and PTO damping
multiplier so that the assumed RL state space is:

j=1J,

k=LK,
S=9818jk1 =Hsj+T,x +Bproy 121 (46)

Action Space: The action series consists of three
amounts based on the selected state space as following:

A={a|(~Bpro,0, +Bpro )} (47)

where ABprg = Bpro x+1 — Bpro k- EQuivalent states to
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Figure 1. Block diagram of the entire observer and controller in MATLAB
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Figure 2. Stacked critic-actor network in DRL (29)

the extreme damping constants, i.e., Bprg 1 and Bprg 1,
have some actions so as to preclude the controller from
surpassing the boundary of state space. For example,
for Bpro 1 Case, the candidate +ABpr, is left out.
Reward: In DRL field, the aim to propose a reward
function is to optimize the performance of the agent
through negative reward for incorrect action or positive
for correct one, and the reward function is maximized at
the end of processing time. Hence, for the 1&lI RSO
control system of WECs, the compensation function is
considered to be pertinent to the captured power. The
effect of variations in the momentous wave height on
the average produced power, F,,,, is more than

variations in the PTO restraining constant. Considering
the harvested power proportional to the square of the
substantial wave elevation, the reward function is well-
defined as P,,,;/HZ to obtain a dimensionless function.
Additionally, owing to the stiff quantization of the
condition variables and the random environment of
periodic waves, the reward function is alleviated by
averaging a number M of P,,,/HZ values for each state
along with the average captured power over a
horizon H. Keeping the M recent P,,,/HZ quantities
for each state in a matrix, R, whose magnitude is as a
maximum ng X M, with ny = J X K X L as the number
of states.
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TABLE 2. Pseudo code of the training process of the Deep
Deterministic Policy Gradient (DDPG) algorithm

Algorithm 1: DDPG algorithm

Randomly initialization of weights 9 and ¢ in critic network Q4 (s, a |
9) and actor 7, (s | ¢).

Initialization of target lagged network Qj, and H;br with weights 9’ «
9.¢" <9
Replay buffer R Initialization
for incident = 1. M ensure
Take initial state s;
fort=1.Tdo
Choose action a, = u(s, | 6*) based on the current policy

Accomplish action a, to detect reward r, and new-fangled state

St+1
Save evolution (s;. a;.7;.S¢44) INR

Sample a spontaneous small group of N transitions
(s;-a;.1;.8i41) fromR

Sety; =1, +yQy (s{.n(’p,(s{))

Update critic by differentiation of the loss: L = %Z(Qﬁ(si.ai) -
yi(s;. a;. T;. s}))? with respect to weights

Revise the performer procedure employing the sampled policy
slope:

Vory(s | @)

1
Vol =5, Vals.al®)

S=Sj.A=T,
i ® s

Update the target networks:
9 9+ (1 -1’ ®
(pl(H'l) o+ (1- T)(p'(t)
end for
end for

Therefore, the average amount in each state is
described with the vector m = (R(s,m))m=1:(mvena) OF
size n,. The states of the vector m include the vector-
oriented version of Equation 46, such that the discrete
quantities of Bpro, Hs and T, represent the inner-most,
middle and outermost loop of vectorization,
respectively.

Regarding the values of ABpyq, for Bpro > 0, there
exists a bit of difference between the averages of
adjacent damping coefficients of PTO, which yields
extreme problems for the confluence of the Q-learning
process. Hence, the benefit of desiring the optimum
balancing multiplier in apiece sea condition is obvious
to detour the convergence issues. Assignment of a factor
as the power of the values in vector m deals with the
close amounts in the neighboring coefficients.
Furthermore, with the mentioned mathematical
operation, the excessive memory is required to keep the
reward values. Therefore, it is essential from a

mathematical point of view to primarily regularize the
quantity of the vector for every individual condition
concerning the highest amount for each sea condition.
Regarding s,, we should find the maximum quantity

between the indexes o = floor (S"L_l)L +1 and p =

floor (S”L_I)L + L of the vector m. Also, the power

factor, k, is considered an odd digit to maintain the sign
of the produced power. The smoother the quantization
of PTO balancing value, the superior k is considered to
expedite the learning process. On the other hand, very
great values for k result in convergence issues
especially with noise affected power in irregular wave.
Furthermore, selecting the optimum damping value by
itself makes the structure destruction i.e., submergence
or emergence, if not complete failure. So, the penalty
amount should be considered to avoid exceeding the
upper bound limitation of translational movement of the
structure, z,,,,. The reward function is defined as
following with arbitrary chosen amount the same as p =
—4 for penalty:

Kk
m(sp) ] .
e EE—— if l'max(z)| < z,
poo) [ if mex@)] <z

—4 if |max(z)| > Zmax
The system is acting in the presence of wave with
the following regular form:

& =& sin(awt —kx) (48)

We can describe the irregular wave by using the
superposition principle consisting of n regular waves
with variant amplitude, frequency, and phase.
Therefore, the wave elevation &, is given as:

§(xt)=gansin(nt —kpx-+.) © (49)

where the value €, stands for the stochastic phase that
its value is distributed between 0 and 2m. If all
elevations are summed up, the following shows the total
elevation of the proposed wave structure:

()= 3" Eunsin(ogt —kx+ ) (50)

The sea state is typically described in terms of the wave
spectrum S(w), which explains information about the
wave energy for various frequencies. E,, the energy in
each component is defined as follows.

En

_En 1o
S(a’n)AW—pg 2SeAn (51)

Therefore, the value of the amplitude is found:

&y =28 (@ ) Aw cos (@t —KnX+ ) (52)

A standardized wave spectrum to model the sea states is
JONSWAP, which is developed for the North Sea. The
formula of this spectrum is:
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, 5[% T ,1[@]2

Y 2| ow

S(a)): ags e 4 o }/e P (53)
(4]

where y is peak number, o decides the form of the

spectrum in the high frequency part and with assuming

T,, as peak frequency. The value of the parameter w, is:

2

P =7 (54)

P

The simulated disturbance and uncertainty assuming
JONSWAP spectrum is shown in Figure 3 in which the
randomness of the proposed wave spectrum is vivid.
The measured output of the system is illustrated as
Figure 4 showing the stability of the desired state. With
application of the above assumptions, the simulated
results in MATLAB are as follows. Through adding the
measurement noise, we tried to show the efficacy of the
proposed controller. The results of Figure 5 illustrate
that only one second takes to achieve the exact value of
the unmeasured output and no effect of fluctuation due
to the noise is seen.

Uncertainty

Time (seconds)
Figure 3. Uncertainty analysis based on the JONSWAP
spectrum

Displacement (m)

0 2 4 6 8 10
Time (seconds)

Figure 4. Simulation result for the displacement state variable

15+ simulated result
~—— With RESO and DRL-based controller

Velocity (m/sec.)

1 2 3 4 5 6 7 8 9 10

Time (seconds)
Figure 5. Comparison of unmeasured velocity in simulated
and estimated phase

30

simulated result
— With RESO and DRL-based controller

20

Uncertainty

-40

0.5 1 1.5 2 25 3
Time (seconds)

Figure 6. Unknown disturbance and uncertainty with

simulated and estimated scenario

40
30

20 -

-
(=]

u (applied force)

0.05 0.1 0.15 0.2 0.25
Time(s)
Figure 7. Control action applied on the PTO with DRL

As shown in Figure 6, the uncertainty of the problem is
tracked quickly so that the tracking error approaches to
zero after two seconds. The estimated results can be
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used in the other control purposes including disturbance
rejection. The significant point of the correct estimation
with low settling time refers to the application of the
concise control action. Figure 7 illustrates the applied
force required to reach the uniform and maximum
amount of energy and correct tracking. The accumulated
reward during the processing time is demonstrated in
Figure 8. The accumulated reward is increased so that
its final value stands for the optimum control policy
applied by the actor network and also, the maximum
amount of energy. The captured energy during this task
is demonstrated as Figure 9. Although, the fluctuation in
some periods is clear, oscillation is not bothersome and
is in the acceptable range for the consumer.

Accumulated Reward
=
-

_50 i N L L N
0 2 4 6 8 10
Time (seconds)

Figure 8. Captured energy during the processing time by DRL

%10*

2.5\

1.5

-

Captured Energy

0.5

0.05 0.1 0.15 0.2 0.25
Time(s)

Figure 9. Captured energy during the processing time

by DRL

4. CONCLUSION AND REMARKS
This work made an effort to address the undesirable

fluctuation in the utilization of energy produced by a
WEC. To do this, we created the WEC's structure model

along with all the necessary dynamical equations for the
proposed controller's implementation. Next, we
presented the new RSO dealing with the uncertainties of
the structure and unmeasured outputs. The technique of
immersion and invariance manifold was thoroughly
integrated and confirmed by using LMI. The demand
for regulating intelligent action applied to structures
guided us to create the DRL. Therefore, the built
network with appropriate training method was
thoroughly detailed in the study. Finally, the numerical
results carried out using MATLAB to examine and
verify the performance of the suggested control system.
The results indicated that our novel designed control
method has a significant performance, both in
estimating the unmeasured output and unknown
disturbance, as well as in implementing the control
policy. The future extent of our study may be altered to
disturbance rejection problem and extended state
observer design.
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Papf?F history: The scientific article presents the results of research to identify the regularities arising from the abrasive
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It has been established that abrasive finishing in a magnetic field allows for an insignificant amount of time t =

Ze,,ymvt-/,?,,r:i,,oy AMts 4...12 min to reduce surface roughness from initial Ra = 1.3...1.9 pm to Ra = 0.23...0.85 pm (depending on
Surface Roughness processing conditions). In addition, the optimization problem of determining the optimal conditions of abrasive
Abrasive Finishing finishing in a magnetic field, providing the achievement of the minimum value of roughness Rapi, = 0.23 pm
Abrasive Finishing in a Magnetic Field of the surfaces of parts made of aluminium alloy grade AMts was solved.
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experiment planning and implementation results analysis
TABLE 1. Coded values of varying parameters of the TABLE 3. Arithmetic average values of roughness in terms of
experiment and their levels parameter Ra of surfaces of plates made of aluminum alloy of
Factor Factor levels the AMts brand, obtained after abrasive finishing ina
Parameters . .
code % A 0 4 +a magnetic field
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1. INTRODUCTION

Currently, there is a tendency to expand the scale of machine
building industries (1, 2). This is primarily due to the need
to provide oil and gas (3-5), energy (6, 7), mining (8, 9) and
other industries with high-performance machinery and
process equipment (10, 11).

Improvement of machine-building production in
accordance with modern challenges cannot be realized
without a deeper study of the issues of mechanical
processing of materials (12, 13). It is connected first of all
with the fact that the level of machine-building productions,
the quality of products manufactured by them, as well as the
rationality of decisions taken in the development of
technological processes of machining largely depends on
the degree of study of these issues (14).

Today, special attention is paid to the machining of
materials with special physical and mechanical properties
(15, 16), including aluminium-based alloys (17-19). The
machining of aluminium and its alloys is a rather labour-
intensive process. For example, the high thermal
conductivity of aluminium and its alloys causes oxidation
during heating, which is accompanied by the formation
of cold cracks in the material (20); increased temperature
during machining of aluminium products causes
structural changes in the surface of the machined
material.

An effective solution to this problem is the use of
finishing methods with low temperature in the cutting zone
when machining aluminium material. The most promising
finishing methods include abrasive finishing in a magnetic
field (21), at which the temperature in the micro-cutting
zone is of the order of T= 30 + 40°C. This type of finishing
consists in the creation of a technological tool, consisting of
amagnetic field and abrasive powder, and its subsequent use
for impact during a certain period of time on the machined
surfaces of parts. In this case, to implement magnetic and
abrasive impacts, the machined part, pole tips or the part and
pole tips together are given different combinations of
movements (rotational, oscillating, reciprocating) (22).

Studies of abrasive finishing of aluminium and its
alloys in a magnetic field have received considerable
attention in literature (23, 24). For example, in the work
of Khomich (23) the influence of technological tool on
the number of inclusions, micro-sharpening and removal
of oxide film from the flanks of sheets from aluminium
alloy of Al-Mg system (grades 1560 (AMg-6)) was
studied. It is noted that rational selection of mode
parameters and type of technological tool allows to
perform defect-free abrasive finishing of sheet edges in a
magnetic field. The criteria of surface roughness and its
morphology after abrasive finishing in a magnetic field
of surfaces of parts made of aluminium alloy of Al-Cu-
Mg system (grades 2024 (D16)) has been analyzed in the
work of Anjaneuli and Venkatesh (24). It was revealed
that the following factors have the main influence on the

quality of parts surfaces: stress, allowing to change the
stiffness of the technological tool; feed rate, providing
the process of micro-cutting. The influence of rotation
speed and abrasive material composition on the quality
of machined surfaces of parts made of aluminium alloy
of Al-Mg-Si system (grades 6061 (AD33)) was studied by
Li et al. (25). It was experimentally established that as a
result of abrasive finishing in a magnetic field, the
roughness value of parts surfaces by Ra parameter can be
improved by 97%.

The conducted researches were focused on finishing
of aluminium alloy systems: Al-Mg (grades 1560 (AMg-
6)), which belongs to deformable alloys and used in the
manufacture of hull parts and transport tanks; Al-Cu-Mg
(grades 2024 (D16)), which is most commonly used in
sub-zero and cryogenic temperatures in aircraft and
aerospace applications; Al-Mg-Si (grades 6061 (AD33)),
which is a corrosion-resistant alloy and is used for the
manufacture of pipes and profiles of various cross-
sections. However, the parts made of aluminium alloy of
Al-Mn system (grades 3003 (AMts)), which are used in
gas-insulated transformers and sensitive elements of
electric tachometers (26), were not subjected to abrasive
finishing in a magnetic field, despite the high surfaces
quality requirements (Ra =0.25+0.63 pm) for these
parts.

In this connection, the research presented in the
scientific article is aimed at studying the peculiarities of
abrasive finishing in the magnetic field of surfaces of
parts made of aluminium alloy of Al-Mn system (grades
3003 (AMts)).

2. MATERIALS AND METHODS

Studies on abrasive finishing of AMts aluminium alloy
parts surfaces in a magnetic field were carried out on a
specially designed complex. The developed experimental
complex included a technological system of abrasive
finishing in a magnetic field (27-29), created on the basis
of an upgraded machining centre Emco Concept Mill 250
with CNC (Figure 1) and a mobile computerized
information-measuring system (Figure 2), consisting of
an optical bench, profilometer Mitutoyo SJ-210 and a
laptop with the appropriate software.

As experimental samples plates from aluminium alloy
of AMts grade with dimensional parameters 30x30x2mm
with initial surface roughness Rainiw = 1,3...1,9 um were
used. Fixing of plates was made by means of a fixture
(Figure 1), which was installed in the mandrel of an
upgraded machining centre Emco Concept Mill 250 with
CNC.

The technological tool for abrasive finishing in a
magnetic field of AMts aluminium alloy plate surfaces
was a combination of magnetic field, abrasive powder
and coolant (30-32). The magnetic field was constant and
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Figure 1. Experimental complex for abrasive finishing in a
magnetic field

m

]
8 profilometer
- Mitutoyo SJ-210

Figure 2. Mobile computerised information and
measurement system

was generated by electromagnetic coils of the abrasive
finishing in a magnetic field system (33-35). A
homogeneous abrasive of PR10P6M5 grade with fraction
A =0.25+0.16 pum, consisting of high-speed steel P6M5
particles with increased carbon content of rounded
splinter shape, was used as an abrasive powder. Cooling
lubricant Global was used to ensure clean surfaces of
plates made of aluminium alloy of AMts grade and to
prevent abrasive material inclusions in the processed
samples.

Abrasive finishing in the magnetic field of the
surfaces of plates made of aluminium alloy of AMts
grade was carried out according to the central composite
rotatable plan (Tables 1 and 2). This plan consisted of 31
experiments: 16 experiments were the core of the plan and
corresponded to the planning matrix of the full-factorial
experiment 24 8 experiments were the «star» points; 7
experiments were the centre of the plan.

The variable factors during abrasive finishing in a
magnetic field of the surfaces of plates made of

TABLE 1. Coded values of varying parameters of the
experiment and their levels

Factor levels

Factor
Parameters d

code -« -1 0 o+l +e
B, T X1 03% 05 065 08 09
t, min X2 4 6 8 10 12
n, min’* X3 100 225 350 475 600
S, mm/min X4 25 75 125 175 225

TABLE 2. Experiment planning matrix

Experience Yo . xz s )
no.

1 +1 +1 +1 +1 +1
2 +1 -1 +1 +1 +1
3 +1 +1 -1 +1 +1
4 +1 -1 -1 +1 +1
5 +1 +1 +1 -1 +1
6 +1 -1 +1 -1 +1
7 +1 +1 -1 -1 +1
8 +1 -1 -1 -1 +1
9 +1 +1 +1 +1 -1
10 +1 -1 +1 +1 -1
11 +1 +1 -1 +1 -1
12 +1 -1 -1 +1 -1
13 +1 +1 +1 -1 -1
14 +1 -1 +1 -1 -1
15 +1 +1 -1 -1 -1
16 +1 -1 -1 -1 -1
17 +1 +o 0 0 0

18 +1 -0 0 0 0

19 +1 0 +o, 0 0

20 +1 0 -0 0 0

21 +1 0 0 +o 0

22 +1 0 0 -a 0

23 +1 0 0 0 +o
24 +1 0 0 0 -0
25 +1 0 0 0 0

26 +1 0 0 0 0

27 +1 0 0 0 0

28 +1 0 0 0 0

29 +1 0 0 0 0

30 +1 0 0 0 0

31 +1 0 0 0 0
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aluminum alloy of the AMts brand were: the value of
magnetic induction B =0.35+ 0.95 T; finishing timet =4
+ 12 min; plate rotation speed n = 100 + 600 min; plate
feed along the pole pieces S = 25 + 225 mm/min (Table
1). The controlled parameter was the surface roughness
of the plates according to the Ra parameter, which was
monitored using a Mitutoyo SJ-210 profilometer (Figure
2).

The roughness values obtained in the course of
experimental studies in terms of the Ra parameter of the
surfaces of plates made of aluminum alloy of the AMts
brand were subjected to statistical processing in order to
construct a physical-statistical model, which can be
generally represented by means of a response function in
the form of a complete polynomial of the second degree
espressed in Equation 1:

Vi = by + X1<ci<k bixi +
2
Disicjek DijXixXj + Xa<izk bix{

@)

where y; is i-th quality parameter (roughness according to
the Ra parameter) of the surfaces of the part after
finishing; xi is i-th factor of abrasive finishing in a
magnetic field; bo, b, bjj are values of model coefficients.

The construction of a physical-statistical model 1 of
the influence of varying factors of abrasive finishing in a
magnetic field on the roughness in terms of the parameter
Ra of plate surfaces was carried out in accordance with
the calculation algorithm, which is described in detail.
The main stages of the calculation algorithm were:
coding the levels of factors x;, calculating the coefficients
bo, bi, bij model, estimating the dispersion of the
reproducibility of the experiment S2, estimating the
dispersion of the model coefficients S7 and their root-
mean-square errors S,, calculating confidence intervals
Ab; and determining the statistical significance of the
coefficients by, bi, bj models, calculation of the variance of
model inadequacy SS2;,,4, calculation of the F.g.
calculation model criterion and testing the hypothesis
about the adequacy of the model F,,;.<F;qpe, decoding
the levels of factors xi.

The physical-statistical model 1 of the influence of
abrasive finishing factors in a magnetic field on the
roughness in the Ra parameter of the surfaces of plates
made of aluminum alloy of the AMts brand will make it
possible to predict quality indicators with sufficient
accuracy depending on the processing conditions. This is
especially important when the complexity of the
occurrence of physical phenomena in processes creates
significant difficulties in creating analytical models.

All mathematical calculations necessary to construct
a physical and statistical model 1 of the influence of
abrasive finishing factors in a magnetic field on the
quality indicators of plate surfaces, and the subsequent
conversion of the obtained data into graphical form, were
carried out in an automated mode using Microsoft Office
Excel and Statistica 12 programs.

3. RESULTS AND DISCUSSION

As a result of experimental studies on abrasive finishing
in a magnetic field of the surfaces of plates made of
aluminum alloy of the AMts brand, the roughness values
for the parameter Ra were obtained. The calculated
arithmetic average roughness values are summarized in
Table 3 and divided according to the 3 parts of the central
compositional rotatable plan.

Based on the mathematical calculations performed
following the calculation algorithm previously
summarized, a physical-statistical model was built in the
form of a response function, which makes it possible to
predict the roughness values in terms of the Ra parameter
of the surfaces of plates made of aluminum alloy of the
AMts brand, depending on the conditions of abrasive
finishing in a magnetic field stated in Equation 2:

Ra =10,619-0,983-B +0,045-t—0,58-S "
1072 -0,19'n-1073+0,15-nS-107> - 0,09 )
tS+-1073+ 0,856 B2 — 0,0016 - t2.

A more visual representation of the response function
2 can be presented using its geometric analogue - the
response surface. However, a geometric representation is
only appropriate when there are no more than two factors
influencing the output parameter. Taking this fact into
account, the response surface was geometrically depicted
in three-dimensional and two-dimensional spaces in two
combinations: the influence of finishing time and rotation
speed on the roughness parameter Ra (Figure 3, a, c); the
influence of magnetic induction and feed on the
roughness in terms of the Ra parameter (Figure 3, b, d).

The constructed physical-statistical model and
graphical dependences of the functions Ra = f(t, n) and
Ra =f(B,S) make it possible to determine the main
tendency of the influence of varying factors of abrasive
finishing in a magnetic field on the quality, in particular

TABLE 3. Arithmetic average values of roughness in terms of
parameter Ra of surfaces of plates made of aluminum alloy of
the AMts brand, obtained after abrasive finishing in a magnetic
field

Star points Center of the

Kernel of the plan 24 of the plan plan

No. Rapum No. Rapm No. Rapm No. Rapm

0,355 9 0,668 17 0,847 25 0,493
0,408 10 0,469 18 0,755 26 0,501
0426 1 0,503 19 0496 27 0,391
0312 12 0421 20 0,288 28 0411
0313 13 0,786 21 0,632 29 0,488
0271 14 0579 22 0,326 30 0436
0477 15 0,495 23 0,402 31 0,394
0233 16 0,59 24 0486
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Figure 3. Graphic dependences of the influence of abrasive finishing factors in a magnetic field on the roughness in terms of the Ra
parameter of the surfaces of plates made of aluminum alloy grade AMts

on the roughness in the parameter Ra, of plate surfaces
made of aluminum alloy AMts brand. However, in this
case, it is not possible to offer the most optimal
conditions for abrasive finishing in a magnetic field for
practice. For this reason, the obtained data were subjected
to additional analysis in order to solve the optimization
problem.

The criterion for optimal conditions for abrasive
finishing in a magnetic field was the ability, under
appropriate conditions, to form the minimum value of
roughness Ramin Of the surfaces of plates made of
aluminum alloy of the AMts brand. The process of
searching for optimal conditions was carried out on the
basis of a rank approach, in which a generalized rank
function D = f(Ra) (Figure 4), was initially constructed,
subsequently converted into private rank functions of the
levels of abrasive finishing factors in a magnetic field Dg

= f(B), Di=f1(t), Dn=1f(n), Ds=f(S) (Figure 5).
Subsequently, these functions Dg=1f(B), D:=f(t),
Dn = f(n), Ds = f(S) were compared with the profiles of
the influence of abrasive finishing factors in a magnetic
field on the roughness of plate surfaces Ra = f(B),
Ra = f(t), Ra = f(n), Ra = f(S) and the optimal conditions
for abrasive finishing in a magnetic field were
determined (Figure 5).

When constructing the generalized rank function
D = f(Ra) three ranks «0», «0,5» and «1» were assigned
experimental roughness values obtained during
experimental studies (Table 3), Ramax, Ramedium and Ramin
respectively (Figure 4). The generalized rank function
D = f(Ra) shows the preference for minimum roughness
values Ramin Of plate surfaces in comparison with values
close to Ramax.
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Figure 4. Generalized rank function plot D = f(Ra)

Based on the generalized rank function D = f(Ra)
partial rank functions were constructed from the levels of
abrasive finishing factors in a magnetic field Dg = f(B),
Di=f(t), Dn=1(n), Ds=1f(S) and compared with the
profiles of the influence of abrasive finishing factors in a
magnetic field on the surface roughness of plates
Ra = f(B), Ra = f(t), Ra = f(n), Ra = f(S). This comparison
showed that the minimum value of the surface roughness
of the plates, within the studied range of changes in
abrasive finishing factors in a magnetic field, is equal to

1103

Ramin = 0,19 um and is formed under the following
conditions: B=0,65T, t=12 min, n=475 min?,
S =225 mm/min.

A more detailed study of the partial function D; = f(t)
allowed to conclude that there are two preferred finishing
times: t =4 min and t = 12 min. In this regard, the range
of values from t = 4+12 min to t = 4+8 min of the private
rank function D:=f(t) was adjusted and the partial
functions Dg = f(B), Dt =f(t), Dn =f(n), Ds=1(S) were
again compared with profiles of the influence of abrasive
finishing factors in a magnetic field on the roughness of
plate surfaces Ra = f(B), Ra = f(t), Ra = f(n), Ra = f(S)
(Figure 5). As a result, it was found that the minimum
value of the surface roughness of the plates is Ramin = 0,23
pm and is formed under the following conditions:
B=0,65 T, t =4 min, n=350 min, S =225 mm/min
(Figure 5).

Despite the insignificant difference A = 0,04 pm in the
minimum values of the formed surface roughness of plates
made of aluminum alloy of the AMts brand, the following
conditions will be considered the most rational conditions
for abrasive finishing in a magnetic field for their
recommendation for production: B=0,65T, t=4min,
n=350min?, S=225mm/min. These conditions of
abrasive finishing in a magnetic field make it possible to
ensure the surface roughness of plates made of aluminum
alloy of the AMts brand equal to Ra = 0,23 um.
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Figure 5. Determination of optimal conditions for abrasive finishing of the surfaces of plates made of aluminum alloy grade AMts

in a magnetic field
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4.CONCLUSION

Studying the peculiarities of abrasive finishing in the
magnetic field of the surfaces of parts made of aluminium
alloy grade AMz, the authors presented the following
conclusions based on the results of the study:

- The finishing method of abrasive finishing in a
magnetic field is an effective method for recommending
it in practice for the purpose of final processing of the
surfaces of parts made of aluminum alloy grade AMts.
Since in a short time t =4...12 min, it allows to reduce
the roughness of the surfaces of parts from the original
equal Ra=13...19um to Ra=0,23...0,85um
(depending on processing conditions).

- Solving the optimization problem allows to determine the
optimal conditions for abrasive finishing in a magnetic field
of the surfaces of plates made of aluminum alloy of the
AMILts brand with achieving a minimum roughness value of
Ramin = 0,23 um; the optimal conditions are: B = 0,65 T,
t =4 min, n = 350 min’, S = 225 mm/min.
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1. INTRODUCTION special position among industrial managers. Today,
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budget and profitability of industries, and the lack of
proper planning of maintenance in the organization
reduces the useful life of the equipment (2). Great
attention to science of maintenance is necessary to
respond to the expectations of industries, which is due to
the limited resources such as energy, manpower, and
capital, with suitable planning and its principled
implementation, can lead to an increase in productivity,
efficiency. Finally, the goals will be achieved (3).

Petrochemical industries are among the sensitive and
complex industries that require efficient and practical
maintenance due to the high volume of production, high
added value, technical and safety risks, the need to
comply with international standards, and high
competition (4). Maintenance in petrochemical industries
can improve performance, reduce costs, increase
equipment life, reduce breakdowns, increase reliability,
increase productivity, reduce waste, preserve the
environment, and improve employee safety (5).

As the holder of first place in the country's non-oil
exports, the petrochemical industry plays an essential
role in the direction of economic prosperity, sustainable
development, localization of technology, development of
downstream industries, job creation, etc. The main
advantages of this industry in Iran are the variety of feed,
access to water resources, young and expert manpower.
The petrochemical industry is one of the industries in
which oil and gas are processed form the oil field region
(6).

Considering that currently, Iran is considered the
second gas-producing country and the fourth country in
the field of crude oil production in the world. Iran is
susceptible to the growth and development of the
petrochemical industry. Thus, the development of the
petrochemical industry is considered one of the important
and strategic categories of development of the country.
The petrochemical sector produces a variety of products,
and among the products produced, polyethylene is very
important due to its large volume, as well as its use and
importance in the production of various of plastic
appliances and food industries. So far, the countries of
India, China, the Middle East and Far East, Europe, and
Southeast Asia have been among the importers of Iranian
petrochemical products (7).

A petrochemical complex is a complex combination
of advanced equipment, machinery, and arteries. All
kinds of valves, heat exchangers, steam boilers,
distillation towers, hydraulic and gas turbines, separators,
pumps and compressors, industrial valves, precision
instruments, dryers, and blowers can be seen in a
petrochemical complex. It takes years and sometimes
decades to engineer and build a petrochemical complex,
time, energy, and capital. In this complex, right after the
start of operation, an important part of the costs is the
maintenance of the refinery. Stopping production in a
petrochemical complex can bring irreparable costs to the

complex (5). Access to specialized manpower,
identification system for maintenance, and planning of
these matters, along with issues related to the supply of
required parts and consumables, is one of the challenges
of this field (7).

To better use and increase the useful life of equipment
and optimal use of resources, it is necessary to have a
proper system of planning, analysis, control, and
applying correct management methods (8).

Therefore, developing an effective and dynamic
maintenance and repair system is very important.
Neglecting the maintenance and repair of equipment,
especially complex, sensitive, and expensive devices,
imposes a lot of costs on the petrochemical industry and
causes many problems for that organization. The
environmental conditions of the studied industry,
expensive equipment, and the problems of its
replacement have increased the importance of this issue
and the need to pay attention to maintenance and increase
the effectiveness of the equipment (9). Therefore,
considering the importance of Maintenance in the current
research, we present a functional model of integrated
maintenance in the petrochemical industry. Building
upon the foundation established, we will delve into the
definitions, categorizations, and models of maintenance
and repairs, exploring their diverse applications. We will
also outline the methodology and tools employed for data
collection, introduce the research community involved in
this field, and then embark on a comprehensive data
analysis process. The culmination of this endeavor will
be a presentation of the research outcomes and a
proposed model that encapsulates the findings.

2. LITERATURE REVIEW

The continuous growth of industrial operations and the
increasing complexity of production processes have
fueled the development of maintenance and repair
practices. Traditionally, maintenance has been associated
with preserving and restoring capital assets to ensure
their ability to perform desired tasks. The term
"maintenance and repair" is defined in the EN 13306
standard as the combination of technical, administrative,
and managerial actions throughout the lifecycle of an
item to maintain or restore it to an optimal state for
performing its intended function. The EN 13306 standard
also defines maintenance management as the set of all
activities that prioritize maintenance goals, set basic
goals for the maintenance and repair department,
determine the maintenance and repair strategies, and
implement them through planning, control, support, and
continuous improvement (10). In today's advanced and
dynamic organizations, maintenance and repair strategies
play a crucial role in optimizing asset utilization,
enhancing productivity, and achieving organizational
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objectives. Effective maintenance practices can lead to
significant cost savings, improved product quality, and
reduced downtime (11).

The management system of maintenance and repairs
encompasses the comprehensive management of all
physical assets within an organization, aiming to
maximize capital utilization efficiency. By effectively
managing inputs such as human resources, equipment,
tools, and associated costs, and outputs such as the
performance of devices and equipment during planned
operations, maintenance management techniques like
preventive inspections, schedule maintenance, and
performance monitoring play a vital role in achieving
desired performance levels (12). The maintenance and
repair management process can be divided into two key
phases: strategy definition and its implementation.
Strategy  definition  involves establishing clear
maintenance and repair goals, which serve as the
foundation for other activities in the process, such as
planning, scheduling, progress control, and indirect cost
reduction. The correct implementation of maintenance
and repair strategies effectively minimizes direct costs
associated with labor and resources, aligning with the
concept of efficiency (13).

Orru et al. (14), Labib (15) and Mowbray (16)
emphasized the complexity involved in developing and
implementing  effective maintenance and repair
programs. They highlight that organizations often lack a
systematic approach, leading to the adoption of various
maintenance models, even among similar organizations.
Similarly, consultants from different countries may
present different maintenance models to their clients. To
address these challenges and optimize asset utilization, a
comprehensive system integrating planning, analysis,
control, and sound management principles is essential.
Neglecting maintenance and repair, especially for
complex, sensitive, and expensive equipment, can incur
significant costs and operational disruptions. The harsh
environmental conditions in petrochemical industries,
the high cost of equipment, and the challenges associated
with replacement further underscore the importance of
prioritizing maintenance and enhancing equipment
effectiveness (17). In summary, maintenance and repair
management  encompasses  activities aimed at
maintaining or restoring production systems to ensure
their efficient and economic operation. Key objectives
include:

1. Ensuring system performance
efficiency, and product quality)
Prolonging system life (asset management)
Maintaining safety
Promoting worker well-being (18).
In the world of manufacturing, the importance of
efficient production planning is undeniable, particularly
in the face of increasing competition. The high cost of
equipment and the associated expenses of replacing
damaged machinery necessitate effective maintenance

(availability,

o

and repair strategis (19). As industries rapidly transition
towards automation, the need for skilled personnel to
manage and maintain  equipment intensifies.
Additionally, rising investment levels, production
speeds, and spare part costs underscore the significance
of integrating maintenance and repair processes into
production systems (20). This approach aims to minimize
repair costs and overall production expenses by
employing techniques like regular inspections,
scheduling maintenance tasks, and utilizing advanced
monitoring systems (21). The strategies adopted in the
petrochemical industry for maintenance and repairs have
undergone significant transformations, particularly in
terms of mindset and management style (22). However,
a notable segment of experts, managers, and operations
and maintenance executives still view production,
maintenance, and repair processes as separate entities.
This perspective fails to recognize the interconnectedness
of these aspects and the potential benefits of adopting a
holistic approach. In advanced industries worldwide, the
concept of breakdown maintenance has gradually faded,
replaced by a combination of preventive, predictive, and
condition monitoring strategies (23). Experts strive to
minimize or eliminate process disruptions, leading to the
development of comprehensive maintenance and repair
frameworks that optimize unit performance while
minimizing costs and maximizing added value (24).

Reliability-centered  maintenance (RCM) has
emerged as a leading approach in the industry, providing
a systematic method for determining the most
appropriate  maintenance strategy for equipment
(systems). By analyzing factors like equipment
criticality, failure modes, and potential consequences,
RCM helps organizations make informed decisions about
maintenance activities, ensuring optimal performance
and minimizing disruptions (25). In summary, effective
maintenance and repair strategies are crucial for
manufacturing industries to thrive in the competitive
landscape. By adopting a holistic approach that integrates
maintenance and repair processes into production
systems, organizations can achieve significant cost
savings, enhance productivity, and safeguard their
equipment's longevity. Reliability-centered maintenance
(RCM) provides a valuable framework for making
informed decisions about maintenance activities,
ensuring that equipment is maintained in a condition that
maximizes its availability, efficiency, and overall
performance (21).

The maintenance and repair management system
seeks to minimize repair costs and overall production
expenses by implementing strategies such as regular
inspections, scheduled maintenance, and advanced
monitoring techniques. These measures contribute to
reducing the financial burden associated with equipment
breakdowns and enhancing overall operational
efficiency.
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In parallel, environmental concerns have gained
prominence in recent years, recognized as a critical
aspect of sustainable development. The escalating issues
of air pollution and climate change have propelled
governments worldwide to formulate policies aimed at
curbing greenhouse gas emissions. These initiatives
include imposing limits on carbon emissions and levying
penalties for exceeding these thresholds (25, 26).

In summary, both economic and environmental
considerations necessitate effective maintenance and
repair practices. By optimizing equipment performance,
organizations can reduce repair costs, minimize
environmental impact, and contribute to sustainable
development goals.

3. METHODOLOGY

The current research is applied in terms of fundamental
purpose and descriptive survey in terms of the data
collection method. A mixed method (qualitative and
quantitative) was used to conduct the research. In the
qualitative stage, the indicators and dimensions of the
model were extracted using library studies, and a
questionnaire was designed for the survey in the form of
four areas human resources, equipment, knowledge, and
management. Using the Delphi technique, the
dimensions and components were approved by experts.
The statistical population is experts in the field of
maintenance industry and university, and 110 of them
were selected as a sample by simple random sampling.
The indicators extracted from the qualitative stage were
provided to the sample in the form of a questionnaire. The
validity of the questionnaire was confirmed by experts in
the qualitative stage and its reliability was determined
through Cronbach's alpha.

The method used in this research, which is based on
the arithmetic mean of experts' opinions, is carried out in
the following steps:

The arithmetic mean of the opinions of decision-
makers was calculated in the form of a matrix and the
relationship was calculated.

(1,11 a1z dyy
(1.1,1) &

ﬁ — é‘-21
anl é'nﬂ {1;]”1)
Py ..
aij = ZKélaijk L] = 1,2,....,7’1

Calculate the sum of row elements

S = Z?:ﬂlij i=12,....,n
to normalize
M; = Q¥ s1—1 i=12,....,n

Determining the degree of probability of being larger

V(Mz > M;) = Subys[min(um, ), tu, )]

This relationship can be expressed synonymously as
follows:

V(M; > My) = hgt (M, 0 M) = py, (d)

Normalized weights are obtained by normalizing the
vector of weights.

W:[ d4)  _d(4p) CIC)
Sid(4)’ T, da)’ I, d(An)

By combining the weights of the option and the
criteria, the final weights are obtained.
Uy =Yiawimy;

Finally, the inconsistency rate should be calculated. If
the inconsistency rate is less than 0.10, the consistency of
the comparisons is acceptable, and otherwise, the
comparisons should be revised.

The results of Table 1 and Figure 1 shows that among
the experts in the research community, 2 of them are
experts, 3 are masters, 5 are deputy directors, 12 are
maintenance managers, 4 are operations managers, 3 are
Deputy complex, and 1 person has also been the manager
of the petrochemical complex.

TABLE 1. Related to the organizational post of the respondents

The organizational post Absolute Abundance

abundance percentage
Expert 2 6.7
Master expert 3 10
Deputy Director 5 10
Maintenance Manager 12 40
Operation Manager 4 13
Deputy complex 3 10
Complex Manager 1 3.3
Sum 30 100

- 296 1= m Expert
10% Master expert

Deputy Director

Maintenance Manager
= Operation Manager
u Deputy complex

 Complex Manager

Figure 1. Related to the organizational post of the
respondents
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3. 2. Confirmatory Factor Analysis The most
important goal of confirmatory factor analysis is to
determine the power of the predefined factor model with
a set of observed data. In other words, confirmatory
factor analysis tries to determine whether the number of
factors and variable loadings measured on these factors
are consistent with what was expected based on the
theory and theoretical model. In other words, this type of
factor analysis tests the degree of conformity between the
theoretical construct and the empirical construct of the
research. In this method, the relevant variables and
indicators were first selected based on the primary theory
and after factor analysis, they were used to check whether
these variables and indicators were loaded on the
predicted factors as expected. Or that their composition
has been changed and loaded on other factors. The
second-order confirmatory factor analysis of management,
knowledge, equipment and human variables were reported
in Tables 2 to 5, respectively.

In the following, we will examine the statistical
indicators to confirm the research data, which is given in
Table 6.

TABLE 2. Second-order confirmatory factor analysis of the
management variable

jusuodwo)
suolsuawiq
peo| J0joe4
10443 uoiewnsy
ansnels |
sisAjeue yred
a3 joynsai syL

MA1 0.7891 0.0113 36.9816 meaningful
MA2 0.8145 0.0190 43.0050 meaningful
MA3  0.8070  0.0219 39.1956 meaningful
MA4 0.7801 0.0293 26.3816 meaningful
MAS5 0.8445 0.0186 22.7059 meaningful
MA6  0.8333  0.0209 32.1956 meaningful

Juswiabeue|

MA7 07991  0.0222 35.9516 meaningful
MA8  0.8145 0.0196  40.5059 meaningful
MA9 0.8270 0.0198 41.0621 meaningful

KN4
KNS5
KNG
KN7
KN8
KN9

0.8801
0.8441
0.8535
0.8996
0.8445
0.8362

0.0283
0.0196
0.0229
0.0233
0.0177
0.0244

26.3416
21.7559
22.1226
34.9661
30.0059
29.5463

meaningful
meaningful
meaningful
meaningful
meaningful

meaningful

TABLE 4. Second-order

equipment variable

confirmatory factor analysis of the

g - 3

e 2 £ 5 =3
g & g % 2 2 2
g "3
EQ1 0.8032 0.0139 36.9816 meaningful
EQ2 0.8801 0.0163 43.0050 meaningful
EQ3 0.8241 0.0226 39.1956 meaningful
m EQ4 0.8323 0.0219 26.3816 meaningful
'§' EQ5 0.8801 0.0283 22.7059 meaningful
:3D. EQ6 0.8311 0.0200 32.1956 meaningful
EQ7 0.8981 0.0222 35.9516 meaningful
EQ8 0.8845 0.0206 40.5059 meaningful
EQ9 0.8181 0.0022 15.1511 meaningful

TABLE 3. Second-order confirmatory factor analysis of the
knowledge variable

o - 3
~
e g2 7 4 B2
3 3 2 2 @ >3
g 3 g 5 2 g <
> 2 = =1 @ o~
) o g @ = < Q
= = a 3 o g =
S =y
= @
§ KN1 0.8391 0.0213 29.3816 meaningful
o
% KN2 0.8944 0.0293 12.0330 meaningful
o
@ KN3 0.8022 0.0119 19.4946 meaningful

TABLE 5. Second-order confirmatory factor analysis of the
human variable
g =
a el
g 2 g = — 22
3 3 2 2 o >3
B 2 S =) 2 S <
2 s 2 2 23
2 3 & 3 E iy
g 73
HU1  0.7899 0.0213 16.1816 meaningful
HU2 0.8143 0.0290 13.0350 meaningful
HU3  0.8323 0.0259 29.1056 meaningful
- HU4  0.8801 0.0243 26.3006 meaningful
§ HU5  0.8313 0.0201 20.7012 meaningful
> HU6  0.8335 0.0219 22.1922 meaningful
HU7  0.7999 0.0112 15.9916 meaningful
HU8  0.8145 0.0096 10.5779 meaningful
HU9  0.7960 0.0206 20.5510 meaningful
TABLE 6. Indicators and Current Situation
. - Current
Indicator Measurement criteria situation
2X (k squared) The smaller the better 178.15
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(Degree of freedom) Greater than Zero 29
(The significance level) B

P- Value 0.0000
(Squared error) RMSEA Smaller than 0.8 0.138
GFI (Fitness index) Greater than 0.9 0.98
(adjusted fitness index) Greater than 0.9 0.93

AGFI

According to the results of Table 6 and the level of
significance and the degree of freedom, it can be
concluded that the research data is normal, and since the
significance level is less than 5%. It can be concluded that
the chance of this difference or relationship is very low.
It was concluded that the difference or relationship in
question is significant. When the results of structural
equations are presented, the resulting reports include
several indicators to show the degree of model fit, usually
the distribution of these indicators is X2. In the current
research, the degree of freedom is equal to 178.15, which
indicates the fit of the current research model.

In this research, Cronbach's alpha was used to check
the reliability of the research questions. As shown in
Table 7, considering that Cronbach's alpha of all the
questions of the upper components is 0.7, it can be
concluded that all the questions are valid.

After fitting the structural model (SEM), the
reliability of the structure (conceptual variables) can be
calculated. Construct reliability can be calculated based
on composite reliability (CR) and variance extracted
(AVE). Whenever one or more characteristics are
measured through two or more methods, the correlation
between these measurements provides two important
indicators of reliability. If the correlation between the
scores of tests that measure a single trait is high, the
questionnaire has convergent validity. The existence of
this correlation is necessary to ensure that the test
measures what it is supposed to measure. According to
the obtained results, it can be concluded that the existing
sub-components have convergent validity, divergent
validity, and reliable construct validity.

4. FINDINGS
In this part of the research, we will present the findings
of the research considering that the four main

TABLE 7. Reliability of the first questionnaire
Component

Number of Questions  Cronbach's alpha

Management 9 0.781
Human 9 0.893
Equipment 9 0.832
Knowledge 9 0.754

components of management, knowledge, equipment, and
manpower have been used in this research to examine the
importance of evaluation indicators. Therefore, in the
first place, we will introduce the main components of the
research in the structural model of the research.

In this step, the dimensions and components of
management and knowledge were extracted by studying
the models and studies presented in the subject of
research. The results show that each of the four main
components of management, knowledge, equipment, and
manpower under investigation has 9 sub-axis which are
mentioned in the table above. In the continuation of the
research, each of the sub-components was examined to
check their weight and importance from the point of view
of experts, and the results are shown in Tables 8 and 9.

The sub-components of income and cost, mission and
strategy, risk and change, human resources and energy,
planning and scheduling, efficiency and effectiveness,
condition monitoring and foresight, corrective action and
continuous improvement, control, and evaluation were
selected. Regarding the knowledge component, the
following components of standards and regulations,
software, books and articles, research and development,
less and practice, procedures, work orders, technical data
and maintenance, and inherent knowledge of the expert
were selected.

To determine the sub-component of equipment and
manpower, by studying the models and studies conducted
in the field of research, their dimensions and sub-

TABLE 8. Introducing management and knowledge sub-
components in the strong integrated Maintenance model

Income & Cost MA1

Mission & Strategy MA2

Risk & Change MA3

= Human & Energy Resources MA4
E Planning & Scheduling MAS5
% Efficiency & Effectiveness MAG
Condition Monitoring & Foresight MA7
Correctlvei r{aqc;)trlg\r;eﬁgniontmuous MA8

Control & Evaluation MA9

Standards & Regulation KN1

Software KN2

Books & Articles KN3

Za Research & Development KN4
% Lessens & Practices KN5
‘§- Procedures KN6
Work orders KN7

Technical & Maintenance Data KN8

Expert’s inherent knowledge KN9
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TABLE 9. Introducing the sub-components of equipment and
manpower in the strong integrated Maintenance model

TABLE 11. Friedman's test ranks the importance of each of the
quality evaluation criteria of the new model

Criticality Analysis EQ1

Condition Monitoring EQ2

Life Cycle Cost EQ3

-rgn Risk Based Inspection EQ4
'g Optimized Risk & Cost EQ5
2 Overall Equipment Effectiveness EQ6
Root cause failure Analysis EQ7

Reliability Centered Maintenance EQ8

Awvailability and Maintainability EQ9

Motivation & Effort HU1

Commitment & Ethical HU2

Education & Learning HU3

- Expertise & Experience HU4
§ Flexibility & Creativity HUS
> Responsibility & Loyalty HUG6
Mental Model & Behavior HU7

Encouragement & Appreciation HU8

Culture & Teamwork HU9

components were determined, as shown in Table 3, the
sub-components of equipment include critical analysis,
condition monitoring, cycle cost life, risk-based
inspection, optimized risk and cost, the overall
effectiveness of equipment, root cause analysis of failure,
maintenance based on reliability and availability and
maintenance, and the sub-components of human
resources include motivation and effort, commitment and
ethics, education and learning, expertise and experience,
flexibility and creativity, responsibility and loyalty,
mental model and behavior, encouragement and
appreciation, and culture and teamwork.

The results of the investigations in Table 10 show that
the sig (significance level) of all variables is greater than
0.05. Therefore, at the 95% confidence level, it can be
said that the distribution of all data is normal.

In Table 11 and Figure 2 the ranking of the criteria for
evaluating the quality of maintenance and production

TABLE 10. Checking the normality of population distribution

Variables Average  The significance level
Human 441 0.22
Equipment 3.33 041
Management 3.87 0.08
Knowledge 4.95 0.90
The whole questionnaire 4.12 0.20

Evaluation criteria Average rank Statistics 2
Cost 6.97
Production 6.54
Reliability 6.79
Auvailability 6.70
Operational Risk 6.52
47.773
Safety 6.72
Quality 6.49
Environment 6.43
Maintainability 6.52
Energy 6.12
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Figure 2. Friedman's test ranks the importance of each of the
quality evaluation criteria of the new model

from the point of view of experts was discussed, among
which the cost component is the first important criterion
with an average of 6.97. The energy component with an
average of 6.12 ranks last in service quality evaluation
criteria. The important features and sub-features should
be considered in choosing a Maintenance strategy.
including determining the criteria that are involved in the
decision-making process for choosing maintenance and
repair strategies. The analysis should be done in such a
way that the maintenance and repair strategy that is
chosen will achieve the desired goals, improve the
availability, and reduce the number of failures.

The top and most important according to a survey
conducted in the field of maintenance and repair of the
petrochemical industry, from the point of view of experts,
the most important factors are cost, reliability, and
availability, respectively, with coefficients of 6.97, 6.79,
and 6.70. The repair of machinery in the petrochemical
field has been selected.

To obtain the equipment criticality index and
coefficients of its essential elements, we used the Likert
preferences of 75 experts using the AHP method.
Equation 1 and Table 13 present the results.
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ECI=0.1160+0.105P+0.1175+0.099E+0.0890R+0 The matrix for the calculation of the inconsistency rate is

104R+0.089A4+0 105M+0 077ES+0.105C M) reported in Table 15. Weight Coefficients of Integrated
Maintenance obtained from geometric mean is stated in
Pairwise comparison scale for AHP preferences by 64 Table 16.

judges are stated in Table 14.

TABLE 12. The judgment of 75 experts on the coefficients of the 10 elements of determining the sensitivity of equipment its
calculations based on Satya’s (AHP)

X > X >
= 2 = = B £
g x > = g x > =
E £ 2 = g £ = > = ]
Judgment by > c S = T £ > Judgment by > s 9 = = S >
Z 3 » & E S & & 3 2 5% = S ® 1 s = =
S &8 2 3£ 8 3 &8 s & & = g = T 3 o 3
No. & 88 §&§ &§ & & = 4w 8 No &8 8§ & &6 & <& = w 8§
1 Main. Manag.*7 12 9 12 10 9 10 8 11 8 11 38 MR-2 100 5 10 22 5 10 10 10 10 @ 20
2 Planning 12 10 12 9 12 10 10 12 39 Jam-DOPM 13 10 10 9 10 12 10 10 7 10
3 Mechanical 12 11 11 10 9 10 7 11 8 12 40 JPC 11 8 12 9 8 13 10 11 8 11
4 R&D 12 9 10 11 9 11 9 10 10 10 41 PPC 10 10 14 12 8 11 12 5 6 12
5 HRM 12 10 11 9 11 9 10 10 9 9 42 MR-4 14 10 13 9 10 11 9 10 9 10
6 DOCM 11 12 8 10 13 11 8 12 8 9 43 RazakMD 12 10 10 10 10 10 9 10 9 10
7 Percurment 12 11 13 7 11 10 8 9 8 11 44 DOCM-Jam 8 15 10 8 8 10 10 8 8 15
8 Shift head 12 10 11 8 10 10 9 12 10 9 45 MM1 8 8 15 10 15 10 9 15 10 15
9 Feed head 9 12 12 10 12 9 7 10 7 12 46 MM2 12 8 12 10 10 10 8 12 9 12
10 CM 10 10 12 11 9 10 8 10 10 10 47 MM3 10 10 14 8 8 10 10 12 8 10
11 1T 11 8 14 13 9 8 12 11 8 7 48 MOTS 15 7 12 8 8 10 10 8 8 10
KHPC
12 Electrical 12 10 12 10 9 10 8 11 8 11 49 MOP-AKPC 12 9 11 10 10 9 10 10 9 10
13 SSD 12 11 11 9 10 11 8 11 9 9 50 MM4 10 10 14 10 6 10 8 12 7 11
14 DOM 11 10 12 11 9 10 8 11 9 10 51 MMS5 12 9 11 9 9 10 9 8 10 13
15 shift maneger 15 8 11 12 8 9 9 10 8 11 52 MM6 12 9 12 10 9 12 6 11 8 11
16 Security 11 10 11 9 10 11 9 10 8 11 53 MM7 12 9 13 9 9 10 8 11 9 10
17 Exc &IT 10 12 12 8 10 12 11 10 6 10 54 MMS 12 10 13 10 9 10 10 12 7 12
18 Planning 12 12 8 6 10 12 12 11 8 12 55 MM9 10 11 12 8 9 12 10 11 8 11
19 Supervisourl 12 14 10 12 12 9 9 9 13 12 56 -MOM 10 10 13 11 10 10 10 10 8 10
20 Supervisour2 12 11 10 8 9 11 9 10 10 13 57 -DOMM 12 10 12 11 9 9 8 12 8 11
21 supervisour3 15 15 8 12 10 8 8 8 6 12 58 MMI10 10 9 15 9 12 10 10 9 8 11
22 Supervisour4 10 10 15 15 11 15 1 10 10 5 59 MM11l 12 8 14 9 10 12 10 10 8 9
23 M.SSL 12 10 14 10 10 10 6 10 9 10 60 MM12 12 9 15 7 9 10 10 11 8 11
24 M.SS2 12 9 12 9 9 10 11 10 8 11 61 MM13 11 9 15 12 9 10 7 117 10
25 M.S.S3 18 9 12 10 4 10 8 11 7 11 62 MM14 13 9 11 8 9 10 8 11 1 12
26 M.S.s4 12 9 12 8 8 10 10 11 10 11 63 -MOM 10 9 10 11 10 9 8 12 10 11
27 M.SS5 14 12 10 7 7 12 9 12 7 10 64 BIPC 11 8 15 12 8 10 8 10 8 10
28 M.S.S6 14 8 10 10 10 10 10 12 5 10 65 MOM-REPC 12 8 12 12 7 10 8 10 10 11
29 M.S.S7 12 9 12 11 8 10 8 11 9 9 66 -MOM 12 11 12 10 10 11 9 11 6 10
30 M.Ss8 12 8 12 10 8 10 9 10 10 11 67 Pars MM 12 9 12 10 9 10 8 11 7 12
31 M.S.S9 12 10 12 10 8 10 7 11 11 9 68 ARYA_SMN10 13 13 10 9 8 8 10 8 10
32 M.S.S10 12 11 12 10 10 11 8 8 8 9 69 MM15 12 9 12 10 9 10 8 12 7 11
33 M.SS11 12 11 12 10 10 11 8 10 8 8 70 MM16 11 9 13 11 8 10 9 11 7 11
34 M.S.S12 12 8 12 10 8 11 9 11 8 11 71 MSSA 10 10 13 11 9 9 10 11 8 10
35 M.S.S13 13 9 12 10 9 10 9 12 8 11 72 TRC-MM 10 10 12 10 10 10 8 13 7 10
36 M.S.S14 10 10 12 10 9 10 9 12 8 11 73 TRC-S1 12 10 11 10 10 10 8 10 9 10
37 MR-1 9 12 10 12 9 10 11 8 11 8 74 TRC-S2 12 9 12 9 10 9 9 13 8 10
75 TRC-S-3 11 9 12 10 9 10 9 10 9 11
TABLE 13. Equipment criticality elements and related coefficients
Item Quality Production Safety Environment Operational Risk
Coefficient 0.116 - Q 0.105-P 0.117-S 0.099 - E 0.089 - OR
Item Reliability Availability Maintainability Energy Saving Cost

Coefficient 0.104 -R 0.089 - A 0.105-M 0.077 -ES 0.105-C
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TABLE 14. Pairwise comparison scale for AHP preferences by 64 judges (OEE, OLE, EEE, HSE, and OCE)

Pairwise comparison scale for AHP prefe 64 Judgers

Judgment By OEE OLE EEE HSE OCE Judgment By OEE OLE EEE HSE OCE
Ji Inspection Head 7 5 4 7 9 J33 Instrument Engnieer 3 5 7 5 9
J2 Deputy of Complex M 8 6 7 7 6 J34 Inspection Engineer 7 4 6 4 4
J3 Reliability Engineer 7 9 9 6 8 J35 Workshop Manager 3 5 7 5 8
J4 Planning engineer 8 8 9 7 7 J36 Instrument Manager 4 4 6 5 4
J5 Planning Manager 9 7 5 7 9 J37 Professor 9 4 6 5 9
J6 O/H Head 8 9 8 7 6 J38 Professor 3 4 7 3 3
J7 CM Head 7 8 6 6 9 J39 Professor 5 3 6 4 8
J8 Instrument Head 5 9 8 5 5 J40 Professor 9 4 6 5 5
J9 Service 8 9 7 5 5 J41 Professor 3 4 7 4 3
J10 Planning Head 9 8 7 6 5 J42 Deputy of Complex M-J 4 4 6 5 5
Ji1 Electrical Head 7 9 8 5 6 J43 Professor 3 4 6 4 4
Ji2 Packaging Head 9 8 8 5 7 J44 Professor 4 8 6 4 4
Ji3 Maint. Manager 8 8 7 7 7 JA5 Project Manager 7 5 4 7 9
Ji4 Machinery Head 9 8 8 9 7 J46 PHD-Student 8 6 7 7 6
J15 Electrical Manager 8 9 5 6 7 J47 Mechanical. Eng. 7 9 9 6 8
J16 Coplex Manager 4 4 6 5 4 J48 Mechanical. Eng. 8 8 8 7 7
Ji7 IT manager 4 5 6 5 4 J49 electrical eng. 9 7 5 7 9
Ji8 DOMM 4 4 6 9 3 J50 electrical eng. 8 9 8 7 7
J19 R&D Maneger 5 6 8 7 6 J51 Project eng. 7 8 6 6 8
J20 Process 4 4 6 4 3 J52 Human Resource Manager 5 9 8 5 5
J21 Planning 4 4 6 5 5 J53 Contractor Manager 8 9 7 5 6
J22 Inspection Manager 5 4 6 5 5 J54 Master.S .Student 9 8 7 6 5
J23 Production Manager 4 3 5 4 4 J55 Energy control head 7 9 8 5 6
J24 Technical Ser. Mang. 3 4 6 4 9 J56 Maint. Manager-PPC 9 8 8 5 7
J25 Maintenance shift Head 3 8 9 5 5 J57 Maint. Manager-OPC 8 8 7 7 6
J26 Maintenance shift Head 5 6 9 7 9 J58 Maint. Manager-BIPC 9 8 8 9 7
J27 Manitenance Ser. Manage 4 4 6 5 4 J59 Plan. Manager-AKPC 8 9 5 6 7
J28 CM. Engineer 3 5 6 3 3 J60 DOMM-ARPC 5 4 6 3 3
J29 Electrical Engineer 4 4 6 4 4 J61 Eng.Manager-NPC 4 4 6 4 4
J30 Civil Engineer 2 7 9 3 3 J62 Maint. Manager-TPC 4 4 6 4 3
J31 Engeneering Head 3 4 6 5 5 J63 Maint. Manager-Arya 4 4 7 5 4
J32 Machinery Engineer 3 5 6 3 3 J64 Maint. Manager-KHPC 8 8 7 7 9

OEE: Overall Equipment Effectiveness;

OLE: Overall Labor Effectiveness;

EEE: Endogeneity, Extroversion, and Exogenous;
HSE: Health, Safety, and Environment;

OCE: Overall Cost Effectiveness

TABLE 15. The matrix for the calculation of the inconsistency rate

Al A2 A3 A4 A5
WF 0.190 0.202 0.232 0.182 0.194
Al 0.190 1. 000 0.941 0.819 1.044 0.979
A2 0.202 1.063 1. 000 0.871 1.110 1.041
A3 0.232 1.221 1.149 1.000 1.275 1.196
A4 0.182 0.958 0.901 0.785 1.000 0.938
A5 0.194 1.021 0.960 0.836 1.066 1.000

II= (max-n)/4=(5.255-5)/4=0.6375
Ci=Il/(CrorR.I),n=5= CrorR.I =112 Ci=0.057'0.1
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TABLE 16. Weight Coefficients of Integrated. Maintenance
obtained from geometric mean

Coefficient Item AHP
Al OEE 0.190
A2 OLE 0.202
A3 EEE 0.232
A4 HSE 0.182
A5 OCE 0.194

Considering the results, the inconsistency rate is less
than 0.10, as a result, the matrix is compatible and the
stability of the comparisons is acceptable.

5.RESULT

The findings showed that the establishment of an
integrated net system can lead to the improvement of
related indicators. One of the most important reasons for
this is to design and provide written implementation
methods for each step of the hierarchy of stopping.
Because the stoppage is not a routine operation and the
probability of problems related to process safety is higher
in these situations than in normal operation times.

Another reason is that the system created to prevent
the wear and tear of machine components can reduce
unplanned breakdowns and, as a result, machines being
out of reach. On the other hand, in the implemented
system, the failure times of the parts are predicted.
Therefore, these parts are purchased in advance, which
leads to a reduction in procurement time and an
improvement in the average repair time after the
installation of the system compared to before.

Considering that petrochemical industries usually use
old equipment and machinery that are usually at least 15
years old in their upstream, middle, and downstream
operations. Therefore, an integrated system of
maintenance is necessary to keep this relatively old
equipment operational. In such a situation, adopting a
reactive maintenance and repair tactic does not provide
any guarantee that sudden and unplanned outages will not
occur. The working nature of these complexes is vital and
at the same time very dangerous. For this reason, it needs
double care and supervision. In the petrochemical
industry, many accidents such as fire and explosion or
even the stoppage of some equipment lead to huge
damages, which is generally due to the failure of the parts
used in the equipment and processes. It is vital to know
and how these failures occur to prevent them from
increasing system reliability, optimizing process
performance and profitability.

6. CONCLUSION

In today's competitive industrial landscape, organizations
must prioritize maintenance and repair strategies to
safeguard  their  performance, efficiency, and
productivity. These strategies play a crucial role in
maintaining equipment reliability, availability, and
product quality while mitigating risks and reducing
downtime. As investments in industries surge, the
efficient utilization of resources and raw materials
becomes paramount for industrial owners and
responsible managers. This is particularly critical in the
face of intense competition in both domestic and global
markets.

A growing number of engineers and managers are
recognizing the significance of maintenance and repair
engineering, often referred to as 'Net' in technical and
engineering terms. Modern net engineering departments
in industrial units have adopted statistical and
mathematical methods to enhance their planning
capabilities, transforming net into a knowledge-based
discipline. Numerous companies have employed various
net strategies, including corrective net, preventive net,
comprehensive productive net, reliability-based net, and
status-based net. However, the primary challenge faced
by those involved in maintenance and repair lies not only
in applying these techniques but also in making informed
decisions regarding the selection of the most suitable and
effective maintenance and repair strategies for their
organization's specific needs. This research delves into
the development of an integrated maintenance and repair
management model tailored to the unique needs of the
petrochemical industry. The study's initial phase
involved identifying the key components of the
maintenance management model through theoretical
discussions and expert interviews. By analyzing the
findings, the dimensions, components, and sub-
components of the model were extracted, yielding a four-
component structure .

The research focused on four key components:
management, manpower, equipment, and knowledge.
The results indicated that knowledge is the most critical
component (importance coefficient of 0.90), followed by
equipment (0.41), manpower (0.22), and management
(0.08) in terms of their impact on implementing an
integrated maintenance and repair system.

The subsequent stage involved evaluating
maintenance and repair quality using expert opinions.
The cost component emerged as the most significant
criterion (average score of 6.97), while the energy
component ranked lowest (average score of 6.12). These
rankings highlight the importance of prioritizing cost-
effectiveness and energy efficiency in establishing a
robust maintenance and repair system.
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The study identifies human incentives, management,
equipment, and knowledge as the key components for
establishing an integrated maintenance model in the
petrochemical industry. Based on these findings, the
following suggestions are proposed :Formulate
comprehensive guidelines and regulations for integrated
maintenance in Iranian petrochemical companies to shift
the mindset of senior, middle management, and
employees from traditional maintenance to integrated
maintenance practices .Provide comprehensive training
programs for managers and employees to cultivate
integrated maintenance thinking and instill a long-term
vision of the benefits of integrated maintenance,
recognizing its potential to enhance petrochemical
industries' economic, social, and environmental
performance, leading to increased competitiveness and
market success.

Develop maintenance sustainability strategies based
on a thorough assessment of internal and external
environmental factors, including opportunities, threats,
strengths, and weaknesses .Prioritize product quality and
quantity by closely monitoring key indicators such as
OEE (Overall Equipment Effectiveness), OCE (Overall
Cycle Effectiveness), OLE (Overall Logistics
Effectiveness), HSE (Health, Safety, and Environment),
and EEE (Energy Efficiency).

Implement  industry-standardized  maintenance
procedures that encompass safety, health, environment,
energy, production, quality, cost, revenue, export, stress,
risk, maintainability, reliability, availability, replacement
cost, motivation, and satisfaction .Embrace appropriate
maintenance tools like Total Productive Maintenance
(TPM), Reliability-Centered Maintenance (RCM), Risk-
Based Inspection (RBI), Industry 4.0 technologies,
Artificial Intelligence (Al), and the Internet to enhance
maintenance efficiency and effectiveness. For future
research, the following areas are recommended :Explore
the intricate relationship between maintenance, the
Internet, business environment, Industry 4.0, and
Acrtificial Intelligence (Al) to optimize maintenance
strategies .Develop effective mechanisms for managing
conflicts, interactions, and the impact of various
organizational units' activities (e.g., top management,
operations, maintenance, safety, procurement, finance,
human resources, and education) to ensure seamless and
coordinated maintenance operations.

Investigate the potential of Internet-based failure
detection and artificial intelligence-based condition
monitoring  systems to enhance  maintenance
proactiveness and reduce downtime.

Conduct research on the application of integrated
maintenance practices in the context of pandemics (such
as COVID-19), warfare, embargos, and uncertainty to
develop resilient and adaptable maintenance strategies.
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ABSTRACT

The church of San Lorenzo in San Buono (ltaly) is unique in the local landscape due to its technical, and
architectural features. The building, whose construction dates from the 14th century to the mid-20th
century, was realized by the most important designers in the region. The bell tower is an element
characterized by refined neoclassicism and testifies to a remarkable episode of the permanence of the
neoclassical style in Abruzzo until the first decades of the 20th century.The present study illustrates both

Keywords: a technological-constructive analysis of the building and an assessment of the seismic risk of the bell
Masonry Structures tower, to present an important point for the knowledge of the artefact with regard to possible conservative
Seismic Risk Analysis restoration works. The seismic risk analyses are carried out for two different structural configurations
ﬁ‘:;’l’?;gﬁ;;em and two different typologies allowed by the Italian building codes for monumental masonry buildings:
simplified linear and non-linear static. The study illustrates how the presence of the adjacent structure
significantly alters the structural behavior of the masonry tower, both in terms of displacement and
propagation of the crack pattern. The differences in the results of the non-linear calculation and the
expeditious methods suggested by the standard are highlighted as well.
doi: 10.5829/ije.2024.37.06¢.08
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1. INTRODUCTION based on both aesthetic considerations and matters of
taste (1). In architecture, there was indeed a revival of
Neoclassicism refers to an eclectic movement that Roman and Greek architectural principles. While
spanned the entire European cultural landscape and was searching for the architectural archetypes that had
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favoured the emergence and development of classical
architecture, rationality, applied to previous architectural
experiences, led to the definition of the concepts of
typology and style (1, 2).

The neoclassic architecture, which origins in the 18th
century, found a new home in the 19th century when it
contributed to the “Empire” style (3). Although it is
possible to identify certain historical and cultural-
historical circumstances to locate its development, a
precise spatial and temporal definition is not possible.
Despite the fact that the European architectural scene at
the beginning of the 20th century was oriented towards
Art Nouveau and the new modern building systems that
were becoming more and more prevalent, neoclassical
orientations continued to shape the artistic culture of the
19th century. Moreover, it preserved an essential
homogeneity of theoretical and speculative premises that
formed the basis for mid-20th century monumentalism
and the rationalist architecture that followed (4).

The present study illustrates both a technological-
constructive analysis of the building and an assessment
of the seismic risk of the bell tower, in order to present
an important point for the knowledge of the artifact with
regard to possible conservative restoration works.

Ozturk (5) studied the seismic behavior of two
monumental masonry buildings in Cappadocia. The
effect of structural walls on their seismic behavior was
highlighted through dynamic analyses.

In the analysis of the damage, the decisive role played
by the layout of the floors in the pattern of damage in the
dome roofs was described. Guney et al. (6) studied the
effect of seismic action on earthen buildings affected by
the earthquake in Turkey in 2010 and 2011. The study
has focused on the main parameters for describing the
seismic behavior of buildings affected by the earthquake
(i.e., foundations, type of masonry, geometry of the
building, roofing).

Li (7) proposed an optimized macroseismic analysis,
integrating the traditional macroseismic intensity scale
and evaluation models of resilience and empirical
vulnerability of regional buildings. In another work, Li
(8) studied the seismic vulnerability of regional group
structures, establishing empirical vulnerability matrices
of six building groups in different seismic intensity
zones. A series of zonal fragility prediction models of six
typical regional structure groups is established. Li (9, 10)
highlighted the importance of measuring seismic
intensity to evaluate and predict seismic risk and
vulnerability of structures, proposing an improved
equation for instrumental intensity. The innovation
introduced consists of an improved model compared to
traditional techniques for assessing the seismic risk of
regional structures.

The correct assessment of the seismic risk of an
existing structure - important for economic and occupant
safety considerations - cannot ignore the nonlinear

structural behavior of the material. The most appropriate
methods for such analyses are: nonlinear static analysis
(pushover) and nonlinear time history analysis. The
second method can determine the non-linear behavior of
the structure in a more realistic way; however it is
complex to solve. Therefore pushover analysis is
preferable for its computational advantages.

2. DESCRIPTION

The church of San Lorenzo is an ancient building,
mentioned in the tithe books from the 14th century. It was
only rebuilt in the middle of the 20th century. It
represents a valuable architectural element in the area and
is an important example of late 19th century
neoclassicism, which is only expressed in the interior and
the bell tower, as the main fagade was remodelled more
recently.

In the transformation of the above mentioned
building, many important designers of the area follow
one another, from the architects Di Rienzo and Aloisio in
the early 19th century to the engineer Castelli and the
more recent Genio Civile of Chieti in the mid-20th
century (11). The church in its present form is a fusion of
various earlier buildings. It is the result of the Caracciolo-
Pisquizi princes’ desire for renewal. Figure 1 shows the
main view of the building.

The building is - like the entire historic centre - a
masonry building made of local river stone. It measures
10.70 m in width and 29 m in length up to the presbytery.
The dome is decorated with stucco; from the ground floor
a descent leads into the crypt where the body of the patron
saint Buono is kept. The crypt, added in 1774,
compensates for the difference in height between the
floor of the church and the square behind it and also
provides an entrance from there.

xR

Figure 1. Main elevation
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The exterior fagades are simple and unadorned, with
the exception of the main fagade and the bell tower.

The bell tower which was restored in 1893 by the
engineer Castelli, rises more than 40 metres above the
main square. Its height is divided into four registers. The
earth extension consists of a steep ashlar base: this is the
only part in which this material is used. The first register
consist of projecting brick retangular cornices that
delimit the masonry. The third register is completely
empty and houses the bell tower with arches on all four
sides framed by composite-style brick pilasters.

The church has a simple floor plan, consisting of a
single vaulted hall in the shape of a Latin cross, with a
lowered domed roof in the choir area. In the floor plan, it
is noticeable that the width of the space is determined by
the diameter of the dome.

The elevation is divided into two registers: a lower
one, consisting of the side altars framed by round arches
supported by semi-columns of the giant Corinthian order,
and an upper one, consisting of the claristorium and the
barrel vault. To the right and left of the liturgical hall,
Corinthian semi-columns frame three niches in which
three side altars are located. The area enclosed by the
dome is flanked by two other smaller altars, which are
larger than the previous ones. In the wall opposite the
entrance wall is the main altar, which is dedicated to the
patron saint of the small center. Figure 2Error! R
eference source not found. shows the elevation view of
the belltower.

3. DESIGN FEATURES

The construction of the church extended over a
considerable period of time: therefore, there are overlaps

Figure 2. Belltower: elevation view

in the technical and architectural solutions and languages.

An analysis of the historical sources shows that the
search for building materials followed the classic
criterion of maximum cost-and-time savings. The semi-
finished stonework that characterises the church is shown
in an arrangement that follows continuous rows, with a
finished mortar joint that is much thinner compared to the
rustic architecture that characterises the urban area,
testifying to the richness of the construction.

More specifically, the masonry technique can be
defined as being characterised by blocks of different
sizes, some of which have been worked; discontinuous
mortar layers with brick fragments (11). The lithological
setting consists of irregular blocks of quarry limestone,
pebbles and erratic material from river beds. The state of
preservation of the masonry is good and no cracks or
active kinematics can be observed.

All the walls consist of masonry with the features just
described and a bag profile with inserted diatons. The
thickness of the perimeter walls is between 1 and 2
metres. The masonry of the building consists of vaults
and domes. In the liturgical area, a structure similar to
that typical of the Latin development of the eastern
basilicas can be observed. It consists of a series of
repeating masonry structures that frame the barrel vaults
and on which they rest. These arches relieve the weight
of the roof and the vaults themselves on the inner
buttresses, which are represented by the masonry areas
with the semi-columns of the giant order.

4. MATERIAL CONDITION ANALYSIS

The building features technical solutions and material
choices typical of traditional architecture in Abruzzo at
the end of the 19th century, although there are no
particular innovations at the technological level.

As there are no signs of foundation or structural
cracks, it can be assumed that the deterioration of the
materials is due to other causes. The main problems that
the building suffers from concern the low resistance of
the materials to weathering, which is due both to the
typological characteristics and to the lack of
experimentation with new materials, as reported in
literature (12).

As far as typological characteristics are concerned,
the domed roof which, despite its expert construction,
shows a slight infiltration of rainwater. Other elements
exposed to decay are the plaster cladding and the
paintwork. The main causes are exposure to drive rain in
areas that are not protected by waterproofing, the use of
non-breathable paints or coatings and inadequate
rainwater disposal solutions. On the outer wall,
especially in the upper part of the bell tower, the decay
affects the mortar. This is located in the most superficial
area.
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5. SIMPLIFIED SEISMIC ANALYSIS

Tower structures such as a bell tower can be compared to
a system of distributed masses with an infinite number of
degrees of freedom and consequently an infinite number
of vibration modes. In reality, it is only the first modes of
vibration that define the true seismic response of the
system. In this section, the results of the simplified
calculation model provided by Italian standard (13) are
presented.

The equation of motion of a shelf with distributed
mass embedded in the ground can be written as follows
(12):

m'q" +K'q=0 (1)
where:

m* = [ ug*(z) dz 2

K* = [El(¢?*(2))* dz (3)
where:

e ¢(z) isthe oscillation waveform;

e u isthe mass distributed over height;

e g" is the second derivative of displacement as a
function of time

Considering a quadratic waveform of the type:

$(2) =2 )
It is obtained from previous Equations:

m=ug (5)

K* =42 (6)

¢ =pg W)

The expressions for the maximum displacement of the
cantilever and the load distribution as a function of
elevation can be derived.

Se
Ymax 2M9H4g125] (8)
5 S
p@) = Sudiis ©

5. 1. Structural Modeling The modelling of the
belfry was carried out by varying the boundary
conditions (i.e., constraints), offered in this case by the
presence of the adiacent bodies (e.g., presbytery). The
effects of two calculation models, different in terms of
constraint conditions, are thus considered:

i. Model A - isolated tower, with a height of 42 m;

ii. Model B - tower constrained in the portions
adjacent to the church, which interact with the tower
itself. In this case the free span of the church is
lower and equal to 30 m.

5. 2. Seismic Parameters The geometric-
mechanical parameters adopted in the calculation are
summarised in Table 1.

The maximum displacement obtained for the
unconfined tower model (i.e., Model A) with linear
calculation assumptions is 9.12 cm.

The maximum displacement obtained for the
confined tower model (i.e., Model B) with linear
calculation assumptions is 2.37 cm.

The confinement offered by the adjacent structures of
the church makes it possible to reduce the free span of the
ideal cantilever that schematises the tower, thus
considerably reducing the maximum displacements.

6. PUSHOVER ANALYSIS

This section describes the second evaluation level
considered. The pushover analysis considers a non-linear
numerical model of the tower, in which the external
forces are increased in a linear manner until the structure
collapses. The mechanical parameters of the materials,
knowledge of the construction technology of the time and
the state of preservation of the material play a
fundamental role in this type of analysis.

6. 1. Mechanical Parameters of Masonry The
mechanical parameters adopted in the calculation were
taken from the guidance provided by Circular 2019 -
NTC2018 (13). This regulation presents a collection of

TABLE 1. Geometrical-mechanical parameters for simplified
calculation

Parameter Value Units
Tower height 42-30 m
Elastic modulus 12000 daN/cm?
Base length 7.00 m
Base height 6.80 m
Wall thickness 1.30 m

Ps 2000 daN/m?3
Tuk0 3.50 daN/cm?
Tm 2.40

FC 1.35

q 3

™ 0.451 S

Cc 1.37

To 2 S

ag 0.113 g

S 1.50

Fo 2.569 S
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the most recurring mechanical parameters of masonry.
For the model under consideration, the following
typology was considered: “masonry with rough-hewn
ashlars, with faces of uneven thickness”.

Table 2 shows the main mechanical parameters of
this masonry type.

Figure 3 shows the constitutive law for the masonry
material.

The nonlinear parameters are summarized in Table 3.

6. 2. Levels of Knowledge Considered
According to the Italian regulations (NTC2018), the
knowledge level (LC) influence the values of the
mechanical parameters adopted. In fact, each knowledge
level (i.e., LC) corresponds to a confidence factor (i.e.,
FC) that is used to reduce the values of the mechanical
properties of the materials considered according to
following equation:

TABLE 2. Mechanical properties of the material considered [15]

fom@ [MPa] fumqo [MP2] fimag [MPa] femgo.0 [MPa]
2 0.035 0.035 2
rm[-] 7 [MPa] M [-] A
250 0.035 0.40 20
Legend: Plastic
EC"'.
; O TRACTION

COMPRESSION

Figure 3. Constitutive law of masonry

R
Ry ==
4~ Fc

(10)

As the level of knowledge increases, the FC factor
will be lower. The Italian building regulations identify
three knowledge levels.

In the present study, knowledge level LC1 was
chosen due to limited investigations (i.e. visual and
documentary). The confidence factor is 1.35. For the
resistances, the minimum values of the intervals
indicated by Circular 2019 are considered; for the elastic
moduli, the average values indicated by the same
Circular are used.

6. 3. FE Modeling The modelling of the steeple
was carried out using the finite element method (FEM),
employing TESYS software (MS-DOS solver) [16]. In
addition to the mechanical parameters outlined above,
further determining factors for the result of the analysis
are the degrees of constraint of the structure, offered in
this case by the presence of the adjacent blacksmith's
bodies (i.e., preshytery). The effects of two calculation
models, differing in their constraint conditions, are thus
studied:

i. Model A - isolated tower;

ii. Model B - tower constrained in the portions
adjacent to the church, which interact with the tower
itself.

The tower is modelled with two-dimensional linear
triangular elements (CST - Constant Strain Triangle), and
is considered constrained to the ground by non-yielding
joints.

Table 4 summarizes the results of the pushover
analysis.

It can be seen that the isolated (ideal) tower model is
not able to sustain the expected displacement demand, in
contrast to the real tower model (C/D Index always
greater than one).

TABLE 1. Nonlinear parameters of masonry 6. 4. Analysis of the Crack Pattern The
Phase Parameter Unit  Value evolution of the response of the structure analysed in
Max compression stress MPa 1.50
Elastic Corr. deformation % 1.22 TABLE 4. Pushover analysis
stage Max tensile stress MPa 0.04 Seismic Seismic Seismic c/D
Model direction demand capacity Index
Corr. elongation % 0.03 [dmax incm]  [de in cm]
Max compression stress MPa 2.00 +X 15.032 6.197 0.412
Plastic Corr. deformation % 4.00 -X 14.958 6.577 0.440
¢ Isolated tower
stage Max tensile stress MPa  0.04 +y 15.104 14.095 0.933
Corr. elongation % 0.13 -y 15.492 15.717 1.015
Max compression stress MPa 4.00 +X 18.403 21.199 1.152
Softening Corr. deformation % 1.60 -X 8.587 8.671 1.010
¢ . Confined tower
stage Max tensile stress MPa 1.00 +y 9.787 46.681 4770
Corr. elongation % 0.00 -y 9.166 37.063 4.044
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terms of the crack framework is shown below. In
particular, for a bell tower wall, the cracking frameworks
for the main points of the capacity curve are shown.

Figure 4 shows the typical trend for a masonry
capacity curve.

The points considered are as follows:

i. Point 1: Linear branch of the curve, where the
material still exhibits elastic behaviour;

ii. Point2:yielding of the structure; at some points,
plasticisation of the material is observed and the
first cracks begin to spread;

iii. Point 3: plastic stretch, where cracks increase
and almost the entire structure is in the plastic
phase;

iv. Point 4: collapse of the structure.

Figure 5 shows the evolution of the crack pattern for
the unconfined tower, with force distribution
proportional to the first mode of vibration (-x direction).

Figure 6 shows the evolution of the crack pattern for

the confined tower, with force distribution proportional
to the first mode of vibration (-x direction).

The results shown both refer to the wall adjacent to
the square, for the analysis in the -x direction. For both
models, the first cracks appear at the belfry due to the
geometric singularities of the structure. The cracks then

Shear [kN]

Displacement [mm]

Figure 1. Capacity curve (qualitative)

Point 1 Point 2

Point 3 Point 4
Figure 5. Damage evolution: unconfined tower with
distribution proportional to the 1 mode of vibration and
earthquake direction -x

Point 1 Point 2
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Point 3 Point 4
Figure 6. Damage evolution: confined tower with
distribution proportional to the I mode of vibration and
earthquake direction -x
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propagate from intermediate structural weaknesses (i.e.
internal staircase lighting slits), until they reach collapse
(Point 4), with cracks spreading along almost the entire
shaft of the tower.

It can be seen how the influence of the degree of
constraint is fundamental for the structure's crisis
fashion: neglecting the interaction of the adjacent
building (i.e., isolated tower) results in a different crack
pattern at collapse. In fact, in the first case a brittle crisis
mode can be considered, while in the second case there
is a more diffuse plasticity behaviour, with cracks
localized at the top of the structure instead of at the base
(generalised collapse).

To validate the crack evolution model, it is possible
to observe the two real cases that occurred in Italy (Figure
7 and 8).

The crack patterns observed in the real cases reflects
the patterns obtained by the nonlinear static analysis.
Figure 9 shows the Capacity Basket for the C/D index
(i.e., capacity/demand) of the tower displacement.

Figure 2. Belltower in Castelsantagelo, damaged by the
earthquake in 2016 (confined tower)

Figure 8. Belltower in Amatrice, damaged by the
earthquake in 2016 (unconfined tower)

Unconfined tower

Confined tower

-y
Figure 9. Capacity basket for the Capacity/Demand index

with proportional distribution at 1 mode of vibration and
earthquake direction -x

It can be observed that in the x-direction the
confinement offered by the surrounding walls has the
positive effect of doubling the ratio considered and
increasing it significantly (+480%) in the y-direction,
allowing the structure to meet the displacement
requirements for both directions in the confined
configuration.

Figure 10 shows the comparison between the
maximum displacement results for the 4 nodes at the top
of the tower according to the simplified linear model and
the pushover analysis.

It can be observed that the linear model allows the
displacement of the free cantilever to be predicted with
good approximation (i.e., Model-A), while it
significantly underestimates the maximum displacement
in the case of the confined tower (i.e., Model-B). The
effect of the confinement offered by the surrounding
masonry is reflected more in the stress distribution in the
masonry than in the maximum displacements. In fact, the
greatest influence is observed in the mode of propagation
of the crack pattern.

12

10

Node 17 Node 18 Node 19 Node 20

Model-A Pushover C=——3 Model-B Pushover

e \0del-A linear e \odel-B linear

Figure 10. Comparison of the displacement (cm) from
simplified linear and pushover analyses
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7. CONCLUSIONS

The present study illustrates and compares two different
seismic analyses allowed by Italian code on existing
masonry monumental buildings (13).

In particular, the effect of the different degrees of
constraint on the structure of the bell tower of the church
of San Lorenzo in San Buono (Chieti, Italy) has been
analyzed. It is chosen as a case study because of the
peculiar characteristics of the area on which it stands.

The numerical analyses take into account the
uncertainty of the type of material used, considering the
various semi-probabilistic factors offered by the Italian
technical regulations on existing buildings. The
numerical analyses illustrated the difference between the
different types of constraint (isolated tower and
constrained tower), showing how this factor can
significantly influence both the building’s failure mode
and the possibility of predicting possible hazard
scenarios.

The main results are:

- The linear analysis closely approximates the
behaviour of the tower structure only in the case of
an unconfined structure (i.e., Model-A). The
displacement values obtained are comparable in this
case;

- The non-linear static analysis (pushover) allows the
evolution of the structure's crack pattern to be
highlighted;

- The confined tower configuration (Model-B)
satisfies the requirements of the structure's seismic
demand in all directions and highlights the
beneficial effect of confinement offered by adjacent
structures;

- The free tower (Model-A) or corbelled
configuration is overly cautious.
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ABSTRACT

Implementing a proper integration scheme plays an important role in the performance of integrated
navigation systems. Not only does employing a more reliable estimation method improve the accuracy
of the integrated navigation system, but this can lead to a more robust solution in the presence of different
types of uncertainties. Implementing an integration scheme that has a robust and simple structure is a
challenging issue in the design of integrated navigation systems. By inspiring from the concept of PID
control, this paper proposes a robust integration scheme for aided inertial navigation systems in the
presence of aiding sensor measurement uncertainties. The proposed filter combines the concept of
proportional-integral-derivative control theory and the standard Kalman filter estimator to improve the
performance of the integration scheme. Thanks to the integral and derivative parts added to the proposed
scheme, the integrated system attains a faster and more robust solution in the presence of observation
errors and uncertainties. The simulation case studies validate the superior efficacy and capability of the
proposed scheme compared to the integration method based on the standard Kalman filter.

doi: 10.5829/ije.2024.37.06¢.09
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1. INTRODUCTION

Navigation systems can function based on two different
techniques: Dead Reckoning (DR) and Position Fixing
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(PF) (1) . DR-based systems utilize the measurements of
the vehicle’s motions via body-mounted inertial sensors
and perform a series of computational tasks to obtain the
navigation solution. On the other hand, PF-based systems
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attain the navigation solution by exchanging data with the
known position information of external sources. The
solution obtained by the DR-based system usually has an
appropriate performance in short-term intervals but the
accumulative error caused by the integration operation
deteriorates the accuracy and performance of the long-
term solution. Unlike DR-based systems, PF-based
systems represent a desirable long-term but noisy short-
term solution. To benefit from the advantages and cover
the drawbacks of the two aforementioned techniques,
aided or integrated navigation systems utilize both DR
and PF systems simultaneously, which leads to a more
precise and reliable navigation solution (2). As the most
well-known DR-based navigation system, the Inertial
Navigation System (INS) usually uses external
information of one or more PF-based systems as aiding
sensors. For instance, INS-aided systems such as
INS/Global Navigation Satellite System (GNSS) and
INS/Doppler Velocity Log (DVL) are widely used in
land, aerial and marine (3-5).

One of the most important parts of an integrated
navigation system is the optimal state estimator, which
continuously estimates the navigation system's errors
during the initial alignment and navigation stages. The
performance of an aided navigation system is directly
affected by optimal state estimation techniques used in
the integration or sensor fusion scheme. Kalman Filter
(KF) is the most widely used optimal state estimator in
many theorical and industrial applications including
integrated navigation systems (6-11). To achieve an
optimal solution in the KF, determining proper models
for the system and stochastic noises is a key factor
problem (12). In the integrated navigation system, the
system model is mostly deterministic and does not raise
a serious issue in the KF-based estimator. However,
determining a proper stochastic model for process and
measurement noises (Q and R) is a challenging issue. In
fact the statistical model of inertial sensors, gyroscopes
and accelerometers, is specified by an error covariance
matrix, Q. Also, the measurement error of aided sensors
which are utilized in the aided navigation system is
specified by another error covariance matrix, R.

A proper model for Q is usually obtained according
to the specification of inertial sensors and nominal
dynamic motion which vehicle experiences. However,
the modeling of R is not as straightforward as Q. In fact,
the outputs of the PF-based system used as the
measurement vector in the estimator can be corrupted by
several sources of errors, which possibly decreases the
performance of the integrated system. The GPS
measurement, for instance, may suffer from different
types of errors such as multipath, interference or
jamming, receiver and satellite clock offsets, etc.
Similarly, the velocity measurements of a DVL can also
be associated with errors such as bias and noise due to
installation ~ misalignment, severe  environmental

conditions, temporary failures, etc. Clearly, setting a
fixed R model for the optimal estimator may not be a
viable option and does not attain an optimal solution for
the integrated system.

2. RELATED WORK

In recent research, robust and adaptive solutions are
proposed to resolve the lack of robustness issue in the KF
estimator of the integrated navigation systems (13-15).
However, these methods assume predetermined
constraints on the signal uncertainty model and also add
some complexity to the signal processing algorithms of
the estimation procedure.

The concept of a combination of the PID control
theory and the standard KF has recently been presented
in some research (16-18). This idea leads to a simple
structure and robust estimator named the Generalized
Proportional Integral Derivative (GPID) filter. In
addition to current measurement, the GPID filter also
uses past and prediction of future measurements to
estimate the current state and attains a more desirable
performance compared to the standard KF. The GPID
filter was used in the initial self-alignment of SINS for
the first time (19, 20). The self-alignment process is
performed by stationary or quasi-stationary assumptions
without using any external aided measurements. This
process usually utilizes measures of the Earth’s rotation
rate and the gravity vector in different frames as the
measurement vector which are pure and do not have any
uncertainties in them. Therefore, Q modeling is much
more important than R modeling in the initial self-
alignment process. On the other hand, in the integrated
navigation systems, unlike the initial self-alignment
process, R modeling plays a critical role in the integrated
system due to the existence of uncertainties in the
observations (measurements) of aiding sensors. In the
presence of these uncertainties, improper R modeling can
greatly decrease the performance of the integrated
system.

In this paper, a robust integration scheme for the INS-
aided system is proposed based on the GPID filter as the
optimal estimator. Regarding the robustness property of
the proposed approach, the performance of the integrated
system is greatly improved in the presence of observation
uncertainties compared with the standard KF-based
integration scheme. The proposed scheme also has a
simple structure and low computational burden compared
to the robust and adaptive KF-based schemes. By
conducting simulation case study tests, the efficacy and
capability of the proposed method are demonstrated and
compared with the standard KF-based integration
scheme.

The contributions of the paper are as follows:
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e Proposing a novel PID-based Kalman filter for
the integrated navigation systems
e Proposing a simplified structure of GPID Filter
for simple online implementation
e Presenting a detailed robustness analysis of the
proposed integration scheme
The paper is divided into the following sections. In
section 2, the process and measurement equations used in
the integration scheme are introduced. The main
contribution of the proposed method is expressed in
section 3, which contains the introduction of the GPID
filter for the integration scheme and also presents proof
of the robustness of the proposed filter in the presence of
the measurement uncertainty of the aiding sensor.
Finally, in section 4, the proposed method has been
evaluated through conducting a detailed simulation case
study (section 5). The last part, this work is concluded in
section 6.

3. THE ERROR DYNAMICS AND MEASUREMENT
MODELS OF THE AIDED-INS

In this paper, a 9-state error dynamics model of
Strapdown INS (SINS) is implemented. For most
terrestrial applications, the simplified 9-state model is
used without causing a considerable error. This model
can be expressed as follows:

x(t) = Fx(t) + Gw,,(t) (1)
Where

x=[8¢%; 8viy 8phal” 2
denotes the state vector with

8" = [k SN Soul” 3

8v" = [8vg vy Svyl” (4)

8p" = [SL 8l 8h]” Q)

Equations 3 to 5 represents the attitude, velocity and
position error vectors in the ENU local-level frame,
respectively.

The process noise vector expressed as

w, = [So”  8a"]” (6)
where Equations 7 and 8 denote the projection of the

stochastic parts of gyroscopes and accelerometers
measurement into the ENU-frame, respectively.

Sw" = [wg swy Swy]” )

da" = [83E 83N Sau]T (8)
and The matrices F and G are also as follows:

03><3 F(pv 03><3
F= 9)

Fv(p 03><3 03><3

03><3 va 03><3

_I3><3 03><3
G =033 I (10)
03)(3 03><3
where,
1
I[ (Rm+h) 0
1
Foo=|"Gmm 0 O (11)
l_ tanL 0 0
(RN+h)
0 fu —fv
pr = _fU 0 fE (12)
fn —fe 0
1
(Ry+h)
va: ; 0 0 (13)
(Ry+h)cosL
0 0 1

In the INS/GPS integrated system, the estimator takes
the difference between INS and GPS velocity and
position outputs as the measurement vector. The
measurement model used in the estimator can be
expressed as the following equations:

_ [Vins —Vgps] _
2(t) = [pive s | = €x(©) + win () (14)
where
03><3 I3><3 03)(3]
C= 15
Oz Oncs Locs )

and w,, is the measurement noise vector.

Similar to many other applications, the discrete form
of the space-state model is commonly used in the
estimation procedure of INS/GPS integration. The
discrete-time form of Equations 1 and 14 are expressed
as follows:

x(k +1) = Ax(k) + w, (k) (16)

y(k) = Hx(k) + wp, (k) (A7)

where x(k) and y(k) are the state and measurement
vectors. A and H are the discrete representations of
matrices F and C, respectively. w,, and w,,, are assumed
as a zero-mean stochastic vector with the covariance
matrices of Q and R, respectively.

4. THE PROPOSED INTEGRATION SCHEME BASED
ON GENERALIZED PID FILTER

In references, the standard KF is utilizzed as the estimator
part of the integrated navigation systems. The block
diagram of the INS/GPS integration based on the
standard KF is depicted in Figure 1. According to this
block diagram, the INS’s computed velocity and position
are compared with the GPS velocity and position
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Figure 1. The block diagram of the INS/GPS integration
based on the Standard KF

measurements, which are considered as the measurement
vector in the KF estimator. At each cycle, the KF
estimator computes an optimal Kalman gain K, and
estimates the errors related to INS and GPS. Finally, the
estimated errors are feedback to INS and GPS systems
and the integrated solution is attained.

As stated previously, the standard KF estimator is
highly dependent on process and measurement models,
which is the primary reason that motivated us to propose
a robust integration scheme based on the combination of
the PID control theory and the KF estimator. The block
diagram of the proposed integration scheme is illustrated
in Figure 2. Unlike the standard KF-based integration
scheme, the proposed scheme utilizes two additional
parts (integral and derivative parts) in its estimator block.
The proposed scheme is the general form of the standard
KF-based integration scheme and when the integral and
derivative gains are set to zero, the GPID filter is identical
to the standard KF.

Based on the error dynamics and measurement
models of the INS/GPS integration described in
Equations 1 to 17, the equations of the GPID estimator
can be written as follows:

Inertial Navigation
System (INS)

Global Positioning
System (GPS)

;Prnporﬁnnal(}ain(l(,‘ )é orreeon | > ll:m‘gl:?led
'.._.........._._......_..._._..'1 y
1 Gain (K;) @

Figure 2. The block diagram of the INS/GPS integration
based on the generalized PID filter

2(0]0) = %, (18)
x(0) =0 (19)
y0)-y(-1 =0 (20)
70 = y(k) — HR(k|k) (1)
f(klk—1) = ARk — 1|k — 1) (22)
r(k) = y(k) — H&(klk — 1) (23)
xp(k) = Kp(Or(k) (24)
x1(k) = x;(k— 1) + Ky (K)§(k — 1) (25)
xp(1) = Kp(®) (§(k — 1) — §(k - 2)) (26)

R(klk) = ®(klk — 1) + xp(k) + x;(k) + xp (k) (27)

where Kp, K; and Ky, denotes the proportional, integral
and derivative gains used in computation of the
proportional, integral and derivative parts of the
estimator xp, X; and xp, respectively.

Based on Equation 18 to 27, we have proposed a
simple structured PID filter which has a desirable
robustness property and low computational burden for
online implementation. The equations of the SRPIF are
as follows:

P(0]0) = P, (28)
P(klk—1) = AP(k— 1]k — 1) AT + W(k — 1) (29)

Kp(k) = P(klk — 1) HT (H P(klk — 1) HT +

R(9) ™ 0
K;(k) = Kk; * Kp(k) (31)
Kp (k) = kg * Kp(K) 32)
P(KIK) = (I — Kp(K)C)P(klk — 1) 33)
R(klk) = R(k|k — 1) + xp(k) + x;(k) + xp (k) (34)

where k; and k4 are the integral and derivative constants
and xp , x; and x, are determined by Equations 24 to 26,
respectively.

4. 1. Robustness Analysis of the Proposed GPID
Integration Scheme Regarding the integral part
employed in the generalized PID filter, the proposed
integration scheme presents a robust solution, which
successfully mitigates the undesirable effect of GPS
signal uncertainties and errors on the integrated
navigation system. To illustrate the effectiveness of the
proposed scheme, the following robustness analysis is
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presented based on the SRPIF estimator with k;=1 and
k4=0. Because the GPS measurement uncertainties have
a major effect on the performance of INS/GPS
integration, the measurement noise is only considered in
this analysis.

As mentioned before in the introduction, the main
challenge in an integrated navigation system is detecting
or eliminating the effect of aiding sensor measurement
errors on the system performance. The specification of
process noise is only related to inertial sensors used in the
INS process and can be predetermined by some
experimental laboratory tests. Therefore, the GPID
integration scheme is proposed to eliminate the
measurement error vector in aided INS. Hence, without
loss of generality, we consider the state-space Equations
16 to 17 without the process noise vector :

x(k + 1) = Ax(k) (35)

y(k) = Hx(k) + wp, (k) (36)

Based on the Equations 23 to 36, the one-step estimator
can be written as follows:

f(k + 1k + 1) = A(k|k) + Kp(y(k) —

Hx(k|k)) + x; (k) (37)
The estimation error is also defined as:
elk+1)=x(k+1)—gk+1k+1) (38)

Substituting Equations 25 to 37 into Equation 38 gives:

e(k + 1) = Ax(k) — AR(KIK) — KpHx(k)
KpH)e(k) — Kpwy, (k) — x;(k)

The disturbance vector d(k) is defined as:
d(k) = —Kpwy, (k) — x;(k) (40)
Therefore, the error dynamics equation becomes:
e(k+1)=(A—KpH)e(k) + d(k) (42)

The dynamic equation of d(k) can be also written using
Equations 21 and 25:

dk +1) = —Kpw, (k + 1) —x;(k + 1) =

—Kpw,, (k + 1) — x;(k) — K;Ce(k) (42)

Adding and subtracting —Kpw,,(k) to Equation 42
gives:

d(k + 1) = d(k) — Kp(wp(k + 1) — wy, (k)

—K;Ce(k) (43)

According to Equations 41 and 43 the augmented error
dynamics can be expressed as:

[e(k + 1)] (A—-KpC) ngg] [e(k)

“KC L,
d(k +1) Ocs I oxol Ld (k) (a4)
—Kp (Wi (k + 1) — Wy, (k)

In INS, gyroscopes and accelerometer intrinsically
attain their output measurements with a high rate (100Hz
or higher) compared to low-rate updates of aiding sensors
(21). Based on this realistic idea, there is a negligible
difference between two consecutive outputs of the
inertial sensors. Therefore, Equation 44 can be
approximated as:

e(k + 1)] - [A-KpO) lgxg] [e(k)] 45)
dk + 1) —KC  lgyol ld(k)

According to Equation 45, if the Kp and K; are chosen

appropriately, [(A Kp0) :‘M] becomes a stable matrix
9%x9

and the augmented error dynamics vector tends to zero as
k — o. Tending d(k) to zero means that the integral part
of estimator, x;(k), eliminates the undesirable effect of
vector —Kpw,, (k) m

5. SIMULATION CASE STUDY

To evaluate the performance of the proposed integration
scheme, a comprehensive simulation case study is
conducted in this section. In addition to the lack of access
to a real experimental integrated navigation system, we
conducted the simulation test to easily manipulate the
GPS measurement and produce artificial errors in the
GPS measurements in specific intervals. This paper uses
the mathematical model and MATLAB simulation
expressed by Zhang et al. (22) to generate the IMU and
GPS measurements, which developed four different
kinds of scenarios named static, straight line, circle, and
s-shape trajectories. The specifications of the IMU and
GPS errors added to the generated ideal measurements
are shown in Table 1.

Inertial navigation systems are divided into different
grades based on their accuracy and performance, which
is directly related to the error specifications of inertial
sensors implemented in the navigation system. In this
paper, we assume that a tactical grade INS is used in the
test with error specification in Table 1. However,
choosing different grades of INS directly affects the
performance of the integrated system, we implemented
the same error specification in Table 1 to specifically
evaluate the effect of the integration scheme on the
performance of the aided navigation system. After

TABLE 1. Specification of the IMU and GPS errors

Gyro constant errors 0.01deg/h
Gyro random errors 0.001 deg / vh
Accelerometer constant errors +50 pug
Accelerometer random errors 0.03 m/s/Vh
GPS receiver position error 5m

GPS receiver velocity error 0.1 m/s
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generating the IMU and GPS measurements, the
integration schemes based on the standard KF and the
proposed generalized PID filter are evaluated separately.

As we mentioned before, multipath error is the major
source of GPS signal error that can happen in urban areas
near tall buildings or dense jungles. To evaluate the
performance of the proposed scheme, the GPS
measurement is deliberately corrupted by multipath error
in a specific time interval of the simulation test. The
circle scenario is chosen for the motion trajectory of the
INS/GPS integrated system. The total simulation time is
considered as 1 hour (3600 seconds). It is assumed that
the GPS signal is corrupted by some sources of multipath
error in the interval of 600 to 1100 seconds. In this
interval, the GPS position and velocity measurements are
manipulated by multipath errors specified in Table 2.

In the simulation tests two different tunings of
integral and derivative parts are used in the proposed
integration:
scheme 1. (k; =1 &kyq =0)
scheme 2. (k; = 1.5 & k4 = 3).

However, other different options for these constants

are viable and can be tested and utilized in the system, we
choose these two different schemes to optimally illustrate
the effect of integral and derivative parts with an
acceptable response for the INS/GPS system.
The simulation test results for attitude errors are depicted
in Figures 3 to 5. From these results and computed RMS
attitude errors given in Table 3. It is clear that the
standard KF estimator has an inaccurate solution in the
presence of the GPS position and velocity error
especially in the yaw angle, which converges more
slowly after the error interval. However, the proposed
method maintains the attitude errors near zero in the
interval that the multipath error occurs. It can be
concluded from the results that the proposed method can
also be used in inertial gyrocompass systems where
guaranteeing accurate angular positions is a critical issue,
especially in marine applications.

TABLE 2. Specification of the IMU and GPS errors
GPS position error corrupted by multipath 50 m

GPS receiver velocity error corrupted by multipath 0.5 m/s

TABLE 3. Attitude errors for the standard KF and proposed
PID KF integration schemes

Integration RollRMS  PitchRMS  Yaw RMS

method Error Error Error
(degree) (degree) (degree)

Standard KF 0.0665 0.0683 0.1538

Proposed PID

KF (scheme 1) 0.0176 0.0188 0.0441

Proposed PID 0.0159 0.0160 0.0402

KF (scheme 2)

The simulation results for latitude, longitude and
altitude errors are depicted in Figures 6 to 8, respectively.
The total path trajectory in the 2-D plane of longitude-
latitude is also depicted individually in Figure 9 for both
the standard KF and the proposed method with respect to
the ideal trajectory. A detailed position error comparison
is also given in Table 4 for both integration schemes. The
results indicate that the positioning results of the
proposed method have a more accurate and robust
solution in response to the GPS multipath error. Based on
the PID control theory, increasing the derivative
constant, kg, can result in the improvement of rapidness
but also increase the oscillations in the response. On the
other hand, the integral constant directly influences the
accuracy of the response. The higher the integral constant
ky, the less error can be obtained in the response.
Different tunings of the integral and derivative constants
directly affect the performance of the proposed filter,
which is reflected in the oscillation, rapidness, and
accuracy of the solution. By a proper tunning of the
integral and derivative constants, an acceptable filter
performance can be achieved for a specific aided inertial
navigation system. As is clear from the results, the
proposed GPID filter of scheme 2 has a more accurate but
more oscillatory response compared to the proposed
GPID of scheme 1.
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Figure 3. Roll angle error of the standard KF and the
proposed GPID filter schemes
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proposed GPID filter schemes
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Figure 5. Yaw angle error of the standard KF and the
proposed GPID filter schemes

TABLE 4. Position errors for the standard KF and proposed
PID KF integration methods

Latitude Longitude Altitude Horizontal
Integration RMS RMS RMS Position
method Error Error Error Error

(degree) (degree) (meter) (Km)

Standard

KE 10.6e-05  18.8e-05 61.39 1.37
Proposed

PID KF 4.25 e-05 5.58 e-05 16.49 0.44
(scheme 1)

Proposed

PID KF 2.61e-05 3.95e-05 11.04 0.30
(scheme 2)

x 10" .

—Proposed PID KF ( Ki=I , Kd=0)
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Figure 6. Latitude error of the standard KF and the proposed
GPID filter schemes
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Figure 7. Longitude error of the standard KF and the
proposed GPID filter schemes
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[
[ve)
=
=
o

53

B S e e A Pl 1 10 B Y P

Latitude (degrees)

52.995

L3 -1725 0 -1 L7 171 -LT05 0 <17 -1695
Longitude (degrees)

Figure 9. The 2-D trajectory for the KF and proposed GPID
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6. CONCLUSION

The performance of conventional estimators based on the
standard Kalman filter is highly dependent on the
accuracy of system and sensor modeling, which leads to
performance reduction in the solution of the integrated
navigation systems when the aiding sensor's information
is corrupted by different sources of errors. To solve this
problem, this paper has presented a robust simple
structure integration scheme based on the combination of
the PID control theory with the Kalman filter estimator.
Adding two additional integral and derivative parts to the
standard KF integration scheme can significantly boost
the performance of the integrated navigation system. The
proposed integration scheme is capable of eliminating the
adverse effects of the measurement error of the aiding
sensor in comparison to the standard KF scheme. The
simulation results have illustrated that the proposed
method has an acceptable performance in the presence of
GPS measurement uncertainties in an INS/GPS
navigation system. While The proposed integration
scheme attains a robust solution with a very simple
structure, which is suitable for online implementation
with a low complexity burden, some primary tests are
needed to tune the filter parameters. Implementing an
adaptive or intelligent approach to tune the filter
parameters can be taken into consideration for future
research.
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ABSTRACT

This comprehensive study investigates the nuanced impact of flanges, height-to-length aspect ratios,
wall thickness, and pre-compression levels on Persian historical masonry walls under uncertainty
conditions. Numerical testing of 100 masonry wall specimens, varying across five lateral constraints
(flanges), four height-to-length ratios, three wall thicknesses, and three pre-compression levels, was
conducted. The study also examined the influence of uncertainty on the modulus of elasticity. Results
demonstrated a substantial dependency of ultimate shear force (F,), ultimate drift (5,/H), and effective
stiffness (Kerr) on the considered variables. F, and K.« increased with higher lateral constraints, wall
thicknesses, and pre-compression levels, decreasing with reduced aspect ratios. Simultaneously, 8.,/H
decreased with higher lateral constraints, wall thicknesses, and pre-compression levels, increasing with
reduced aspect ratios. Estimated values for F, ranged from 292.5 to 1357.4 MPa, §,/H spanned from
1.61 to 3.43, and K. varied from 7.72 to 158.9 kN/mm. Proposed partial coefficients for partial
coefficients (ym), displacement capacity (ya), and effective stiffness (yx) were introduced through
models incorporating uncertainty, revealing that increasing lateral constraints and wall thicknesses, and
decreasing aspect ratios, led to heightened values for ym and yx and reduced values for yq,. With
increasing pre-compression levels, all safety factors increased. The safety factors (ym: 1.18-1.96, yau:
1.16-1.76, y«: 1.157-1.967) optimize Persian historical masonry structures, providing crucial insights
for varied conditions were proposed.
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1. INTRODUCTION

In a changing global landscape, masonry structures face
seismic vulnerabilities and climate change impacts,
underscoring the urgent need for sustainable and green
initiatives in the realm of construction (1). The 2023
Turkiye earthquake highlighted the urgent need for
seismic strategies, especially in rural masonry buildings
(2, 3). Iran, with over 70% of residential buildings using
unreinforced masonry (URM), exemplifies seismic
vulnerability (4). The study delves into the intricate
behavior of masonry structures, employing sophisticated
analytical procedures (5, 6). Recognition of failure
modes and determination of lateral strength and
displacement capacity are crucial aspects in design
equations by FEMA-356 and ASCE-41, providing
notable approaches to address seismic challenges in
masonry construction (7-9).

The significant challenge lies in the seismic
vulnerability of load-bearing walls (10). When
subjected to seismic loads, assessing ultimate shear
force (Fu), ultimate drift (expressed as 8./H, signifying
the ultimate deformation capacity relative to the wall
height), and effective stiffness (Ket) becomes pivotal for
structurally evaluating masonry, an area where limited
research exists (11). Various factors, including aspect
ratio, thickness, lateral constraints, vertical pre-
compression level, and material properties, affect these
parameters in masonry shear walls—the primary
structural element. Initiating the investigation involves
studying force-deformation curves. Recent research
using finite element methods has often adopted a
homogenized set of units and mortar, overlooking
mortar bonds and local failures (12, 13). This led to the
proposing of a nonlinear finite element model based on
biaxial experiments on brick units (14), capable of
considering nonlinear material effects and progressive
local failures. Consequently, masonry materials are
assessed as a homogeneous model comprising bricks
and mortar, known as macro modeling (15, 16).

In this investigation, the approach of macro
modeling is employed to simulate masonry materials in
constructed finite element models of walls. This method
proves effective for comprehensively studying the
general behavior of structures. The specimens are
modeled by substituting a homogeneous material, with
characteristic equations derived from Eurocode-8, for
the actual material used in the model (17). Loading on
masonry walls involves in-plane shear and out-of-plane
bending, and to accurately model seismic behavior, both
loadings are simultaneously applied in various aspect
ratios on smaller-than-actual-sized specimens (18, 19).
Aspect ratios are noted to significantly impact masonry
structure behavior. Former studies often focused solely

on in-plane shear loading due to numerical analysis
limitations, addressed through appropriate lateral
constraints to prevent out-of-plane failure (20, 21).
Simplified equations for shear strength under different
loading conditions are proposed (22). As research
advances, more comprehensive relationships for
determining shear strength on a finite element basis are
proposed (23). Additionally, a force-deformation curve
based on elastic-perfectly plastic behavior of masonry
materials is suggested through analytical methods (24).

Standards like Eurocode-8 indicate that the
deformation capacity of masonry structures depends on
the aspect ratio and modes of failure (17). However,
factors such as Fy, duw/H, and K. are primarily
influenced by lateral constraints, defining the stiffhess
and strength of vertical constraints, termed as flange
walls. The study highlights the substantial impact of
geometry and aspect ratio on wall parameters,
investigating the in-plane behavior of various masonry
walls with different failure modes and lateral
constraints. Outcomes are compared with standards like
FEMA 306, and FEMA 356 (25, 26).

The study also examines methods for determining
the strength of the materials used for masonry buildings
in Iran. In addition, the role of design parameters,
especially bearing capacity (Rq), in the evaluation of
structures is emphasized. Material specifications,
including those on secondary deformation and modulus
of elasticity, are evaluated to account for the non-linear
and uncertain behavior of masonry materials. The
nonlinearity and variability of the material are
effectively taken into account by using the partial safety
factor, which plays a particularly important role in
accurately assessing the load-bearing capacity of pre-
existing structures (27, 28).

By comparing Fy, du/H, and Kes between specimens
with and without uncertainty effects, this research
extracted numerical values for partial coefficients (ym),
displacement capacity (yau), and effective stiffness (yk)
for historical Persian masonry dating back to the 11th
and 12th centuries AD (29). In this study, the
application of nonlinear analysis in conjunction with
probabilistic methods enabled the determination of the
partial safety factor to generalize the safety criteria in
the design of masonry structures. The research dealt
with complicated data sets and examined a variety of
scenarios and conditions. Detailed analyzes were
conducted for various parameters that provided a
nuanced understanding of the behavior of the masonry
structure. The results of this research serve as an
extensive data set and provide a wealth of detail that
could form the basis for the potential inclusion of a
refined indicator in building codes and regulations.
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2. MATERIALS METHOD AND MODELLING

The investigation focuses on the evaluation of shear
strength of masonry wall specimens in five distinct
scenarios. These scenarios involve walls with various
shapes, including I, T', =, T, and; which are formed by
interconnected cross walls. The presence of flanges is
taken into consideration, as depicted in Figure 1.
Furthermore, four different aspect ratios, namely 0.5,
0.75, 1, and 1.5, are considered, along with three
thickness values of 0.2, 0.35, and 0.5 meters.

To investigate wall conditions on different floors,
specimens are analyzed under corresponding vertical
pre-compression levels in one-, two-, and three-story
structures. The pre-pressure is determined based on a
dead load of 400 kg/m? and a live load of 200 kg/m?2.
Consequently, vertical pre-compression loads of 50
KN/m?, 100 kN/m?, and 200 kN/m? (0.05 MPa, 0.1 MPa,
and 0.2 MPa) are uniformly applied to samples with a
35 cm thickness, representing a prevalent traditional
wall in Iran.

Additionally, three different pre-pressure gravity
loading levels of 0.05, 0.1, and 0.2 MPa are uniformly
applied to all samples. The dimensions of the | wall are
specified as a length of 4 meters and a height of 3
meters. The length of the transverse walls adjacent to
the main wall remains constant at 3 meters.

To address uncertainties, especially in modulus of
elasticity parameters, each model undergoes thirty
analyses, resulting in a total of 3000 simulations. The
study unveils noteworthy insights into the impact of
different parameters on the Fy, du/H, and Kes of Persian
historical masonry materials. Table 1 presents the
mechanical properties of masonry assemblages (29, 30).

Nonlinear analysis is employed to generate force-
displacement (capacity) curves for all specimens
subjected to in-plane loading. A gradual horizontal force
is applied, and uniform displacement-controlled loading
is executed across the entire upper surface area,
inducing a 6 cm (2% drift) displacement over 60 steps.

@ "1 ® "

(© =" (@"T" (&) "T"
Figure 1. Structured Masonry Wall with Clearly Defined
Lateral Constraints

The nonlinear  analysis  follows  stress-strain
relationships, employing Newton-Raphson iteration
with displacement control and a convergence criterion
set at a tolerance level of 10-4. Transverse direction
displacement of the walls is modeled with freedom in
specific planes, parallel and perpendicular to the ground
surface, while constrained in the direction perpendicular
to the load. Elements with surface contact are utilized to
model each connection, ensuring structural integrity.
For implementing lateral restraints at the base, all nodes
of the masonry units are modeled as fully rigid (24).
Masonry strength is associated with the modulus of
elasticity, with a correlation that varies in tandem with
changes in elasticity. The lognormal probability
distribution is used to determine the modulus of
elasticity, incorporating a coefficient of variation (CoV)
of 0.25 (31).

Utilizing Finite element method software, this study
employs macro-modeling of masonry walls with the
free mesh element to depict their quasi-brittle traits (19).
The Willam-Warnke failure criterion, which s
frequently employed, takes into account both cracking
and crushing. This criterion is utilized in finite element
simulations to establish failure by assessing the
principal stresses (27, 32). The validation of the
numerical model is affirmed through a comparison with
experimental outcomes obtained from in-plane stone
walls, showcasing a meticulous analysis of masonry
materials under various constraints. The investigation,
incorporating the modulus of elasticity as a parameter,
utilizes straightforward compression experiments
conducted on walls constructed with masonry materials.
The precision of the numerical model in predicting in-
plane behavior is substantiated by closely aligning
capacity curves with experimental results from two
differently sized wall samples (33, 34).

3. PARAMETRIC STUDY

The investigation focuses on crucial parameters such as
shear force, stiffness, and ductility. Employing pushover
curves derived from numerical simulations, an
equivalent bilinear curve is established following
ASCEA41-2017 (35) guidelines. The Kef is determined
by the convergence of the pushover curve and bilinear

TABLE 1. Mechanical Properties for Masonry Assemblage
[29]

Modulus of elasticity 2730 MPa
Poisson’s ratio 0.17
Bulk density 1530 kg/m3
Compressive strength (fc) 2.73 MPa
Tensile strength (ft) 0.273 MPa




M. Ghamari et al. / IJE TRANSACTIONS C: Aspects Vol. 37 No. 06, (June 2024) 1136-1145

curve at 0.7 of the maximum shear force (Fmax). The
normalized Fy is calculated using an energy-equivalent
approach to ensure equal areas under both curves. The
ultimate displacement (8.) at 0.8 Fy post-strength
degradations is also identified, as illustrated in Figure 2
outlining the calculation process.

The investigation of Fy, du/H, and Kes for different
walls encompassed the manipulation of diverse
parameters as reported in Table 2. The parameters
discussed in this study were obtained by converting the
pushover curves obtained from numerical simulation
into an equivalent bilinear curve, as illustrated in Figure
2.

3. 1. Ultimate Shear Force Figure 3 exhibits
the variation of Fy, of URM walls about the aspect ratio
and wall thickness for a total of 5 distinct models under
a pre-compression of 0.1 MPa. The results reveal a
noteworthy trend: F, tends to decrease as the aspect
ratio increases. Conversely, an increase in wall
thickness corresponds to higher values of F, for each
sample.

1139

The results indicate that I-shape walls exhibit the
lowest values in F,, while T-shape walls demonstrate
the highest values. The maximum shear force of an I-
shaped wall, which has thicknesses of 0.35 m and 0.50
m and an aspect ratio of 0.5, exceeds the maximum
shear force of an I-shaped wall with a thickness of 0.20
m by 15% and 63%, respectively. This emphasizes the
impact of both aspect ratio and wall thickness on the

Pushover analysis
FmM Y
Fll
0.7anx

Idealized Bilinear
envelopes

0. 8F"11L\

de du

Figure 2. Definition of the parameters of the idealized bilinear
envelope (36)

TABLE 2. Fu, §u/H and Ke for various walls

Wall thickness=35 cm Wall thickness=20 cm

Wall thickness=50 cm

Wall thickness=35 cm  Wall thickness=35 cm

Sample Pre-compression=0.1 Pre-compression=0.1 Pre-compression=0.1  Pre-compression=0.05 Pre-compression= 0.2
MPa MPa MPa MPa MPa
HiL [kFltl] &JH [Kl\mm] [kFl:l] oJH [Kl\T/er;m] [kFl:l] oJH [Kl\T/:;m] [I':I:] oJH [Kl\ll(/e:wm] [kFr:J] oJH [Kll\<l/e;;1m]

I 5179 199 56.19 450.6 2.19 31.13 7346 1.85 90.07 210.7 3.34 159 1107.8 1.88 13947
r 5326 1.96 56.56 446.1 217 33.12 7936 1.8 93.37 220.6 3.23 15.27 1135.7 1.86 143.69
C g 643.8 1.87 62.88 4916 2.12 3331 830.7 1.7 106.2 236.7 3.04 16.14 1228.6 1.85 148.06
T 5723 191 58.73 4883 212 32.97 8105 1.73 102.2 233.7 321 16.05 12203 1.85 147.75
T 709.8 1.86 67.91 5535 201 38.01 967.1 1.61 110.0 296.8 294 17.69 13574 175 155.5
| 3785 2.02 56.15 3121 259 18.65 5176 1.89 58.97 218.6 3.39 18.79 8622 191 145.09
T 407.1 198 46.44 330.2 248 19.61 5123 1.85 61.5 2435 3.36 20.15 8411 1.88 15241
C § 456.5 1.96 50.11 350.7 2.37 20.26 5753 1.73 66.84 306.8 3.3 17.9 9356 1.84 155.66
T ) 4085 1.97 43.22 360.4 2.45 19.93 523.4 176 65.64 2771 3.18 17 889.6 1.84 152.85
T 510.3 1.87 48.16 4011 224 23.06 6456 1.75 75.02 3157 305 2192 9653 181 1589
| 303.2 2.05 38.31 2477 259 10.15 3957 1.91 35.29 176.3 3.35 11.35 6138 193 118.17
T 3314 2.03 38.11 2711 248 11.14 3978 1.89 39.74 1804 3.22 1157 6458 191 11345
C e 364.7 197 40.14 2659 227 12,51 4471 1.86 44.29 188.1 3.12 1259 7221 19 118.64
T 3415 2 40.99 2604 2.48 12.02 453.7 1.85 42.63 1926 3.14 11.29 7152 189 119.04
T 3704 1.89 35.84 303.6 224 135 4936 1.8 55 239.7 276 155 8259 1.86 130.5
| 2334 207 23.01 176.4 2.63 10.33 3313 1.96 32.01 1148 3.43 7.72 4486 1.96 74.58
T 248.6 2.05 27.72 1904 2.58 10.73 348.7 195 33.06 123 3.29 8.22 4632 194 7596
C g 266.7 2.02 27.81 2016 241 11.7 3746 1.88 34.18 128.1 3.27 9.37 536.5 193 74.86
2417 2.04 25.55 1975 2.49 11.2 3705 1.91 34.3 1335 3.26 8.88 5147 194  73.65

2925 196 32.08 2185 232 12.81 4231 1.84 37.28 151.7 3.19 11.58 565.8 1.89 84.05
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structural strength of URM walls, with practical
implications for design and construction considerations.

Figure 4 depicts the variations in F, under different
pre-compression levels and aspect ratios, with a
consistent wall thickness of 0.35 m. The results
underscore a noteworthy trend: an increase in pre-
compression, coupled with the introduction of flanges,
corresponds to a notable enhancement in Fy. The impact
of increased pre-compression  becomes  more
pronounced, particularly in conjunction with the
presence of flanges, leading to a noticeable widening of
the gap between each result. This suggests a synergistic
effect  between  pre-compression and  flanges,
emphasizing their combined influence on boosting Fu.
Notably, the effect of the presence of flanges observed
in the previous figure is further accentuated in Figure 4,
underscoring the importance of these factors in
understanding and  optimizing the  structural
performance of URM walls.

3. 2. Ultimate Drift Figure 5 illustrates the drift
values associated with aspect ratio and wall thickness
for URM walls across five distinct models, all subjected
to 0.1 MPa pre-compression. The results suggest that
increasing wall thickness and introducing boundary
conditions, such as flanges, lead to a decrease in
ultimate deformation and drift. Importantly, the range of
drift variations among the samples diminishes with the
rise in wall thickness. Furthermore, there is a notable
observation that the wall drift value increases in
correlation with an increase in aspect ratio. The &,/H
ratio is observed to range from 1.3% to 2.6% for shear
walls built with Persian historical material. This analysis
yields a significant understanding of the structural
response exhibited by URM walls, highlighting the
notable impact of factors such as wall thickness, aspect
ratio, and boundary conditions on the overall drift
behavior.

Figure 6 presents the variations in 8u/H under
different pre-compression levels and aspect ratios, with
a constant wall thickness of 0.35 m.
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Figure 3. Fu variations in URM under different wall thickness
and aspect ratios with a fixed pre-compression of 0.1 MPa

F [kN]

1600
P=0.2 MPa
— |
1200 § r
el N
Z 800 P=0.1 MPa \ =
P=0.05 MPa N
400 N ¢ T
\\
Al .
0
050751 1.5 050751 1.5 050751 15
(H/L)

Figure 4. Fu variations in URM under different pre-
compression levels and aspect ratios with a fixed wall
thickness of 0.35 m

The results reveal a notable pattern wherein the
outcomes for the two samples subjected to 0.1 MPa and
0.2 MPa pre-compression closely resemble each other,
indicating significant similarity. Furthermore, the data
from these samples demonstrate a reduction in scatter
when compared to the sample subjected to 0.5 MPa pre-
compression. This shows that the results at the upper
pre-compression levels (0.1 MPa and 0.2 MPa) are close
to each other, indicating a more consistent response
within the analyzed parameters. Conversely, at a pre-
compression of 0.5 MPa, the sample shows greater
variability, indicating increased sensitivity or a stronger
influence of the higher pre-compression on the observed
results. Understanding these variations in data
dispersion is crucial for comprehending the nuanced
effects of pre-compression on the results.

It is noteworthy that the impact of aspect ratio in
these samples across various pre-pressures can be
disregarded, underscoring the predominant influence of
pre-compression levels on the observed outcomes.

3. 3. Effective Stiffness In this section, the
influence of wall thickness and aspect ratio on the
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Figure 5. du/H variations in URM under different wall
thickness and aspect ratios with a fixed pre-compression of
0.1 MPa
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Figure 6. &u/H variations in URM under different pre-
compression levels and aspect ratios with a fixed wall

thickness of 0.35 m
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stiffness of masonry walls is analyzed. Figure 7 shows
the variations in the comparative Kes of the walls as a
function of different aspect ratios and varying wall
thickness.

The results disclose a consistent pattern: as the
aspect ratio of the walls increases, the comparable
rigidity decreases for all wall thicknesses. This aligns
with the established comprehension that walls generally
exhibit greater rigidity at lower aspect ratios and greater
flexibility at higher aspect ratios.

Furthermore, an intriguing observation arises with
an increase in thickness—there is a corresponding rise
in dispersion. This highlights the substantial impact of
wall thickness on stiffness. The results underscore the
intricate interplay between aspect ratio, wall thickness,
and stiffness in masonry walls, offering valuable
insights for structural considerations.

Figure 8 illustrates the variations in K. of walls
concerning different aspect ratios and varying pre-
compression levels. Notably, an increase in the
placement of flanges corresponds to an elevation in Kes,
with T-shape walls consistently exhibiting the highest
values across all specimens, except for one model (I-
shape with 0.75 aspect ratio and 0.1 MPa pre-
compression). Specifically, for the 0.75 aspect ratio, Kes
values in some models surpass other aspect ratio values,
highlighting the influence of this particular aspect ratio
on stiffness. It is interesting to note that the overall
trends align with the findings in Figure 7, confirming
the interplay between aspect ratio, pre-compression, and
stiffness in masonry walls.

4. RESULT ANALYSIS

In the pursuit of understanding uncertainty in Fy, d4/H,
and Kerr within historic Persian masonry, three
numerical values corresponding to the partial
coefficients ym, Ya, and yx were determined. The
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Figure 7. Kesr variations in URM under different wall
thickness and aspect ratios with a fixed pre-compression of
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Figure 8. Kes variations in URM under different pre-
compression levels and aspect ratios with a fixed wall
thickness of 0.35m

primary goal of this study was to refine and idealize the
results, incorporating modified characteristics derived
from bilinearization to calculate these partial safety
factors. Employing the finite element software, the
analysis of uncertainty effects utilized tools that
integrated probability distribution functions of variables
and their covariance values as input data (24).

To ensure the reliability of the outcomes, thirty
simulations were conducted with careful consideration
to limit the fluctuation in the average wall response
value to a maximum of 5% as the number of simulations
increased. Following this, the force-displacement curves
derived from the analysis of each of the thirty
specimens were utilized as input data for the random
variables. The exploration of ym, yau, and yx values for
various walls involved systematic variations in different
parameters, as detailed in Table 3. This comprehensive
approach aimed to provide a nuanced understanding of
the uncertainties associated with key structural
characteristics in Persian historical masonry.

Figure 9 displays the values of ym, Yau, and yk for
URM under various wall thicknesses and aspect ratios,
with a constant pre-compression of 0.1 MPa.
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Additionally, Figure 10 illustrates the values of ywm,
vdu, and yx under different pre-compression levels and
aspect ratios, with a consistent wall thickness of 0.35 m.
These figures offer a visual representation of the
variations in partial coefficients concerning different
structural parameters. They provide insights into how
wall thickness, aspect ratio, and pre-compression impact
M, Ydu, and yx in URM.

The results depicted in the figure reveal a discernible
trend: as the thickness of the samples increases, there is
a corresponding decrease in the values of all three
coefficients—ym, yau, and yk. Additionally, with an
increase in the dimensional ratio, both ym and v«
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coefficients exhibit higher values, while the 7yaqu
coefficient decreases. Furthermore, the influence of

boundary conditions is evident, particularly in samples
with additional boundary features such as the I-shaped
sample. In these cases, the value of yqu coefficients is
notably higher compared to other samples, while the ym
and vk coefficients are observed to be the lowest.

Figure 10 illustrates that increasing pre-compression
levels lead to higher safety coefficients across the
samples. This observation underscores the impact of
pre-compression on ym, ydu, and yx in the analyzed
structural elements.

TABLE 3. ym, ydu and yx for various walls

Wall thickness=35cm  Wall thickness=20 cm

Wall thickness=50 cm

Wall thickness=35 cm Wall thickness=35 cm

Sample  Pre-compression=0.1  Pre-compression=0.1  Pre-compression=0.1  Pre-compression=0.05  Pre-compression= 0.2
MPa MPa MPa MPa MPa
H/L Y™ Ydu Yx ™ Ydu Yk Y™ Ydu Yk ™ Ydu Yk ™ Ydu Yk

| 141 1.39 1.365 166 151 1.559 13 134 1241 127 1.33 1.312 1.64 167 1578
Tr 138 141 1.342 162 153 1.539 128 136 1234 1.25 1.34 1.298 161 171 152
C § 134 152 1.185 156 158 1.369 124 138 1.169 1.19 14 1.173 1.56 1.73 1412
T 136 1.46 1.301 158 153 1.498 127 136 1.189 121 1.36 1.273 157 175 1.478
I 133 153 1.165 155 156 1.328 123 138 1157 1.18 141 1.158 1.53 1.76 1.386
| 15 1.36 1.428 174 148 1.637 139 131 1.276 1.36 13 1.375 1.72 154 1.675
r 146 1.38 1.378 171 15 1.569 137 133 1.253 134 134 1.326 1.69 155 1.609
C ; 144 145 1.212 163 153 1.403 133 136 1.176 1.28 1.36 1.183 1.65 157 1.453
T ; 143 139 1.315 167 152 1.513 135 134 1.207 13 1.33 1.283 1.66 159 1.529
I 142 145 1.187 163 151 1.349 132 136 1.165 1.28 1.37 1172 1.64 1.68 1.409
| 162 134 1.653 188 143 1.839 149 125 1.453 1.45 1.26 1.586 1.85 148 1.836
Tr 158 1.36 1512 185 145 1.776 146 125 1.426 144 127 1.463 1.82 15 1779
[ 15 141 1.286 176 146 1.459 14 1.3 1.318 14 1.34 1.245 1.75 156 1.524
T 153 1.38 1.408 177 146 1.624 1.42 13 1.362 141 131 1.334 1.78 153 1.663
I 148 143 1.236 174 147 1.423 138 133 1.286 1.38 1.34 1.221 1.73 161 1.486
| 168 1.27 1.785 196 1.36 1.967 158 116 1543 1.53 1.25 1.732 1.93 142 1.963
Tr 163 129 1.663 192 137 1.869 156 118 1517 154 1.26 1.613 1.89 144 1932
C g 154 129 1.362 178 143 1.526 149 124 1336 147 1.26 1.336 1.83 153 1.607
T 157 131 1.503 184 141 1.685 153 121 1419 149 1.26 1.448 1.86 146 1.769
I 153 134 1.315 176 145 1.486 147 124 1.308 145 1.27 1.268 181 155 1573
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Figure 9. ym, ydu, and yk in URM under different wall thickness and aspect ratios with a fixed pre-compression of 0.1 MPa
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Figure 10. ym, ydu, and yk in URM under different pre-compression levels and aspect ratios with a fixed wall thickness of 0.35 m

5. SUMMARY AND DISCUSSION

In this comprehensive study, the primary objective was
to investigate the nuanced impact of flanges, height-to-
length aspect ratios, wall thickness, and pre-
compression levels on Persian historical masonry walls,
taking into account uncertainty conditions. The
examination involved the numerical testing of 100
masonry wall specimens under in-plane loading,
varying across five lateral constraints involving
transverse walls (flanges with shapes suchas I, T', =, T,
and, I), four height-to-length ratios, three wall
thicknesses, and three pre-compression levels.
Additionally, the study explored the influence of
uncertainty on the modulus of elasticity of the
specimens.

The results unveiled a substantial dependency of F.,
du/H, and Kess on the considered variables. Fy and Kest
demonstrated an increase in higher lateral constraints,
wall  thicknesses, and pre-compression levels,
accompanied by a decrease in reduced aspect ratios.
Simultaneously, du/H exhibited a decrease in higher
lateral  constraints, wall thicknesses, and pre-
compression levels, while increasing with reduced
aspect ratios. In conclusion, the estimated values for F,
ranged from 292.5 to 1357.4 MPa, 6,/H spanned from
1.61 to 3.43, and Kess varied from 7.72 to 158.9 kN/mm.
Subsequently, three numerical values corresponding to
partial coefficients (ym, Yo, and yx) were proposed,
calculated by comparing the deformation capacity of
specimens with and without the introduction of an
uncertainty parameter.

The outcomes from models incorporating
uncertainty elucidated that increasing lateral constraints
and wall thicknesses, along with decreasing the height-
to-length aspect ratio, resulted in heightened values for
ym and yx and reduced values for yq. Furthermore, as
pre-compression levels increased, all safety factors
exhibited an increase. In the final analysis, the proposed

partial safety factors for Persian historic brick masonry
were determined, ranging from 1.18 to 1.96 for ym, 1.16
to 1.76 for yau, and 1.157 to 1.967 for y«. These findings
provide crucial insights for optimizing the structural
performance of Persian historical masonry structures,

offering a nuanced understanding of their behavior
under diverse conditions.
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ABSTRACT

Glass fiber-reinforced plastics (GFRPs) have been widely used in marine structures, recently. In this
paper, the water absorption and compressive behaviour of pultruded fiber-reinforced plastic pipes
(GFRPs) after immersion in Caspian sea water and distilled water for 1, 7, 14, 21, 28, 35, and 40 days is
experimentally investigated. In this respect, the specimens are submerged in Caspian seawater and
distilled water and then their water absorption rate, length, and their compressive strength were measured
every day. The compressive mechanical properties of the specimens in the as-received and water-aged
states are obtained using quasi-static compression tests. The amount of water absorption and length
change due to immersion in these two cases have also been investigated. After 40 days, the average
relative humidity absorption of the samples in Caspian Sea water and distilled water were 2.88% and
2.89%, respectively. It was observed that after immersion in both Caspian Sea water and distilled water,

Pultruded Pipe the final compressive strength and absorbed energy of the pultruded pipes increased.
doi: 10.5829/ije.2024.37.06c.11
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1. INTRODUCTION

Fiber-reinforced plastics (FRPs) have been used in
marine structures since the 1940s (1). In a marine
environment, the polymer-based matrix will absorb water
and its strength might significantly decrease; moreover,
the interface strength between the fibers and matrix might
adversely decline with respect to time due to aging in
water or seawater. Given that the FRP marine structures
are designed to withstand various severe load cases, it is
of great importance to understand the aging process of
marine FRP in different environments. It is also observed
that the composite geometrical dimensions changes when
they absorb water. This study investigated the changes in
weights, compressive mechanical behaviors and
geometrical properties of pultruded GFRP pipes after
immersion in seawater.

Therefore, many researchers have conducted studies
on how water absorption may affect the strength of fiber-
reinforced plastics. The first serious discussions and
analyses of the problem emerged during the 1970s when
Ishai (2) studied the effect of cyclic water exposure on
the weight gain, length change, and tensile strength
deterioration of unidirectional Glass-Fiber-reinforced
Plastics (GFRP). A literature review demonstrates that,
after Ishai (2), many researchers have experimentally
studied the effect of distilled water absorption on the
mechanical properties of the various ranges of fibrous
composites, including Carbon fiber reinforced polymer
(CFRP), GFRP, and basalt fiber-reinforced polyme
(BFRP). In some experiments, after exposure to distilled
water, there was no change in the strength of the
specimens. For instance, Selzer and Friedrich (3)
observed that the strength of the FRP composite did not
change in the direction parallel to the fibers. Similarly,
Zulueta et al. (4) concluded that water absorption did not
change the strength of the carbon fiber-reinforced epoxy
panels. On the contrary, many researchers observed that
the mechanical properties of the water-aged composites
were decreased due to the matrix and matrix-fiber
interface degradation (5, 6).

Having studied the effect of distilled water on FRPs,
it is also of great importance to know the seawater effect
on composite marine structures. In recent years, there has
been an increasing amount of literature on the effect of
seawater on the mechanical properties of marine
composite structures. Wood and Bradley (7) considered
two different seawater exposure conditions, one saturated
specimen and a specimen immersed in water 80 days
after saturation. They observed that the cracks are more
difficult to initiate in the aged specimen rather than in the
intact specimen. Jeshti and Nayak (8) proposed a new
hybrid CFRP and GFRP laminated composite to increase
the durability of the composite’s structures exposed to
seawater. They succeeded in decreasing the hybrid
composite seawater diffusivity by 44%. Li et al. (9)

immersed the CFRP specimens in artificial seawater with
different salt concentrations for 7 months. They found
that the tensile strength was sensitive to aging duration,
while the salinity of the water did not change the tensile
strength of the CFRP. Abdallah et al. (10) investigated
the shear behaviour of beams reinforced with GFRP bars
in seawater. They studied the effect of fiber
reinforcement fraction. Gani et al. (11) also studied the
water absorption in membrane of chitosan-resveratrol.

In addition to the studies above, there has been an
increasing amount of literature on the mechanical
properties of composite pipes, profiles, and piles in water
and seawater. Shao and Kouadio (12) observed that
composite piles immersed in 20°C and 70°C water would
gain and lose weight respectively. The weight loss in
70°C water was due to leashing out some of the material.
Ellyin and Maser (13) studied the multi-axial strains in
FRP pressurized vessels which were immersed in water.
Like Shao and Kouadio (12), they saw that the structure’s
strength loss is proportioned to the water temperature.
They also noted that the swollen wet matrix can cause
stress in the structures. Yao and Ziegmann (14) and
d’Almeida et al. (15) conducted a series of tests to
evaluate the strength of FRP pipes immersed in distilled
water. They identified that the mechanical properties of
the FRP pipes degrade by immersion in the distilled
water. Liao et al. (16) conducted the flexural strength test
on pultruded GFRP samples immersed in 70°C water,
two different salt solutions. They observed that the salt
concentration did not have much effect on flexural
strength. AKkil et al. (17) used distilled water, seawater,
and acidic solutions at room temperature for a period of
up to 3 weeks. They compared the strength of jute fiber-
reinforced unsaturated polyester composite exposed to a
different aqueous environment. Hawa et al. (18) studied
water-aging at high temperatures and its effect on the
impact and bursting strength of E-glass fiber/epoxy
composite pipes. They proposed that the hyperbolic
tangential method is a better method to model water
absorption in pipes. Eslami et al. (19) modeled the
transient moisture diffusion of E-glass fiber-reinforced
Vinyl Ester composite pipes fabricated by a filament
winding machine and investigated the buckling strength
of aged specimens. Silva et al. (20) studied the flexural
and radial compression of composite pipes aged in
various fluids and observed that the compressive strength
of the pipes was reduced, while the flexural strength of
the pipes increased after 60 days. Mei et al. (21) studied
the moisture absorption and compressive strength in the
hygrothermal environment for a composite lattice core
sandwich panel. They concluded that the failure modes
did not change by aging time, while the strength of the
sandwich panel decreased with aging time and
temperature.

From the literature review, it is clear that various
studies have assessed the tensile and flexural strength
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reduction due to immersion in aqueous solutions. While
there remain several aspects of water immersion effects
on compressive strength which relatively little is known
about it. Recently, Li et al. (22) and Liu et al. (23)
presented a review of the research on the aging and
environmental effects on the mechanical performance of
composites. They concluded that water and seawater may
cause matrix plasticization and —matrix-fiber debonding
and decrease the strength of the composites immersed in
water. They argued that —matrix-fiber debonding can
affect the compressive strength of the composite
structures more than the tensile strength. Thus, it is
important to study this failure mode, while the study on
this subject is rare. However, researchers have not
studied compressive strength change due to immersion in
water and seawater in much detail. On the other hand, the
Caspian Sea is one of the important inland water bodies,
and its water’s ionic composition is different from that of
open seawaters (24), and the standard solutions are not
appropriate to model its effect on the structures. Thus, the
objective of this study is to investigate the ultimate
compressive strength of pultruded FRP pipes in an in-situ
condition, in which, the specimens are immersed in
Caspian seawater and distilled water for 1, 7, 14, 21, 28,
35, and 40 days and after that, their water absorption,
length change, and ultimate compressive strength are
measured. In this article, cylindrical samples of GFRP
(pultruded) were immersed in distilled Caspian sea water,
the edges of the sample were sealed. The purpose of this
article is to study the water absorption behavior of
composite materials and compare the compressive
strength and absorbed energy before and after It was
immersion

2. MATERIALS AND METHODS

In this study, the compressive mechanical behaviors of
pultruded GFRP pipes, from the Asia Composite
Company in Iran, in as-received conditions as well as
after immersion in Caspian seawater and distilled water
for1, 7,14, 21, 28, 35, and 40 days were investigated by
conducting quasi-static compression tests. The pipes’
diameter and thickness are 50 mm and 5 mm,
respectively. The test procedure is conducted in the
following steps (Figure 1), and then the results of the
experiment were extracted and analyzed:

1. The test specimens are cut from commercial pultruded
FRP pipes to 50 mm specimens in length.

2. The specimens are immersed in the Caspian seawater
and distilled water at ambient temperature for 1, 7, 14,
21, 28, 35, and 40 days.

3. Before and after the immersion test, the specimens are
weighed and their dimensions are measured using a
Vernier scale.

4. The quasi-static crushing tests are conducted for as-
received, water-aged, and Caspian seawater-aged

Immerse GFRP pipes in
Prepare GFRP pipes ) Caspian seawater for a
certain period of time

Remove GFRP pipes
Measure dimensional from Caspian
changes seawater and distilled
water

Measure the
Measure the water .
compressive

absorption of GFRP ) . .
ines mechanical properties
pip of GFRP pipes

Analyze the results and
compare them with
the original properties
of GFRP pipes

Figure 1. The test procesure

specimens using the SANTAM compression test
instrument.

The water absorption for the test specimens at each day
is calculated as follows:

me—m,

My =R X 100 ey
m, and m, are the mass of specimens before and after
immersion in (sea)water for t hours.

Moisture penetration inside most composites follows
Fick's law Equation 2:

ac 9%c

5= Doz (2
where ¢ is the moisture concentration of the sample
(g/mm), (t) time (s), (2) the thickness of the sample (mm)
and D; is the diffusion coefficient along the thickness
(mm?/s). By solving Fick's second law with the help of
boundary conditions, two practical relationships 3 and 4
are obtained to find the weight gain percentage:

0.75
G(T,¢)=1—exp [—7.3 (%) ] 4)
With the help of Equation 3, the moisture content of the
material is obtained at different temperatures and times,
and Equation 4 is the moisture absorption function,
where My is the initial moisture absorption rate and My,
is the moisture absorption rate in the saturated state. If
only one side of the sample is in contact with the
environment, instead of using parameter h as thickness,
2h is used in equation G. To predict the amount of
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penetrant at time t, it is necessary to have the values of
D, and M,,. By calculating the slope, the linear part of
the graph of weight gain in terms of the root of immersion
time can be used to obtain the value of D with the help of
Equation 5, and the horizontal asymptote of the graph
also determines the value of My, (25).
2 2
D, = (o) () 9

In relation 6, h is the thickness of the sample (mm),
Mm is the percentage of equilibrium moisture, M is the
percentage of moisture at time t;, Mz is the percentage of
moisture at time tp, and D, is the permeability coefficient
of the composite. According to Figure 1, an increase in
weight percentage is A maximum limit is reached and
over time, the rate of moisture absorption increases and
decreases, which is the reason for the filling of voids,
cracks, and holes in the composite.

The diffusion mechanisms were divided into three:
(1) typical behaviour according to Fick’s law; when n =
0.5; and (2) when n = 1. the composites rapidly achieved
water balance and maintained it as the immersion
duration increased. the n was between 0.5 and 1 for
anomalous diffusions. the water absorption diffusion
mecha-nism was determined using the Kinetic parameters
of the slope (n) and intersection (k), which were obtained
from the initial linear portion of the water absorption
curve (log(Mt/Max) vs. log (1))

log(+%) = log(k) + nlog(t) (6)

Our samples did not match the Fickian sample, so we
used the non-fickian method according to Equation 6.

3. RESULTS AND DISCUSSION

Figures 2 and 3, which show the relative content of water
after immersion in distilled water and Caspian sea water,
show the relative amount of water after immersion in
distilled water and Caspian sea water at equal time
intervals. Each data point represents the relative content.
water in a certain period of time. Analyzing the general
trend of the curve can provide insight into the water
absorption behavior of the material. If it is increasing, it
indicates that the material absorbs more water over time.
The steepness of the curve, it shows water absorption. A
steeper curve indicates rapid water absorption, while a
gentler curve indicates slower absorption, until the
material has reached its maximum water absorption
capacity. It indicates that the materials have reached
equilibrium with water. This means that further
immersion does not significantly affect the relative water
content. It can be concluded that the amount of saturated
water is the same for both cases (aged in Caspian Sea
water and distilled water), while the water absorption
process is faster for samples in Caspian Sea water before

saturation. After saturation, the average relative humidity
of the samples in Caspian sea water and distilled water is
2.88% and 2.89%, respectively.

The change in length due to water absorption may
cause additional stresses or create geometric defects in
the structures. Therefore, the length change after
immersion is also studied. Figure 4 shows the relative
length change after immersion in Caspian Sea water and
distilled water.

It shows the relative length change of the samples that
were exposed to immersion in Caspian Sea water and
distilled water. Each data point represents the relative
length change after immersion in Caspian Sea water and
distilled water. By comparing the length change The ratio
of each substance in Caspian sea water and distilled
water, the effect of these two liquids on the dimensional
stability of the materials can be evaluated. A higher data
point for Caspian Sea water indicates that the material has
experienced a greater length change in seawater than in
distilled water, and vice versa. The relative length change
can be positive or negative, depending on whether the
material expands after immersion. or contracted. Positive
values indicate an increase in length and negative values
indicate a decrease in length. Samples in Caspian Sea
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water increased to 1% of their length in 14 days, and then
their length remained almost unchanged. On the other
hand, the length of samples aged in distilled water
increases in the first 14 days, and then their length
decreases until the final length is 1% shorter than the
initial length. The reduction in the length of the pipes is
due to the washing of material at both ends of the cut. The
color change at both ends of the cut and the significant
reduction of their local stiffness at both ends of the cut
confirm this assumption.

In this study, a quasi-static compression test is
performed using the SANTAM compression test
instrument, which applies displacement at a constant rate
of 5 mm/min to one end of the specimen and measures
the applied load. The displacement load diagram
obtained for aged samples in distilled water and Caspian
sea water are shown in Figures 5 and 6, respectively. It
can be the physical displacement or deformation of a
substance or object. It shows the amount of force applied
to the object. Each data point represents a specific
measurement of force and displacement. The line shows
the trend or relationship between force and displacement.
By examining the trends of data points or lines, the
relationship between force and displacement can be
determined. The curved line represents a non-linear
relationship.

The diagram can provide insight into the behavior of
materials under external forces. Initially, the line or data
points may show a linear relationship indicating elastic
deformation. When a certain point is reached, the line
may begin to curve or the data points may deviate,
indicating plastic deformation where the material
undergoes permanent deformation. The graph can
identify the maximum force and displacement. Help the
material before it breaks or becomes permanently
deformed. This can be determined by the point at which
the line level turns off or the data points do not increase.

The damage modes under the compressive loads for
all the specimens aged in seawater and distilled water
were the same. At first, at the bottom and top of the
specimen small cracks started to grow and with a
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Figure 4. Effects of Distilled Water and Caspian Seawater
on the Relative Length of Immersed Materials
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Figure 5. Force-displacement diagrams for specimens after
n days in Caspian seawater
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Figure 6. Force-displacement diagrams for specimens after
n days in distilled water

cracking sound, the load gets to the ultimate load. Then
the load decreased drastically and cracks grew larger and
the fiber-matrix debonding occurred. The damage modes
for a typical specimen are shown in Figure 7.

The mechanical properties of the aged specimens in
seawater and distilled water under compression are
obtained by quasi-static axial compression tests.

The ultimate compressive strength (o), and
absorbed energy (EA) are calculated from the force-
displacement diagrams for each specimen. From the
force-displacement diagram, the nominal ultimate
compressive strength of the specimens can be calculated
and is equal to:

P
Ouie = T;ax )
in which, Pmax and A are the first maximum force in the
force-displacement diagram and the cross-section area of
the specimen, respectively. The nominal ultimate
compressive strength for aged specimens in Caspian
seawater and distilled water is shown in Figure 8. The
nominal ultimate compressive strength of the aged
specimens is increased in both cases after some days in
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Figure 7. The failure modes and damage propagation in a
specimen after one day of submersion in Caspian seawater

the water and after that, it remains almost constant, but it
is notable that in distilled water the ultimate compressive
strength increases faster. Figure 8, which shows the
ultimate compressive strength. It is usually measured in
units of pressure such as megapascals(MPa). It represents
the maximum compressive stress that a material can
withstand before failure. Each data point represents the
ultimate compressive strength for a particular sample. By
comparing the values of the data points, the relative
strength of different materials can be evaluated in terms
of compressive strength. The material with the highest
ultimate compressive strength has the highest data point.

The other important parameter that can be derived
from the force-displacement diagram is absorbed energy
and can be calculated as follows:

EA= [P.du (8)

in which, P and u are the force and the displacement in
the force-displacement diagram. The absorbed energy is
increased for aged specimens in both cases in comparison
to the as-received specimen. However, the ultimate
compressive strength of the aged specimens in distilled
water is increased after one day of immersion. The
amount of energy absorbed during the crushing test vs the
immersion time in distilled water and Caspian seawater
is plotted in Figure 9; the amount of absorbed energy is
increased in both groups. However, from the force-
displacement diagram (Figures 5 and 6), it can be
deduced that the elastic modulus of the specimens,
remains almost the same. An increase in the absorbed
energy is due to the increase in average crushing force for
all specimens.
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Figure 9. Absorbed energy during compression of pultruded
pipes after immersion in Caspian seawater and distilled
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Increasing the nominal ultimate compressive
strength and absorbed energy can be explained by Zhou
and Lucas’ theory [26]. The absorbed water in the
polymeric matrix of the GFRP material can create two
types of hydrogen bonds within the epoxy structure.
These bonds seem to improve the compressive
mechanical behavior of the Pultruded FRP pipes. Das et
al. [27] in thier work, E GFRP samples have used to
monitor the moisture absorption behavior. The amount of
water absorption is almost the same, but the slope is
different It was observed that after immersion in both
Caspian sea water and distilled water, the final
compressive strength and absorbed energy of the filled
tubes increases.

4. CONCLUSIONS

This paper presents the ultimate compressive strength and
energy absorption of pultruded fiber reinforced plastic pipes
(GFRPs) after immersion in Caspian sea water and distilled
water for 1, 7, 14, 21, 28, 35 and 40 days. It was investigated
experimentally by performing quasi-static compression tests
with the SANTAM tool. After saturation, the average
absorption of relative humidity of the samples in Caspian
sea water and distilled water were 2.88% and 2.89%,
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respectively. The amount of water absorption, length change
and final compressive strength were measured. The samples
are immersed in Caspian sea water and distilled water for a
certain period of time. By comparing the length change of
the ratio of each material in Caspian sea water and distilled
water, the effect of these two liquids on the dimensional
stability of the materials can be evaluated. The samples in the
Caspian sea water increased to 1% of their length in 14 days
and then their length remained almost unchanged. On the
other hand, the length of samples aged in distilled water
increases in the first 14 days and then their length decreases
until the final length is 1% shorter than the initial length. The
damage modes under compressive loads were the same for
all aged specimens in seawater and distilled water. It is
noteworthy that the ultimate compressive strength increases
faster in distilled water. The ultimate compressive strength
of aged samples in distilled water increases after one day of
immersion. The amount of absorbed energy increases in
both groups.The ultimate compressive strength of all
pultruded pipes immersed in Caspian seawater and distilled
water is increased after saturation. And after 7 days it stays
almost unchanged. The absorbed energy is also increased
for both distilled water and Caspian seawater and after
saturation, it stays almost constant as well.
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ABSTRACT

Surface evaporation is important in many natural phenomena and industrial applications; Therefore,
improving this phenomenon is very useful. In this research, the water evaporation rate is increased by
designing an innovative structure by inspiring from plant structures. This structure has two main effects,
firstly, it reduces the amount of heat transferred to the fluid bulk through the surface and secondly, it
increases the amount of heat absorption on the surface. This structure consists of three parts: an
evaporation layer, insulation, and water-absorbing fibers. After many investigations on different
materials to choose the best materials for these three parts, expanded polystyrene foam and cotton fibers
showed the best performance. The structure after construction and testing was able to increase the mass
of evaporated water during 24 hours by 28%. It also increased the temperature of the water surface in
the evaporation process during 24 hours by 16%; This caused the water to evaporate at a high
temperature. In addition, the mentioned structure increased the thermal efficiency up to 85% in the
radiant flux of 0.6 kW /m?2. The proposed structure is scalable for any size and cost-effective.

doi: 10.5829/ije.2024.37.06c.12

Graphical Abstract

I~
=)

I~}
S

Evaporated mass(gr)
=}
a

Upper (evaporative) layer

N] TR

i Insulator
80 . 57 ’,/' _J
60 ,/;;"_,__ - ‘]“M
HAs: © - —without evaporation improver

ol 747 —+—with expanded polystyrene foam |

0 : o with polyurethane foam of type 1

sk % 7 0 —-—-—with polyurethane foam of type 2 |

5 i | H | | Water absorbent fiber

0 5 10 15 20 25
Time(hr)

NOMENCLATURE
A Area q Heat flux
hsg Enthalpy of vaporization Greek Symbols
m Mass flow rate n, Thermal efficiency

*Corresponding Author Email: amin.anjomrouz@mech.sharif.edu (A. Anjomrouz)

Please cite this article as: Anjomrouz A. Improvement of Surface Evaporation by Reducing Heat Transfer to Fluid Bulk and Increasing Heat
Absorption. International Journal of Engineering, Transactions C: Aspects. 2024;37(06):1154-63.



mailto:amin.anjomrouz@mech.sharif.edu

A. Anjomrouz / IJE TRANSACTIONS C: Aspects Vol. 37 No. 06, (June 2024) 1154-1163 1155

1. INTRODUCTION

Today, the process of fluid evaporation plays an
important role in different industries and human life.
From cooling towers in power plants to water
desalination industries and even cooling a glass of hot
tea, all of them are among the applications of the
evaporation phenomenon. Given this widespread use of
evaporation, the improvement of this process is also of
particular importance. For example, one of the
applications of this research is the evaporation of water
by solar heat in water desalination which is important in
many parts of the world. The main focus of the present
study is on improving surface evaporation by reducing
heat transfer to the fluid bulk and increasing heat
absorption. This method of improving surface
evaporation can improve the evaporation rate and
efficiency of solar water purification.

According to the latest research, Ghasemi et al. (1)
were able to achieve a thermal efficiency of more than
95% at a radiation intensity of 10 kW /m? by designing
an innovative structure. This structure consists of two
main parts: the upper part of the structure is an absorbent
hydrophilic layer, and the lower part of it, is an insulating
hydrophilic layer. Chen et al. (2), stated that in some
applications such as solar water heaters, solar
thermoelectric generators, etc.; there is a need for a type
of solar absorber with high absorption and low radiation
coefficients. They designed several colored absorber
layers, on the TiN,O, base, which had an absorption
coefficient of more than 95% and a radiation coefficient
of less than 5%. Ni et al. (3) developed a floating absorber
that was able to produce 100 °C vapor in ambient
conditions under sunlight without the use of optical
focusing methods. The idea used in this research was to
use heat centralization and reduce the conduction and
radiation heat transfer losses. Another feature of this
structure is the low cost of construction and the ability to
build on different scales. Li et al. (4) developed a
graphene oxide-based evaporation-improving structure
for desalination applications. This structure increased the
thermal efficiency of the evaporation process by up to
80% and increased the desalination process's efficiency
by four times. Zhu et al. (5) used black titania to create a
nanocage structure to trap the light, increasing the rate of
water evaporation to achieve a thermal efficiency of
70.9% at a flux of 1 kW /m?. Zhou et al. (6) developed
an evaporation-improving structure using aluminum
nanoparticles embedded in a three-dimensional porous
layer. This layer floats on the surface of the water,
absorbs more than 96% of the sun's radiation, and
concentrates it on the water's surface. With this structure,
they were able to complete the water desalination process
with 90% efficiency. Ouar et al. (7) examined the effect
of three different coatings (bitumen, charcoal, and ink) to
improve heat absorption and increase evaporation in a

solar desalination plant and found that bitumen, charcoal,
and ink coverages were approximately 25%, 18%, and
6% increase the efficiency of the desalination system
respectively. Liu et al. (8) were able to improve the
efficiency of a solar desalination plant by adding a
suitable structure with a high absorption rate so that under
one sun, the evaporation efficiency is 79% per day. To
make this structure, they used active plasma filter paper
as a photothermal material with a pleasant light
absorption range of up to 92%. Huang et al. (9) used
polypropylene coating on a polypropylene membrane to
increase the efficiency of solar water vapor production by
up to 72%. The reason for using polypropylene coating
has a broad absorption spectrum that is almost consistent
with the radiation spectrum of the sun, high efficiency in
converting radiation into heat, and high stability of this
material. Xu et al. (10) used a mushroom as a living
organism that can improve the evaporation rate. They
found that due to the structural properties of some
mushrooms, they could be used as an evaporation-
improving structure. In this study, they were able to
achieve a thermal efficiency of 62% and 78% at a
radiation intensity of 1 kW /m?, using a natural
mushroom and a carbonized mushroom, respectively. Ni
et al. (11) were able to build a floating solar desalination
plant that improved the rate of water evaporation and
desalination efficiency by adding a floating structure on
the water. Important features of this innovative structure
were removing salt from the structure, increasing the
absorption coefficient of solar energy, cost-effectiveness,
etc. Li et al. (12) while stating that in general the rate of
water evaporation is limited by radiant heat from the sun,
designed a structure that, assumes a 100% efficiency of
solar energy transfer for water evaporation. To make this
structure, they used a linen core and several rods made of
multilayer plant cellulose, which were deeply coated with
ethyl alcohol-soluble carbon nanoparticles. The core was
then placed on an insulating layer of polystyrene foam.
Zhao et al. (13) developed a surface evaporation enhancer
using a nanostructured gel based on polyvinyl alcohol
and polypyrrole. Using this structure, they were able to
achieve an evaporation rate of 2.3 kg/h/m? at a
radiation intensity of 1 kW /m2. They also increased the
thermal efficiency of the evaporation process by 94%. Hu
et al. (14) improved the surface evaporation rate in a
desalination plant by designing a multilayer structure.
This structure is composed of several materials including
silicon oxide, cellulose nanofiber, and carbon nanotube.
The bottom layer of this structure is hydrophilic to absorb
and pump the water, and at the upper part where the
evaporation process takes place, a hydrophobic layer is
considered. Also, the special design and porosity of this
structure prevent the separated salt from depositing on
the upper layer of the structure and moving toward the
lower part of the structure. Miao et al. (15) designed an
innovative structure to increase heat transfer efficiency
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by 84.6%. In this structure, a layer of carbon nanotube
was used as a solar absorber, a piece of aerogel as heat
insulation, and a layer of filter paper to transfer water. In
a review article, Wang et al. (16) investigated the
methods and challenges of desalination of water with
solar energy. A lot of research has been done in the field
of improving evaporation efficiency. In this article, they
reviewed the basic principles of optimal design of a solar
desalination system which includes the development of
suitable materials for this application and system
development. Guo et al. (17) developed an evaporation-
improving structure made of hydrophilic hydrogels with
island-like fragments of hydrophobic material. This
structure was able to increase the evaporation rate to
about 4 kg /h/m? with an efficiency of 93% (at a radiant
heat flux of 1 kW /m?). They also examined the
fabricated structure and the rate of water evaporation at
the molecular level using molecular dynamics
simulations, and a logical output consistent with the
experimental results was obtained.

In lots of previous research, studied the evaporation
efficiency specifically for the application of solar
desalination and pure water generation.They proposed
method improved evaporation in appropriate manor for
this application (18-20); However, in this study, the
surface evaporation has been improved for a general case
and the proposed solution is not limited to a specific
application.

In previous research, increasing the evaporation
efficiency has been studied by methods such as using
micro and nanostructures (21-23), using strong
adsorbents (2, 7, 8), using hydrogel materials (24-26),
etc. Many previous methods of evaporation improvement
are so complex and expensive to use by everyone, but in
the present study, the main emphasis is on improving the
evaporation rate with a high thermal efficiency by using
an innovative, economical, simple, and scalable structure
inspired by the structure of plants is proposed for this
purpose.

The idea of this study is to improve the evaporation
rate, by reducing the heat transfer from the fluid surface
to the fluid bulk and concentrating the heat in a thin layer
of fluid on the fluid surface.

As can be seen in Figure 1 fluid heating occurs in
three modes: bottom heating, bulk heating, and
interfacial heating. In this research, the heating of the
fluid volume should be prevented and the heat radiated to
the fluid (for example, from the sun) should be
concentrated on the surface. In this way, surface
evaporation should be improved.

2. MATERIAL AND METHODS

In this section, the test device and measuring instruments
used in this research are described and at the end, how
the experiments are performed is explained.

Sunlight

High T

Low T

Bottom heating Bulk heating Interfaci

Figure 1. Three types of fluid heating (27)

2. 1. Setup Preparation In this study, since the
purpose is to investigate surface evaporation, the heat
transferred to the fluid must also be from the fluid
surface, such as fluid evaporation using heat from
sunlight. To keep the heating conditions constant during
the test, a heat source with an output power of
approximately 0.6 kW /m? is used. Also, a container
with dimensions of 10*10*20 c¢m? is used to store the
fluid. The main part of the test apparatus in this study (by
which the test goal i.e., improving surface evaporation is
achieved) is an innovative structure that improves
evaporation. This structure consists of several parts.
Figure 2 shows the test bed details.

2. 2. Materials The first part of the innovative
structure is an insulator that aims to prevent heat transfer
to the fluid volume; Which must be on the surface of the
fluid and therefore need to have a lower density than the
fluid. In this research, three types of foam with a
thickness of 3.5 cm have been used as insulating material.

The second part of the structure is the fiber, which at
this structure has the same function as plant vessels; The
purpose of these fibers is fluid suction and according to
this purpose, cotton has been selected as the material for
these fibers. How to connect these two parts of the
desired structure should be such that the water under the
insulation layer is sucked by the fibers to the top of the
structure.

The third part of the structure designed in this
research is a type of hydrophilic layer that in addition to
high wettability, must also have a high heat absorption
coefficient. In this research, this layer is known as the
evaporative layer. Many factors affect the high thermal
absorption coefficient of this layer, which are the
material, color of the layer, etc. The first feature
considered in this study for the evaporative layer is that
the effective surface of this layer is high relative to the
geometric dimensions. This feature increases the rate at
which fluid evaporates from the surface. To create this
condition, a layer of cloth with regular villi in millimeter
dimensions was used. The second feature of the
evaporative layer used in this research is its color. Since
black color has the highest heat absorption coefficient, it
has been used as a suitable color for the evaporative layer.
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The third feature of this layer is its material. The material
of the evaporative layer should be selected from a
hydrophilic material that has a good water absorption
rate. For this purpose, cotton is used as the evaporative
layer material.

As mentioned above, this structure has the same
function as what happened in the plants and there is an
analogy between them. More details on how plants work
are explained by Bohr et al. (28). Figure 3 shows this
analogy. According to this figure, the water-absorbing
fibers are equivalent to the root and the vessels connected
to it (which have the task of transferring water to different
parts), the insulation part is equivalent to the stem (which
is the place where the vessels pass), and the evaporation
surface is equivalent to the leaf in a plant.

In this research, one type of expanded polystyrene
foam and two types of polyurethane foam were used as
insulation on the evaporation-improving structure. The
expanded polystyrene foam is impermeable (closed cell)
but polyurethane foams are permeable (open cell). The
characteristics of these three types of foam are presented
in Table 1.

2. 3. Measuring Instruments A digital scale and
a digital thermometer are mainly used. The scale has a
measurement resolution of 1 gram with a measurement
error of +1 gram. Also, the thermometer has a
measurement resolution of 0.1 °C with an accuracy of 0.1
°C.

The characteristics of foams are measured. The
density is obtained by measuring the mass and volume of
a sample of each foam. The water absorption is measured
by subtraction of the maximum mass of a wet foam and
a dry one for each experimented foam. Contact angle
measurement was performed according to ASTM D-
7334-08 (29) with Jikan (30)CAG-20 SE device.

Heat source

Evaporation
improver

Digital scale

2. 4. Test Procedure The experiments performed
in the present study are divided into two categories. To
reduce the effect of errors in the experiment, in each
category, if necessary, the experiments are repeated and
averaging is used .

In the first group of experiments, the effect of
reducing the fluid mass on the evaporation rate is
investigated. In this section, no evaporation-improving
structure is used and by reducing the mass of the initial
water in the container from 1900 to 1700, 1500, and 1300
grams, its effect on the amount of water evaporation is
checked.

In the second group, four experiments are done. This
group aims to find the effect of the evaporation-
improving structure. The mass of water in this group is
1900 grams. In the first experiment, there is no
evaporation improver. In the second experiment, an
evaporation improver with expanded polystyrene foam is
used, in the third experiment evaporation improver with
polyurethane foam of type 1 is used and in the fourth
experiment evaporation improver with polyurethane
foam of type 2 is used.

In this research, the tests were performed within 24
hours, and data collection was done at 0, 5, 10, 15, 20,
and 24 hours after the start of the test. Data recorded in
each experiment includes fluid mass and fluid surface
temperature. In Table 2. the number of each experiment
can be seen along with its specifications.

3. RESULTS AND DISCUSSION

For the first group of experiments, in Figures 4 and 5 the
mass of evaporated water and Fluid surface temperature
are presented in terms of the initial mass of water,
respectively.

x 35cm

Data recording
system

Figure 2. Test bed details
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upper(evaporative) layer
hydrophilic

contact angle

insulator
super hydrophilic

water absorbent fiber

J
-

Figure 3. Details of the evaporation-improving structure and the analogy with the plants

TABLE 1. Characteristics of three types of foam used in this research

Density (% Water absorption (g) Average contact angle (°)
Expanded polystyrene foam 275 0 under 10
Polyurethane foam of type 1 38.6 27 71.4
Polyurethane foam of type 2 13.6 70 78.3

TABLE 2. Specifications of experiments

Number of experiment Specification
1 Without evaporation improver, initial water mass is 1900 gr.
2 Without evaporation improver, initial water mass is 1700 gr.
1st group ) o o )
3 Without evaporation improver, initial water mass is 1500 gr.
4 Without evaporation improver, initial water mass is 1300 gr.
1 Without evaporation improver, initial water mass is 1900 gr.
2 With evaporation improver by expanded polystyrene foam, initial water mass is 1900 gr.
2nd group
3 With evaporation improver by polyurethane foam of type 1, initial water mass is 1900 gr.
4 With evaporation improver by polyurethane foam of type 2, initial water mass is 1900 gr.
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Figure 4. The mass of evaporated water in terms of initial Figure 5. Fluid surface temperature rise in terms of initial

water mass (without evaporation improver structure) water mass (without evaporation improver structure)
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According to Figure 4 the amount of water
evaporation increases with a decrease in the mass of the
fluid bulk. Although this increase in evaporation is not
the same for all experiments, on average, with each
reduction of 200 grams of fluid mass, the amount of water
evaporation increases by about 8%. To compare the
temperature changes similarly, according to Figure 5
with the reduction of the fluid bulk mass, the changes in
the water surface temperature increase. Although this
increase is not the same for all experiments, on average,
the water surface temperature gradient increases by about
8% with each 200g reduction of the fluid mass.
According to the results of the first group of experiments,
if the mass of the fluid bulk continues to decrease, it will
lead to a thin film of fluid that is against the heat in the

without evaporation improver
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limiting case; In this case, the rate of evaporation will be
higher than all the previous cases (with more fluid mass).
With this idea, in the second group of experiments, a thin
fluid film is tried to be exposed to heat.

For the second group of experiments, in Figure 6 the
change in the fluid mass and temperature of the fluid
surface in 24 hours for experiments 1 to 4 are presented,
respectively. The initial surface temperature is about 27
°C in these experiments.

For a more detailed analysis, in Figure 7 a
comparison between the mass of evaporated water in
experiments 1 to 4 has been made. According to this
figure, the evaporation-improving structure with
expanded polystyrene foam, the evaporation-improving
structure with polyurethane foam of type 1, and the

with expanded polystyrene foam
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Figure 6. Fluid mass and temperature of the fluid surface with different evaporation improver structures
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Figure 7. Comparison between the mass of evaporated

water with different evaporation improver structures

evaporation-improving structure with polyurethane foam
of type 2 respectively improved about 28, 10, and 7% in
the amount of water evaporation in 24 hours.

In Figure 8, a comparison has been made between the
temperature of the fluid surface in these four tests.
According to this figure, the evaporation-improving
structure with expanded polystyrene foam, the
evaporation-improving structure with polyurethane foam
of type 1, and the evaporation-improving structure with
polyurethane foam of type 2 cause an increase of about
16, 13 and 20% in the temperature of the fluid surface,
respectively. In this way, it is understood that the use of
an evaporation-improving structure increases the steady-
state surface temperature of water by about 2 degrees,
which is an effective factor in the rate of water
evaporation.
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TABLE 3. Summary of the results for the second group of
experiments

Increase in mass Increase in water

Specification

of evaporated
water (%0)

surface
temperature (%)

Evaporation emprover with

expanded polystyrene foam 28 16
Evaporation improver with 10 13
polyurethane foam of type 1

Evaporation improver with 7 20
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and as a result, after wetting will make the insulation
weaker.

The main heat transfer mechanisms and energy
balance between them are shown in Figure 9. According
to Zhang et al. (31) and Zhuang et al. (32), thermal
efficiency can be defined as Equation 1, where m is the
evaporated mass flow rate, h, is the total enthalpy of
liquid to vapor phase change, A is the cross-sectional area
exposed to heat, and g" is the heat flux radiated to the
surface.

mhyg

Nth = 74 1)

By using the above relationship, the thermal
efficiency related to the evaporation process with the
improving structure with expanded polystyrene foam is
obtained at approximately 85% at a heat flux of 0.6
kW /m?. In Table 4 a comparison of heat flux, efficiency
and evaporation rate for some similar research is done.

One of the advantages of the method presented in this
research is its economic efficiency. The majority of the
cost spent on the construction of the evaporation-
improving structure is related to the insulation and cotton
fibers. Roughly, the cost spent for the construction of

Heat flux

Convection Evaporation

polyurethane foam of type 2

In the continuation of this section, the physical
justification related to the cause of the difference between
the results of the proposed structures in this research is
discussed. It was observed above that in general the
results of the structure made of expanded polystyrene
foam are better than the results of the structure made of
polyurethane foam of type 1. Also, the results of the
structure made of polyurethane foam of type 1 are better
than the results of the structure made of polyurethane
foam of type 2. The reason for this issue can be attributed
to the main difference between the two types of expanded
polystyrene foam and polyurethane foam, which is water
permeability. Expandable polystyrene foam does not
allow water to pass through itself, and therefore all the
insulation capacity is used to prevent heat transfer to the
fluid volume. However, polyurethane foam passes water
and gets wet after a while, and this makes the thermal
conductivity of the wet foam to be higher than the
thermal conductivity of the dry foam, and the
performance of the insulation is problematic. This issue
is also true for the two types of polyurethane foam used
because one of the differences between the first and
second type polyurethane foam is that the second type
foam has a higher permeability than the first type foam,

I
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uoljaNpuUo) fmm

Figure 9. Energy balance and heat transfer diagram

TABLE 4. Comparison of heat flux, efficiency and evaporation
rate for some similar research

Research Heat flux  Efficiency Evaporation
(kW /m?) (%) rate (kg/h/m?)
Liuetal. (8) 0.9 79 0.97
Miao et al. (15) 1 84.6 131
Guo etal. (17) 1 93 4.0
Wang et al. (33) 1 54.6 0.87
Li et al. (34) 1 84 1.3
Luetal. (35) 1 80 24
Present Study 0.6 85 0.79
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each square meter of this structure is estimated at $15.
Also, according to the scalability of the designed
structure and the linear growth of costs, the cost of
building this structure can be calculated by the
proportional method.

4. CONCLUSION

In summary, the cost-effective, innovative, simple, and
scalable structure inspired by plant structure is proposed
to improve the evaporation rate with a high efficiency.

In the present study, two groups of experiments are
conducted. The first group of tests is performed to check
the effect of fluid mass reduction on the rate of
evaporation. The results of this group of experiments
showed the upward trend of improving the evaporation
rate with the reduction of the fluid mass so that with each
reduction of 200 grams of the fluid mass, the fluid
evaporation rate increased by about 8%; Also, the
increase in water surface temperature also increased by
about 8%. The results of this group of experiments
inspired the fact that by gradually reducing the fluid mass
until a thin film is reached, the evaporation rate can be
continuously increased, which became the basis of the
second group of experiments.

In the following, by designing and building an
innovative structure and placing it on water, the rate of
evaporation of water due to the heat radiating to its
surface was increased. The main reason for this
improvement in evaporation is two main things: the first
reason is that the designed structure prevents the heat
transfer from the surface to the depth of the water, and
the heat radiated to the fluid is concentrated in a thin film;
the second reason is that an increase in the heat
absorption coefficient by the improving structure. The
second group of experiments conducted in this research
is dedicated to investigating the effects of the
evaporation-improving structure on the rate of water
evaporation.

The evaporation-improving structure designed in this
research in the best case (use of expanded polystyrene
foam) was able to increase the amount of water
evaporation during 24 hours by 28%. This improving
structure also increased the surface temperature of water
in the evaporation process by 16%. It was also able to
increase the thermal efficiency of the evaporation process
to about 85% at a heat flux of 0.6 kW /m?, which is at an
optimal level compared to previous research.

To enhance future investigations, it is recommended
to explore alternative absorbent materials for the top
layer of the structure and conduct further experiments
with varying heat fluxes to improve the efficiency and
evaporation rate. Additionally, it would be beneficial to
seek out a numerical simulation approach to eliminate the
need for further experimentation.

5. ACKNOWLEDGEMENTS

The author would like to acknowledge Dr. Ali Nouri-
Borujerdi for giving the first idea of this research and
helpful comments.

6. REFERENCES

1.  Ghasemi H, Ni G, Marconnet AM, Loomis J, Yerci S, Miljkovic
N, et al. Solar steam generation by heat localization. Nature
Communications. 2014;5(1):4449.
https://doi.org/10.1038/ncomms5449

2. Chen F, Wang S-W, Liu X, Ji R, Yu L, Chen X, et al. High
performance colored selective absorbers for architecturally
integrated solar applications. Journal of Materials Chemistry A.
2015;3(14):7353-60. https://doi.org/10.1039/C5TA00694E

3. Ni G, Li G, Boriskina SV, Li H, Yang W, Zhang T, et al. Steam
generation under one sun enabled by a floating structure with
thermal  concentration.  Nature Energy. 2016;1(9):1-7.
https://doi.org/10.1038/nenergy.2016.126

4. Li X, Xu W, Tang M, Zhou L, Zhu B, Zhu S, et al. Graphene
oxide-based efficient and scalable solar desalination under one
sun with a confined 2D water path. Proceedings of the National
Academy of Sciences. 2016;113(49):13953-8.
https://doi.org/10.1073/pnas.1613031113

5. Zhu G, Xu J, Zhao W, Huang F. Constructing black titania with
unique nanocage structure for solar desalination. ACS Applied
Materials & Interfaces. 2016;8(46):31716-21.
https://doi.org/10.1021/acsami.6b11466

6. Zhoul, TanY, Wang J, Xu W, Yuan Y, Cai W, et al. 3D self-
assembly of aluminium nanoparticles for plasmon-enhanced solar
desalination. Nature Photonics. 2016;10(6):393-8.
https://doi.org/10.1038/nphoton.2016.75

7. Ouar MA, Sellami M, Meddour S, Touahir R, Guemari S, Loudiyi
K. Experimental yield analysis of groundwater solar desalination
system using absorbent materials. Groundwater for Sustainable
Development. 2017;5:261-7.
https://doi.org/10.1016/j.gsd.2017.08.001

8. Liu Z, Yang Z, Huang X, Xuan C, Xie J, Fu H, et al. High-
absorption recyclable photothermal membranes used in a bionic
system for high-efficiency solar desalination via enhanced
localized heating. Journal of Materials Chemistry A.
2017;5(37):20044-52. https://doi.org/10.1039/C7TA06384A

9. Huang X, Yu Y-H, de Llergo OL, Marquez SM, Cheng Z. Facile
polypyrrole thin film coating on polypropylene membrane for
efficient solar-driven interfacial water evaporation. RSC
Advances. 2017;7(16):9495-9.
https://doi.org/10.1039/C6RA26286D

10. Xu N, Hu X, Xu W, Li X, Zhou L, Zhu S, et al. Mushrooms as
efficient solar steam-generation devices. Advanced Materials.
2017;29(28):1606762. https://doi.org/10.1002/adma.201606762

11. Ni G, Zandavi SH, Javid SM, Boriskina SV, Cooper TA, Chen G.
A salt-rejecting floating solar still for low-cost desalination.
Energy & Environmental Science. 2018;11(6):1510-9.
https://doi.org/10.1039/C8EE00220G

12. Li X, LiJ, LuJ, Xu N, Chen C, Min X, et al. Enhancement of
interfacial solar vapor generation by environmental energy. Joule.
2018;2(7):1331-8. https://doi.org/10.1016/j.joule.2018.04.004

13. Zhao F, Zhou X, Shi Y, Qian X, Alexander M, Zhao X, et al.
Highly efficient solar vapour generation via hierarchically
nanostructured gels. Nature Nanotechnology. 2018;13(6):489-95.
https://doi.org/10.1038/s41565-018-0097-z


https://doi.org/10.1038/ncomms5449
https://doi.org/10.1039/C5TA00694E
https://doi.org/10.1038/nenergy.2016.126
https://doi.org/10.1073/pnas.1613031113
https://doi.org/10.1021/acsami.6b11466
https://doi.org/10.1038/nphoton.2016.75
https://doi.org/10.1016/j.gsd.2017.08.001
https://doi.org/10.1039/C7TA06384A
https://doi.org/10.1039/C6RA26286D
https://doi.org/10.1002/adma.201606762
https://doi.org/10.1039/C8EE00220G
https://doi.org/10.1016/j.joule.2018.04.004
https://doi.org/10.1038/s41565-018-0097-z

1162

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

A. Anjomrouz / [JE TRANSACTIONS C: Aspects Vol. 37 No. 06, (June 2024) 1154-1163

Hu R, Zhang J, Kuang Y, Wang K, Cai X, Fang Z, et al. A Janus
evaporator with low tortuosity for long-term solar desalination.
Journal of Materials Chemistry A. 2019;7(25):15333-40.
https://doi.org/10.1039/C9TA01576K

Miao E-D, Ye M-Q, Guo C-L, Liang L, Liu Q, Rao Z-H.
Enhanced solar steam generation using carbon nanotube
membrane distillation device with heat localization. Applied
Thermal Engineering. 2019;149:1255-64.
https://doi.org/10.1016/j.applthermaleng.2018.12.123

Wang Z, Horseman T, Straub AP, Yip NY, Li D, Elimelech M, et
al. Pathways and challenges for efficient solar-thermal
desalination. Science  Advances. 2019;5(7):eaax0763.
https://doi.org/10.1126/sciadv.aax0763

Guo Y, Zhao X, Zhao F, Jiao Z, Zhou X, Yu G. Tailoring surface
wetting states for ultrafast solar-driven water evaporation. Energy
& Environmental Science. 2020;13(7):2087-95.
https://doi.org/10.1039/DOEE00399A

Wang Z, Wu X, He F, Peng S, Li Y. Confinement capillarity of
thin coating for boosting solar-driven water evaporation.
Advanced  Functional ~ Materials.  2021;31(22):2011114.
https://doi.org/10.1002/adfm.202011114

Wang Z, Wu X, Dong J, Yang X, He F, Peng S, et al. Porifera-
inspired cost-effective and scalable “porous hydrogel sponge” for
durable and highly efficient solar-driven desalination. Chemical
Engineering Journal. 2022;427:130905.
https://doi.org/10.1016/j.cej.2021.130905

Munasir N, Lutfianaa S, Nuhaab F, Evia S, Lydiaa R, Ezaac S, et
al. Graphene Based Membrane Modified Silica Nanoparticles for
Seawater Desalination and Wastewater Treatment: Salt Rejection
and Dyes. International Journal of Engineering, Transactions A:
Basics, 2023;36(4):698-708.
https://doi.org/10.5829/ije.2023.36.04a.09

Chen J, Li B, Hu G, Aleisa R, Lei S, Yang F, et al. Integrated
evaporator for efficient solar-driven interfacial steam generation.
Nano Letters. 2020;20(8):6051-8.
https://doi.org/10.1021/acs.nanolett.0c01999

Lu Q, Shi W, Yang H, Wang X. Nanoconfined water-molecule
channels for high-yield solar vapor generation under weaker
sunlight.  Advanced Materials. 2020;32(42):2001544.
https://doi.org/10.1002/adma.202001544

Liu H, Ye HG, Gao M, Li Q, Liu Z, Xie AQ, et al. Conformal
Microfluidic-Blow-Spun 3D Photothermal Catalytic Spherical
Evaporator for Omnidirectional Enhanced Solar Steam
Generation and CO2 Reduction. Advanced Science.
2021;8(19):2101232. https://doi.org/10.1002/advs.202101232

24,

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

Guo Y, Bae J, Fang Z, Li P, Zhao F, Yu G. Hydrogels and
hydrogel-derived materials for energy and water sustainability.
Chemical Reviews. 2020;120(15):7642-707.
https://doi.org/10.1021/acs.chemrev.0c00345

Zhou X, Guo Y, Zhao F, Shi W, Yu G. Topology-controlled
hydration of polymer network in hydrogels for solar-driven
wastewater treatment. Advanced Materials.
2020;32(52):2007012. https://doi.org/10.1002/adma.202007012

Guo Y, Yu G. Engineering hydrogels for efficient solar
desalination and water purification. Accounts of Materials
Research. 2021;2(5):374-84.
https://doi.org/10.1021/accountsmr.1c00057

Tao P, Ni G, Song C, Shang W, Wu J, Zhu J, et al. Solar-driven
interfacial evaporation. Nature Energy. 2018;3(12):1031-41.
https://doi.org/10.1038/s41560-018-0260-7

Bohr T, Rademaker H, Schulz A. Water Motion and Sugar
Translocation in Leaves. Plant Biomechanics: From Structure to
Function at Multiple Scales. 2018:351-74.
https://doi.org/10.1007/978-3-319-79099-2_16

ASTM D. 7334-08; Standard Practice for Surface Wettability of
Coatings, Substrates and Pigments by Advancing Contact Angle
Measurement. ASTM International: West Conshohocken, PA,
USA. 2008.

Jikan company 2023 [Available from:
https://iwww.jikangroup.com/wp-content/uploads/2018/10/CAG-
20-PE-Catalogue.pdf.

Zhang L, Tang B, Wu J, Li R, Wang P. Hydrophobic light-to-heat
conversion membranes with self-healing ability for interfacial
solar heating. Advanced Materials. 2015;27(33):4889-94.
https://doi.org/10.1002/adma.201502362

Zhuang S, Zhou L, Xu W, Xu N, Hu X, Li X, et al. Tuning
transpiration by interfacial solar absorber-leaf engineering.
Advanced Science. 2018;5(2):1700497.
https://doi.org/10.1002/advs.201700497

Wang X, He Y, Liu X, Zhu J. Enhanced direct steam generation
via a bio-inspired solar heating method using carbon nanotube
films. Powder Technology. 2017;321:276-85.
https://doi.org/10.1016/j.powtec.2017.08.027

Li R, Zhang L, Shi L, Wang P. MXene Ti3C2: an effective 2D
light-to-heat conversion material. ACS Nano. 2017;11(4):3752-9.
https://doi.org/10.1021/acsnano.6b08415

Lu H, Shi W, Zhao F, Zhang W, Zhang P, Zhao C, et al. High-
yield and low-cost solar water purification via hydrogel-based
membrane distillation. Advanced Functional Materials.
2021;31(19):2101036. https://doi.org/10.1002/adfm.202101036


https://doi.org/10.1039/C9TA01576K
https://doi.org/10.1016/j.applthermaleng.2018.12.123
https://doi.org/10.1126/sciadv.aax0763
https://doi.org/10.1039/D0EE00399A
https://doi.org/10.1002/adfm.202011114
https://doi.org/10.1016/j.cej.2021.130905
https://doi.org/10.5829/ije.2023.36.04a.09
https://doi.org/10.1021/acs.nanolett.0c01999
https://doi.org/10.1002/adma.202001544
https://doi.org/10.1002/advs.202101232
https://doi.org/10.1021/acs.chemrev.0c00345
https://doi.org/10.1002/adma.202007012
https://doi.org/10.1021/accountsmr.1c00057
https://doi.org/10.1038/s41560-018-0260-7
https://doi.org/10.1007/978-3-319-79099-2_16
https://www.jikangroup.com/wp-content/uploads/2018/10/CAG-20-PE-Catalogue.pdf
https://www.jikangroup.com/wp-content/uploads/2018/10/CAG-20-PE-Catalogue.pdf
https://doi.org/10.1002/adma.201502362
https://doi.org/10.1002/advs.201700497
https://doi.org/10.1016/j.powtec.2017.08.027
https://doi.org/10.1021/acsnano.6b08415
https://doi.org/10.1002/adfm.202101036

A. Anjomrouz / IJE TRANSACTIONS C: Aspects Vol. 37 No. 06, (June 2024) 1154-1163 1163

COPYRIGHTS

©2024 The author(s). This is an open access article distributed under the terms of the Creative Commons |@ ®

Attribution (CC BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, as long
as the original authors and source are cited. No permission is required from the authors or the publishers.

Persian Abstract

Sl S b LT s G ol 02 Sl el oyl 35 b el s s Sl )8 5 b ey S (ol 3 b kS
e L 5 odls 58S 1 sl b 5l e a8l JUal sl S Vsl ity ol 1 s Sl ol i il 5 s OLS e 1ol a8 8 ol (o)
Ol 51y s 3lye (S35 1 Ol st 3l g o o3l B 5 Gale 6 &Y el b ST ot e 1l cpl das s (2l 53l 1 ol ol
ol il alel 5 ol 5l e sl sl 0L 5 511 3 Shae o i SIS SUI 5 (bl 0kl e (i aw ol sl ol o 2
u];::p.l CelyaS Cal Al de s V1 o3l 4 el YE b js 50 QTﬁjsg]chﬁébsthﬁ:&bélwaA o3l |y el YE e 53 0l
Sad rhie LB lls e >L@;;Lichw.>\> ol 5! ij:pﬂol)}l?sn'\ ol oL 5 da s A0 B 1y 55l o33l e bl ol s S VG les s

el 4b o a5 O 5,00 5 g3l A (gl




IJE TRANSACTIONS C: Aspects Vol. 37 No. 06, (June 2024) 1164-1174

International Journal of Engineering

Journal Homepage: www.ije.ir

Proposing New Artificial Intelligence Models to Estimate Shear Wave Velocity of
Fine-grained Soils: A Case Study

M. Khanmohammadi*?, S. RazaviP

@ Department of Civil Engineering, Isfahan University of Technology, Isfahan, Iran
b Department of Mining Engineering, Islamic Azad University, Science & Research Branch, Tehran, Iran

PAPER INFO ABSTRACT

Paper history: Dynamic parameters are the most important geotechnical data used to understand the behavior of soil
Received 09 December 2023 media under dynamic loads and to recognize the seismic response of the soil. Several in-situ and
Received in revised form 18 January 2024 laboratory geophysical tests, such as the down-hole test, are used to determine these parameters. Since
Accepted 09 February 2024 this experiment is costly and time-consuming and the preparation of appropriate boreholes is not easy, it
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1. INTRODUCTION

Dynamic modulus (shear and Young's modulus) as a
significant parameter in geotechnical analysis and
especially seismic design of structures can be obtained by
determining the shear wave velocity of soils. Down-hole
test (1) is one of the most well-known geophysical tests
used to determine the shear wave velocity of soils. This
test is costly and time-consuming. Preparing appropriate
boreholes is another challenge in performing this test.
Also, some variables may influence the results. Due to
the mentioned limitations, it is helpful to predict the
results of this test by using empirical correlations or
models.

Typically, using new artificial intelligence (Al) methods
to solve complex multivariate problems leads to better
outcomes compared to conventional regression methods.
In recent years, researchers have utilized various Al
methods to predict the results of geotechnical (2-9) and
geophysical (10-12) tests.

In this regard, Table 1 summarizes the most important
Al models available to predict the shear wave velocity
obtained from in-situ tests. This table shows that despite
numerous studies in this field, a comprehensive and
acceptable model has not been yet proposed. Therefore,
it seems that there is still a necessity for new models or
relationships for different regions to predict the shear
wave velocity of soils.

Due to the access to geotechnical data of several
projects in which both conventional geotechnical tests
and down-hole tests were performed, it was possible to
prepare a considerable amount of data that can be cited
for this research. Then, it was attempted to apply the
ANFIS method to introduce new practical models to
predict the shear wave velocity of fine-grained soils in
Tehran. It should be noted that the models developed in
this research are different from the models of other
researchers in terms of input variables, modeling method
and applied data.

2. METHODOLOGY

In Al techniques for nonlinear multiple analysis, data sets
are divided into two different sets of training and testing.
The training data set is used to find the potential
relationship between independent and dependent

variables, and the reliability of this relationship is
verified with the testing data set (13). Artificial Neural
Network (ANN), Fuzzy, and Neuro-fuzzy are some
examples of the widely used methods.

The ANN method can find the relationship between
the input and output variables of a complicated problem
with the help of self-learning ability. The performance of
artificial neural networks is directly related to the given
amount of training data (14). When the number of data is
low, neural networks and fuzzy logic combinations
(neuro-fuzzy) can improve the performance of the neural
network system (15). A fuzzy system can simulate the
qualitative aspects of human knowledge and reasoning
processes, whereas it does not have any self-training
abilities. Nevertheless, ANNs can do learning using data
sets (16, 17). Then, ANFIS has the advantages of both
neural networks and fuzzy systems (18). The main
purpose of the ANFIS approach is to automate fuzzy
modeling using real data. In the fuzzy Takagi-Sugeno
method, the following If-Then rules apply:

If x=A1 and y=B1 then fi(X,y)=pix+qiy+k: (1)

If x=Az and y=Bz then f2(x,y)=pax+q2y+ka 2)

where x and y are the inputs, A;jand B; are labels of the
fuzzy set (small, large, etc.) defined as suitable
membership functions, and pi, ¢i, and ki are output
parameters resulting from the training. The process of
ANFIS performance contains five steps (layers). The
schematic structure of this method is displayed in Figure
1.

2. 1. ANFIS-FCM The ANFIS model developed
in the present study is based on the fuzzy clustering
method (FCM). Fuzzy C-Means is an approach of data
clustering in which a given dataset is grouped into some
clusters according to the principles of the fuzzy C-
partition. The introduction of this algorithm is
generalized by Ming-Chuan and Don-Lin (19). In this
algorithm, each data can belong to one or more clusters
(groups) in soft fuzzy clustering, and the data closer to
the center of a cluster has a higher degree of membership
(20).

The coefficient of determination (R?), Mean Absolute
Error (MAE), and Root Mean Squared Error (RMSE),
which are shown in Equations 3 to 5, are selected to
assess the model.

TABLE 1. Summary of the some suggested Al models to predict Vs

Case study Model Ranges of Vs (m/s) Method Reference
A database from 10 different countries Vs = f(Ngo,0") 66-169.66 PNN (21)
Urmia City, Iran Vs = f(Ngo, 0", FC, PI,ds) 82-566 GRNN (22)

Mashhad City, Iran

Vs = f(D, Nspr, FC)

202-850 ANN-BP (23)
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Figure 1. The process of ANFIS performance; (a) the first-
order fuzzy model (b) schematic structure of ANFIS (16, 24,
25)

2
RZ — 2?:1(pi—ﬁ)(ai—ﬁ) (3)
D

MAE = -3 |a; - pil @

RMSE = [~31(a; — p;)? ()

In these equations, a; is the real values (targets) of the Vs,
p is the predicted Vs, a is the average of the actual Vs, p
is the average of the predicted Vs, and n is the number of
data sets.

2. 2. Sensitivity Analysis Method In the current
study, a sensitivity analysis method of single variable
training was used to identify the relative importance of
inputs on the outputs of ANFIS-FCM models. The
optimum ANFIS model is trained separately for each
variable and then tested again in this technique. It should
be noted that the optimal parameters obtained in the final
model (including the type of membership function, the
number of rules, the method of optimization, and the
number of iterations) are also maintained in this step.
Finally, any model which predicted outputs closer to the
actual values (target) or, in other words, had the highest
coefficient of determination, was introduced as the most
effective variable [25, 26].

Figure 2 illustrates an overall strategy and main steps
performed to achieve the purpose of the current study. It
should be noted that in primary analyses of this study,
ANFIS had a better performance in comparison with
ANN method, therefore, only the results of ANFIS
models are mentioned in the following.

3. DATA COLLECTION

In Tehran, geologically, from north to south of the city,
the percentage of coarse aggregates is almost reduced,

and the southern regions are mainly composed of fine-
grained clayey soils. This study used the findings of 19
study projects in different regions of southern Tehran.
The fine-grained soils include CL, ML, CH and CL-ML.

It should be noted that in all these projects, the same
equipment and technicians were employed, as well as the
method presented in ASTM-D7400 (1). As previously
described, shear wave velocity is the most important
direct output of down-hole test, which can determine the
dynamic moduli of soils. In all boreholes in which down-
hole test was performed, disturbed and undisturbed high-
quality samples were taken and all conventional
geotechnical laboratory tests were performed on the
samples. Besides, the standard penetration test (SPT) was
performed by ASTM-D1586 (26) in almost all depths
where the shear wave was recorded.

3. 1. Effective Parameters on the Down-hole Test
To accurately determine particle size, the percentage of
different soils has been obtained through ASTM-D422
standard (27). By expressing the percentage of different
soils, it is possible to make a good judgment of the type
and initial characteristics of the materials. The desired
properties of soils also included moisture content (w),
liquid limit (LL), and plasticity index (PI) that have been
determined through ASTM-D2216 (28) and ASTM-
D4318 (29) standards, respectively.

Regarding the compaction condition of the tested
soils, two indices of depth and number of standard
penetration tests (Nspr) were considered. In general, the
density of soils increases with increasing depth. Standard
Penetration Test (SPT) is one of the most common,
inexpensive, and simplest geotechnical in situ
experiments that can be utilized to determine soil
compaction. In principle, this test is utilized to determine
the relative compaction of soils. Therefore, considering
that the depth of the test section and Nspr can be easily
determined, these two parameters were selected as the
basic parameters to ascertain the compaction of soils.

3. 2. Preprocess of Independent and Dependent
Variables Several different models were developed
to investigate the relationships between independent
variables and shear wave velocity in this section. To this
end, several different data sets of fine-grained soils were
evaluated. The two final models (relationships) were
considered according to Table 2. It should be noted that
these models are selected after several statistical analyses
and data processing.

Independent variables related to the first data set (No.
1) included the percentage of soil particles (clay, silt,
sand, and gravel), depth of test, liquid limit, plasticity
index, and moisture content. The range of variation of
these data were summarized in Table 3. The best simple
regression between shear wave velocity and the
independent variables is also displayed in Figure 3.
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Figure 2. Overall strategy and main steps of the current study

TABLE 2. Proposed models obtained from preprocessing of data

No. Equation/model Number of data sets
1 Vs = f(D,G,S,M,C,PI,LLw) 75
2 Vs = £(D,G,S, M, C, PI,LL,w, Nspy) 126
Parameters:

Vs (m/s): Shear wave velocity

D (m): Depth of test

G (%): Gravel-grained content

S (%): Sand-grained content

M (%): Silt-grained content

C (%): Clay-grained content

Pl (%): Plastic Index

LL (%): Liquid limit

w (%): Moisture content

Nser: Uncorrected SPT blow counts
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TABLE 3. Ranges of soil parameters for the first data set

Depth  Gravel Silt Clay Liquid Plastic Moisture Shear wave
Parameter m @) SO on o) limitw)  index(%)  content(%)  velocity (mis)
ty
Min 2 0 0.10 1840  16.90 21 2 5.40 130
Max 38 34.30 49.40 60.10  69.20 72 41 34.90 598
Mean 15.93 3.28 13.60 4185 4125 38.40 17.02 20.68 382.25
Standard deviation 8.43 4.97 11.43 8.02 10.56 9.84 7.08 5.19 104.78
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Figure 3. The best simple regression between dependent and the independent variables for the first data set
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Independent variables related to the second data set
(No. 2) includes the percentage of soil particles (clay, silt,
sand, and gravel), depth of test, liquid limit, plasticity
index, moisture content, and Nspr. The range of
variations of these data are presented in Table 4. Existing
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values of Nspr indicate that the relative density of soils
ranged from soft to hard. The optimum simple regression
between Vs and the mentioned independent parameters is
also illustrated in Figure 4.

TABLE 4. Ranges of soil parameters for the second data set

Parameter Depth  Gravel Sand Silt Clay Liquid Plastic Moisture N Shear wave
(m) (%) (%) (%) (%) limit (%) index (%)  content (%) ST velocity (m/s)
Min 3 0 0.90 18.40 16.90 21 2 8.60 7 130
Max 36 20.80 47 58.70 65.80 65.80 36 3480 65 688
Mean 10 6.62 5.45 48.40 39.52 39.52 15.50 20.45 34.75 318.25
Standard deviation 3.05 5.14 3.01 3.34 3.97 3.97 4.04 1.58 551 27.42
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Figure 4. The best simple regression between dependent and the independent variables for the second data set



1170

4. MODEL DEVELOPMENT TO PREDICT SHEAR
WAVE VELOCITY

4. 1. The Optimum Model for the First Data Series
The settings relevant to the best structure of the ANFIS-
FCM model, which includes the number and type of
membership functions (MFs), the training algorithm, and
the number of iterations, are obtained based on the trial
and error approach. The available data sets were
randomly divided into training data (220 data sets) and
test data (55 data sets). After completing the learning
phase, the final model was validated. The specifications
of the most appropriately designed ANFIS model are
given in Table 5. The constructed structure consists of
five layers and three if-then rules that are connected by
the "and" operator (Figure 5). The results and the
suggested model determination coefficient graph for the
two training and testing stages are indicated in Table 6
and Figure 6, respectively.

Then, with the mentioned sensitivity analysis method,
the effect of each independent variable was investigated
separately for the performance of the designed ANFIS
model. As shown in Figure 7, the depth of test and the
percent of sand-grained content were the most effective,
and the variables of liquid limit and plasticity index had
the least impact on the performance of the optimum
model.

TABLE 5. Main parameters for the optimal ANFIS-FCM
model

Parameter Typelvalue

Number of MFg 3
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Input MF Gaussian

Output MF Linear

Optimization method Hybrid

Number of rules 3

Epoch 100

h Anfis Model Structure - a X
output

®

Vs (m/s)

Logical Operations
and
@ or

not

Moisture

Update Help Close |

Figure 5. Optimal ANFIS-FCM structure for the first model

Click on each node to see detailed information | |

TABLE 6. Results and error values of ANFIS-FCM model for
training, testing, and all data sets

Data R? MAE RMSE
Train 0.75 40.09 52.69
Test 0.73 48.04 59.61
All 0.74 42.34 54.19

Vs = f(D,G,S,M,C,PI,LL W)

600 f — ) ' * e

550 |

500 |

Prediction (m/s)
Lo
=

Train Data

200 '.1!':1[- 4bu .s(lm
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R-squared=0.75 1

Prediction (m/s)

[e Data |
F
Y=T .
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R-squared=0.73

200 250 300 350 400 450 500 550
Target (m/s)

Figure 6. The obtained determination coefficients from the first model
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Figure 7. The results of sensitivity analysis on independent
variables

4. 2. The Optimum Model for the Second Data
Series The same as previous step, the settings
relevant to the optimum structure of the ANFIS-FCM
model, which contains the number and type of
membership functions (MFs), the training algorithm, and
the number of iterations, are determined. The available
data sets were randomly divided into training data (101
data sets) and test data (25 data sets). The specifications
of the developed model are given in Table 7. The
structure of the optimum model is illustrated in Figure 8.
The results and the proposed model determination
coefficient graph for all stages are indicated in Table 8
and Figure 9, respectively.

Using the mentioned sensitivity analysis method, the
effect of each independent variable was investigated
separately to evaluate the performance of the designed
ANFIS model. As shown in Figure 10, the depth of test
and the percentage of sand-grained content have the most
effect, and the variables of liquid limit and moisture
content have the least impact on the performance of the
optimum model.

TABLE 7. Main parameters for the optimal ANFIS-FCM
model

Parameter Typelvalue
Number of MFs 2
Input MF Gaussian
Output MF Linear
Optimization method Hybrid
Number of rules 2
Epoch 100

4 Anfis Model Structure = o X

input output

Vs (m/s)

Logical Operations
Moisture . and
[ } or
Nspt ot
| Click on each node to see detailed information I l Update Help Close I

Figure 8. Optimal ANFIS-FCM structure for the second
model

TABLE 8. Results and error values of ANFIS-FCM model for
training, testing, and all data sets

Data R? MAE RMSE
Train 0.79 41.95 55.94
Test 0.82 37.91 51.57
All 0.8 40.91 54.95

Vs = f(D,G,5,M,C,PI,LL,w,Nspy)
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Figure 9. The obtained determination coefficients from the second model



1172 M. Khanmohammadi and S. Razavi / [JE TRANSACTIONS C: Aspects Vol. 37 No. 06, (June 2024) 1164-1174

0.5
0.45

Depth

o
o

0.35

=]
vow

Sand

R-squared

o
O Lo NP

ST N

N-SPT

Gravel

Silt .
Clay P
LL - Moisture

Parameters

Figure 10. The results of sensitivity analysis on independent
variables

o
(=]
o

5. RESULTS AND DISCUSSIONS

The obtained results from the two final ANFIS models
are presented in Table 9. In general, both models can be
roughly similar in terms of correlation and error values.
For the whole first data series, the coefficients of
determination and the mean absolute error are 0.74 and
42.34, respectively. Also, For the whole second data
series, they are 0.8 and 40.91, respectively. It is worth
mentioning that this study is the first attempt to use
neuro-fuzzy to predict Vs; therefore, there are some
limitations to compare the results of the current study and
other studies using the same database. Moreover, the
proposed models have two advantages compared to
previous studies. The first one is that more independent
variables in this research make the final performance of
the models less affected by one or more data. In other
words, the possible error in the values of one of the data
will not affect the output of the model. Typically, smart
models that have this feature are also called robust
models. Another advantage of this research (related to the
first data) is that SPT results are not required to estimate
the shear wave velocity of soils. It should be noted that
according to the obtained results, the model presented for
the second series data was superior model of this study.

TABLE 9. Comparison between the results of the first and
second proposed models

Model No. 1 No. 2

Data Train Test All Train Test All
R? 0.75 0.73 0.74 0.79 0.82 0.8
MAE 40.09 48.04 4234 4195 3791 4091

6. CONCLUSIONS

In this study, two series of data, with different numbers
and variables were employed to develop new smart
models to predict the shear wave velocity of the fine-

grained soils. The most important results of this study are

as follows:

e Considering the diversity of the studied soils, the
results and suggested models can be evaluated as
acceptable for most fine-grained soils in Tehran
while considering the range of data changes. It is
evident that the scope of application of the smart
models proposed in current research is only relevant
to the data used; therefore, these models need to be
evaluated and validated again for new data.

e The performance of the proposed model for the
second data (No. 2) has been slightly superior to the
data model in terms of the coefficient of
determination and error values. Determination
coefficients obtained from ANFIS-FCM models for
the whole data set numbers 1 and 2 were 0.74 and
0.8, respectively. Also, the choice of the FCM
clustering method for making ANFIS models has
simplified fuzzy rules and model structure.

e According to the preprocessing and sensitivity
analysis performed on the optimal ANFIS models,
the depth at which the test has been implemented, the
percentage of sand-grained content, and Nspr had the
most influence on the shear wave velocity values.

e  Due to the problems of the down-hole test (high cost,
being time-consuming, and the requirement for a
specialized operator) as well as the accuracy of
proposed models, they can be used for the initial
estimation of Vs and consequently, to determine the
dynamic moduli of fine-grained soils. Obtaining the
input variables considered for these models is simply
possible in all geotechnical studies.

7. REFERENCES

1. Standard A. D7400-08, 2008," Standard Test Methods for
Downhole Seismic Testing,” ASTM International, West
Conshohocken, PA, 2008, DOI: 10.1520/D7400-08.

2. Razavi S, Goshtasbi K, Noorzad A, Ahangari K. Proposing new
relationships to estimate the pressuremeter modulus of cohesive
and cohesionless media. Innovative Infrastructure Solutions.
2018;3(1):1-9. https://doi.org/10.1007/s41062-018-0172-1

3. Mohammadzadeh S D, Kazemi S-F, Mosavi A, Nasseralshariati
E, Tah JH. Prediction of compression index of fine-grained soils
using a gene expression programming model. Infrastructures.
2019;4(2):26. https://doi.org/10.3390/infrastructures4020026

4. Kordnaeij A, Kalantary F, Kordtabar B, Mola-Abasi H.
Prediction of recompression index using GMDH-type neural
network based on geotechnical soil properties. Soils and
Foundations. 2015;55(6):1335-45.
https://doi.org/10.1016/j.sandf.2015.10.001

5. Moayed RZ, Kordnaeij A, Mola-Abasi H. Pressuremeter modulus
and limit pressure of clayey soils using GMDH-type neural
network and genetic algorithms. Geotechnical and Geological
Engineering. 2018;36(1):165-78. https://doi.org 10.1007/s10706-
017-0314-9

6. Bardhan A, Singh RK, Ghani S, Konstantakatos G, Asteris PG.
Modelling soil compaction parameters using an enhanced hybrid


https://doi.org/10.1007/s41062-018-0172-1

10.

11.

12.

13.

14.

15.

16.

M. Khanmohammadi and S. Razavi / I[JE TRANSACTIONS C: Aspects Vol. 37 No. 06, (June 2024) 1164-1174

intelligence paradigm of ANFIS and improved grey wolf
optimiser. Mathematics. 2023;11(14):3064.
https://doi.org/10.3390/math11143064

Khanmohammadi M, Armaghani DJ, Sabri Sabri MM. Prediction
and optimization of pile bearing capacity considering effects of
time. Mathematics. 2022;10(19):3563.
https://doi.org/10.3390/math10193563

Banaei Moghadam S, Khanmohammadi M. Prediction of time-
dependent bearing capacity of pile driven in cohesive soil using
group method of data handling. Sharif Journal of Civil
Engineering. 2021;37(3.2):27-35.
https://doi.org/10.24200/j30.2021.56892.2865

Banaei Moghadam S, Khanmohammadi M. Proposing new
models to predict pile set-up in cohesive soils. Geomechanics and
Engineering. 2023;33(3):231.
https://doi.org/10.12989/gae.2023.33.3.231

Yadav A, Yadav K, Sircar A. Feedforward neural network for
joint inversion of geophysical data to identify geothermal sweet
spots in Gandhar, Gujarat, India. Energy Geoscience.
2021;2(3):189-200. https://doi.org/10.1016/j.enge0s.2021.01.001

Calderon-Macias C, Sen MK, Stoffa PL. Artificial neural
networks for parameter estimation in geophysics [Link].
Geophysical prospecting. 2000;48(1):21-47.
https://doi.org/10.1046/j.1365-2478.2000.00171.

Kim J, Kang J-D, Kim B. Machine-learning models to predict P-
and S-wave velocity profiles for Japan as an example. Frontiers
in Earth Science. 2023;11:1267386.
https://doi.org/10.3389/feart.2023.1267386

Aladag C, Kayabasi A, Gokceoglu C. Estimation of
pressuremeter modulus and limit pressure of clayey soils by
various artificial neural network models. Neural Computing and
Applications. 2013;23(2):333-9.

Kosko B. Neural networks and fuzzy systems: a dynamical
systems approach to machine intelligence: Prentice hall; 1992.

Rajabi M, Bohloli B, Ahangar EG. Intelligent approaches for
prediction of compressional, shear and Stoneley wave velocities
from conventional well log data: A case study from the Sarvak
carbonate reservoir in the Abadan Plain (Southwestern Iran).
Computers & Geosciences. 2010;36(5):647-64.

Behnia D, Ahangari K, Noorzad A, Moeinossadat SR. Predicting
crest settlement in concrete face rockfill dams using adaptive
neuro-fuzzy inference system and gene expression programming
intelligent methods. Journal of Zhejiang University SCIENCE A.
2013;14(8):589-602. https://doi.org/10.1631/jzus.A1200301

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

1173

Kartalopoulos SV, Kartakapoulos SV. Understanding neural
networks and fuzzy logic: basic concepts and applications: Wiley-
IEEE Press; 1997.

Jang J-S, Sun C-T. Neuro-fuzzy modeling and control.
Proceedings of the IEEE. 1995;83(3):378-406.

Hung M-C, Yang D-L, editors. An efficient fuzzy c-means
clustering algorithm. Proceedings 2001 IEEE international
conference on data mining; 2001: IEEE.

Baziar M, Nabizadeh R, Mahvi AH, Alimohammadi M, Naddafi
K, Mesdaghinia A. Application of adaptive neural fuzzy inference
system and fuzzy C-means algorithm in simulating the 4-
chlorophenol elimination from aqueous solutions by
persulfate/nano zero valent iron process. Eurasian Journal of
Analytical Chemistry. 2018;13(1).
https://doi.org/10.12973/ejac/80612

Ghorbani A, Jafarian Y, Maghsoudi MS. Estimating shear wave
velocity of soil deposits using polynomial neural networks:
Application to liquefaction. Computers & Geosciences.
2012;44:86-94. https://doi.org/10.1016/j.cage0.2012.03.002

Bahadori H, Momeni M. ANN for correlation between shear
wave velocity of soil and some geotechnical parameters. 2016.

Ataee O, Hafezi Moghaddas N, Lashkari Pour GR, Abbari
Nooghabi MJ. Predicting shear wave velocity of soil using
multiple linear regression analysis and artificial neural networks.
Scientia Iranica. 2018;25(4):1943-55.
https://doi.org/10.24200/sci.2017.4263

Kayadelen C. Soil liquefaction modeling by genetic expression
programming and neuro-fuzzy. Expert Systems with
Applications. 2011;38(4):4080-7.
https://doi.org/10.1016/j.eswa.2010.09.071

Jalalifar H, Mojedifar S, Sahebi A, Nezamabadi-Pour H.
Application of the adaptive neuro-fuzzy inference system for
prediction of a rock engineering classification system. Computers
and Geotechnics. 2011;38(6):783-90.
https://doi.org/10.1016/j.compge0.2011.04.005

Soil ACD-o0, Sampling RSDo, Investigations RFTfS, editors.
Standard test method for penetration test and split-barrel sampling
of s0ils1999: American Society for Testing and Materials.
Testing ASf, Materials. Standard test method for particle-size
analysis of soils. Subcommittee D18. 03 of the American Society
for Testing and Materials; 1998.

Standard A. D2216-10: Standard Test Methods for Laboratory
Determination of Water (Moisture) Content of Soil and Rock by
Mass. ASTM International, West Conshohocken, PA. 2010.

Soil ACD-o, Rock. Standard test methods for liquid limit, plastic
limit, and plasticity index of soils: ASTM International; 2010.


https://doi.org/10.12989/gae.2023.33.3.231
https://doi.org/10.1016/j.engeos.2021.01.001
https://doi.org/10.1046/j.1365-2478.2000.00171.x
https://doi.org/10.1016/j.cageo.2012.03.002
https://doi.org/10.24200/sci.2017
https://doi.org/10.1016/j.eswa.2010.09.071
https://doi.org/10.1016/j.compgeo.2011.04.005

1174 M. Khanmohammadi and S. Razavi / [JE TRANSACTIONS C: Aspects Vol. 37 No. 06, (June 2024) 1164-1174

COPYRIGHTS
©2024 The author(s). This is an open access article distributed under the terms of the Creative Commons |@ ®

Attribution (CC BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, as long
as the original authors and source are cited. No permission is required from the authors or the publishers.

Persian Abstract

PR LS

Sl ol e (51 Al e SBE glos Sl bt 5 (Soalus glasl ot (St Jams s S (sl ST 5 glaesls o e (Salis sl il
Gaaled g3l oslel 5 ool Ol 5 4w GilesT pl &8 sl 51 a5 pe ealinal Il Gsus (glos ) Lialesl Aobe b 5 ALl (S5 55 ialesT cpir
(V8) by gy o sllaS 0355 (slos ) Slasl ol (o 350 035 cpmasiS (o Tl 5 Ladide S L lesl ol s ol S5 e Ol il
Sl sl el 5 (S Sls et iy 5 S eslizal (GS) Sk (Saalus 55 e 03,550 Sy $lp pekies b o 4 O 51 015 0 S ol S
GO gd gy Gble 3 3 se SSS 45 glassls 5 glleS Oa)s los ) SRle3T 14 s 5l asdllae (pl 53 el SSS 55 dige oS anlis J gl 1 St
olﬂgﬁmﬂ,éu5ud;ﬂcfuﬂﬂjﬁjgug@ﬂjts$w»w;_;nﬂANFIS)d.;,zL;juwgocmnw&i@w_;umg\p
Jols algnig due ol it (gls ite sl o slgidig e crl Sl b e 55 48,8 g died s (3l Je 5 (B3I a3 0l 0l oLzl
348 5ledd S5 glasssns pesdhe 3 e 53 il 03 S 3 o5l @J‘)S}Ji.ibﬂ plsil Ges (L) Slsy am P (g et Lals iy byt
SilesT 5 Jasel slaesls IS gl /A 50 VE 5 4 golgnin @ladite (R?) ms ol b ool ol e3lined s ke Ol gie 40 55 (NISPT) 516kl 3545 5T

sl 035




IJE TRANSACTIONS C: Aspects Vol. 37 No. 06, (June 2024) 1175-1182

@'
D .

International Journal of Engineering

Journal Homepage: www.ije.ir

A Mathematical Model for Resource Sharing with Bilateral Contracts in a Supply
Chain with Government Intervention under a Game Theory Approach

G. R. Einy-Sarkalleha, R. Tavakkoli-Moghaddam™s, A. Hafezalkotobd, S. E. Najafi2

@ Department of Industrial Engineering, Science and Research Branch, Islamic Azad University, Tehran, Iran
bSchool of Industrial Engineering, College of Engineering, University of Tehran, Tehran, Iran

¢Research Center of Performance and Productivity Analysis, Istinye University, Istanbul, Turkey

4 School of Industrial Engineering, South Tehran Branch, Islamic Azad University, Tehran, Iran

PAPER INFO

Paper history:

Received: 18 January 2024

Received in a revised form: 09 February 2024
Accepted: 16 February 2024

Keywords:
Supply Chain Management

Bilatera
Alliance

[ Contract

Coordination
Game Theory

ABSTRACT

Contracts have been used for coordination in many supply chain alliances among businesses. Because
bilateral contracts are significantly more successful and profitable than uni-contracts, In this article, the
issues of implementing bilateral contracts are investigated with the approach of game theory and
government intervention to increase bilateral interaction between members of co-production and co-
distribution in the supply chain. By adopting the game theory model between these two members of the
chain and intervention government, this research seeks to increase production and distribution by making
maximum use of the excess capacity of production and distribution in the chain. In this way, the producer
uses his surplus capacity in two ways: one is produced directly by the producer and enters the market by
the distributor, and the other is an order that the distributor gives to the producer, which is different from
the product that the producer produces. It is produced directly and given by the distributor. The purpose
of this research is to investigate and analyze the amounts and profits resulting from the participation of
production and distribution with government intervention in the supply chain. According to this research,
governments should provide an environment for supply chain members to have more cooperation with
each other because, in the case of cooperation among supply chain members, the profits of the chain and
the members will increase.
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1. INTRODUCTION

In today’s world, many companies, to maintain their
growth in the consumer goods market, try to develop
their product share on the one hand and reduce their
operational costs on the other; however unfortunately,
nowadays, issues (e.g., increasing customer tastes,
competitiveness, and a variety of products in business
markets) that increase the operating costs of companies
have become a common concern of all manufacturing
companies to reduce this operating cost in the supply
chain (SC) (1). In this regard, companies have turned to
coordination in the SC to integrate and coordinate the SC
to increase profits, reduce costs and shortages, and share
the amount of risk among the players and partners of the
SC (2).

Coordination in the SC is done through mechanisms
in the chain. One of these mechanisms is a contract. SC
contracts are useful tools for multiple SC members to
behave in a coordinated manner in a non-integrated chain
(3). A contract is a set of terms and conditions that
provide appropriate information and incentive
mechanisms such as risk sharing among chain members
as well as rewards that ensure all parts of the SC
coordinate and share the optimal amount of profit. Due to
their positive impact on the chain, coordination contracts
have significantly been considered by researchers and
executives over the last few decades (4). There are
different contracts in the SC, which are called uni-
contracts. However, this article deals with a type of
contract, called a bilateral contract.

In bilateral contracts, one company shares a part of its
surplus capacity, for example, its production capacity,
with another company, and the other company shares a
part of its surplus capacity, such as its distribution
capacity, with this company (5). It should be noted that
in such cases, each of the companies is both a producer
and a distributor; the only issue is the excess capacity of
these companies.

As an example, Nestlé and Spray Ocean in America
have developed a long-term strategic operation contract
to increase production and efficiency in the chain. Under
this contract, Spray Ocean is responsible for charging
bottles for two companies “for fruit juice drinks,” while
Nestlé is in charge of the supply and distribution process
of Ocean Spray Company (6). An example of these
contracts can be mentioned regarding Fiat and Tata
Company in India regarding engine manufacturing. In
this cooperation, Fiat produces its engines, and Tata
Company shares its agencies and marketing management
networks for Fiat in India. This type of contract can also
refer to the contract for both the distribution and
production of Bosch and Panasonic companies (7).

In this research, bilateral contracts in the SC have
been investigated and modeled so that each member of
the chain provides production-distribution of its surplus

capacity to the other. In this research, there are three
players: the producer, the distributor, and the
government. The producer gives two types of products to
the distributor for distribution in the market: one is his
production, and the other is the production that he gives
to the producer on the order of the distributor. In the same
way, distributors distribute two types of products: one is
produced by the manufacturer, and the other is ordered
by themselves. The types of these two products are not
similar. In this research, mathematical modeling is first
carried out for each member of the supply chain, and then
their profit values are calculated based on random
numbers for each player. Finally, charts are drawn by
changing the parameters. Also, the government’s goal as
the third player in this model is to increase cooperation
among members, cooperation, social welfare, price
reduction, maximum use of companies’ capacity

2. LITERATURE REVIEW

In general, there are two types of structures in the SC:
centralized and decentralized SCs. In a centralized SC,
decisions are made centrally for the entire chain, and the
profit of the entire chain is considered (8). However, in a
decentralized SC, every one of the members decides in a
decentralized manner, independently from other
members, and based on his knowledge. The coordination
mechanism in the SC is one of the most important issues
in the decentralized SC (9). In the research literature, the
issue of contracts and the SC coordination with the
intervention of the government has been investigated
with the approach of game theory.

About emission of carbon reduction in an SC focused
on retailers in which consumer awareness of such issues
as environment and tax, Revenue-sharing against cost-
sharing is studied in the context. They design some
incentive schemes and show their effectiveness and
perfect consistency for both retailers and manufacturers
(10).

Asghari et al. (11) discussed developing an improved
Particle Swarm Optimization (PSO) algorithm using
crowd-learning theory to solve complex optimization
problems involving pricing and advertising decisions in
closed-loop supply chain networks. The proposed
algorithm is validated through testing and shown to
perform better than existing algorithms in terms of
computational time and solution quality. Heydari et al.
(12) studied reverse and closed-loop SC coordination
with government roles. They showed that government-
sponsored incentives for the manufacturer are preferred
by the retailer. In an SC, the final product is distributed
in multiple channels. Zheng et al. (13) studied the effects
of government subsidies for green products. They show
that the social welfare under the high replacement
subsidy is not always superior to the low subsidy. Cao et
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al. (14) considered an optimization problem, in which
two important decision variables are regarded: 1.
Production level, 2. Carbon level enhancement. They
also consider cap-and-trade and low-carbon subsidy
policies in their analysis. They show that a low-carbon
subsidy policy is more beneficial to society when the
environmental damage coefficient is less than a
threshold; however, otherwise, cap-and-trade policy is
more beneficial. Xu et al. (15) investigated joint
production and pricing decisions for multiple products
with cap-and-trade and carbon tax regulations. They
demonstrate that the social welfare under carbon tax
regulation is not less than that under cap-and-trade
regulation. Despite this, no one regulation always
generates more profit and has advantages in curbing
carbon emissions than the other one.

Fathollahi-Fard et al. (16) proposed a bi-level
programming model for home healthcare supply chain
(HHSC) planning considering demand outsourcing. The
paper develops mathematical formulations for the bi-
level model and proposes several meta-heuristic
algorithms to solve it. A hybrid heuristic-exact method is
also presented to validate the meta-heuristics on small
instances. Hafezalkotob et al. (17) adopted a multi-level
game theory approach to study government financial
intervention in regular and green SCs. They stress the
impact of budgetary limitations of the government on
efficiency decisions for the decrease of pollution of the
products. Hafezalkotob (18) studied competition to
improve sustainability stressed and emphasized by the
government. They consider two players: 1. Internal
suppliers, 2. External suppliers. The study concludes that
limitations imposed by the government are effective on
stability, competitivity, or monopoly of the market.
Mahmoudi and Rasti-Barzoki (19) adopted an
evolutionary game theoretic approach to study
sustainable SCs under government intervention. They
find that government policy impacts producers’ activity,
competitive markets, and emissions.

Fathalikhani et al. (20) studied the impact of
government intervention on cooperation, competition,
and cooperation of humanitarian SCs and found that the
cooperation of donors increases the donors’ utility.
Javadi et al. (21) studied a setting with the distribution of
products in multiple channels in which the policy of the
SC is determined directly by two factors: 1. Return
regulations that focus on flexibility, and 2. Regulation
that intensifies saving of energy. They discovered that the
revenue-seeking policy does not necessarily lead to a
higher energy-saving level and better social welfare
unless the government’s budget is increased. Hadi et al.
(22) investigated an optimization problem that assumes
production is hybrid and the intervention of government
is allowed. They also assumed the policies of SC support
the protection of the environment and revenue goals. The
study leads to the finding that players of SC and the
government experience improved the profit performance

when they decide together. Hafezalkotob (23) modeled
intervention policies of the government in the price-
energy-saving competition of green SCs. They find that
when the government intervenes, the utility of society
improves in all cases. Yet, the environment, SCs with
green strategy, and consumers must not be ignored in
designing the policies of the SC.

Liu et al. (24) used a three-level game theory model
with government intervention. The outputs showed that
excess costs play a key role in reducing carbon in the
chain, and the government also plays a very important
role in this regard. The outputs through numerical values
were also confirmed. This article examines a
comprehensive approach to determining the quantity of
coordination in the SC to effectively evaluate the
performance of the SC in the 4th industrial age, It was
observed that senior management focuses more on
organizational issues (e.g., lean structure, organizational
culture, and accountability factors) for improving
coordination in the SC than on technology in the Industry
4.0. Ghozatfar et al. (25) focused on waste management,
with waste being converted into energy and compost,
using a game theory approach with the government
intervening in municipal management. The government
intervenes by determining the level of subsidy for the
purchase of recyclable waste and imposing penalties for
the emission of greenhouse gases and effluents, within a
set of policy choices between income generation,
environmental efforts, and social welfare.

3. PROBLEM STATEMENT

As mentioned, in this case, it is assumed that the goods
produced by the manufacturer in two ways (i.e., direct
production by the manufacturer and custom production
given to the manufacturer by the distributor) are not the
same. In this case, the assumption is that the price of the
goods imported into the market, where the value of A and
A is the base price of these two products, and according
to the famous economist Smith’s rule, by producing as
much as possible by the manufacturer, whether in the
mode of sending by the distributor or in the mode of
ordering production from the distributor, this base
amount will be reduced. The production and distribution
model with the game theory approach and government
intervention is shown in Figure 1.
3. 1. Definition of Parameters The model
parameters are as follows:

A : The basic price of the product that the manufacturer
produces directly and distributes to the distributor.

A: The base price of the custom product that the
distributor orders from the manufacturer and is
distributed by the distributor.

a: The base price of the product ordered by the distributor
for the manufacturer.
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Figure 1. Game theory model with the government
intervention in the supply chain

y: The coefficient that is deducted from the base price of
the product by the distributor to the manufacturer for each
order unit

B: The coefficient that is deducted by the manufacturer
from the price of the base product for each unit of product
production

[3: The coefficient that is deducted by the distributor from
the price of the base product for each custom product
production unit.

cm: The cost of each unit of product production by the
manufacturer

¢, The cost per unit of production of the product ordered
by the distributor and produced by the manufacturer.
wy: Cost per unit of handling by the distributor from
each unit of product produced by the manufacturer

w,,: The amount received by each distribution unit from
the manufacturer’s products by the distributor

Wy,: The amount that the manufacturer receives from the
distributor for each product.

m,q: Cost per unit of handling by the distributor of each
unit of product ordered by the distributor

m,,: The amount received by the distributor for each unit
of ordered product per distribution unit

LS: It is a proportion of the subsidy that the government
allocates for greater use of the power and capacity of both
production and distribution companies.

Pm. The price that is offered to the market by the
distributor for each unit of product production

Pr: The price that is offered to the market by the
distributor for each unit of production of the customized
product.

3. 2. Definition of Decision Variables
variations are as follows:

qm: The amount of production that the producer produces
from her excess capacity and is distributed by the
distributor

Modelling

q,: The order quantity is distributed to the manufacturer

by the distributor, which is distributed by the distributor
s: It is the amount that is deducted by the government for

each production unit from the production and added to
the producer for each unit of order for production.

3. 3. Definition of Auxiliary Variables
auxiliary variables are as follows:

p-(q): The price per unit of the product produced by the
manufacturer that is ordered by the distributor.

. Producer’s profit function

... Distributor profit function

;. Subject to the government’s goal

Note: the price distribution function p.(q) can be
considered as follows:

Modelling

pr(q@) = a— yq, 1)

3. 4. Manufacture The goal of the manufacturer is
to make the most of the surplus capacity that they
produce from this capacity for themselves as well as for
customized products ordered by the distributor. The
manufacturer’s model is as follows:

n;?qxnm = (A= Bqm — Wr1 — 2¢)qm +

+(a = var — ¢)qr — (Gm — qr)s(1 = s) @
s.t.

qm + q- < CAP, 3)
gr <=2 (4)
A—Bqm —Wp —Cpn =0 (5)
A-Bq, <ld (6)
A—pg-<ld )
qms(1 —=1s) —q,s(ls) = 1 (8)
dm=0 Gr=0 9)

3. 5. Distributor  The distributor earns profits in two
ways: one by selling the products it gives and distributes
to the producer, and the other by distributing the products
of the manufacturer. The distributor model is as follows:

maxmy = (4 - Bar)ar — (@ —yq)qr — myg,

(10)
+(Qm(Wr1—Wr.)) + q,s(ls)
s.t.
(11)
qm + qr < CAP,
g < (a—cy) (12)

Y
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A-Bgr—(a—vyg)—m. 20 (13)
A—Bqm<ld (14)
A-pg,<1d (15)
—qms(1 = 1s) + q,s(ls) = 2 (16)
Tm=0 A7)
Ir>0 (18)

3. 6. Government The goal of the government is to
maximize the use of capacities and increase the amount
of production:

max ng = Qm + qr (19)
s.t.

(20)
qm + qr < CAP,
A—Bq, <ld (21)
A-pq.<ld (22)
—qms(1—=1s)+q,s(ls) = 2 (23)
Am=0 (24)
qr=0 (25)

4. NUMERICAL STUDY

In this section, by providing a numerical example of the
parameters of the model for the three players ( i.e.,
producer, distributor, and government), it is shown that
the product produced by the producer and the distributor
is it, and the government in this model, by providing
subsidies and taxation, encourages two actors to
cooperate more and produce more. In this part, the effect
of parameter changes on the performance of the chain and
decision variables, i.e., production values by two actors,
as well as the profit of the actors in this model, will be
analyzed along with the presentation of the diagram. In
this regard, numerical values have been assigned to the
parameters of the model. It should be noted that these
values must be reasonable for the model to be solvable;
otherwise, the model will not be solvable.

The parameters of the model in this problem are as
follows:

capm=3500 gama=0.01  alpha=1500 wr0=100
A=3400 beta=0.08 AP=2250 betap=0.08
1d=3500 ldp=2300 wrl=150 cm=1000
mr0=150 Is=0.4 cr=280 landa=100

According to the given data, the decision variables or
the Nash equilibrium, which are the same production
values as well as the profit function for the producer (rr,,,),

distributor () and government profit in the SC are

shown in Table 1. After solving this model by MATLAB
software, the results are listed in Table 1.

5. SENSITIVITY ANALYSIS

As shown in Table 1, with the given parameters, the
amount of production by the manufacturer with the
production of 1813 units reaches a profit of 3,998,241,
and also the distributor’s orders of 1687 units of the
product, which is a profit of 1,217,394 units. Finally, the
government also gets a profit of 191,648 units with the
amount of 464 units of tax and subsidy. The changes of
variables based on some parameters are depicted in
Figure 2. As shown in this figure, with an increase in the
base price by the producer, the amount ordered by the
distributor decreases, and the producer uses her/his
excess capacity to produce her/his product.

As shown in Figure 3, with the increase in the price
of the producer’s product in the market, the amount of
production by the producer will increase, and her desire
to produce a customized product by the distributor will
decrease.

As shown in Figure 4, with an increase in the price of
the manufacturer’s customized product in the market, the
amount of production by the manufacturer will decrease
and the desire to produce the customized product by the
distributor will increase.

TABLE 1. Values of the decision variables and functions of
profiteers

Profit/ Profit/ Profit/
qm q, S Manufacture distributor Government

(1Tm) (mt,) (7¢)
1813 1687 464 3,998,241 1,217,394 191,648
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Figure 2. Changes in alpha value on decision variables
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Figure 4. Changes in the ordered product price value on
decision variables

In Figure 4, when the manufacturer produces the
distributor’s customized product, the profit of both
members of the chain increases as depicted in Figure 5.
It means that when the members of the supply chain
cooperate with each other, the profit of the entire chain
and, as a result, the profit of all members will increase.

6. RESEARCH GAP

Similarly, an extensive research has been conducted on
types of coordination as well as types of contracts in the
SC, along with the presentation of mathematical models.
Unfortunately, it should be noted that on bilateral
contracts in general, not much research has been done in
this area of research attempting to examine the subject of
bilateral agreements with view of theory of the game as
well as the government as a player in the game that is
known as government intervention. Bilateral contracts
are the sharing of resources and excess capacity of each
other, while uni-contracts are a kind of delivery (i.e., part
of their work is transferred to another); however, in
bilateral agreements, this is not the case; the action of
each of the parties affects the other. In this study, the

6,000,000

5,000,000

= 4,000,000

fit

s' pro

3,000,000
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!

2,000,000
m
1,000,000
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Figure 5. Changes in alpha value on decision variables

subject of bilateral contracts is analyzed and examined
with theory of the game approach and government
intervention.

7. MANAGERIAL INSIGHTS

In this model, all three players in the SC (i.e., producer,
distributor, and government) seek to reach an equilibrium
point based on the parameters that are assigned, and with
each change in the parameter, a new Nash equilibrium
point is obtained. For example, based on the existing
parameters, by changing the price of the producer’s
product in the market, the producer has more incentive to
produce, even though he has to pay taxes to the
government. In this model, the government, in addition
to trying to increase the amount of production and
cooperation between the producer and distributor by
giving subsidies and charging taxes. In the real world, in
addition to subsidies and taxes, the government tries to
create information infrastructure, laws, and regulations,
provide facilities, etc., so that players in the SC can, buy
sharing excess capacity in the direction of social welfare,
reduce prices, etc., make maximum use of resources. In
general, it can be said that the basis of the government’s
intervention is that incentives such as increasing social
welfare, reducing prices, maximizing the use of
companies’ capacity, and finally making money in the
SC can increase motivation and encouragement for
members in different SCs to use the maximum amount of
excess capacity.

The government should encourage the supply chain
members to collaborate and cooperate more for the
general well-being of society, reduce prices, distribute
profits justly, and share risk among members by creating
appropriate infrastructures.

8. CONCLUSION AND FUTURE STUDIES

The modeling in this research is in a three-level SC,
producer, and distributor, with the intervention of the
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government, where all three members of this chain try to
reach the Nash equilibrium point in this game based on
the parameters that have been defined. These parameters
apply within the limitations of the model.

As it has been observed with changes in parameters,
players’ strategies change because each of the players
seeks to maximize their profits, As seen in the model, by
changing the parameters, the decision variables are also
changed, and the new Nash equilibrium point is reached.

It is important to state this point that in defining the
parameters it must be done very carefully that the model
must have an optimal response.

This paper may be extended in several directions; for
example, using the Nash equilibrium with the bargaining
power approach, without complete information, using
advanced optimization algorithms (e.g., hybrid
heuristics and meta-heuristics), relaxing some
assumptions of the model and re-formulating the model
again. Modeling in probabilistic mode with a game
theory approach, increasing the number of SC levels; for
example, a multi-level SC, using the Stackelberg
approach or another method, different functions to use
the changes in the amount of the production order that the
distributor gives to the manufacturer.
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ABSTRACT

Conventional energy sources like fossil fuels are no longer viable due to their limitations and
environmental impact. The demand for cleaner, more efficient energy solutions has led to the
development of electric machines with smaller volumes and higher output. The family of permanent
magnet Vernier motors have high torque output at very low speeds while being very small in volume. In
conventional SVPM, the core losses are high, which leads to heating and reducing the efficiency of the
motor, and the power factor of the motor is also low, and the torque can increase in relation to the motor
volume. The reluctance torque theory, along with the normal output torque of the motor, increases the
final torque of the motor. In addition, the toothing of the rotor reduces the cross-sectional area and weight
of the rotor. With the reduction of the cross-sectional area, the eddy currents in the core are reduced, the
power factor increases and the efficiency of the motor improves. Therefore, in this paper, a spoke-type
permanent magnet Vernier motor with a rotor similar to the reluctance rotor has been designed, which
has higher torque, lower losses, and higher power factor compared to conventional spoke-type permanent
magnet Vernier motors.
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1. INTRODUCTION

Permanent magnet motors are used in various industries
such as electric traction, material forming, and electric
vehicle industry (1). These motors are used in turbine
systems due to their high efficiency and low maintenance
costs (2). Economic reasons, cost competitiveness and
availability of rare earth magnets are among the reasons
that have made permanent magnet VVernier motors as well
as permanent magnet motors important and widely used
(3).

Rare earth magnets ultimately reduce the volume of
the machine due to increased flux density compared to
other magnets (4). Two kinds of interior PM (IPM) and
surface mounted PM (SPM) machines are becoming
candidates in high speed applications and Vernier
machines are used in low speed applications (5). The
shape of the placement of magnets in these motors has
caused them to have various applications in the industry,
of which the Halbach and spoke arrangement is one of
the newest types (6). In other permanent magnet motors,
in addition to the type of placement of magnets, the
reluctance torque theory is used, which operates based on
two different paths for the flux produced by the armature
coil in the air gap (7).

The design of machine controlled with flux by high
speed, as well as the design of the machine with low
speed and high production torque, are very important and
have many applications (8). The idea of the Vernier
machine was first expressed in 1963 when it was
proposed as a synchronous motor that has a reluctance
model (9). The principle of operation of reluctance
motors is the existence of non-uniform areas with low
and high magnetic permeability between the stationary
and moving parts of a motor. In the reluctance Vernier
motor, the shape of the rotor and stator are made of teeth,
and the number of teeth is not equal and slightly different.
In these motors, in the areas where the stator teeth are
aligned with the rotor teeth, the magnetic permanence is
higher, and in the areas where the stator teeth are opposite
to the rotor teeth, the magnetic permanence is lower (10).
In 1995, a design was given that optimized Vernier
motors, and in this design, a permanent magnet was used
to increase the output torque density at the low speed
(11). This design was named permanent magnet Vernier
motors (PMVM).

Torque density has always been an important issue
regarding Vernier machines (VM), which has been
addressed over time by presenting different structures.
These structures include the double rotor structures and
the double excitation structure, which increase the torque
density by increasing the area of the air gap (12-14).

High power factor is important in permanent magnet
Vernier motors (PMVM) (15). A model for increasing
the power factor is proposed by Li et al. (16). In this
design, the magnets are placed in such a way that

compared to the conventional permanent magnet Vernier
motors, it has less air gap. In these motors, magnetic flux
is used in such a way that it has a higher torque density
than conventional models (17, 18).

The magnets used on the surface of the rotor of this
motor are of the rare earth type, which is very expensive.
Manufacturers can use cheaper magnets to reduce costs
as reviewed by Du and Lipo (18). The permanent magnet
Vernier motor that has been reviewed by Liu and Lipo
(19) uses flux barriers, which causes high torque density
to be produced.

In this paper, the permanent magnet Vernier motor
will be discussed with the reluctance design on its rotor,
which ultimately has a higher density and average torque
than conventional permanent magnet Vernier motors. In
this study, a permanent magnet Vernier machine with a
flux barrier behind the magnet is designed and a
reluctance scheme is implemented on it. In this design,
the air gap between the rotor and the stator is non-
uniform and the rotor is toothed. In this type of motor, in
addition to the main torque that is produced, the
reluctance torque caused by the rotor teeth will be created
and will be added to the main torque of the machine.

2. OPERATION PRINCIPLE OF VERNIER MACHINE

The operation of the permanent magnet Vernier motor is
similar to a gearbox. In gearboxes, the torque of the outer
rotor is different from the torque of the inner rotor. In
these motors, the frequency caused by the torque of the
rotor is different from the frequency caused by rotation,
and this property is similar to the operation of a gearbox
(20), so to better understand how to produce torque in
permanent magnet Vernier motors (PMVMs), studies on
torque production in gearboxes carried out.

The family of Vernier machines is very diverse. The
performance of each of them is different from each other
and they have different applications in the industry.
Figure 1 illustrates the geometry of a simple Vernier
motor. This motor has a toothed stator and a toothed
rotor. The geometry of this motor is similar to
synchronous reluctance motors and its torque increases
as the rotor speed decreases. The stator of this type of
motor has open slots with uniform winding distribution
similar to an induction motor.

The reluctance Vernier motor (RVM) that can be seen
in Figure 2 has a toothed rotor and a toothed stator [10],
and in some areas the magnetic permeability between the
rotor and stator is maximum and in some areas, the
magnetic permeability is minimum because the air gap
between the rotor and stator is uniform. In these motors,
sometimes the pitch of the stator slot is larger than the
pitch of the rotor slot, and sometimes the pitch of the
rotor slot is larger than the pitch of the stator slot. The
torque production in RVM depends on the teeth, gaps,
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and magnetomotive force waveform. The rotor speed of
RVM is a fixed fraction of the rotation speed of the
magnetomotive force waveform, which is constant and
synchronous.

The permanent magnet Vernier motor shown in
Figure 3 is another type of Vernier motor family that has
a magnet placed on its rotor. The air gap between the
rotor and the stator of these types of motors is uniform.
In these motors, due to the presence of magnets on the
rotor, the rotor torque density is higher and as a result, the
output torque is higher. This motor has the same structure
as the surface permanent magnet Vernier motor, and their
difference is in the number of rotor poles and the
winding, which has more rotor poles. This motor has
similar teeth on the surface of the stator towards the air

gap (12).

2. 1. Flux Barrier Design In permanent magnet
Vernier machines, there is a virtual gearbox, which is
suitable for low-speed, high-torque direct drive
applications. Usually, the gear ratio of this virtual

gearbox is% ; where p, is the number of rotor poles

Figure 2. Reluctance Vernier motor (RVM) (10)

p =i
Z =18

A : magnetizing

direction

magnet

Figure 3. A simple permanent magnet Vernier machine (13)

and p, is the number of stator poles. Figure 4 shows the

design of a piecemeal flux barrier on the rotor of a
permanent magnet Vernier machine, abbreviated as
SVPM (17), is introduced. This type of flux barrier can
maintain the power factor of the motor and simplify the
production process of this type of motor for use in the
industry.

Figure 5 shows unlike the previous case, the flux
barriers are placed continuously. The number of these
flux barriers under each pole is half of the case where the
flux barriers are placed in pieces under each pole.

Flux barriers cause the magnetic flux to be locked in
a specific path between the rotor and the stator. In the
case where continuous flux barriers are used because the
iron of the rotor is used less, the iron loss of the rotor is
reduced, and this causes the heat of the rotor core to
decrease during operation. Figure 6 shows the
comparison result between the two cases mentioned
above.

3. DESIGN RELATION OF PERMANENT MAGNET
VERNIER MACHINE

In this section, the equations governing permanent

magnet Vernier machines were discussed. These
equations include torque theory in conventional

Figure 4. Top-ology of patc-hy flux barrier
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Figure 5. Topolbgy of continhous flux barrier

—With continuous flux barrier
—With patchy flux barrier
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Figure 6. Comparison of the rotor magnetic flux density
between the two states of continuous flux barrier and patchy
flux barrier, which indicates the heat of the rotor

permanent magnet Vernier machines. The torque caused
by the magnetic driving force is expressed, and then the
torque caused by the magnetic flux is given, and after
that, the theory of torque in permanent magnet Vernier
machines is discussed.

3. 1. Design Equation In a permanent magnet
Vernier machine, the number of slots on the stator is
obtained as follows (11):

z, =6pq 1)

where p shows the number of stator poles and g shows
the number of stator slots per phase. For as much as (11):

Z,=7,1p 2

By inserting Equation 2 into Equation 1, the following
equation is obtained (4).

z,=(1+6q)p ©)

where the number of rotor slots is obtained. The three-
phase current of the start winding is obtained according
to Equation 4 (11).

27r)

i), =~/2i, cos(at —(h D5 ()

where the value h depends on the phase. This value is 1

for the first phase, 2 for the second phase, and 3 for the
third phase. The magnetomotive force resulting from per
phase is obtained from Equation 5 (11).
q 3N lilkw (1+61)
D L2or+6l)

2pz(1+6l) (5)
xcos((1+6l)pG, —at)

F=>

Respectively, N, i, K, .1, &, @ are the number of

conductors connected in series in the stator winding, the
effective value of the stator current, the winding factor,
spatial angle, and the frequency angle of the stator
current.

Specific loading in permanent magnet machines is
obtained as follows (11):

ac — Ny

7D ©)

where D is the inner diameter of the stator core. The
polar pitch in permanent magnet Vernier machines is
obtained from Equation 7 (11).

) ,
5 )

3. 2. The Torque Caused by The Magnetic Driving
Force The magnetic driving force and the flux
density are used to obtain the output torque, which is
given in Equation 8 (11).

N 3rl,N.i,

2 \/5”

kw+
x{kwl8m1+(—nq1;;§)Bm(1+6q)} ®

T =2

xsin{(w—z,0, )t +2,E4,}

where |, the length of the core and other parameters are

introduced in the previous equations. Figure 7 shows the
geometry of the &g, .

S

T

S S O 0 O
£ 4,

Figure 7. Geometric view of ¢, and &g, on rotor and stator
geometry of permanent magnet Vernier machine (11)
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If the rotor moves at a constant speed, its angular is as
follows (11).

On = (9)

The torque equation obtained in Equation 8 is written as
Equation 9 (11).
N 37l,N i,

2z

k
k B 1) 2@ B (146
X{ wil m1+( ) 1+6q m(+ q)

T=2z,

(10)

xsin{z &g, }

There is a sinusoidal expression in Equation 10. So the
maximum and minimum torque values can be calculated.
The maximum and minimum values are respectively at

&, :i% because the sinusoidal expression is placed

between its minimum and maximum values at these
points.

3.3. Torque Due to Magnetic Flux The magnetic
flux caused by the magnet on the rotor produces torque.
The maximum torque produced due to this flux is
obtained from Equation 11 (11).

3rl,Ni,

NP

Tumi =2, % Kw1B o (11)

3.4. Torque Theory in SVPM In SPVM, magnets
on the surface of the rotor use flux barriers, which are
called flux barriers because of the use of these flux
barriers. In these machines, the magnetic flux closes its
path in such a way that it can perform better in torque
production and ultimately produce better torque
compared to conventional permanent magnet Vernier
machines.

The magnets on the rotor may be placed on the
surface of the rotor or buried in the rotor, depending on
the type of application in the industry. Figure 8 shows a
view of the SPVM, with a piecemeal flux barrier placed
on the rotor and behind the magnets.

The spatial angle of the rotor magnets in the SPVM is
as follows (18).

Hr :95 _grm (12)
where the spatial angle of the MMF stator 6, and spatial
angle of the rotor magnet ¢, and mechanical rotor

rotation angle 6, . In the air gap of SPVM, the flux
density is calculated through Equation 13 (18).

B,, =P(0)B, (6)) (13)

Figure 1. A view of the SPVM with flux barrier

where the magnetic permeability P(¢) and the air gap
flux density B (g,) modulated by the stator teeth.

Finally, the torque in SVPM is obtained from Equation
14 (11).

disli 2z, 0
Tt I (_69m B, )F,dé, (14)

where the magnetic driving force F by the permanent
magnets on the rotor.

4. THE PROPOSED RELUCTANCE SPOKE TYPE
PERMANENT MAGNET VERNIER MACHINE

Nowadays, motors with low heat losses, low noise, low
weight, and low iron losses are highly regarded (21).
Conventional SVPMs have a simple circular rotor. In this
research, the idea of a reluctance motor is taken. The
basis of reluctance motors is the theory of reluctance
torque, which is made by a non-uniform and toothed
rotor. In this paper, a non-uniform and toothed rotor is
designed for conventional spoke-type permanent magnet
motors, the resulting reluctance torque comes with the
help of the main torque of the motor and increases the
average torque produced from its conventional state. Du
and Lipo (18) simulated a conventional spoke-type
permanent magnet Vernier motor. The stator of this
motor has 4 poles and its rotor has 20 poles, and the motor
excitation frequency is 66.67 Hz. The average torque
produced by this motor is around 605 Nm. The idea of
this paper is implemented on this motor, and it is
designed in a non-uniform and toothed way so that the
reluctance torque increases the average torque produced
by this motor. In other words, the motor designed in this
paper is a new type of SVPM in which reluctance torque
is used, which is an RSVPM (Reluctance Spoke Type
Permanent Magnet Vernier motor). Equation 15
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generally obtained the method of calculating the core
losses in an electric machine.

P,. = KB?fn, sf

core

(15)

loss

In Equation 15, with decreasing cross-section (s ), the
losses decrease. Therefore, toothing the rotor reduces
core losses. On the other hand, the core leakage factor (
f... ) also decreases significantly because with toothing

the rotor, the magnetic field around the rotor is cut off
and fewer eddy currents flow in the core. Therefore, by
reducing the weight and core leakage factor, core losses
are greatly reduced and the efficiency of the motor is
increased.

4. 1. Equation of Number of Rotor Teeth
According to Equation 2, the number of rotor teeth can
be calculated. To calculate the number of rotor teeth, the
number of stator slots must be calculated first. In an
SVPM, the number of stator slots is calculated from
Equation 16 (18):

S, =3Pq (16)

where P is the number of poles of the rotating magnetic
field and q is a quantity related to the winding factor,
which is 1 for the type of winding. Therefore, by
substituting Equation 16 into Equation 2, the following
equation is calculated, which shows the number of rotor
teeth:

Z,=@Pq)+P =P +]) 17)

The number of stator poles is 4. According to Equation
16, the number of stator teeth is 12 and According to
Equation 17, the number of rotor teeth is 16.

4. 2. Finite Element Method Analysis In this
section, computer simulation in Ansys Electronics
software is presented in two dimensions. Maxwell
software can analyze the target motor in transient mode
(22, 23). In Figure 9 the rotor teeth are designed as sharp
teeth.

In Figure 10 the rotor is designed as a toothed rotor
with round teeth.

For RSVPM, the simulation is done for two types of
rotors designed separately and the torque results are
reported. The motor design parameters are listed in Table
1.

The parameters shown in the SVPM in Figure 11 are
similar to the RSVPM, and only its rotor is toothed. The
geometry model of the first simulation of RSVPM is
shown in Figure 12 and the rotor teeth are sharp in this
simulation.

Figure 10. A view of thév;otor with round teeth in the
RSVPM

TABLE 1. Design Key Dimensions

Parameters Conventional Proposed
SVPM [19] RSVPM
Stator OD/ID [mm] 355.6/261.7 360/262
Rotor OD/ID [mm] 250.7/133 260/84
D,s [mm] 19.8 19.8
D, [mm] 135 135
7 [] 30 30
0[] 18 18
oy mm] 20.8/38.9 20.8/38.9
‘]lbéﬂ/dbg2 [mm] 05/0.8 0.5/0.8
o, [mmi 14.6/10.4 14.6/10.4
Number of rotor teeth - 16
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SVPM (19)

Figure 12. A view of the RSVPM with round teeth

The simulation done by the finite element analysis
method is for the round tooth RSVPM. The average
motor torque is shown in Figure 13.

The average torque of this motor is 931.8 Nm. Core
losses are also shown in Figure 14.

The average loss of the rotor core is 128.31 W. Core
losses are higher in conventional SVPM. By analyzing

. = o
= 3 o o
'

Torque [KNm]

o

2 —Torque diagram
T mean = 0.831 KNm|
i

-250 20 40 60 BIO 160 150 140 160 1;?0 200
Time [ms]

Figure 13. RSVPM torque diagram and the average value of

the produced torque with a round-toothed rotor

o
=]
T

CorelLoss [W]
=]
(=]

—Pc diagram
Pc mean = 128.31 W

@
[=]

00 2‘0 40 60 8‘0 1(;0 1éO 140 160 1&;0 200
Time [ms]
Figure 14. RSVPM core loss diagram with a round-toothed
rotor

the simulation and drawing the core loss diagram in
Figure 15, the average value of core loss in SVPM is
obtained.

The back EMF diagram for three phases of the
proposed RSVPM is shown in Figure 16.

The maximum voltage value in phase A is 283.4 V,
in phase B is 281.9 V, and in phase c is 282.2 V. The
direction of movement of magnetic flux lines and
distribution of flux density is shown in Figure 17.

Now the second design is done for RSVPM with
sharp teeth. The result of the finite element method for
this motor is reported. The average torque produced by
this motor is given in Figure 18.

The diagram of core losses in the RSVPM with sharp
teeth is shown in Figure 19. It can be seen that the core

800

—Pc diagram
Pc mean = 670.1 W

0 . . . . .
0 20 40 60 80 100 120 140 160 180 200
Time [ms]

Figure 15. Core losses in conventional SVPM [18]

CorelLoss [W]
&
=

~
=]
=]

Voltage [V]
=]

N
=)
o

'°°k I I \X‘MX

h
-200 —Eal \
—Eb)
‘ Ec
300 | | ! | |
0 20 40 60 80 100 120 140 160 180 200

Time [ms]

Figure 16. RSVPM back EMF diagram with a round-
toothed rotor
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A [Woim] Ansys

° 10 200 fmen)

Figure 17. The RSVPM with round teeth. (a) The path of
the flux lines. (b) Distribution of flux density

0.5 T T

o

0.5

Torque [KNm]

i — Torque diagram
T mean = 0.963 KNm
i L

25
0

20 40 60 80 100 120 140 160 180 200
Time [ms]

Figure 18. Torque diagram of an RSVPM with sharp teeth

loss in this motor is less than that of conventional SVPM
and it is almost the same compared to RSVPM with
round teeth. The large difference in core losses between
the RSVPM and the conventional SVPM is seen in
Figure 20, which are compared to each other.

The path of flux lines in RSVPM with sharp teeth is
shown in Figure 21. In Figure 22, the distribution of the
magnetic flux density of the motor is also done, which
shows that the motor does not reach saturation at any
point.

CorelLoss [W]
= o
= [=1

5]
=]

—Pc diagram
Pcmean=123.9W
L

0 . . . . . :
0 20 40 60 80 100 120 140 160 180 200

Time [ms]

Figure 19. Core losses in RSPVM with sharp teeth

= SVPM ore lossos
0 20 40 60 80 100 120 140 160 180 200
E- Time [ms]
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2 400 SNSNAMNIMN AN AN AN
[+} =—REVPM core losses with ounc teeth|
S ‘ ‘ ‘ ‘ ! : !
g 0 20 40 60 80 100 120 140 160 180 200
Q Time [ms]
200 : ‘ ‘ ; , : :
0 £ AAAAPAAANAAAANAAMAANAMANANAL
r |— RSVPM care losses with sharp lesth
0 | | | | | [pm s b ot
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Figure 20. Comparison of core losses of RSVPM and SVPM

o 0 gmmy

Figure 21. The path of flux lines in RSVPM with sharp teeth

To calculate the power factor, the voltage and current
diagrams of the motor are drawn in a coordinate plane
(24). The horizontal axis of time is common to both
graphs in the coordinate plane. Then, in the selected
cycle, the times when the voltage and current become
zero are extracted and multiplied by the motor excitation
frequency. The angle between voltage and current is
calculated using this technique. Then, through the cosine
between the angle of voltage and current in that cycle, the
power factor of the motor can be calculated. The power
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200 (mem)

Figure 22. Distribution of flux density in the RSVPM with
sharp teeth

factor in conventional SVPM is 0.62. According to
Figure 23, which is obtained from the software
simulation, it can calculate the value of the power factor
for the RSVPM with sharp teeth.

sharp m,—-m, 49997 —-6.9328
RSVPM = 1 = 1 =

—132.1799

f 66.67

PFstab = C0S(¢) = cos(~132.1799) = -0.6715

According to Figure 24, which is obtained from the
software simulation, it can calculate the value of the
power factor for the RSVPM with round teeth.

round ml - m2 _ 49998—72914

Drsvem = 1 1
f 66.67

ex

=-152.7810"

PR, = cos(g) = cos(—152.7810) = —0.8893

To calculate the efficiency, the output power must be
calculated. With the help of Equations 18 and 19, the
efficiency can be calculated.

_Tm'Nm

= 18
ot =9 288 (18)
300 mreT=oT =998 T T T T 100

m2,v=0  t=69§23s
200
" 50
E 100 g
° ! p
g0 m 0§
< 5
> 100 ©
50
200 H
4300 ‘ ‘ - - ‘ ‘ 100
0 20 40 60 80 100 120 140 160 180 200

Time [ms]
Figure 23. Voltage and current diagram with the common
time axis in the RSVPM with sharp teeth

300

mizl=0 ' t=499088 I 100
m2;V=0  t=7294s
200
i |od 50
E 100 i
) 'n H
g0 l_ 0 §
° 3
> 100 ©
-50
200
-300 : - - - ! - =100
0 20 40 80 80 100 120 140 160 180 200

Time [ms]
Figure 24. Voltage and current diagram with the common
time axis in the RSVPM with round teeth

P

out

+ Pfe + Pcu

_ (19)
"%

out

where the average torque T, , the rotor speed N, , the
output power P, , core loss P, , copper loss P, and

out !’ fe ?
efficiency 7. According to the excitation frequency and

the number of rotor poles, the rotor speed is 400 rpm.
Through the simulations, the values of core loss, copper
loss, and average torque have been calculated for sharp
tooth and round tooth rotors. Therefore, the amount of
return can be calculated for each.

PRSVPM _starp _ 963N.mx 400rpm

S = 40340.147W
9.5488

shap  _ 40340.147 ~09734

TR = 40340.147 +123.9+ 979.16

Pﬂlzf,VPM _round _ W =38999.664W
9.5488
round 38999.664

_ ~0.9724
lrsveM = 38990.664 +128.3+ 979,16

According to the calculations, the efficiency in the
case of the rotor with round teeth is 97.24%, and in the
case of the rotor with sharp teeth 97.34%.

Table 2 shows a comparison between the RSVPM
with sharp teeth the RSVPM with round teeth and the
conventional SVPM.

TABLE 2. Parameters and Performance Comparison

Proposed Conventional Proposed
RSVM with SVPM [18] RSVPM with
round teeth sharp teeth
Machine type VPM VPM VPM
Magnet type NdFeB/1.2 NdFeB/1.2 NdFeB/1.2
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SSP 1 1 1
Stator/rotor 4120 4120 4120
pole number
Stator OD 355.5 360 355.5
[mm]
Stack length 311 311 311
[mm]
Excitation 66.67 66.67 66.67
frequency [Hz]
Power factor 0.88 0.62 0.67
Torque [Nm] 931 605 963
Core loss [W] 128.3 671.3 123.9
5. CONCLUSIONS
In this paper, permanent magnet motors were

investigated.  First, the conventional spoke-type
permanent magnet Vernier motor (SVPM) was checked
and from the simulation, it was concluded that the
average torque produced by this motor is 605 Nm and the
core loss of the rotor is 671 watts. Then two types of
rotors are designed using the reluctance torque theory, in
the first case, the rotor with sharp teeth, and it was
observed that in this case, the average torque produced is
about 963 Nm, which has improved by about 59% and
the core loss of rotor is about 124 watts, which has
improved by about 81% compared to the conventional
SVPM, and this makes the rotor core cooler while
working. This issue can be seen in the monitoring of the
magnetic flux density distribution of the motor, In the
second case, the rotor with round teeth, it was observed
that in this case, the average torque produced is 931 Nm,
which is about 53% better compared to the conventional
SVPM, and of course compared to the sharp tooth type it
has a lower average torque, but the advantage of a round
tooth over a sharp tooth is that it has a lower torque ripple.
Also, in the round tooth type, the core loss of the rotor is
almost 128 watts, which is 81% better compared to the
conventional SVPM and it is almost no difference
compared to the sharp tooth type. Regarding the power
factor, the power factor has increased by 8.06% in
RSVPM with sharp-toothed rotors, and the power factor
has increased by 41.94% in RSVPM with round-toothed
rotors.
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ABSTRACT

With the escalating integration of Electronic Control Units (ECUs) in contemporary vehicles, the
intricacy of vehicle networks is incessantly advancing. Diagnostic communication, as a pivotal facet
within these networks, grapples with protracted development cycles and heightened intricacies. In a bid
to augment software reusability and portability, this study meticulously scrutinized pertinent research
and proffered an electric vehicle fault diagnosis system predicated on the Controller Area Network
(CAN) bus, leveraging the diagnostic communication architecture advocated by the AUTOSAR
standard. The integration of AUTOSAR seeks to pioneer an innovative software development paradigm
for automotive fault diagnosis systems, thereby remedying extant limitations. The communication and
diagnostic module of this study were instantiated using AUTOSAR, thereby obviating the necessity for
developers to immerse themselves in hardware intricacies and communication implementations. This
allows developers to focalize their efforts on crafting software features for fault diagnosis. Empirical
results illustrate that the single-core CPU utilization rate of the proposed method in this article stands at
40.68%, with a fault detection time of 0.0217. The success rate of fault detection is 98.70%, indicating
an increase of 12.97% and 8.98% when compared to the CAN bus and structural analysis methods,
respectively. Testing indicators are significantly mitigated, yielding more precise fault detection
outcomes. The exploration of this avant-garde software development methodology in automotive
electronic products markedly amplifies the efficiency of automotive troubleshooting system software,
underscoring its potential for academic contribution and application in real-world scenarios.

doi: 10.5829/ije.2024.37.06c.16
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1. INTRODUCTION

Approximately 70% of the time spent in the maintenance
process of traditional cars is devoted to fault
identification, with the remaining 30% allocated to
troubleshooting. In comparison to conventional vehicles,
the electrical system of pure electric vehicles is more
intricate and electronic in nature. It encompasses several
subsystems, such as the vehicle, drive motor, battery
management, high-voltage electrical safety, instrument
panel control, auxiliary power system, air conditioning,
power steering, and electronic brakes. Each subsystem
carries out its functions through its dedicated Electronic
Control Unit (ECU), and communication between ECUs
is facilitated through the Controller Area Network (CAN)
bus network, ensuring the coordinated operation of the
entire vehicle (1-3).

Gholami and Sanjari (4) designed a real-time fault
diagnosis system for pure electric vehicles. This system
can promptly identify potential faults and implement
appropriate strategies to ensure the safe and reliable
operation of vehicles. Bhosale and Mastud (5) developed
a fault diagnosis system for pure electric vehicles based
on the CAN bus. They completed the design of a fault
diagnosis instrument for pure electric vehicles and tested
the fault diagnosis system with CANoe software.
Ahmadigorji and Mehrasa (6) used the structural analysis
method to establish a fault diagnosis system for the power
system of pure electric vehicles. Jian et al. (7) established
diagnosis rules and constructed the corresponding fault
tree based on the study of fault diagnosis technology for
pure electric vehicles. Subsequently, a set of expert fault
diagnosis system models was designed using WPF
software language to enhance fault diagnosis efficiency
and compensate for the lack of technical expertise among
after-sales personnel. Ochando et al. (8) developed a pure
electric vehicle status monitoring and fault diagnosis
system based on the onboard CAN network. They
utilized LabVIEW and Kvaser USBcan communication
card to achieve real-time monitoring of the status and
fault information of pure electric vehicles during
operation. Faults were analyzed based on monitored
status and specific fault phenomena when encountered,
leading to effective solutions. Wang (9) studied the fault
diagnosis of the distributed control system of electric
vehicles based on the CAN bus. This involved
discussions on fault diagnosis modes, fault monitoring
and diagnosis methods, and the coding method of fault
codes (DTC) and fault information for electric vehicles,
representing a valuable exploration into the in-depth
study of electric vehicle fault diagnosis based on the
CAN bus.

As the integration of Electronic Control Units (ECUs)
with modern vehicles continues to rise, the complexity of
the entire vehicle network is increasing. As a critical
function within the onboard network, the development

cycle and difficulty of diagnostic communication are
escalating. To enhance software reuse and portability,
this paper develops an electric vehicle fault diagnosis
system based on the CAN bus, incorporating the
diagnostic communication architecture recommended by
the AUTOSAR standard through an analysis of relevant
research.

2. INTRODUCTION TO RELATED THEORIES

2. 1. AUTOSAR Architecture Haur (10)
endeavored to implement crucial functions within an
automotive electronic software system, with the
objective of standardizing functional interfaces. This
standardization facilitates the seamless integration and
effective reuse of software modules, thereby enhancing
the efficiency of software updates and development
processes. To achieve this, the software architecture is
structured into three layers: the application layer, the run-
time environment layer, and the base software layer. This
hierarchical and modular approach aligns with
contemporary software development and design
philosophy (11), as illustrated in Figure 1.

2. 1. 1. Application Layer The application
architecture of AUTOSAR comprises interconnected
software components (SWCs) linked through a virtual
function bus. Each SWC incorporates one or more ports,
and these SWCs establish connections through these
ports. Within the SWCs, running entities (RES) represent
the smallest code fragments, eventually mapped to
specific operating system (OS) tasks and scheduled by
the OS to execute corresponding functions (12).

To facilitate system integration, AUTOSAR
introduces the Virtual Function Bus (VFB) (13). The
VFB enables the design of application software without
direct dependence on the underlying hardware and
communication mechanisms. SWCs communicate
through ports, interacting with hardware resources via the
VFB. This design choice renders the application layer
software implementation independent of the specific
hardware, thereby significantly enhancing the portability
of the application software.

2. 1. 2. RTE Layer At the core of the AUTOSAR
architecture lies the Run-time Environment (RTE),
serving as a tangible realization of the Virtual Function
Bus (VFB). The RTE plays a pivotal role by mapping
Running Entities (REs) within all Software Components
(SWCs) on the local Electronic Control Unit (ECU) to
tasks in the operating system (OS). It is responsible for
establishing communication among these REs. In cases
where REs are mapped to different ECUs, the RTE takes
on the responsibility of facilitating communication
between them.
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Furthermore, the RTE is instrumental in
implementing the segregation between application and
base software. It provides communication services
between SWCs in the application layer and acts as a
conduit for communication within single ECU systems or
across multi-ECU systems (14). The RTE defines
interfaces for data communication between application
layer SWCs and the underlying software modules. This
includes standardizing interfaces for input/output (1/0),
storage, and other fundamental accesses, thus ensuring
the application's independence from underlying hardware
characteristics.

2. 1. 3. Base Software Layer The base software
layer serves as a crucial foundation, delivering essential
services to the application layer's software components.
These services encompass a spectrum of functionalities,
including underlying hardware drivers, bus and network
communication, real-time task scheduling, vehicle
troubleshooting, and other foundational services.
Comprising approximately 80 base software modules,
this layer is organized into the microcontroller
abstraction layer, ECU abstraction layer, service layer,
and complex driver layer, following a bottom-up
hierarchy.

The microcontroller abstraction layer, ECU
abstraction layer, service layer, and complex driver layer
collectively enable applications to access microcontroller
hardware resources directly. This access is facilitated
through the complex driver layer, allowing the
implementation of intricate sensor and controller
operations, such as fuel injection, ignition control, and
other specific and complex functions. The complex
driver layer is particularly valuable for implementing
hardware resources not supported by AUTOSAR or not

standardized, while ensuring compliance with real-time
requirements for specific operations (15).

2. 2. AUTOSAR Diagnostic Functions The
diagnostic-related modules within the AUTOSAR
automotive electronics software architecture are depicted
in Figure 2.

The Function Inhibition Manager (FIM) module
plays a pivotal role in enabling or disabling functional
entities within the software component based on event
statuses reported by the Diagnostic Event Manager
(DEM). The Diagnostic Communication Manager
(DCM) and DEM serve as core modules responsible for
implementing the diagnostic functions inherent in
AUTOSAR. As of the current version, AUTOSAR
version 3.1 diagnostics encompass a comprehensive suite
of 9 On-Board Diagnostics (OBD) services.

2. 3. Multi-sensor Information Fusion

2. 3. 1. Multi-sensor Information Fusion Concept
Multi-sensor fusion, commonly known as data fusion,
involves amalgamating pertinent information gathered
by various environmental sensing sensors installed on an
innovative electric vehicle. The synthesis of information
detected by multiple sensors, when combined and
complemented, addresses the limitations of individual
sensors under external influences. This collaborative
approach mitigates the risk of decision errors and
enhances overall recognition capabilities (16-19).

The integration of information data and the location
of fusion delineate three distinct levels from low to high
abstraction: the data layer (sensor-level data fusion),
feature layer (central-level data fusion), and decision
layer (hybrid data fusion).

(1) Data Layer Fusion



X. Yang / IJE TRANSACTIONS C: Aspects Vol. 37 No. 06, (June 2024) 1194-1207

Filter Services

Monitor Function (Optional)

SW-C For indicator
(e.g.Lamps---.)

Runtime Environment (RTE)

1197

Figure 3.

processing,

orientation,

(20).

|
|
FIM «—>» < NVRAM Manager DCM I
|
I-PDU |
l DEM ? !
|
ECU State Mnager |« PDU Router |
o 3 I-PDU :
System Servise Memery Servise Commun_lcatlon |
_ Servise CANTP |
Servicer Larer X |
""""""""""""""""""""""""""""""""""""""""""""""""""" Y 7""NTP"DG"":
|
CAN Interface I
|
N |
|
CAN Driver for |
Transceiver external CAN |
Driver ASIC |
| ECU Abstraction Larer |
T g e ee—————————— . A
| . . . |
i Microcontroller Abstraction Larer CAN Driver !
Microcontroller
Figure 2. AUTOSAR Diagnostic functions
At the lowest fusion level, known as data layer fusion,
raw data is directly transmitted to the fusion center
without undergoing any preliminary processing or = 2
analysis. The process of data layer fusion is illustrated in S| 2|
3 :
: . . o - &
This fusion level, while minimizing original data
loss, is characterized by extensive redundant data
resulting in compromised real-time
robustness and interference resistance. —
(2) Feature Layer Fusion g £
. . . - =
Feature layer fusion involves extracting target « ; g g :
features, such as boundary, distance, velocity, size, g 2 S| 2| > £
. " . & @
and angle, through simple filtering. 2 E g £ 2
Subsequently, the collected data undergoes classification g E
and analysis to eliminate invalid information before the =
actual data fusion process. The feature layer fusion
process is depicted in Figure 4. : H
This fusion level necessitates preliminary data
processing, involving the compression of raw data
information to ensure effective real-time processing. «
However, this approach may introduce the potential loss ; g
of critical raw data, leading to biases in the fusion results g P
W =]
-4
(3) Decision-Level Integration
Decision-level fusion entails the amalgamation of

local decisions made by sensors through a mid-level

Figure 3. Data layer fusion process
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fusion processor. This occurs subsequent to the pre-
processing of collected data for tasks such as
classification, identification, and decision-making. The
decision layer fusion process is illustrated in Figure 5.
Since the fusion process is not directly involved in system
decision-making, it guarantees flexibility in fusion and
robust anti-interference capabilities. Even if certain
sensor functions experience failure, it does not result in
significant errors in the fusion results. However, the
trade-off is that the pre-processing of data becomes more
intricate, thereby increasing the processing difficulty.

2. 3. 2. Methods for Multi-sensor Information
Fusion The algorithm for information fusion in
electric  vehicles, leveraging multiple  sensors,
incorporates a range of techniques, including weighted
average, Kalman filter, Bayesian estimation, D-S
evidence theory, fuzzy logic inference, and artificial
neural network (21-23). In this paper, the approach
employed is the weighted average method.

Let the target data acquired by multiple sensors be
denoted as a,, a, ..., a,, with variances 62, 0% ...,02,t
and the corresponding weights of each sensor as
l,, 1, ..., L,. After fusion, the resulting state data is:
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Figure 5. Decision-level integration process

The weighting conditions are defined as follows:

i=1
n

Sh=1 @

If each sensor weight is equally distributed, with
equal weights denoted as [ = % then the fused data can
be expressed as:

1 i=1

2 a ®)

i=
n

X = Zliai=

ERES

The total variance after fusion is given by:

2

=1
S li(a - )] @

L

02 =E[(a—%)? =E

E[(a=a)(a—a))] =00,j =123, ..,n,i # ) (5)

The total variance of the weighted average fusion
algorithm is calculated as follows:
2_ Lot ®)

nZ

g

3. DESIGN AND IMPLEMENTATION OF
COMMUNICATION DIAGNOSIS MODULE

3. 1. Design for Information Fusion Information
fusion technology integrates processed multi-sensor
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information to delineate specific characteristics of the
external environment or the object under observation. In
modern society, sensors play a fundamental role, serving
as essential tools for monitoring the surrounding
environment. They provide a tangible representation of
the world to human perception and contribute
significantly to technological progress. As depicted in
Figure 6, the information fusion process in this paper
unfolds in four distinct steps:

(1) Acquisition of Experimental Data: Data is
collected in various scenarios, and the raw sensor data
obtained is segmented into samples and labeled. These
data serve as the foundation for the information fusion
process.

(2) Extraction of Features: Feature extraction is
conducted separately on the data, yielding features that
constitute the feature layer for information fusion.

(3) Training the Respective Recognition Models: The
features from the feature layer undergo training using
various machine learning algorithms, resulting in the
creation of recognition models and their respective
decision results.

(4) Decision Layer Fusion: The decision results
obtained in the third step are amalgamated using a
designed fusion method, ultimately yielding the final
recognition result.

3. 2. Design of AUTOSAR Communication Module
The design and implementation flow of the AUTOSAR
communication module is depicted in Figure 7.

Firstly, through a comprehensive study of the
AUTOSAR communication module standard, the entire
file structure of the communication module is designed
to capture the overarching design process from a macro
perspective.

Secondly, the module undergoes configuration based
on the AUTOSAR methodology. The configuration set is
acquired by visually representing the module
configuration using the self-developed ECU
configuration tool, ReDe (24, 25).

Next, the data structure and standard function
interfaces of the communication driver and interface
layers are implemented in accordance with the
specification.
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Finally, the complete AUTOSAR communication
module is implemented in conjunction with the hardware
ECU characteristics. To ensure the reliability and
reusability of the module, thorough testing and analysis
are conducted post-implementation to identify and rectify
any errors that may have occurred throughout the entire
design and implementation process.

- -
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3. 2. 1. AUTOSAR Communication Module File
Structure Given the extensive and intricate nature
of the AUTOSAR software architecture, we illustrate the
communication system using the CAN bus as an
exemplary case. The CAN bus stands out as a highly
prevalent Fieldbus in the automotive domain and is
widely adopted in current vehicle communication
systems. Notably, it serves as the primary Fieldbus for
European and American models, which constitute a
substantial portion of the vehicle fleet in China. As a
result, the CAN bus is ubiquitously employed in virtually
all bus technology-equipped models in China (26, 27). In
Figure 8, the file structure is presented, meticulously
designed in accordance with the AUTOSAR
communication specification.

3. 2. 2. Communication Module File Structure
The communication driver layer provides a 'Can.h'
header file encompassing the definitions of the CAN
module API, incorporating variables, global data, and
types meant exclusively for internal use by the CAN
driver. Simultaneously, the CAN layer furnishes
'Can_Cfg.h' to house configuration parameter
information necessary during the pre-compilation phase.
The specific services are then implemented in 'Can.c'
(28).

Concurrently, the communication interface layer
contributes the 'Canlf.h' header file, featuring external
variables, global parameters, and services outlined in the
specification. These elements are declared in 'Canlf.c’
and are restricted to internal usage within the Canlf layer.
'Can_General Types.h' defines the general data structures
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Figure 8. File structure designed for AUTOSAR communication specifications
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of the Can driver layer, utilized by the Canlf layer (29,
30). Additionally, 'ComStack_Types.h' encapsulates the
definitions of communication-related types, while
'std_Types.h' contains standard type definitions for
AUTOSAR.

Upon the incorporation of a communication service
module, the headers of each service are added to both the
driver and interface layers. The file structure of the
communication module is visually represented in Figure
9.

The data sending and receiving process is illustrated
in Figure 10. During the transmission, the interface layer
assumes the responsibility of assembling data from the
upper layers into CAN protocol layer data units, adhering
to the CAN specification format. It then invokes
‘Canlf_Transmit()' and transfers this data frame to the
driver layer. Subsequently, the driver layer employs
‘Can_Write()' to initiate the transfer request from the
controller. In cases where no hardware object is
available, the request is buffered and transmitted once the
hardware becomes available. Upon successful
transmission, a transmission success confirmation is
dispatched to the upper layer module as a callback
function, signifying a successful transmission action
when received by the sender.

On the reception end, the driver layer reads data from
the bus through polling or interrupt mechanisms.
Following data regularization, it invokes
'‘Canlf_RxIndication()' to signal the arrival of the data to
the interface layer. The interface layer, upon receiving
the CAN data frame from the driver layer, validates and
filters the Data Length Code (DLC). After extracting
pertinent information, the interface layer communicates
the reception event to the corresponding module in the
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upper communication service layer via
'user_RxIndication()'. If an error is detected during
reception, the corresponding processing function is
invoked. Additionally, the indication of the data arrival
to the upper layer is halted.

3. 3. Design of AUTOSAR diagnostic module The
Diagnostic Event Manager (DEM) module, in
collaboration with the Software Component (SWC),
undertakes the diagnosis of an event within the
AUTOSAR system. Upon a change in the event status,
the DEM is responsible for notifying the relevant SWC
indicator module and various software modules. This
notification allows for the display or handling of the
detected fault. Additionally, the DEM enables other
modules to query and modify the event's status at any
given time.

Within the DEM, a counter records the judgment
result, with a minimum value of -128 and a maximum
value of 127. Upon receiving a message marked as
'PREPASSED,' the counter is decremented by one step.
When the counter reaches a predefined threshold value,
the event is deemed to be a fault. Following the diagnosis
of a fault, the DEM generates a Diagnostic Trouble Code
(DTC) based on the collected information and relevant
criteria. This DTC provides valuable information about
the detected fault.

The AUTOSAR diagnostic process is visually
represented in Figure 11.

After diagnosing a fault, the Diagnostic Event
Manager (DEM) calls the relevant Non-Volatile Random
Access Memory (NVRAM) interface to store data.
Events may involve storing various data types, broadly
categorized as FreezeFrame and Extended Data Record.

Can General

*

Can If Private Cfg

Can If Public Cfg

Can If Init Cfg

[ Can Controller Object J

Can Controller
—————F1 1

[ Can Controller Baud rate Config ]

4

0

Can Filter Mask

[ Can TT Controller J

(a)Can Driver layer configuration

Can If

Can If Dispatch Cfg

Can If Ctrl Drv Cfg

Can If Trev Drv Cfg

) ) Y >\ ‘o) '
| —

(b)Can Interface layer configuration

Figure 9. Can driver and interface layer configuration



1202

Service layer
calls
Calling
Canlf Transmit ()

Calling
Can_Write ()

Copy data to |
buffer

Copy data to the
controller

Set up sending requests
within the controller

Hardware buffer idle
§

No

CAN bus

/DLC length
=

X. Yang / IJE TRANSACTIONS C: Aspects Vol. 37 No. 06, (June 2024) 1194-1207

Receiving hardware
interrupts

Copy data to
temporary buffer

Calling
Canlf RxIndication ()

~—

Receive in
BasicCAN mode?

Software Filtering

DLC Check?
L-PDU check passed

Feedback data
status

Copy data to the L-PDU
buffer

L-PDU check does not pass

= CAN bus —
"R V-

Figure 10. Flow chart for sending and receiving data

AUTOSAR Runtime
Environment (RTE)

Diagnostic Component 1

\_/—\

Diagnostic state
Manager

Diagnostic Component 2

-y

Electrified system state
component 1,2,3...

Safety Monitoring
Component

=

o e e =

Diagnostic Component n

Figure 11. ASW for Electric Vehicle Diagnostic System

FreezeFrame  captures information about the
environment and data at the time of the fault, while
Extended Data Record includes information from
software modules, such as frequency clock data. Due to
the possibility of multiple data collection instances, there
can be more than one FreezeFrame for a single event. The
continuity of time-related data may be influenced by
different sources and storage times.

In the diagnostic service processing, the Diagnostic
Communication Manager (DCM) module follows a
defined flow illustrated in Figure 12. Three sub-modules,
namely DSL, DSD, and DSP, are developed within the
DCM module to meet specific requirements. DSL
interacts directly with the Protocol Data Unit Router
(PduR), facilitating the reception and transmission of
service response messages to fulfill service requests.
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Upon receiving a DiagnosticsessionControl (0x10)
service, DSL switches the diagnostic session mode,
providing timing parameters such as the time interval for
the requesting party to receive the service response
message (P2CAN_Client). This interval sets the timeout
mechanism of the application layer in the current session
mode. When receiving a SecurityAccess (0x27) service,
DSL returns the seed, verifies the received key, and
decides whether to grant security access. DSL resets the
session timeout timer, maintaining the current session
mode without forwarding the service to the Diagnostic
Service Dispatcher (DSD) for further processing.

DSD, the second module, verifies the validity of the
service request message, checking supported services,
session modes, security rights, and ECU status. If the
message is valid, DSD routes the request to the
Diagnostic  Service Processor (DSP) module for
execution. DSP, the third module, executes the precise
service request operation. For tasks like reading or
clearing fault information, DSP accesses the DEM

1203

module. For data upload/download or reading data
streams, DSP accesses the memory stack. For input and
output control requests, DSP uses
DCM_Send/ReceiveSignal() to interact with the Runtime
Environment (RTE) and access the Software Component
(SWC).

4. TROUBLESHOOTING TESTS

To validate the accuracy of the fault determination in the
diagnostic system and assess the system's configurability,
this paper conducts tests on several commonly used
services, as outlined in Table 1.

The Diagnostic Trouble Code (DTC) serves as an
identification code presented when a fault occurs or is
detected in an Electronic Control Unit (ECU). The fault
information corresponding to the DTC can be retrieved
by referencing a lookup table. A DTC comprises two
parts: DTC Category and Failure Type. The DTC
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Figure 12. DCM flow chart

TABLE 1. Diagnostic Services

Service ID Service name

0X10 Diagnostic session control

0x27 Secure access control

0x22 Read data according to the data identifier
0x2E Write data according to the data identifier
0x19 Read DTC according to the status mask

0x14 Clear DTC

Category can be further categorized into four
subsystems: Powertrain, Body, Chassis, and Network.

For our testing purposes, two DTCs, 0x00599A and
0x00559C, are configured with DID 0x2345, parameters
P2 set to 50 ms, and P2* set to 5 s. CAN messages are
transmitted and parsed following the 1SO15765-2 and
1SO11898-1 protocol specifications.

We conduct tests on the three sub-services of the 0x10
service using the diagnostic control tool in CANoe, and
the results of these tests are summarized in Table 2.
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TABLE 2. Diagnostic session-related service tests

Service ID S/R Data Result
Send 02 10 01 00 00 00 )
en 0000 Default session
1001 switching
) 06 50 01 00 32 01 through
Receive F400
02 10 02 00 00 00
Send 0000 ]
1002 Refresh session
Recei 065002003201  Switch passed
eceive F400
Send 02 10 03 00 00 00 Extended
1003 0000 session
, 06 50 0300 32 01 switching
Receive F4 00 through

Based on the preceding test results, all three sub-
service switches of the Diagnostic Session Control 0x10
service were successfully executed, with the
corresponding parameters returned. Subsequently,
service tests related to diagnostic fault codes (DTC) are
detailed in Table 3.

From the aforementioned tests, the Read DTC (0x19
02) and Clear DTC (0x14) tests were successfully
executed based on the status mask, while the Report DTC
Number (0x19 01) test, also based on the status mask, did
not pass. The configuration for the 0x19 01 service was
not in place during the setup, and it appropriately
returned a Negative Response Code (NRC) of 0x12,
indicating that the sub-service is not supported—a
correct result.

Service tests related to reading and writing data based
on Data Identifiers (DID) are elaborated in Table 4.

Building on the preceding test outcomes, the Read
and Write Data by Data Identifier (0x22 and 0x2E)

TABLE 3. DTC-related service testing

Service ID S/IR Data Result
031902 2F 00
Send 0000 00
Receive 100B 59 02 FF Read the DTC
19 02 0059 9A according to the
30 00 14 00 00 status mask and
Send 0000 00 pass the test
. 212F 0059 9C
Receive F 00 00
Send 04 14 FF FF FF
on 00 00 00 Clear DTC,
14 service test
. 0154 00 00 00 passed
Receive 0000 00
031901 7F 00
Send 0000 00
1901 Service failed
Receive 037F 191200
00 00 00
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TABLE 4. DID-related service testing

Service ID S/IR Data Result
Send 03222345
29 00 00 00 00 Read DID value
) 04 62 23 45 successfully
Receive 5500 00 00
Send 04 2E 23 45
en EB000000  Thevalue of DID
2E was modified
; 03 6E 2345 successfully
Receive 4000 00 00
Send 03222345
en 00000000  Successfully read
22 and re-write the
Recelve  £g000000
Send 032223 44 _
en 00 00 00 00 Failure to read a
22 value that does not
Receive 09000000

service passed successfully. However, when attempting
to read an unassigned Data ldentifier (DID), the service
appropriately returned a Negative Response Code (NRC)
of 0x31.

To enhance security, the Vehicle Security Bridge
(VSB) was reconfigured to establish the security access
level and session for the DTC reading service. This
adjustment ensures correct reading and clearing of DTCs
if the security access level and session credentials are

successfully authenticated.

TABLE 5. Security access-related testing

Service ID S/IR Data Result
Send 02 10 03 00 00 00
en 00 00 Extended
1003 Session
- 5003003201 F4 Switching
Receive 0000
Send 02 27 01 00 00 00
en 00 00 Request seeds
2701 and return them
- 67 01 12 34 00 00 successfully
Receive 0000
Send 0427 02 12 39 00 Successfully
2702 0000 send the key and
. 07 02 00 00 00 00 successfully
Receive 00 00 match the key
Send 03 19 02 2F 00 00
00 00
Receive 10 0B 59 02 FF 00 Read DTC
19 02 599A according to the
300014000000  Status mask; the
Send 00 00 test passes
. 21 2F 0059 9C 2F
Receive

0000
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04 14 FF FF FF 00

Send
14 0000 Clear DTC, the
Receive 01 54 00 00 00 00 test passes
00 00
021001 00 00 00
Send 0000
1001 Default session
. 065001003201 Switching is done
Receive F24 00
Send 0319 02 2F 00 00
e 00 00 Security level
1902 not passed,
Receive 0 'F (1)8 gg 0000  cannot read DTC

The results presented in Table 5 demonstrate the
successful reading of Diagnostic Trouble Codes (DTC)
when the session and security levels are validated.
Conversely, in cases of session and security level failure,
the service appropriately returned a Negative Response
Code (NRC) of 0x33, indicating failed security
verification.

To further substantiate the superiority of the proposed
method, a comparative analysis of fault detection time
and fault detection rates was conducted among three
different methods. The experimental comparison results
are detailed in Table 6.

The results depicted in Table 6 unequivocally
showcase the superiority of our proposed method over
the other two methods (5, 6), particularly in terms of fault
detection rate and detection time.

TABLE 6. Comparison of Fault Detection Rate

. Fault Fault
Solution SOIQ(?JE ;ﬁge SaPtLJ detection detection
pancy success rate time
CAN bus [5] 74.94% 85.73% 0.0319
Structural analysis o 0
method [6] 68.53% 89.72% 0.0247
Our 40.68% 98.70% 0.0217

5. CONCLUSION

Building upon the existing electric vehicle fault diagnosis
system, this paper delineates the design and
implementation of an electric vehicle fault detection
system adhering to the AutoSAR standard. The design
encompasses diagnostic communication and function
modules based on the diagnostic protocol, and
comprehensive testing has been conducted. The proposed
method showcases remarkable attributes, boasting a
single-core CPU utilization rate of merely 40.68%, a fault
detection time as low as 0.0217 seconds, and an

impressive fault detection success rate of 98.70%. In
direct comparison with the CAN bus and structural
analysis methods, our proposed method outperforms,
exhibiting a 12.97% and 8.98% improvement in fault
detection success rates, respectively. Notably, this
achievement is accompanied by more efficient test
indices, resulting in heightened accuracy in fault
detection results.
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