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Chapter 1

Designing Intelligent Workflows:
A Practical Guide to Agentic Al with LangGraph

Ali SENTURK!

Abstract

This chapter explores the principles and practical implementation of Agentic
Al systems, which enable large language models (LLMs) to act autonomously
through structured workflows. Beginning with the foundational concepts of Al
agents and agentic reasoning, we continue to building real-world applications
using the LangGraph framework. The main components of the LangGraph
library and the programming structures required for a workflow were addressed.
This provided the programming infrastructure necessary to program an Al
agent. In the next section, important Agentic Al architectures such as prompt
chaining, parallelization, orchestrator-worker models, and evaluator-optimizer
were explained. The objective is to understand the programming structures that
enable complex operations through their interaction with large language
models. As these systems are expected to be used much more extensively in the
near future for many tasks routinely performed by humans, understanding these
programming structures is considered very valuable.

Keywords: Agentic Al, Large Language Models, LangGraph Framework,
Autonomous Agents, Al Workflows.
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INTRODUCTION

Since the publication of the “Attention Is All You Need” paper in 2017 [1],
the field of artificial intelligence has witnessed unprecedented advancements.
The introduction of the Transformer architecture paved the way for machines to
effectively understand and respond to natural human language. Initially applied
to translating texts from one language to another with great success , this
approach laid the foundation for today's Large Language Models (LLMs) [2],
which have now become a part of our daily lives.

What makes this architecture particularly powerful is not just its ability to
translate between different languages, but also its capacity to enable human-like
interaction with computers. As a result, users can now pose natural language
queries to machines and receive comprehensive, relevant, and often accurate
responses in return also in natural language [3].

Building on these capabilities, Al agents were developed, autonomous
systems that not only generate the desired content but also carry out complex
tasks on behalf of users, independently, by leveraging the power of LLMs. As
the next step, systems were introduced in which multiple Al agents, each
working toward a specific goal, could operate independently yet in a
coordinated manner. These systems are referred to as Agentic Al [4].

Although the terms are often used interchangeably, Al agents and Agentic
Al represent fundamentally different design philosophies, system capabilities,
and operational goals. In this unit, both concepts are examined in detail, with
explanations of their unique roles, architectural frameworks, and practical
applications [5].

AT Agents

Al agents are Al-based autonomous programs designed to perform a specific
and clearly defined task without human intervention. They generally perform
their tasks by following predefined rules or using decision trees. They are used
in various fields such as customer service, banking services, or special-purpose
bots [6].

An Al agent typically focuses on a single task. For example, consider a
customer service bot that answers questions related to orders. This Al agent
receives the user's query, searches a database and provides an appropriate
response based on the results found [7]. It does not have the ability to go beyond
the defined limits and learn or adapt. There is not a situation where multiple Al
agents communicate with each other. Although it has a certain degree of
autonomy, this is limited to the scope of the task and the system [5].



Agentic Al

In contrast, Agentic Al refers to a broader, more adaptive system composed
of multiple Al agents that collaborate reason, and make decisions independently
to accomplish complex workflows or goals [5]. Unlike isolated Al agents, an
Agentic Al system exhibits characteristics such as [8]:

- Perception: The ability to sense or gather data from the environment.

- Reasoning: The capacity to interpret that data in context.

- Action: The execution of tasks based on analysis.

- Learning: The continual improvement of performance based on feedback
and evolving conditions.

A compelling example is a smart home system designed to optimize energy
consumption. Within this system, multiple agents can be utilized to manage
lighting, climate control etc. These agents communicate with each other, adapt
to user behaviors, and make collective decisions, like turning off unused devices
or adjusting the thermostat based on presence detection, all without direct
human commands. The overarching goal (e.g., minimizing electricity usage) is
achieved by a coordinated, intelligent network of agents operating with shared
purpose and dynamic responses.

The distinction between Al agents and Agentic Al shapes how we design,
build, and deploy Al-powered systems. As applications become increasingly
sophisticated, the need for multi-agent coordination, understanding, and system
wide adaptability becomes necessary. Whether automating a chatbot or
operating a smart city infrastructure, understanding these paradigms is key to
use the full potential of AI [9].

In this chapter, we will explore how to construct both kinds of systems,
beginning with simple agent architectures to advanced Agentic Al designs. The
programming examples throughout are based on official tutorials provided on
the LangGraph website [10].

BUILDING AGENTIC WORKFLOWS with LangGraph

Modern Agentic Al systems rely on the decomposition of complex goals into
modular tasks executed by coordinated agents. LangGraph provides a powerful
way to build such stateful, graph-based workflows in Python, enabling flexible
and scalable agent orchestration.

In this section, we will combine theory and practical implementation to
guide the reader through the process of creating your first agentic workflow.
The reader will learn about defining state, creating nodes and edges and
constructing a complete execution graph.



Understanding the Main Components of LangGraph
LangGraph library provides a graph-based workflow and consists of the
following basic components:
- State is a shared structure that holds context as data flows through the graph.
- Nodes are individual simple Python functions.
- Edges are transitions or connections between nodes, optionally conditioned
on logic.
- State Graph is the composition of all nodes, edges, and state transitions
representing the full workflow.

Defining the State

LangGraph workflow begins by defining a State schema. This schema
represents the structure of the data shared between nodes and is critical to
maintaining a consistent flow of information. Such structured data can be
constructed using TypedDict class. The TypedDict class, allows to define a
dictionary with a specific set of keys and expected value types. It is primarily
useful for static type checking in programming environments but does not
enforce any behavior at runtime.

1. from typing_extensions import TypedDict
2. class State(TypedDict):
3. message: str

The State class is expected to have a key message with a string type value.
At runtime, Python will treat this as a normal dictionary and no validation is
done.

Defining Nodes

In LangGraph, each Node is just a standard Python function that performs a
relatively simple work. The first argument of every node function is the current
state. The node can read values from the state, perform processing, and then
return the modified state.

1. def message_node(state: State) -> dict:
2. message = state["message"]
3. return {"message": f"You typed: {message}"}

This simple node reads the message from the state and returns the message
with prepending the text “You typed:”.



Each node returns a new version of the state. By default, LangGraph
merges this returned dictionary into the shared state, overwriting previous
values of the same keys.

Constructing the Graph

After defining the state and node(s), the full graph can be constructed using
LangGraph’s StateGraph class. This class allows defining nodes as individual
processing steps, edges as connections between nodes, and Start and End points.

1. from langgraph.graph import StateGraph, START, END
2. # Initialize the graph with state schema

3. builder = StateGraph(State)

4. # Add the node to the graph

5. builder.add_node(message_node)

6. # Define the graph edges: START -> node(s) -> END
7. builder.add_edge(START, "message node")

8. builder.add_edge("message_node", END)

9. # Compile the graph

10. graph = builder.compile()

LangGraph also supports visualizing the workflows. We can run the code
below to visualize the graph. The resulting graph is displayed in Figure 1.

1. from IPython.display import Image, display
2. display(Image(graph.get_graph().draw_mermaid_png()))

(_ start_ )

|

message_node

|

end

Figure 1. The generated graph image.
Finally, the graph can be invoked as graph.invoke ({"message":

"Hello"}), and the resulting value is {'message': 'You typed:
Hello'}.

Integrating LLM in the LangGraph
In LangGraph, messages are typically structured pieces of data passed
between nodes via the shared State as explained in the previous section. These



include represent system prompts, user inputs, LLM responses. Messages are
used to represent different roles within a conversation.

LangChain provides several message types, such as HumanMessage,
AlMessage, SystemMessage and ToolMessage. These types respectively
represent input from the user, responses generated by the language model,
system level instructions for the model and outputs resulting from specific
purpose functions named as tools.

To support message accumulation across turns or graph steps, LangGraph
provides utility methods like add messages, which appends one or more
messages to the current state under a key which is commonly named as
messages.

In the previous example, we created a simple graph with a single node that
processed a static message. However, real world Al workflows often require
interaction with an LLM to generate responses dynamically based on input
messages. To enable this, we extended our LangGraph implementation by
integrating an LLM into one of the nodes.

Choosing the Language Model

In agentic workflows or conversational systems, the core logic is usually
driven by a language model which responds to user inputs, processes
intermediate state or acts based on tool outputs.

LangGraph is well-suited for such designs because it supports passing state
across nodes and accumulating messages over time. Integrating an LLM makes
the graph reactive to dynamic input rather than operating as a static or rule-
based flow. We can use a locally hosted LLM through Ollama application.

1. from langchain_ollama import ChatOllama
2. 11m = ChatOllama(model="mistral:latest")

Alternatively, a commercial model such as OpenAl's GPT-40 can be used by
setting the appropriate environment variable:

1. import os

2. from langchain_openai import ChatOpenAl

3. os.environ["OPENAI_API_KEY"] = "openai-api-key..."
4. 1lm = ChatOpenAI(model="gpt-40")

Updating the State Definition for LLM

In the initial version of the graph, the state was defined as a simple dictionary
holding a single string message. This was sufficient for a basic flow where we
passed a single message through the graph. However, when working with
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LLMs, especially in multi-turn conversations or agentic workflows, we often
need to keep track of a list of messages rather than a single input. This allows
the system to maintain context and simulate a full conversation. To support this,
we updated the state schema as follows:

from typing_extensions import TypedDict

from typing import Annotated

from langchain_core.messages import AnyMessage

from langgraph.graph.message import add_messages

class State(TypedDict):
messages:Annotated[list[AnyMessage],add_messages]

AUV A WN R

messages key now holds a list of messages instead of a single string. Each
item in the list is an AnyMessage which is a general type that can represent
HumanMessage, AIMessage, SystemMessage Or ToolMessage. These are
are message types in LangChain for representing different roles in a
conversation.

Annotated[..., add messages] tells LangGraph to automatically
accumulate (append) messages to this key across graph steps. When a node
returns a new message or list of messages, it will be added to the existing state
rather than replacing it. This behavior is critical for maintaining full
conversation history. add messages omes from
langgraph.graph.message, and it enables this accumulation behavior
behind the scenes.

Updating the Graph Structure

from langgraph.graph import StateGraph, START, END
builder = StateGraph(State)
builder.add_node(messages_node)
builder.add_edge(START, "messages_node")
builder.add_edge("messages_node", END)

graph = builder.compile()
graph.invoke({"messages": "Hello"})

No v b wNnBR

After integrating the LLM into the graph and updating the State to
accumulate messages, invoking the graph with an initial input like "Hello"

produces the following output (some parameters are omitted):
{'messages': [
HumanMessage (content="Hello', id='£f2d28£f88-6016-4e9c.."),
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AIMessage (content='How can I assist you today?', id='run-
-3d7d71b4-02ee-41led-aae6.."',
usage metadata={'input tokens': 26, 'output tokens': 8§,
'total tokens': 34})1]1}

As shown in the program output, this structure enables LangGraph to
accumulate a complete conversation history in the messages list by storing
various additional metadata.

Interacting with External Systems

In LangGraph's architecture, the tool node serves as a critical bridge between
the LLM and external systems. This node enables the LLM to extend its
capabilities beyond static knowledge by interacting with functions, APIs,
databases and other external resources.

The tool node operates on a simple but powerful principle: when the LLM
encounters a query it cannot answer with its internal knowledge, it can route the
request to an appropriate external tool, execute the necessary operation, and
return the enhanced response to the user.

Let's explore an implementation using simple mathematical functions:

1. def add(a: int, b: int) -> int:

2o """Add two integers together.

3. Args:

4. a: First integer to add

5. b: Second integer to add

6. Returns:

7. The sum of a and b

8. e

9, return a + b

10.

11. def subtract(a: int, b: int) -> int:
12. """Subtract the second integer from the first.
13. Args:

14. a: The integer to subtract from
15. b: The integer to subtract

16. Returns:

17. The result of the second operand subtracted from the
first operand.

18. e
19. return a - b
20.
21. def multiply(a: int, b: int) -> int:
22. """Multiply two integers together.
23. Args:
24. a: First integer to multiply
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25. b: Second integer to multiply

26. Returns:

27. The product of a and b
28. e

29. return a * b

30.

31. # Bind the tools to the LLM
32. tools = [add, subtract, multiply]
33. 11lm with_tools=11lm.bind_tools(tools)

When we invoke an arithmetic operation, the LLM recognizes which tool is
appropriate to use:
1. response = 1lm_with_tools.invoke("subtract 9879 from 4224342")

The output of the prompt is as follows:
AIMessage (content="'", tool calls=[{'name': 'subtract’',
'args': {'a': '4224342', 'b': '9879'}}1)

Building the State Graph with Tool Nodes

In LangGraph, we can construct interactive, stateful workflows where a
language model not only handles conversation but also invokes tools
dynamically based on user input. This is accomplished by defining a state
structure, implementing nodes that represent different processing steps, and
connecting these nodes conditionally based on the model's behavior. The
following example demonstrates how to build a graph that includes a tool
calling language model node and a dedicated tool handling node. The graph
routes between these nodes based on whether the model’s output includes a tool
request.

1. from langgraph.prebuilt import ToolNode

2. from langgraph.prebuilt import tools_condition

3. from langgraph.checkpoint.memory import MemorySaver

4. # Node that invokes the LLM with tools bound

5. def tool_calling_llm(state: State):

6. return {"messages":
[11m_with_tools.invoke(state["messages"])]}

7. # Build the graph

8. builder = StateGraph(State)

9. builder.add_node("tool calling 11m", tool_calling 11lm) # Node
that runs LLM

10. builder.add_node("tools", ToolNode(tools)) # Node that executes
tool calls

11. builder.add_edge(START, "tool calling 11m") # Start -> LLM node
12. builder.add_conditional_edges(

13. "tool_calling_llm",

13



14. tools_condition # LLM -> tools if tool call exists, else ->
END

15. )

16. builder.add_edge("tools", "tool_calling 11lm") #
After tool execution, return to LLM

17. memory = MemorySaver()

18. graph = builder.compile(checkpointer=memory)

tool calling 1lmis a custom node that passes the current conversation
to the LLM, which may choose to respond directly or invoke a tool call.
ToolNode which is named as tools, executes tool calls present in the LLM
output.

Routing Logic is as follows: The graph starts at the LLM node. If the LLM’s
output contains a tool call (as determined by tools condition), it routes to
the tools node. After the tool is executed, the graph loops back to the LLM node,
allowing it to process the tool’s result and continue the dialogue. This dynamic
routing is achieved using conditional edge, which directs the flow between
nodes based on runtime conditions.

The MemorySaver checkpointer ensures that the full interaction history is
remembered across turns. This enables the graph to maintain context over time.
The graph image is displayed in Figure 2. Note that dotted lined arrows
represent conditional flows.

[ start |

l

tool_calling_llm

-

‘:, 4 ]

_end__ | tools

Figure 2. Graph with tool node.

Once the state graph is compiled, we can invoke it with an initial message
and a configuration. In this example, we pass a simple arithmetic instruction,
which the language model interprets as a tool call. The graph handles this call,
routes it to the correct tool, and returns the result.

The config dictionary is used to assign a thread id, which uniquely
identifies this execution thread. This is useful when maintaining multiple

14



conversations or parallel executions with the same graph. The returned output
is a dictionary containing updated messages. We can iterate through them and
use the pretty print method to display each one clearly.

1. config = {"configurable":{"thread_id":"1"}}

2. messages = graph.invoke({"messages":"subtract 90 from 10050"},
config=config)

3. for m in messages["messages"]:

4, m.pretty print()

The result of the invocation is as follows:
==================== Human Message ====================
subtract 90 from 10050
———————————————————— Ai Message
Tool Calls:
subtract (fdcbfafa-2cl10-4397-a74d-d9%960bbbe5556)
Call ID: fdcbfafa-2¢c10-4397-a74d-d960b6be5556

Args:
a: 10050
b: 90

———————————————————— Tool Message
Name: subtract

9960

———————————————————— Ai Message
The final answer is: $\boxed{9960}$

Because we previously compiled the graph with a memory saver, it can

continue and recall conversation history across multiple invocations, as long as
the same thread id is used in the configuration. This enables the graph to
understand context, remember previous tool calls, and refer to past interactions.
For example, after asking the model to "subtract 90 from 10050", we can
continue the session with a follow-up like "add 25 to the result." and the model
will understand what "the result" refers to using the preserved state.

The tool node represents a powerful paradigm in LangGraph that transforms
LLMs from static knowledge systems into dynamic interfaces capable of
interacting with the broader digital ecosystem. By properly implementing tool
nodes, forming sophisticated workflows is possible that leverage both the
language understanding of LLMs and the precise capabilities of external tools
and APIs.

Dynamic Workflow Control by Routing
Routing in LangGraph refers to the ability to conditionally determine which

node to execute next based on the current state. This powerful feature enables
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developers to create dynamic workflows where the execution path adapts to the
input or intermediate results. The Pydantic library plays a crucial role in
enforcing structured outputs from language models, ensuring reliable routing
decisions. Pydantic based classes are also alternative to TypedDict class.
However TypedDict based classed only provides type hints while Pydantic
based classed validates data at runtime and can enforce specific output formats.
This feature is critical for routing workflows where the system must make
deterministic decisions based on model outputs.

Let's constuct a practical implementation of routing. In this implementation
a user gives natural language input while an LLM makes a structured decision
using a pydantic class. Based on this decision, the input is routed to a different
response generator function. Each response function uses system prompts to
guide the LLM output. We want to process user input and respond with either a
summary or a translation.

We start the program by defining the pydantic based class:

from pydantic import BaseModel, Field
from typing import Literal, TypedDict
# This schema tells the LLM to output one of these exact strings
class Decision(BaseModel):

action: Literal["summarize", "translate"]
Field(description="User's intended action based on the user input")

uvip wnmNn R

In this code BaseModel is base class in Pydantic, which allows you to
define data models with validation. It enforces types. Literal is a special type
hint that limits possible values of a variable to a predefined list of strings,
numbers, etc. In the code it means the action field must exactly be
"summarize" or "translate". Field from pydantic library adds extra
metadata like description which helps LLMs to understand the meaning of
the field. It also improves clarity.

The following code enforces LLM to output using Decision class.

1. router_llm = 11lm.with_structured_output(Decision)

We define State class with three attributes: input will be used for user
input, action will store the type of action and output will store the result of
the LLM.

1. class State(TypedDict):

2. input_: str
3. action: str
4. output: str
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The node functions in the program are defined as follows:

1. from langchain_core.messages import HumanMessage, SystemMessage
2. def decide(state: State):

3. result = router_l1lm.invoke([

4. SystemMessage(content="Classify the user's input as one of:
summarize or translate."),

5. HumanMessage(content=state["input_"])

6 D

7. return {"action": result.action}

8

9. def make_summary(state: State):

10. result = 11lm.invoke([
11. SystemMessage(content="Summarize the following text in 2-3
sentences."),

12. HumanMessage(content=state["input_"])

13. 1

14. return {"output": result.content}

15.

16. make_summary function takes the text and generates 2-3 sentece
summary.

17.

18. def make_translation(state: State):

19. result = 11lm.invoke([

20. SystemMessage(content="Translate the following text to
Turkish."),

21. HumanMessage (content=state["input_"])

22. 1

23. return {"output": result.content}

decide is the router function which acts as the decision maker that classifies
user intent and returns summarize or translate strings. make summary
function takes the text and invokes the LLM to generate 2-3 sentence summary
of the user input where make translation function prompts the LLM to
translate the input text to Turkish.

The conditional edge function route is given below. This function
examines the value of action and returns the name of the next node to execute.

1. def route(state: State):

2. if state["action"] == "summarize":
3. return "summarize"

4. elif state["action"] == "translate":
5. return "translate"

17



Finally, the graph is formed as follows:

1. from langgraph.graph import StateGraph, START, END

2. builder = StateGraph(State)

o

4. builder.add_node("decide_node", decide)

5. builder.add_node("summary node", make_summary)

6. builder.add_node("translation_node", make_translation)
7.

8. builder.add_edge(START, "decide_node")

O

10. builder.add_conditional_edges("decide_node", route, {
11. "summarize": "summary node",

12. “"translate": "translation_node"

13. })

14.

15. builder.add_edge("summary_node", END)

=
(&)

. builder.add_edge("translation_node", END)
. graph = builder.compile()

IRy
~N

The three functions decide, make summary, and make translation
are added to the graph as nodes named decide node, summary node, and
translation node, respectively. The graph begins at decide node, which
processes the user input using a structured LLM which utilizes the Decision
class, built on the Pydantic library.

The decide node branches based on its output, either "summarize" or
"translate", determined by the route function. This branching logic is
implemented using a conditional edge in the graph. If the route function returns
"summarize", the graph proceeds to the summary node; if it returns
"translate", it proceeds to the translation node. Both summary node
and translation node ultimately connect to the END node. The graph image
is displayed in Figure 3.
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( __start__ )

l

‘ decide _node
summarize translate
summary_node translation_node ‘

(_end__

Figure 3. Graph with routing

When the following code is executed:
graph.invoke ({"input ": "to turkish, hi how are you?"})

the obtained result is:

{"input ': 'to turkish, hi how are you?',
'action': 'translate',
'output': 'Merhaba, nasilsin?'}

Another execution of graph is:
graph.invoke ({"input ": "sum up: LangChain is a software
framework that helps facilitate the integration of large
language models (LLMs) into applications. As a language
model integration framework, LangChain's use-cases largely
overlap with those of language models in general, including
document analysis and summarization, chatbots, and code
analysis."})

The result is:
{"input ':
helps facilitate the integration of large language models

"sum up:LangChain is a software framework that

(LLMs) into applications. As a language model integration
framework, LangChain's use-cases largely overlap with those
of language models in general, including document analysis
and summarization, chatbots, and code analysis.",
'action': 'summarize',
'output': 'LangChain is a software framework designed to
integrate large language models into applications. It can
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be used for tasks such as document analysis and
summarization, building chatbots, and analyzing code.'}

This example shows how Pydantic's validation ensures reliable routing
decisions, while LangGraph's conditional edges enable complex workflow
paths.

OTHER IMPORTANR AGENT ARCHITECTURES

LangGraph’s official website [11] outlines several important and useful
architectures, some of which we will briefly introduce and examine in this
section.

Prompt Chaining

Prompt chaining means taking the output of one LLM call and feeding it as
the input to the next LLM step. It allows for multi-stage reasoning or
refinement, breaking complex tasks into simpler, sequenced subtasks. Each step
in the chain can add structure, quality, or depth to the previous result. In the
following example, a raw idea is generated first and controlled for a specific
condition. If condition passes, then it is improved in chain steps. The resulting
graph is shown in Figure 4.

=

. from typing_extensions import TypedDict
. from langgraph.graph import StateGraph, START, END
from IPython.display import Image, display

# Graph state

class State(TypedDict):
subject: str
improvedl: str
improved2: str

W oo NGOV A WN

[
R ®

. # Nodes
. def initial _node(state: State):
return {"subject": "something generated by 1lm"}

R R R R
A wWwN
5 o

. def check(state: State):
sth=True
if sth:

return "Pass"
return "Fail"

NN R R R R
B ® OV 0N O

. def chainl(state: State):
# improve the task
return {"improvedl": "first improvement by 1lm"}

NNN
»r wWw N
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25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.

def chain2(state: State):
return {"improvedl": "second improvement by 11lm"}

# Build workflow
builder = StateGraph(State)

# Add nodes

builder.add_node("initial node", initial_node)
builder.add_node("chainl", chainl)
builder.add_node("chain2", chain2)

# Add edges to connect nodes
builder.add_edge(START, "initial node")
builder.add_conditional_edges(

"initial_node", check, {"Pass": "chainl", "Fail": END}

)
builder.add_edge("chainl", "chain2")

builder.add_edge("chain2", END)

# Compile
graph = builder.compile()

[ start )

l

initial_node

Pass
v

chainl

Figure 4. Prompt chaining graph architecture.
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Parallelization

Parallelization enables multiple tasks to run simultaneously rather than
sequentially, which significantly speeding up execution. In LLM workflows,
this means processing independent subtasks (like content sections)
concurrently, reducing total runtime. Parallel execution may minimize delays,
especially for slow LLM calls, by running tasks in parallel. It is especially used
for breaking tasks into smaller, independent units (sectioning) allows flexible
scaling for complex projects. In addition, voting mechanisms can be utilized to
generate diverse outputs, enhancing creativity and reliability. The following
example demonstrates the parallelization of generating multiple sections
parallel. The resulting graph image is shown in Figure 5.

1. from typing_extensions import TypedDict

2. from langgraph.graph import StateGraph, START, END
3. # Graph state

4. class State(TypedDict):

5o subject: str

6. sectionl: str

7. section2: str

8. section3: str

g combined: str

10.

11. # Nodes

12. def sectionl(state: State):

13. message=11lm.invoke(f"Write section 1 about {state['subject']}")
14. return {"sectionl": message.content}

15. def section2(state: State):

16. message=11lm.invoke(f"Write section 2 about {state['subject']}")
17. return {"section2": message.content}
18. def section3(state: State):

19. message=11lm.invoke(f"Write section 3 about {state['subject']}")
20. return {"section3": message.content}

21.

22. def combine(state: State):

23. combined = f"SUBJECT:\n{state[ 'subject']}\n\n"

24. combined += f"SECTION 1:\n{state['sectionl']}\n\n"
25. combined += f"SECTION 2:\n{state[ 'section2']}\n\n"
26. combined += f"SECTION 3:\n{state['section3']}\n\n"
27. return {"combined": combined}

28.

29. # Build workflow

w
(W]

. parallel_builder = StateGraph(State)

. # Add nodes

. parallel_builder.add_node("sectionl", sectionl)
. parallel builder.add_node("section2", section2)

w w w
w N P
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34. parallel builder.add_node("section3", section3)
35. parallel builder.add_node("combine", combine)
36. # Add edges to connect nodes

37. parallel builder.add_edge(START, "sectionl")

38. parallel builder.add_edge(START, "section2")

39. parallel builder.add_edge(START, "section3")

40. parallel builder.add_edge("sectionl", "combine")
41. parallel builder.add_edge("section2", "combine")
42. parallel builder.add_edge("section3", "combine")
43. parallel builder.add_edge("combine", END)

44. parallel workflow = parallel builder.compile()

[ .._start_.l )
— l T

. !

sectionl ‘ section2 section3
‘““a“_ ¥
comhine
end

Figure 5. Parallelization graph architecture.
Orchestrator-Worker
Orchestrator-Worker architecture takes a complex input task, dynamically
decomposes it into multiple subtasks, executes each one in parallel and then
aggregates the individual results into a final combined output. This structure
resembles the parallelization architecture but the difference is subtasks are
determined dynamically by the orchestrator in this architecture.

1. from typing import List, TypedDict, Annotated

from pydantic import BaseModel, Field

from langchain_core.messages import HumanMessage, SystemMessage
from langgraph.graph import StateGraph, START, END

import operator

# Schema for task decomposition

class Task(BaseModel):

9, task_id: str = Field(description="Unique identifier for the
subtask")

0 NO UV D WN
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10. instructions: str = Field(description="Specific instructions
for this subtask")

11.

12. class TaskList(BaseModel):

13. tasks: List[Task] = Field(description="List of subtasks to
execute")

14.

15. class State(TypedDict):

16. input_data: str # Original input

17. subtasks: List[Task] # Decomposed tasks

18. worker_outputs: Annotated[List[str], operator.add] # Parallel
results

19. final_output: str # Combined result

20.

21. # Nodes

22. def orchestrator(state: State):

23. """Break main task into independent subtasks"""

24. tasks = 1lm.with_structured_output(TaskList).invoke([
25. SystemMessage(content="Break this task into independent
subtasks"),

26. HumanMessage(content=state["input_data"])

27. 1

28. return {"subtasks": tasks.tasks}

29.

30. def worker(state: Task):

31. """Execute one subtask"""

32. result = 11lm.invoke([

33. SystemMessage(content="Execute this specific subtask"),
34. HumanMessage(content=state.instructions)

35. D

36. return {"worker_outputs": [result.content]}

37.

38. def assembler(state: State):

39. """Combine all worker results"""

40. return {"final_output": "\n-\n".join(state["worker_outputs"])}
41.

42. # Parallel task distributor

43. def distribute_tasks(state: State):

44, """Create parallel execution branches"""

45. return [Send("worker", {"task_id": t.task_id, "instructions":
t.instructions})

46. for t in state["subtasks"]]

47. # Workflow

48. builder = StateGraph(State)

49. builder.add_node("orchestrator", orchestrator)
50. builder.add_node("worker", worker)

51. builder.add_node("assembler", assembler)
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52.
53. builder.add_edge(START, "orchestrator")
54. builder.add_conditional_edges(

55. "orchestrator",

56. distribute_tasks,
57. {"worker": "worker"}
58. )

59. builder.add_edge("worker", "assembler")
60. builder.add_edge("assembler", END)

61.

62. graph = builder.compile()

In the orchestrator function, the LLM is forced to split the main task into
simpler subtasks using the Task and TaskList classes. The
distribute tasks function sends these subtasks to the worker function in
parallel, enabling concurrent execution. Once all subtasks are completed, the
assembly function gathers and combines the results. The resulting graph
image is shown in Figure 6. In the graph there will be multiple worker node to
process subtasks concurrently.

| __start_ )

|

orchestrator

v

worker

v

assembler

|

end

Figure 6. Orchestrator-worker graph architecture.

Evaluator-Optimizer
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The evaluator-optimizer workflow is a self-improving loop that enables
iterative refinement of outputs generated by a language model. It consists of
three main components: a generator that produces an initial response, an
evaluator that assesses the quality of that response using structured feedback,
and a router that decides whether to accept the result or send it back for revision.
This loop continues until the output meets predefined quality standards or a
maximum number of iterations is reached. The process mimics human review
cycles, where feedback is used to incrementally polish a draft. It's especially
effective when tasks have clear evaluation criteria and when improvements can
be guided by constructive feedback. This architecture is well-suited for use
cases like code refinement, content rewriting, or any scenario requiring output
alignment to specific goals. By automating the review and revision cycle, it
increases efficiency and reduces the need for manual oversight while ensuring
high-quality results.

1. from typing import Annotated, Literal

2. from pydantic import BaseModel, Field

3. from langchain_core.messages import HumanMessage, SystemMessage
4. from typing_extensions import TypedDict

5. from langgraph.graph import StateGraph, START, END

6. # Evaluation schema

7. class Evaluation(BaseModel):

8. status: Literal["approved", "needs_revision"] = Field(

9. description="Whether the output meets quality standards")
10. feedback: str = Field(

11. description="Constructive feedback for improvement if needed")
12. class State(TypedDict):

13. input_: str # Original input/request

14. output: str # Current version of the output

15. evaluation: Evaluation # Quality assessment
16. iteration: int # Track revision cycles
17. # Nodes
18. def generator(state: State):
19. """Generate initial output or revised version"""
20. if state.get("evaluation"):
21. # Revision
22. prompt = """
23. Improve this content based on the feedback:
24, Current version: {state['output']}
25. Feedback: {state['evaluation'].feedback}
26. e
27. else:
28. # First attempt
29. prompt = f"Create output for: {state['input_']}"
30. result = 11m.invoke(prompt)
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31. return {

32. "output": result.content,

33. "iteration": state.get("iteration", @) + 1}

34. def evaluator(state: State):

35. """Assess output quality"""

36. assessment = 1llm.with_structured_output(Evaluation).invoke(
37. f"Evaluate this output:\n{state[ 'output']}")

38. return {"evaluation": assessment}

39. # Conditional routing
40. def router(state: State):

41. """Determine next step based on evaluation"""
42. if state["evaluation"].status == "approved":
43, return "accept"

44. return "revise"

45. # Build workflow

46. builder = StateGraph(State)

47. builder.add_node("generate", generator)
48. builder.add_node("evaluate", evaluator)
49.

50. builder.add_edge(START, "generate")

51. builder.add_edge("generate", "evaluate")
52. builder.add_conditional_edges(

53. "evaluate",

54. router, {

55. "accept": END,

56. "revise": "generate"})

57. graph = builder.compile()

Evaluation class defines a structured format for assessing the quality of
the generated output. The evaluator function uses this schema to generate
structured feedback. The conditional routing logic, implemented in the router
function and the add conditional edges method, determines what
happens after evaluation. If the output is approved, the loop ends. If not, the
output is sent back to the generator for revision. To prevent infinite loops, a
safety condition terminates the workflow after five iterations. This mechanism
ensures that the system either converges to a high-quality result or halts after
reasonable effort. The resulting graph image is displayed in Figure 7.
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Figure 7. Evaluator-Optimizer architecture.

CONCLUSION

Agentic Al enables the development of intelligent applications that utilize
workflows powered by large language models, as opposed to systems built
with fixed rules. This chapter describes the components of the LangGraph
library, used to develop such systems. The discussion covers the process of
setting up Al agents, managing information exchange between functional
nodes through state variables, designing adaptive routing mechanisms to
create dynamic workflows and communication with external systems to create
dynamic workflows. The chapter further examines some important Al
architectures, such as prompt chaining, parallelization, orchestral-worker
models, and evaluator-optimizer loops. By applying these tools and patterns
across various scenarios and adaptations, developers can create artificial
intelligence systems capable of reasoning, adapting, and collaborating
autonomously.

REFERENCES

[1] A. Vaswani et al., “Attention is all you need,” Advances in neural
information processing systems, vol. 30, 2017,

[2] J. Devlin, M.-W. Chang, K. Lee, and K. Toutanova, “Bert: Pre-training
of deep bidirectional transformers for language understanding,” in
Proceedings of the 2019 conference of the North American chapter of the
association for computational linguistics: human language technologies,
volume 1 (long and short papers), 2019, pp. 4171-4186.

28



[3]

[4]

[3]

[6]

[7]

(8]

[9]

[10]

T. Brown et al., “Language models are few-shot learners,” Advances in
neural information processing systems, vol. 33, pp. 1877-1901, 2020.
L. Hughes ef al., “Al Agents and Agentic Systems: A Multi-Expert
Analysis,” Journal of Computer Information Systems, vol. 65, no. 4, pp.
489-517, Jul. 2025, doi: 10.1080/08874417.2025.2483832.

R. Sapkota, K. I. Roumeliotis, and M. Karkee, “Al Agents vs. Agentic
Al: A Conceptual Taxonomy, Applications and Challenges,” May 28,
2025, arXiv: arXiv:2505.10468. doi: 10.48550/arXiv.2505.10468.

G. Wang et al., “Voyager: An Open-Ended Embodied Agent with Large
Language Models,” Oct. 19, 2023, arXiv: arXiv:2305.16291. doi:
10.48550/arXiv.2305.16291.

J. S. Park, J. O’Brien, C. J. Cai, M. R. Morris, P. Liang, and M. S.
Bernstein, “Generative agents: Interactive simulacra of human behavior,”
in Proceedings of the 36th annual acm symposium on user interface
software and technology, 2023, pp. 1-22.

S. Murugesan, “The Rise of Agentic Al: Implications, Concerns, and the
Path Forward,” IEEE Intelligent Systems, vol. 40, no. 2, pp. 8—14, Mar.
2025, doi: 10.1109/MIS.2025.3544940.

D. B. Acharya, K. Kuppan, and B. Divya, “Agentic Al: Autonomous
Intelligence for Complex Goals—A Comprehensive Survey,” [EEE
Access, vol. 13, Pp- 18912-18936, 2025, doi:
10.1109/ACCESS.2025.3532853.

“Build a basic chatbot,” LangGraph. Accessed: Aug. 07, 2025. [Online].
Available: https://langchain-ai.github.io/langgraph/tutorials/get-
started/1-build-basic-chatbot

[11]“Workflows & agents,” LangGraph. Accessed: Aug. 07, 2025. [Online].

Available: https://langchain-ai.github.io/langgraph/tutorials/workflows/

29



Chapter 2

Sustainable Geopolymer Mortar Production:
A Waste-Based Alternative Approach

Basak ZENGIN', Ahmet Hayrullah SEVINC?,
Miisliim Murat MARAS?S,

Abstract

The production of Portland cement poses a significant threat to environmental
sustainability due t its high carbon emissions and energy-intensive processes.
Therefore, the development of alternative binder systems has become a crucial
necessity both environmentally and economically. Geopolymer materials have
emerged as eco-friendly alternatives to cement-based materials owing to their
high strength, chemical resistance, and low carbon emissions. However, the
production of geopolymer binders typically relies on commercial alkali activators
such as NaOH and KOH, which are expensive and have negative environmental
impacts. This study investigates the feasibility of producing geopolymer mortar
using only industrial waste materials (hazelnut shell ash and ground granulated
blast furnace slag) without any chemical activators. Hazelnut shell ash supports
geopolymerization reactions due to its potassium oxide (K-O) and calcium oxide
(CaO) content, enhancing the mechanical strength of the mortar. Moreover, the
use of agricultural waste contributes to natural resource conservation and
improved waste management, thereby supporting environmental sustainability.
Experimental studies show that mortars produced using this waste-based
activation method exhibit comparable mechanical performance to systems
utilizing commercial activators.

This study aims to evaluate the applicability of waste-based activation in
geopolymer mortars, contributing to the development of sustainable, eco-
friendly, and cost-effective construction materials.

Keywords: Geopolymer mortar, sustainability, hazelnut shell ash, waste-
based activation, eco-friendly materials, blast furnace slag, compressive strength
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1. Introduction

The construction industry is responsible for approximately 8% of global carbon
emissions, making the development of sustainable building materials increasingly
critical (Mehta & Monteiro, 2014; Pacheco-Torgal et al., 2018). Traditional Portland
cement production adversely affects environmental sustainability due to its high
energy consumption and carbon dioxide (CO:) emissions. For every ton of clinker
produced, around 0.8 tons of CO: are released, contributing significantly to global
warming (Davidovits, 2015; Provis & Bernal, 2014).

As the economy grows, the construction sector faces significant challenges due to
the vast consumption of raw materials and energy. The increasing demand for raw
materials poses a serious environmental threat and highlights the urgent need for
resource conservation. In response, researchers are seeking environmentally friendly
alternatives that can address the depletion and rising costs of natural resources.
Agricultural and industrial waste products, due to their abundance and favourable
mechanical properties, have emerged as promising secondary raw materials in the
construction sector (Bakhoum et al., 2017). These waste-based materials are gaining
momentum as replacements for cement and sand, offering sustainable potential for
future applications.

Rapid urbanization and industrialization have exacerbated raw material shortages
and increased environmental degradation. The growing volume of hazardous
industrial waste presents a serious challenge, as it cannot be easily managed or
disposed of, leading to further climate-related concerns. From the perspective of
sustainable construction, the integration of hazardous waste into building materials
has gained importance. These waste materials, with their good mechanical properties,
serve as viable alternatives to conventional cement and sand. Experimental studies
have revealed promising results regarding their effects on the mechanical and
microstructural properties of mortar under various mix designs.

One significant source of waste is hazelnut shell residue, generated in large
quantities annually. Rather than disposing of this biomass through landfilling or
incineration, utilizing it as a raw material for construction presents a more sustainable
approach. Tiirkiye, which accounts for approximately 70% of global hazelnut
production, generates considerable amounts of husk waste during industrial
processing (Tufan et al., 2015). While a small portion of this by-product is used in
particleboard manufacturing, the majority remains underutilized. Hazelnuts are not
only a key agricultural product of the Black Sea region but also closely tied to the
local economy and culture. Given the proximity of processing facilities to agricultural
zones, the availability and distribution of hazelnut waste offer strong potential for
technological innovation in the development of bio-based materials. This intersection
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of agriculture and construction supports both regional agro-economies and
sustainable material development.

An alternative to traditional cementitious materials is geopolymer binders, known
for their low carbon footprint, high mechanical strength, and chemical resistance
(Van Deventer et al.,, 2012; Duxson et al., 2007). However, the production of
geopolymer mortars typically involves commercial chemical activators such as
NaOH, KOH, and sodium silicate (Na2SiOs), which are costly and carbon intensive.
For instance, the production of 1 kg of NaOH releases approximately 1.4 kg of CO:
into the atmosphere (Passuello et al., 2017). Moreover, the storage, transportation,
and handling of these chemicals involve high financial and safety risks (Omur et al.,
2024).

Recent studies suggest that agricultural and industrial waste can be used as
alternative alkali activators (Pinheiro et al., 2018; Alonso et al., 2019). Utilizing these
wastes not only contributes to waste management but also reduces the consumption
of natural resources. Hazelnut shell ash exhibits binding properties due to its high
potassium oxide (K:O) and calcium oxide (CaO) content, supporting
geopolymerization reactions and enhancing mechanical strength (Omur et al., 2024;
Seving, 2022). Incorporating this locally available waste into the construction
industry presents a significant opportunity for environmental sustainability and
regional industrial growth (Baran et al., 2020). In this context, the main objective of
this study is to investigate the feasibility of producing geopolymer mortar using a
fully waste-based activation system, without any commercial chemical activators. An
environmentally friendly and cost-effective binder system was developed using
hazelnut shell ash and blast furnace slag. The compressive strength of mortars with
varying ratios of these components was examined and compared with systems based
on commercial activators. Microstructural analysis revealed that activation with
hazelnut ash can reduce porosity and improve compressive strength (Seving, 2022;
Omur et al., 2024). These findings provide important scientific evidence for the
development of a more eco-friendly and economically viable binder system that
minimizes dependence on chemical activators. This study aims to evaluate the
applicability of waste-based activation in geopolymer mortars, contributing to the
advancement of sustainable construction materials.

2. Waste Materials and Their Critical Role in Geopolymer Production

The valorization of waste materials in geopolymer production not only addresses
the environmental challenges posed by conventional cementitious systems but also
promotes the circular economy by reintroducing industrial and agricultural by-
products into the production cycle. The utilization of aluminosilicate-rich waste such
as blast furnace slag, fly ash, and biomass-derived ashes significantly reduces the
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reliance on virgin raw materials and diminishes carbon emissions associated with
traditional Portland cement manufacture (Provis & Bernal, 2014; Davidovits, 2015).

Waste-based geopolymer systems leverage the inherent chemical composition of
industrial by-products, such as the calcium, silica, and alumina contents, to initiate
geopolymerization reactions without the need for high-temperature calcination
processes. This results in lower energy consumption during binder production and
contributes to a substantial reduction in the carbon footprint (Van Deventer et al.,
2012). Additionally, the incorporation of agricultural residues, such as hazelnut shell
ash, not only valorises otherwise discarded biomass but also introduces beneficial
oxides like potassium oxide (K:0O) and silica (SiO2), which are essential for
enhancing the geopolymeric network and mechanical performance (Omur et al.,
2024; Seving, 2022).

From a sustainability perspective, integrating waste materials into geopolymer
mortars offers a dual benefit: it alleviates environmental pressures associated with
waste disposal and reduces the environmental impact of the construction sector.
Moreover, the localized sourcing of agricultural and industrial wastes fosters regional
economic development and minimizes the environmental costs associated with long-
distance material transportation. Therefore, waste utilization in geopolymer
production is not merely a technical alternative but an essential strategy for achieving
sustainable construction practices and advancing low-carbon material technologies.

3. Material Characteristics and Mortar Mix Design

The hazelnut shell ash utilized in this study was sourced from a bread oven. This
ash does not possess a uniform particle size distribution, which necessitated an initial
sieving process to remove larger particles. The remaining ash was then ground to
achieve a fine particle structure, yielding ash particles no larger than 2 mm. Using a
grinder equipped with steel balls, the ash was subjected to a 45-minute grinding
process, resulting in a particle size distribution of less than 45 microns. The specific
gravity of the processed ash was determined to be 2.59.

Blast furnace slag was obtained in a finely ground form from a cement factory for
use in the mortar mixes. The specific gravity of the slag is 2.87, and it exhibits a
fineness value of 5200 (Blaine).

The aggregate employed in this research consists of limestone-based crushed
stone with a particle size range of 0 to 4 mm. This aggregate has a specific gravity of
2.71, a water absorption rate of 1.87%, and a fineness modulus of 2.72. The mixing
water used in all formulations was potable tap water to ensure the quality of the
mortars. Four distinct series of mortar were produced:GH25, GH35, GH45, and
GHS55. The inclusion rates of hazelnut shell ash were systematically varied to
evaluate the impact of this waste material on the properties of the mortar. The mix

33



proportions of the produced mortar samples were determined in accordance with TS
EN 196-1 standards. The specific mix ratios are detailed in Figure 1.

1600
1400
1200
1000
800
600
400
200

0
GH25 GH35 GH45 GHS55

Hazelnut Ash © Slag = Water © Sand

Figure 1. Mortar mixture quantities (Kg/m?)

4. Experimental
4.1. Unit Weight and Flexural Strength

The unit weights of mortar samples incorporating varying amounts of hazelnut
shell ash (HSA) were evaluated in accordance with ASTM C138 (Figure 2). The
unit weights of the samples were recorded as 2.37 g/cm?® (GH25), 2.34 g/cm?
(GH35), 2.31 g/cm® (GH45), and 2.29 g/cm?® (GHS55).

Figure 2. Measuring the unit volume weights of samples and Flexural Strength
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The highest fresh and hardened unit weights were observed in GH25, the
sample with the lowest HSA content, whereas GHS55, containing the highest
amount of HSA, exhibited the lowest unit weights. This decrease in unit weight
with increasing HSA can be attributed to the lower specific gravity of hazelnut
shell ash compared to blast furnace slag. Despite these reductions, the overall
differences among samples remained relatively moderate (approximately 3.4%
decrease in unit weight), which indicates a consistent density profile across
different mix designs. Similar trends have been reported when using agricultural
by-product ashes as partial replacements in cementitious systems (Maddalena et
al., 2018; Tashima et al., 2019).
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Figure 3 Unit -Flexural Strength

In terms of flexural strength, sample GH55 also exhibits the best performance,
while GH25 has the lowest strength values. An increase in flexural strength with
age is observed for all samples. However, unlike the distinct and high-percentage
increases seen in compressive strength, the age-dependent increase percentages
for flexural strength are generally more modest. This might suggest that the
material's flexural strength does not develop as rapidly or at the same rate as its
compressive strength. The increasing number in the GH series is positively
correlated with an increase in flexural strength (Figure 3).

In terms of mechanical performance, the 7-day flexural strength values of the
mortar samples were found to be 0.65 MPa (GH25), 0.94 MPa (GH35), 1.03 MPa
(GH45), and 1.14 MPa (GHS55) (Figure 3). Among these, GH25 demonstrated the
lowest flexural strength, while GH55 showed the highest performance. The
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increase in flexural strength observed with higher HSA content suggests a
positive correlation, indicating that HSA effectively contributes to early-age
flexural performance.

This enhancement can be attributed to the pozzolanic activity of hazelnut shell
ash, which promotes additional calcium silicate hydrate (C-S-H) formation,
strengthening the matrix structure (Islam et al., 2021; Gunasekara et al., 2020).
Moreover, the micro-filling effect of fine ash particles reduces the overall
porosity and leads to a denser microstructure, further improving flexural
resistance (Siddique & Klaus, 2009).

It is important to note that while flexural strength increased with HSA content,
the improvement was relatively moderate compared to typical compressive
strength gains often reported in similar studies. This may be due to the complex
nature of stress distribution under flexural loads and the dependence on the
matrix-aggregate interface quality.

In summary, as the amount of hazelnut shell ash increased, the mortar samples
exhibited a slight decrease in both fresh and hardened unit weights, accompanied
by a clear enhancement in 7-day flexural strength. The findings support the
potential use of hazelnut shell ash as a supplementary cementitious material,
contributing to the development of more sustainable, lighter, and higher-
performing mortar systems.

4.2. Ultrasonic Pulse Velocity and Compressive Strength Test

The compressive strengths and ultrasonic pulse velocity (UPV) values of
mortar samples incorporating hazelnut shell ash (HSA) were evaluated after 7
days of curing (Figure 4). The 7-day compressive strength values were recorded
as 3.79 MPa (GH25), 5.16 MPa (GH35), 6.77 MPa (GH45), and 8.54 MPa
(GHS55). Meanwhile, the corresponding UPV values were measured as 1576 m/s,
1683 m/s, 1858 m/s, and 1939 m/s for GH25, GH35, GH45, and GHSS,
respectively.

36



Figure 4. Compressive and UPV tests of samples

Among the samples, GH25 exhibited the lowest compressive strength and
UPV value, while GH55 demonstrated the highest results in both parameters
(Figure 5). The increase in compressive strength with higher HSA content
suggests that hazelnut shell ash effectively contributes to the early-age
mechanical performance of the mortar. This enhancement is primarily attributed
to the pozzolanic reactivity of HSA, which promotes the formation of additional
calcium silicate hydrate (C-S-H) phases, thereby improving the densification and
overall integrity of the microstructure (Islam et al., 2021; Gunasekara et al.,
2020).In parallel, the progressive increase in UPV values indicates improved
material compactness and reduced internal defects or voids. Higher UPV values
typically reflect a denser and more homogeneous matrix, implying that the
incorporation of HSA enhances the quality and continuity of the hardened mortar
body (Siddique & Klaus, 2009). The strong positive correlation between
compressive strength and UPV observed across all samples supports the use of
UPV as a non-destructive indicator of mechanical performance and internal
integrity at early ages.

Overall, these findings demonstrate that mortars with higher contents of
hazelnut shell ash achieve both superior early-age compressive strength and
improved ultrasonic pulse velocity, emphasizing their potential for producing
sustainable, high-quality cementitious materials with enhanced durability and
structural performance.
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Figure 5. Compressive and flexural strength tests of samples

In terms of compressive strength, sample GHS55 demonstrates superior
performance, while GH25 shows the lowest. All samples exhibit an increase in
strength with age, but GH55's high early-age strength and relatively earlier
maturation are noteworthy. These data clearly show a positive correlation
between the increasing number in the GH series and the increase in strength.

5. Results and Discus

The experimental findings of this study clearly demonstrate that geopolymer
mortars produced with hazelnut shell ash and blast furnace slag, without the need
for commercial activators, can achieve comparable early-age performance to
traditional chemically activated systems. Various fresh and hardened properties
were analysed, providing a holistic view of the material behaviour under different
compositions during the crucial initial curing period.

Fresh and hardened unit weights exhibited a decreasing trend with the increase
in hazelnut shell ash (HSA) content. The fresh unit weights ranged from 2.37
g/cm® (GH25) to 2.29 g/cm® (GHSS). Correspondingly, the hardened unit
weights, evaluated after 7 days, varied between 2.14 g/cm? and 2.09 g/cm?. The
GH25 sample, with the lowest ash content, showed the highest unit weight,
whereas GHS55 exhibited the lowest. This trend can be attributed to the lower
specific gravity of hazelnut shell ash (2.59) compared to blast furnace slag (2.87)
and aggregate (2.71). Similar observations have been reported by Ozkogak and
Sigman (2020), who noted that the incorporation of biomass ashes increases the
porosity and reduces the overall density of cementitious systems. This slight
reduction in unit weight is favourable from a structural engineering perspective,
as it may allow for lighter construction and reduced seismic loads.
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Setting times were significantly affected by the ash content. The GH25
mixture exhibited an exceptionally prolonged initial setting time (750 minutes),
which is considerably longer than that of conventional cements. Conversely,
mixtures with higher ash content, such as GH45 and GH55, demonstrated much
shorter setting times, reaching the initial set within 15 to 18 minutes. This
acceleration in setting behavior can be explained by the high K-O content of
hazelnut shell ash, which enhances the alkalinity of the system and promotes
rapid geopolymerization reactions (Seving, 2022; Omur et al., 2024).
Nonetheless, extremely short setting times may challenge the workability of fresh
mortar, necessitating careful adjustment of mixture proportions or the use of
retarders in practical applications.

Compressive strength measurements revealed that the increase in hazelnut
shell ash content substantially improved early-age mechanical performance. At 7
days, compressive strength values increased from 3.79 MPa (GH25) to 8.54 MPa
(GHS55). Similarly, flexural strength improved with ash content, rising from 0.65
MPa (GH25) to 1.14 MPa (GHS55) at 7 days. These results are consistent with the
findings of Samsudin and Ban (2015) and Cheah et al. (2021), who highlighted
that potassium-rich biomass ashes enhance the solubility of aluminosilicate
materials, thereby increasing the production of geopolymeric gel phases and
improving mechanical properties. Moreover, the presence of K.O facilitates a
higher pH environment compared to sodium-based systems, further accelerating
the geopolymerization process and contributing to denser microstructures.

During the 7-day curing period, compared to the GH25 sample, the GH35,
GH45, and GH55 samples exhibited substantial increases in mechanical strength.
For compressive strength, these samples showed increases of 36% (GH35), 79%
(GH45), and 125% (GHS5S), respectively. In terms of flexural strength, these
samples achieved increases of 45% (GH35), 58% (GHA45), and 75% (GHS5S),
respectively. The general trend across all mechanical tests at 7 days indicates that
hazelnut shell ash effectively acts as an activator when combined with blast
furnace slag, supporting the rapid development of high-strength binders without
the need for commercial alkali chemicals. This approach not only reduces the
carbon footprint but also leverages agricultural waste products, promoting
sustainability and resource efficiency. The increased strength of mortars
produced with biomass ashes containing high K-O is attributed to the increased
solubility of aluminosilicate raw materials in a highly alkaline environment due
to the elevated K»O content (Samsudin and Ban, 2015). Potassium compounds
have significantly higher pH levels than sodium-based solutions, further
enhancing the solubility of ground granulated blast furnace slag (GGBFS),
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leading to greater hydration products and a denser microstructure, consequently
improving early-age strength and durability characteristics (Cheah et al., 2021).

When comparing the results to previous studies, such as those by Alonso et
al. (2019) and Pinheiro et al. (2018), it becomes evident that agricultural residues
can successfully replace synthetic activators, provided that their chemical
composition is appropriate. The outcomes of this study reinforce the viability of
hazelnut shell ash as a sustainable and effective raw material for geopolymer
production. Overall, the experimental results substantiate that a complete waste-
based activation system can yield geopolymer mortars with satisfactory
mechanical strength, suitable setting times, and reduced densities, all while
contributing significantly to environmental sustainability. These findings align
with the broader objectives outlined by Davidovits (2015) and Van Deventer et
al. (2012) regarding the use of geopolymers as low-carbon alternatives to
Portland cement-based materials.

6. Conclusions

This study demonstrates that it is possible to produce geopolymer mortar
solely using industrial waste materials (hazelnut shell ash and blast furnace slag)
without the use of chemical activators. Experimental results indicate that the
potassium oxide (K20) and calcium oxide (CaO) content of hazelnut shell ash
supports geopolymer reactions, thereby enhancing mechanical strength. This
study successfully demonstrated the potential of hazelnut shell ash (HSA) as a
valuable supplementary cementitious material in mortar production. The
systematic variation of HSA inclusion rates yielded several key findings:

The incorporation of hazelnut shell ash led to a slight but consistent decrease
in both fresh and hardened unit weights of the mortar samples. This reduction is
attributed to the lower specific gravity of HSA compared to other mix
constituents.

A clear and positive correlation was observed between increasing HSA
content and improved 7-day flexural strength. The highest HSA content (GH55)
resulted in the best flexural performance, primarily due to HSA's pozzolanic
activity and micro-filling effects. A slight decrease in unit weight was observed
as the proportion of hazelnut shell ash increased. Furthermore, flexural and
compressive strength tests demonstrated that the strength values significantly
increased with higher proportions of hazelnut shell ash, with the GH55 sample
exhibiting the highest mechanical strength.

Hazelnut shell ash significantly enhanced the early-age compressive strength
of the mortar. Higher HSA contents (e.g., GH55) consistently produced superior
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compressive strengths, again linked to the pozzolanic reactivity of HSA and the
resulting formation of additional C-S-H phases.

Ultrasonic pulse velocity (UPV) values increased with higher HSA content,
indicating improved material compactness, reduced internal defects, and a denser,
more homogeneous mortar matrix. The strong correlation between UPV and
compressive strength validates UPV as a non-destructive tool for evaluating
mortar quality.

In summary, mortars with higher hazelnut shell ash content not only exhibited
slightly lower unit weights but also achieved superior early-age mechanical
properties, including enhanced flexural and compressive strengths, and improved
internal quality as indicated by higher UPV values. These findings strongly
support the effective utilization of hazelnut shell ash as a sustainable and high-
performing supplementary cementitious material, contributing to the
development of lighter and more durable mortar systems.

Overall, the GH55 sample demonstrated the best performance in terms of
mechanical and physical properties, showing that these mortars produced through
a completely waste-based activation method are competitive with traditional
commercial activator-based systems. This study highlights a significant
alternative for developing sustainable building materials.

These findings indicate that waste-based activation can be successfully
applied in geopolymer mortars and contribute to the development of an
environmentally friendly, sustainable, and economical binding system. The
results promote the use of waste-based binders as an alternative to traditional
cement-based systems and provide significant scientific contributions to the
ongoing efforts in developing sustainable building materials.

Funding: This research was funded by the Scientific Research Projects
Coordination Unit of Kahramanmaras Istiklal University, grant number 2022/1-2.
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Chapter3

Energy Yield Analysis of a Grid-Connected
PV System and Feasibility Estimation for
Green Hydrogen Production in Bandirma Region

Batin DEMIRCAN!2

Abstract

In this study, the potential for green hydrogen production of a 10.8 kWp grid-
connected photovoltaic (PV) system, designed for the Bandirma region of
Turkey, was evaluated using PVsyst 7.2.16 software. The system comprises
bifacial PV modules manufactured by Longi Solar and two inverters, each with
dual-MPPT inputs and a nominal power rating of 7.5 kW. Simulation results
indicate an annual total electricity yield of 15.32 MWh. Of this energy, 95.86 %
is allocated to a proton exchange membrane (PEM) electrolyzer operating at a
constant power of 1.5 kW for six hours per day, resulting in an annual green
hydrogen production of 63.17 kg.

Economic analyses reveal that the system’s total installation cost is
approximately USD 12,300; when operating expenditures are included, the
levelized cost of hydrogen production amounts to about USD 12.66 per kg. This
figure lies within the expected range for small-scale installations, and it is
projected that scale-up would reduce production costs to the vicinity of USD 5—
7 per kg.

From an environmental standpoint, the system’s hydrogen output alone avoids
the emission of 631.7 kg of CO- per year; furthermore, the export of surplus PV
electricity to the grid yields an additional reduction of 6.89 t of CO: annually.
These findings demonstrate that such systems offer significant potential for
integrating renewable energy sources and mitigating carbon emissions.

Keywrods: PVsyst, Electrolyzer, PV system, Green Hydrogen, Renewable
Energy

! Balikesir University, Balikesir Vocational School, Department of Electronic and Automation,
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1 Introduction

In recent years, green hydrogen, produced through the electrolysis of water
using electricity generated from renewable energy sources, has emerged as a
priority among carbon neutral energy solutions worldwide [1]. Green hydrogen
is based on the principle of separating water into hydrogen and oxygen without
reliance on fossil fuels and contributes to grid flexibility by storing surplus
electricity generated from wind and solar power [2]. According to the report of
the International Renewable Energy Agency, green hydrogen will become cost
competitive after 2030 through photovoltaic and wind based production [3].

Among electrolysis technologies, alkaline water electrolyzers, which are the
most widely used in industrial applications, and polymer electrolyte membrane
electrolyzers, which allow high current densities and rapid dynamic response, are
prominent. However, in recent years significant progress has also been made in
anion exchange membrane water electrolyzers that do not contain noble metal
groups and can use low cost catalysts [4]. Electrolyzer units integrated with
photovoltaic systems support grid stability by supplying water electrolysis during
periods of surplus production and increase the economic benefits of photovoltaic
plants through hydrogen production [2]. The IEA World Energy Investments
2025 report also emphasizes that photovoltaic electrolyzer integration has gained
priority in investments in low emission fuels [5].

This technological diversity enables system designs suitable for different
scales and application scenarios [6]. A systematic review of the potential of green
hydrogen to reduce carbon emissions has evaluated not only its role as an energy
storage medium produced through water electrolysis but also its direct use in hard
to decarbonize sectors such as heating, transportation, and the chemical industry.
In the review by Elshafei and Mansour, it is stated that green hydrogen projects
are currently costly, but costs are expected to decrease rapidly due to the decline
in renewable energy costs, the achievement of economies of scale, and the
maturation of technology [7]. The European Commission’s EU Hydrogen
Strategy report details the strategic importance of green hydrogen in
transportation and heavy industry and the investment targets associated with it
[8].

For the widespread adoption of green hydrogen, not only technological
efficiency but also environmental and economic impact analyses covering the
entire value chain are of critical importance. In the literature, systematic reviews
have evaluated all stages from electrolysis to production, distribution, and the
carbon free potential achieved at the end use [9]. In addition, the cost
effectiveness of hydrogen integration into heavy industry is being discussed in
the context of direct reduced iron technologies. Economy wide optimization
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simulations conducted by Jordan et al. have shown that under the net zero carbon
dioxide target by 2050, carbon capture and storage technologies provide both
lower costs and higher cumulative emission reductions compared to hydrogen fed
direct reduced iron [10]. The Turkey Hydrogen Technologies Strategy and
Roadmap supports this transition by projecting that costs can be reduced below
2.4 USD per kilogram by 2035 and to 1.2 USD per kilogram by 2053 [11] . On
the other hand, the Turkey National Energy Plan highlights the importance of
such pilot scale photovoltaic electrolyzer projects by targeting an electrolyzer
capacity of 5 gigawatts by 2035 [12].

In this study, a 10.8 kilowatt peak grid connected photovoltaic system specific
to the Bandirma region of Turkey is analyzed. The annual distribution of solar
energy and operating parameters in the relevant region are examined using
PVsyst 7.2.16 software, and the potential for converting the obtained electricity
generation data into green hydrogen in a polymer electrolyte membrane
electrolyzer is investigated. Thus, a green hydrogen production system applicable
specifically to Bandirma will be proposed in the light of both regional economic
feasibility and annual greenhouse gas reduction figures.

2 Materials and Methods

In this study, the green hydrogen production potential based exclusively on
solar energy was analyzed for a site located in the Bandirma district of Balikesir
province, Turkey. Using PVsyst 7.2.16 software [13], a grid-connected
photovoltaic (PV) system was designed with the aim of operating a constant-
power electrolyzer during daylight hours to produce hydrogen. Figure 1 shows
the general schematic diagram of the PVsyst-based green hydrogen production
system installed in the Bandirma region. The system directs a portion of the
electrical output from the PV panels directly to the grid, while routing the
remainder to an electrolyzer unit with a fixed load profile for green hydrogen
generation. Within the simulation framework, PV generation, inverter
configuration, load profile, and hydrogen production calculations were all
modelled in PVsyst 7.2, and performance analyses were subsequently carried out.
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Figure 1. Green hydrogen production configuration integrated with a grid-
connected photovoltaic system

2.1 Site Location, Meteorological Data and Photovoltaic Field
Configuration

The simulation study was conducted using the Bandirma district, situated in
the southern Marmara Region, as its basis. The location of the study area on the
map is shown in Figure 2.

Kuscenneti
Milli Porki

Figure 2. Geographical location of the Bandirma district where the study
was conducted

The locational information for Bandirma is shown in Figure 3. This site was

entered directly into the PVsyst software and served as the basis for the
simulation.
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Figure 3. Coordinates and general parameters of the Bandirma location

Meteorological data were obtained from the Meteonorm 8.0 database
integrated into PVsyst. This selection was performed manually, as illustrated in
Figure 3.
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Figure 4. Selection of Meteorological Data Source (Meteonorm 8.0)

For the Bandirma site, the annual global horizontal irradiance (GHI) was
determined to be 1563.5 kWh/m?, and the mean ambient temperature was 14.72
°C. Throughout the simulation period, the albedo was held constant at 0.20, and
shading effects were neglected. The PV system was mounted on a fixed-tilt plane,
with a module tilt angle set to 30° and an azimuth orientation of 0° (due south).
Figure 5 presents a graphical evaluation of the panel tilt and orientation in terms
of annual irradiance optimization.
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Figure 5. Annual Irradiance Optimization through PV Panel Tilt and
Orientation

The system comprises 24 LONGi LR4-72HBD 450 M bifacial PV modules,
yielding a total installed capacity of 10.8 kWp. Each 450 Wp module is arranged
in three parallel strings of eight modules in series. Figure 6 details the PV module,
string configuration, and inverter selection.
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Figure 6. Presentation of PV module and inverter selection, including panel
layout, connection configuration, and system overview
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2.3 Inverter Description and Load Profile (Electrolyzer Load)

An inverter with a nominal power rating of 7.5 kW,[] and two MPPT inputs
was selected for the system. Its DC-input voltage window spans 150-750 V, and
the DC/AC ratio (Pnom ratio) is 1.44 well within the acceptable range reported in
the literature. The inverter model was generated using the “Generic” inverter
database provided in PVsyst. A constant-power load was defined for hydrogen
production. The specified 1.5 kW constant load was configured to operate only
between 10:00 and 16:00, yielding a daily energy consumption of 9.0 kWh/day.
This load profile ensures that energy is drawn for green hydrogen production
solely during photovoltaic generation hours. Figure 7 presents the hourly load
profile of the electrolyzer.
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Figure 7. Daily hourly load profile of the constant-power (1.5 kW) electrolyzer
defined in PVsyst

2.5 Simulation Settings and Reporting

The simulation year was defined using the Typical Meteorological Year
(TMY) dataset provided by PVsyst. The key outputs obtained include total PV
generation (MWh/year), energy delivered to the user load (kWh/year), energy
exported to the grid, performance ratio (PR), specific yield (kWh/kWp/year),
inverter losses, and overall system losses. All results are corroborated by
PVsyst’s PDF report and graphical outputs. The total energy supplied to the user
load was calculated as 3,285 kWh/year, and this value was directly employed in
the hydrogen production calculations.
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3  Results

In this study, a grid-connected photovoltaic (PV) system for green hydrogen
production was modeled for the Bandirma site using PVsyst 7.2.16, and its annual
performance was evaluated. The simulation results were analysed from technical,
economic, and environmental perspectives to elucidate the system’s green
hydrogen production potential.

3.1 PV System Performance and Energy Uncertainty, Reliability
Assessment

The annual energy yield of the 10.8 kWp PV system planned for installation
in the Bandirma region was calculated as 15,323 kWh/year. This corresponds to
a specific yield of 1,419 kWh/kWp/year, indicating highly efficient operation
relative to Turkey’s solar-energy potential. The system’s performance ratio (PR)
was determined to be 81.1 %. Figure 8§ summarizes the annual energy yield,
nominal power, specific yield, and system losses.
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Figure 8. Key Simulation Parameters and Annual Performance Outputs of
the PV System

Figure 9 presents the input—output relationship that characterizes the system’s
daily energy performance. On the horizontal axis, it shows the global irradiance
incident on the horizontal plane (kWh/m*day), and on the vertical axis, the
corresponding electric energy output of the PV system (kWh/day).

The dataset covers the period from 1 January to 31 December, with each point
representing one day’s energy input—output performance. The observed trend
indicates a directly proportional increase in electrical output with rising
irradiance, confirming that the system operates smoothly and responsively to
solar intensity. The high density of data points in the 2—8 kWh/m?*day range
reflects that this irradiance interval is the most prevalent daily radiation level for
the Bandirma region. Moreover, output values reaching up to 60 kWh/day
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demonstrate that, under favorable conditions, the system can operate at near-
maximum efficiency, approaching saturation at high irradiance levels.

The tight, narrowly dispersed linear cluster evidences the system’s stable
performance and its ability to convert energy with high precision, minimally
affected by environmental factors such as temperature fluctuations, shading, or
soiling. Such a strong linear relationship validates the adequacy of the system
design and confirms that energy losses have been kept to a minimum. Figure 9
thus substantiates the PV system’s high irradiance sensitivity, the robust
correlation between input radiation and energy production, and the system’s
reliable operation under dynamic environmental conditions.
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Figure 9. Relationship between Daily Global Irradiance and System Output

Figure 10 illustrates the performance ratio (PR) curve, defined as the ratio of
the energy delivered to the grid over the year to the theoretical energy that could
have been generated. The plot presents separate PR values for each month,
thereby revealing how system efficiency responds to seasonal variations. Overall,
the PR fluctuates between 0.75 and 0.85 throughout the year, with a mean value
of 0.811, indicating excellent installation quality and overall system performance.

Notably, January, November, and December exhibit higher PR levels
(approximately 0.85), despite shorter daylight hours; this suggests that colder
ambient temperatures during these months positively influence module
efficiency, thereby boosting performance. Cooler conditions reduce cell
operating temperature, which is a primary factor contributing to the observed PR
increase. During the transition periods of March—April and September—October,
the PR values remained close to the annual average, indicating that the system
delivers more balanced and stable performance during spring and autumn.
Consequently, the analysis presented in Figure 9 demonstrates that the system
operates at over 80 % efficiency for the majority of the year, experiencing only
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minor efficiency losses during the summer months due to elevated temperatures
and system limitations. This finding confirms that the system successfully
maintains seasonal performance balance and provides reliable energy production.
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Figure 10. Monthly Variation of Performance Ratio (PR)

Figure 11 illustrates the probabilistic distribution of the PV system’s annual
energy yield under uncertainty. The P50 energy yield is calculated as 15,323
kWh, meaning there is a 50% probability that the system will produce this amount
or more. Additionally, the P90 and P95 values 14,343 kWh and 14,068 kWh,
respectively indicate that even under more conservative assumptions, the energy
yield remains high. This demonstrates both the system’s strong performance and
its low investment risk profile.
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Figure 11. Probability Distribution of Annual Energy Yield Uncertainty for
the PV System
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3.3 Electrolyzer Load and Energy Consumption

A PEM (Proton Exchange Membrane) electrolyzer with a constant power
demand was considered for green hydrogen production. The system was
configured to operate only during the PV system’s most efficient hours,
specifically between 10:00 and 16:00. The electrolyzer’s fixed daily consumption
was defined as 1.5 kW, leading to a daily energy requirement of 9.0 kWh and an
annual consumption of 3,285 kWh/year. Simulation results obtained via PVsyst
software reveal that the PV system is capable of supplying the majority of the
electrolyzer’s energy demand. The solar fraction, defined as the ratio of energy
consumption met directly by solar production without importing electricity from
the grid, was calculated to be 95.86%. This high ratio clearly indicates substantial
grid independence and a high level of system autonomy. The annual energy
imported from the grid was only 0.14 MWh, representing a negligible portion of
the total demand.

Figure 12 presents the monthly normalized energy production and associated
losses of the PV system. The chart distinguishes between the useful inverter
output (Yf), PV array losses (Lc), and system/inverter losses (Ls). The system
exhibits peak performance during the summer months June, July, and August
with normalized daily production ranging between 6—7 kWh/kWp/day. In
contrast, production declines during the winter season due to reduced irradiance.
This seasonal variation was considered in system design to ensure operational
continuity. These findings confirm the PV system’s high energy efficiency and
its effective alignment with the defined load profile. Particularly for green
hydrogen production, which requires consistent and time-specific energy
delivery, the observed performance underscores the system’s viability and
sustainability.

1 I 1 I 1 I I I | 1
Lc: Collection Loss (PV-array losses) 0.83 kWh/kWp/day
Ls: System Loss (inverter, ...) 0.08 kWh/kWp/day
Yf: Produced useful energy (inverter output) 3.89 kWh/kWp/day

nergy [KWh/kWp/day]

0 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Figure 12. Monthly Normalized Energy Production and Losses
(kWh/kWp/day)
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3.4 Green Hydrogen Production Potential, Economic Evaluation and
Carbon Emission Savings

Assuming an energy requirement of 52 kWh per kilogram of hydrogen for a
PEM electrolyzer, the annual production capacity mH> can be calculated as
follows [14], [15]:

3285 kWh

H,production = W ~ 63.17kg/yr

I Egnnual _ 3,285 kWh/year
He 52 kWh/kg

£ ~ 63.17 kgy,/yr
per kg

where

Eannual = 3,285 kWh/year is the total annual energy supplied to the electrolyzer,
and

Eannuat = 52 kWh/kg is the specific energy consumption per kilogram of
hydrogen.

Production was seasonally uniform, with the average daily hydrogen yield
ranging from 5.2 to 5.4 kg/day. Assuming a 20-year lifetime and an annual
operation-and-maintenance rate of 1.5 %, the annualized costs can be derived as
follows [16]:

Capital recovery factor (CRF):

1
CRF =—=10.05
20
Annualized capital cost:

Ceapann = 12300 USD x 0.05 = 615 USD/yr

Annual maintenance cost:
Comann = 12300 USD x 0.015 = 184.5 USD/yr

Total fixed annual cost:
Crixed,ann = 615 + 184.5 = 800 USD/yr

Given an annual hydrogen yield of 63.17 kg, the levelized cost of hydrogen
(LCOH) is therefore [17], [18], [19]:

Cfixed,ann _ 800 USD/_’yT‘

= ~ 12.66 USD /k
my,ann  63.17 kg/yr /kg

LCOH =
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$800 _
Although this value may appear high for a small-scale installation, it is
anticipated that scaling up the system could reduce the cost to the USD 5—7 per
kg-H. range reported in the literature. When hydrogen is produced by
conventional methods (gray hydrogen), an average of 10 kg CO- is emitted per
kilogram of H.. Accordingly, for an annual production of 63.17 kg,
approximately 631.7 kg of CO2 would be emitted per year. Additionally, if the
PV system’s total electricity output of 15.32 MWh per year were used entirely to
displace grid supplied power, assuming an emission factor of 0.45 kg CO: per
kWh, a total annual CO: savings of 6,894 kg would be realized.

4  Conclusion

In this study, the potential application of a grid-connected 10.8 kWp
photovoltaic system developed for the Bandirma site for green hydrogen
production was examined in detail using PVsyst 7.2.16 software. The simulation
outputs revealed significant findings in terms of the system’s energy generation
capacity, hydrogen production potential, economic efficiency, and environmental
contributions.

The simulation indicated an annual photovoltaic generation of 15.32 MWh, of
which 95.86% was allocated to a 1.5 kW constant-power electrolyzer configured
specifically for green hydrogen production, demonstrating a high solar fraction.
The electrolyzer’s annual energy consumption was calculated as 3,285 kWh, and
based on this value, the system’s annual green hydrogen production was
determined to be approximately 63.17 kg.

Economic analyses showed a capital cost of USD 12,300 and, including
annual operation and maintenance expenditures, a levelized hydrogen production
cost of approximately USD 12.66 per kilogram. Although this cost is expectedly
higher for small-scale installations, it aligns with literature reports suggesting a
reduction to USD 5 to 7 per kilogram for larger systems. From an environmental
perspective, the green hydrogen output avoids around 631.7 kg of CO2 emissions
annually. Moreover, if all of the PV system’s electricity is used to replace grid-
supplied power, an additional reduction of approximately 6.89 tonnes of CO: per
year can be achieved.

Thus, the system offers a sustainable and environmentally friendly solution
not only for green hydrogen production but also for general energy supply. In
conclusion, this work demonstrates the technical, economic, and environmental
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feasibility of small-scale PV-based hydrogen production systems and provides a
pioneering model for future higher-capacity installations.

It is important to note that PVsyst does not directly model electrolyzer
dynamics or hydrogen production processes. Instead, the hydrogen yield in this
study was estimated based on the PV system’s energy output and a standard
specific energy consumption of 52 kWh/kg H- for a PEM electrolyzer. Therefore,
the results should be interpreted as an energy-based feasibility assessment rather
than a detailed hydrogen system simulation. Future work could integrate more
advanced modeling tools to capture electrolyzer performance, partial load
behavior, and hydrogen storage dynamics for a more comprehensive analysis.
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Chapter 4

Controlling Entry/Exit Delamination in GFRP
Composites: Taguchi Optimization of
Drilling Parameters

Durmus Ali BIRCAN!,Bekir YILDIRIMCI?, Yilmaz ERBIL?

Introduction

Composite materials have revolutionized modern engineering by offering
unparalleled advantages, including high strength-to-weight ratios, corrosion
resistance, and customizable mechanical properties. These characteristics have
rendered them essential in acrospace, automotive, renewable energy, and defense
industries, where performance under extreme conditions is critical [1, 2]. Among
composites, Glass Fiber-Reinforced Plastics (GFRP) have garnered significant
attention in defense applications, particularly for manufacturing protective
components such as spall liners. These liners mitigate the hazardous effects of
spallation, fragmentation caused by high-impact forces, enhancing the
survivability of armored systems [3, 4]. The efficacy of GFRP in such roles stems
from its exceptional impact absorption, flexibility, and lightweight nature,
making it a material of strategic importance [5].

Despite these advantages, the machining of GFRP composites presents tough
challenges. Drilling, a ubiquitous process for assembling structural components,
often induces defects such as fiber pull-out, matrix cracking, and delamination,
the separation of composite layers [6, 7]. Delamination, in particular,
compromises structural integrity by reducing load-bearing capacity and fatigue
resistance, thereby jeopardizing the safety and longevity of critical systems [8].
This defect arises primarily from excessive thrust forces during drilling, which
exceed the interlaminar bond strength, especially at hole entry and exit regions
[9, 10]. Consequently, mitigating delamination is paramount to ensuring the
reliability of GFRP components in demanding applications.
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Traditional approaches to optimizing drilling parameters, such as spindle
speed, feed rate, and tool geometry, rely on iterative experimentation, which is
both time-intensive and costly [11]. While advanced techniques like cryogenic
cooling and diamond-coated tools have shown promise in reducing thermal and
mechanical damage, their implementation often entails prohibitive expenses or
technical complexities [12, 13]. Recent studies emphasize the critical influence
of cutting parameters on delamination severity, with higher feed rates and lower
speeds worsening defect formation [14, 15]. However, a systematic methodology
to identify optimal parameter combinations remains indefinable, particularly for
GFRP composites.

To address these limitations, this study employs the Taguchi optimization
method, a robust statistical Design of Experiments (DoE), to systematically
evaluate the effects of drilling parameters on delamination. The Taguchi
approach minimizes experimental iterations while maximizing data reliability,
enabling the identification of optimal conditions through Signal-To-Noise (S/N)
ratio analysis [16]. By focusing on three critical factors (drill diameter, spindle
speed, and feed rate) at multiple levels, this research aims to establish a parameter
hierarchy and determine configurations that minimize peel-up and push-down
delamination.

Literature Review

The machining of GFRP composites has attracted considerable research
attention given their widespread adoption in high-performance industries such as
aerospace, automotive, and defence. Among machining processes, drilling is
critical for assembling composite structures but frequently introduces defects like
delamination, which compromises mechanical integrity and long-term
performance. Delamination, characterized by the separation of composite layers
at hole entry (peel-up) and exit (push-down) zones, arises predominantly from
excessive thrust forces [8, 10].

Important work by Hocheng and Dharan [11] established a mechanistic
relationship between thrust forces and delamination, attributing defect formation
to the critical interaction between uncut material thickness and interlaminar bond
strength. Building on this foundation, Lin and Chen [13] demonstrated in Carbon
Fiber-Reinforced Polymer (CFRP) drilling that optimizing speeds reduces thrust
forces, thereby suppressing delamination. Although their study focused on CFRP,
the insights remain applicable to GFRP composites due to analogous structural
characteristics, including anisotropic behavior and layered reinforcement.

The influence of drilling parameters on delamination severity has been a
central point of research. Khashaba et al. [14, 15] demonstrated that feed rate
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significantly impacts thrust forces, with higher feed rates worsening peel-up
delamination due to increased tool-workpiece interaction. Conversely, El-
Sonbaty et al. [16] observed that cutting speed exerts minimal influence on thrust
forces in GFR/epoxy composites, emphasizing instead the role of drill diameter
and fiber volume fraction. Kilickap [17] further corroborated these findings,
identifying feed rate and speed as dominant factors affecting delamination in
GFRP, with lower feed rates reducing defect formation. Such discrepancies
underscore the complexity of parameter interactions and the need for material-
specific optimization strategies.

Advanced machining techniques, including cryogenic cooling [12] and
diamond-coated tools [7], have been proposed to address thermal and mechanical
damage during drilling. However, their practical implementation is often limited
by cost and technical constraints, particularly in defense applications where cost-
effectiveness and scalability are critical. In response, statistical optimization
methods, such as the Taguchi DoE, have gained prominence for their ability to
minimize experimental iterations while maximizing process efficiency. Mohan
Kumar et al. [19, 20] successfully applied Taguchi S/N ratio analysis to optimize
drilling parameters for Kevlar composites, achieving reduced delamination at
higher speeds and lower feed rates. Their work highlights versatility of the
method in composite machining, though its application to GFRP composites
tailored for defense systems.

Figure 1. GFRP Defense Components: Ballistic Plates and Bulletproof Jacket

A critical gap in existing research lies in the systematic evaluation of
parameter hierarchies for minimizing both peel-up and push-down delamination.
While studies such as those by Vinayagamoorthy et al. [18] emphasize thrust
force as the primary delamination driver, others, including Davim et al. [21],
advocate for digital image analysis to quantify delamination factors.
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The Taguchi orthogonal array approach offers a structured framework to
address these challenges. By evaluating multiple parameters simultaneously, this
methodology enables the identification of optimal drilling conditions while
minimizing resource expenditure. Previous applications in composite machining,
such as those by Aamir et al. [5], demonstrate its efficacy in balancing competing
factors like production rate and defect minimization. Nevertheless, stringent
requirements of the defense sector for GFRP components, demanding both high
precision and durability under extreme conditions, necessitate further refinement
of these techniques.

This study builds upon prior work by integrating Taguchi optimization with a
comprehensive analysis of peel-up and push-down delamination mechanisms in
GFRP composites. By examining the effects of spindle speed, feed rate, and drill
diameter through a structured L9 orthogonal array, the research aims to establish
a parameter hierarchy and deliver actionable insights for enhancing drilling
quality in defense applications.

Material and Method

The development and experimental evaluation of GFRP composites demand
careful selection of constituent materials and precise control of machining
parameters. This section outlines the materials, fabrication methodology, and
experimental framework employed to investigate drilling-induced delamination.
The GFRP composites were fabricated using E-glass fibers (Metyx GW300) and
a vinylester resin matrix (Crystic VE 679-03PA). The glass fibers were selected
for their high tensile strength and cost-effectiveness, while the vinylester resin
was chosen for its superior chemical resistance and mechanical durability
compared to polyester, ensuring performance in aggressive environments, as
presented in Tables 1 and 2.

Table 3.1. Mechanical and Physical Properties of Glass Fiber Reinforcement

Properties Glass
Metyx GW300

Areal Density (g/m?) 306
Density (g/cm?) 2.55
Tensile Strength (MPa) 3450
Young’s Modulus (GPa) 72
Elongation at Break (%) 4.8
Fiber Diameter (Microns) 9-13
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Table 3.2. Thermomechanical Properties of Vinylester Resin Matrix

Vinylester
Properties
Crystic VE 679-03PA

Density (g/cm?) 1.06
Viscosity [mPa-s (at 25°C)] 250 — 450
Gel Time (minutes) 20 -30
Tensile Strength (MPa) 90
Flexural Strength (MPa) 150
Elongation at Break (%) 4-6

The composite laminates, with a nominal thickness of 10 mm, consisted of 23
unidirectional plies arranged in a [0°/90°] alternating sequence. These laminates
were designed with an areal density of 600 g/m? and a fiber-to-matrix weight ratio
of 81:19, optimized to achieve high strength-to-weight properties critical for
defense and aerospace applications. Fabrication was carried out via the Vacuum-
Assisted Resin Infusion Method (VARIM) using a custom-designed aluminum
mold with integrated flow channels to enhance resin distribution. This process
minimized void content and ensured uniform consolidation. After curing at 80°C
for 8 hours, the laminates were trimmed to 200x100%10 mm dimensions using
an abrasive water jet cutter, a non-contact method selected to prevent mechanical
stress and preserve edge integrity, as shown in Figure 2.
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Figure 2. VARIM Process for GFRP Laminate Fabrication

High-Speed Steel (HSS) drill bits with diameters of 6 mm, 8§ mm, and 10 mm
were employed, each equipped with a 30° helix angle and 118° point angle to
optimize chip evacuation and cutting performance. Experiments were conducted
on a CNC milling machine (Figure 3), with spindle speed, feed rate, and drill
diameter designated as key controlled variables (Table 3). Three levels were
selected for each parameter: spindle speeds of 62, 422, and 945 Rpm; feed rates
of 0.10, 0.18, and 0.24 mm/rev; and drill diameters of 6, 8, and 10 mm. These
parameters were selected to reflect both industrial standards and extreme
operational scenarios encountered in defense applications.
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CNC Machine

Drill Bittt

NC Drilling Experimental Setup for GFRP Composites

Figure 3. C
Table 3. Drilling Parameters and Taguchi Levels for GFRP Experiment
Spindle Speed (Rpm) | Feed Rate (mm/rev) | Drill Diameter (mm)
62 0.10 6
422 0.18 8
945 0.24 10

Drilling-induced damage was assessed by quantifying entry (peel-up) and exit
(push-down) delamination using a digital optical microscope at 200x
magnification, integrated with image analysis software. The delamination factor
(Fq), calculated as the ratio of the maximum damaged diameter (Dmax) to the
nominal hole diameter (Da:iny (Equation 1, Figure 4b), was adopted as the primary
evaluation metric for hole quality. Each experimental condition was replicated
three times to ensure statistical reliability, and the average Fq values were
recorded.

D
Fg=—"% (Eq.1)
Ddrill
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Figure 4. Optical Microscopy Analysis of Peel-Up and Push-Down
Delamination

A Taguchi L9 orthogonal array (Table 4) was employed to systematically
evaluate the effects of drilling parameters on delamination. This design reduced
the number of experiments from 27 (full factorial) to 9 while maintaining
analytical robustness. The S/N ratio, calculated using Equation 2, was applied
under the "smaller is better" criterion to identify optimal parameter combinations
for minimizing Fq. Minitab software facilitated data analysis, including main
effects plots and response tables.

n
1
1 = ~10logy, (;2 y?) (Ea.2)

i=1

Table 4. L9 Orthogonal Array with Delamination Factors and S/N Ratios

I?irairlriielir Spindle Feed Fa Fa Slgj Slgj
(mm) Speed(Rpm) | Rate(mm/rev) | Peel-up | Push-down Peel-up Push-down
6 62 0.10 1.2183 1.217 -1.715 -1.7059
6 422 0.18 1.2513 1.2811 -1.9473 -2.1516
6 945 0.24 1.1879 1.2101 -1.4959 -1.6561
8 62 0.18 1.2247 1.2058 -1.7608 -1.6257
8 422 0.24 1.2253 1.2633 -1.765 -2.0304
8 945 0.10 1.1329 1.2014 -1.0841 -1.5939
10 62 0.24 1.2679 1.2962 -2.0615 -2.2534
10 422 0.10 1.1183 1.1725 -0.9711 -1.382
10 945 0.18 1.1458 1.2889 -1.182 -2.2047

A polynomial regression model was developed to correlate drilling parameters
with delamination factors. Predictive accuracy of the model was validated
through R-squared values and alignment between experimental and predicted
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results. Surface plots further visualized interactions between spindle speed, feed
rate, and drill diameter across different tool sizes.

Results & Discussion

The experimental investigation using the Taguchi L9 orthogonal array (Table
4) explained critical relationships between drilling parameters and delamination
in GFRP composites. The analysis of S/N ratios for peel-up and push-down
delamination demonstrated different optimal parameter configurations for
minimizing each defect type. For peel-up delamination, the optimal parameters
comprised a drill diameter of 10 mm, speed of 945 Rpm, and feed rate of 0.10
mm/rev, yielding the highest S/N ratio (Table 5). Spindle speed emerged as the
most influential factor, followed by feed rate and drill diameter. Conversely, for
push-down delamination, the optimal parameters shifted to an 8 mm drill
diameter, speed of 945 Rpm, and feed rate of 0.10 mm/rev, with feed rate
dominating as the primary factor, followed by drill diameter and speed as shown
in Table 6.

Table 5. S/N Ratio Response for Peel-Up Delamination

Level | Drilling Diameter (mm) Spindle Speed (Rpm) Feed Rate (mm/rev)
1 -1.719 -1.846 -1.257
2 -1.537 -1.561 -1.63
3 -1.405 -1.254 -1.774
Delta 0.315 0.592 0.517
Rank 3 1 2

Table 6. S/N Ratio Response for Push-down Delamination

Level Drilling Diameter (mm) Spindle Speed (Rpm) Feed Rate (mm/rev)

1 -1.838 -1.862 -1.561

2 -1.75 -1.855 -1.994

3 -1.947 -1.818 -1.98
Delta 0.197 0.043 0.433
Rank 2 3 1

The advantage of high speeds in reducing peel-up delamination aligns with
the mechanistic understanding of reduced thrust forces at elevated speeds, as
suggested by Lin and Chen [13]. Lower feed rates further reduce tool-workpiece
interaction forces, thereby limiting interlaminar shear stresses that initiate layer
separation [14]. This parameter synergy, high speeds paired with low feed rates,
is visually corroborated in Figures 5 and 6, where main effects plots exhibit
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significant delamination factor reduction under these conditions. Divergent
optimal drill diameters for the two delamination modes likely stem from
mechanical trade-offs. Larger diameters enhance torsional rigidity, minimizing
vibration-induced peel-up defects, whereas smaller diameters reduce exit-layer
bending stresses, thereby lessening push-down delamination [10, 21]. This
contrast underscores the role of tool geometry in balancing chip evacuation
efficiency and structural resistance during composite machining.
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Figure 5. Taguchi S/N Ratio Main Effects for Peel-Up Delamination
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Figure 6. Taguchi S/N Ratio Main Effects for Push-Down Delamination

Figures 7 and 8 provide a compelling visual contrast of the results obtained
using the optimum and sub-optimum drilling parameters. Figure 7, illustrating
the optimized configuration, 10 mm drill diameter, 945 Rpm spindle speed, 0.10
mm/rev feed rate, displays negligible burr formation and minimal delamination
at both entry and exit zones. This contrasts sharply with Figure 8, where a high
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feed rate and low speed result in significant fiber pull-out, matrix cracking, and
extensive delamination. These morphological anomalies correlate with elevated
Fq values, directly corroborating the quantitative trends identified through S/N
ratio analysis. The distinct divergence in defect severity underscores the necessity
of precise parameter selection to minimize material damage and ensure structural
integrity in drilling operations.

Figure 7. Optimized Drilling Result: Minimal Delamination at High Speed
(945 Rpm) and Low Feed Rate (0.10 mm/rev), 10 mm Drill

Figure 8. Suboptimal Drilling Outcome: Severe Delamination and Fiber
Damage at Low Speed (62 Rpm) and High Feed Rate (0.24 mm/rev), 10 mm Drill

The regression analysis revealed strong predictive performance, with adjusted
R? values of 81.20% and 88.10% for peel-up and push-down delamination,
respectively, as illustrated in Figure 9. Surface plots (see Figures 10-12)
explained the relationship between machining parameters and delamination
behavior. For the 6 mm drill bit (Figure 10), minimal entry-zone delamination
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occurred at low feed rates and high spindle speeds, whereas excessive feed rates
exacerbated defects due to elevated thrust forces. A parallel trend emerged for
the 8 mm drill bit (Figure 11), though push-down delamination demonstrated
non-linearity, showing a slight increase at moderate feed rates. This deviation
may stem from localized heat accumulation or progressive tool wear, factors
potentially attributable to prolonged machining cycles, as noted in prior studies
[7, 12]. In contrast, the 10 mm drill bit (see Figure 12) demonstrated consistent
delamination suppression across both entry and exit zones when used with low
feed rates and high speeds, thereby emphasising its suitability for precision-
critical industrial operations.

Fitted Line Plot Fitted Line Plot
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Figure 9. Regression Model Validation for Delamination Factor Predictions
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Figure 10. Parametric Interaction Surface Plot: Delamination vs. Speed/Feed
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Figure 11. Parametric Interaction Surface Plot: Delamination vs. Speed/Feed
(8 mm Drill)
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Figure 12. Parametric Interaction Surface Plot: Delamination vs. Speed/Feed
(10 mm Drill)

The findings are consistent with previous studies that have supported the use
of Taguchi optimization for composite machining [5, 19], yet extend its
applicability to defence-grade GFRP. The established parameter hierarchy,
prioritizing spindle speed to mitigate peel-up delamination and feed rate to
suppress push-down delamination, offers practical guidelines for industrial
applications. When drilling critical defense components such as spall liners or
armored structures, employing a 10 mm diameter drill at a speed of 945 Rpm and
a feed rate of 0.10 mm/rev may significantly improve hole integrity while
complying with rigorous military standards [3, 4]. However, the inverse
relationship between drill diameter and delamination mechanisms underscores
the need for application-specific parameter calibration, particularly in
multidirectional load-bearing systems where balanced mechanical performance
is paramount.

Conclusions

The present study investigated the minimization of delamination defects in
drilling GFRP composites, a material of strategic importance in defense
applications such as spall liners and armored systems. By employing the Taguchi
optimization method, this research identified critical parameter configurations to
mitigate both peel-up and push-down delamination, thereby enhancing the
structural integrity and operational reliability of machined components.

Significant results revealed distinct optimal parameter sets for each
delamination mode. Peel-up delamination was minimized using a 10 mm drill
diameter, a spindle speed of 945 Rpm, and a feed rate of 0.10 mm/rev, with speed
emerging as the most influential factor. Conversely, push-down delamination was
optimally suppressed with an 8 mm drill diameter, the same high speed, and low
feed rate, where feed rate dominated as the primary contributing factor. The
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divergent influence of drill diameter underscores the necessity of balancing
torsional rigidity and exit-layer bending stresses, depending on specific defect
mechanisms.

The Taguchi L9 orthogonal array demonstrated exceptional efficacy in
reducing experimental iterations while maintaining analytical robustness,
enabling the identification of parameter hierarchies through S/N ratio analysis.

From an industrial perspective, these findings provide actionable guidelines
for machining defense-grade GFRP components. Adopting high speeds paired
with low feed rates, alongside diameter-specific tool selection, can significantly
enhance hole quality, reduce post-machining defects, and align with stringent
military standards. However, the trade-offs between drill diameter and
delamination mechanisms necessitate  application-specific  calibration,
particularly in multidirectional load-bearing systems.
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ChapterS5
An Overview Of The Electropolishing Method

Furkan CENGIiZ!

Abstract

This paper reviews the fundamental aspects and recent advances in the
electropolishing process. Theoretical approaches to the material removal
mechanisms are introduced, highlighting the complex interplay of electrical and
chemical reactions. Electropolishing is influenced by multiple factors,
including current density, temperature, electrolyte composition, and workpiece
motion. However, no single theory fully explains the process, particularly in
light of recent developments that have further complicated the understanding
of material removal. With the growing application of laser machining, additive
manufacturing, and biomedical device fabrication, electropolishing has become
increasingly important as a post-processing technique to meet industrial surface
quality requirements. The process relies on electrochemical reactions between
anodic and cathodic electrodes under DC/AC power supply, and its
effectiveness varies depending on material type, electrolyte, and operating
conditions. Beyond surface finishing, electropolishing is also employed for
passivation, deburring, and micro-pattern formation. Finally, this review
outlines future perspectives in electropolishing research to support further
technological development.
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1. Introduction

Electropolishing (EP), sometimes referred to as electrochemical polishing,
anodic polishing, or electrolytic polishing, is a finishing technique that uses an
anodic dissolving process to remove material from a metal or alloy by removing
it off the workpiece surface ion by ion. Faraday made the initial discovery of
the electrochemical process principle in the nineteenth century (McGeough,
1974). The well-known electrodeposition and dissolving techniques were both
built on the principles of electrolysis, which were introduced in 1833. Because
EP is a non-contact, damage-free process, it differs significantly from
conventional mechanical finishing methods including cutting, grinding,
milling, and buffing as the ultimate finish, according to the principles of
electrolysis (Faraday's Law). The removal of roughness, the lack of grain-
boundary and crystallographic harm, and the formation of smooth, brilliant
surfaces are the hallmarks of the polishing phenomena. Usually, the workpiece
acts as the anode and is submerged in a temperature-controlled electrolyte
solution. It is connected to the DC/AC power supply's positive polarity, while
the cathode is connected to its negative polarity. From the anode, where surface
metal dissolves in the electrolyte, current flows to the cathode. A reduction
reaction takes place at the cathode surface, typically producing hydrogen. The
essential electrolyte is typically a highly viscous concentrated acid medium,
like sulfuric acid, phosphoric acid, and their mixes, or in solutions of acetic acid
and perchloric acid (Landolt, 1987). The metal finishing industry has made
extensive use of EP thanks to its ease of use and capacity to polish intricate
structures. Polishing stainless steel cutlery and preparing samples for
transmission electron microscopy are just two of the many uses for the EP
process. This technique is also helpful for biomedical and semiconductor
applications, including superconductive niobium cavities, pharmaceutical, and
coronary stents semiconductor installations, and implants for the cardiovascular
and orthopaedic systems (Rokicki and Hryniewicz, 2012).

Additionally, the medicinal, aerospace, and defense industries have
benefited greatly from additive manufacturing in recent years but its broad
range of applications is severely constrained by the poor surface quality of
metals produced using this process (Z. Chaghazardi and R. Wiithrich, 2022). In
order to satisfy surface quality standards, post polishing techniques like
sandblasting, electropolishing, plasma spraying, etching, and laser polishing are
frequently used for additive manufacturing components (Bhaduri et al., 2017).
Due to its artlesness and capacity to polish complex structures, EP is a potential
method for polishing additive manufacturing components when compared to
other polishing methods. The rapid advancement of laser machining

78



necessitates the employment of a post-treatment approach to improve the
resulting poor surface smoothness, and EP is a potential method to apply in this
process, particularly when polishing complicated structures. As a result,
conducting an evaluation of the literature in EP is urgently required.

2.EP Process

The most principle EP system is a conventional electrochemical cell with an
anode and a cathode in an electrolyte solution, as displayed in Fig. 1. The
cathode electrode of a power supply is the tool electrode, and the anode
electrode is the workpiece to be polished, which is connected to the positive
terminal. The electrolyte experiences an electrolytical current when the power
supply provides a voltage between the electrodes. An electrolysis technique is
used to transfer electrons from the anode's surface to the cathode's surface. It
oxidizes and loses electrons for the anode. The process of material removal is
brought about by the metal atoms on the workpiece surface transferring to metal
ions and then dissolving in the electrolyte solution. In terms of the cathode, it
is decreased and gains electrons. The reduction reaction causes hydrogen to be
produced from the cathodic surface in a typical EP process.

79



Power supply
+ I -

Electrolyte

7

Dissolved

metal ions\

Workpiece anode  Tool cathode

Fig 1. EP Method

The workpiece material, electrolyte composition, EP duration, temperature,
and other process variables all affect the material removal volume; some of
these will be covered in Section 3. The two process factors that are most
commonly considered to attain surface roughness control are the current density
and EP time. (Hahn & Marder, 1988). Faraday's two laws of electrolysis are
followed in the material dissolving process in the EP process:

1. The electricity is proportional to the volume of material deposited or
dissolved.

mx Q

Q is the amount of charge transferred, and m is the amount of material
dissolved or deposited.

2. Equal amounts of energy dissolve or deposit material in proportion to its ch
emical equivalent weight.
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Faraday's law states that 1 g of workpiece material requires nF/M coulombs
of electricity. n is the atomic valency, F is the Faraday constant, and M is the
atomic weight. The dissolved workpiece part m [g] reasoned by current I [A]
throughout EP time t [s] can then be expressed using Eq. (1) (Lee & Shin, 2011a)

m= "g] (1)

As a result, the current I and EP time t can be tuned to achieve the desired
material removal mass. When the density of the workpiece part is p, Eq. (2) can
be used to compute the theoretical material removal volume.

V= r—;;[mmﬁ (2)

3. Primary Process Factors

Surface smoothening in the EP process is typically divided into two steps:
anodic leveling (macro-smoothening) and brightness (micro-smoothening)
(Jacquet, 1956). The anodic levelling method eliminates surface roughness
heights above 1 um caused by potential distribution differences between
protrusion and valley positions. A locally increased rate of material
disintegration results from the over current density at the prominent site.
Surface roughness heights below 1 pm are eliminated in the anodic brightening
process, which is the outcome of suppressing the impact of surface defects and
crystallographic orientation on the electrochemical dissolving process. By
adjusting the process variables, the anodic leveling effect can be achieved
without the brightness effect, and vice versa (Sautebin et al., 1980). There is no
standard parameter set for different workpiece materials because EP is a
complicated process with many influencing factors. Electrolyte temperature
and composition, polishing time, beginning surface roughness, and other
variables all affect the EP process.

3.1.Temperature

The electrolyte temperature in an EP process is typically directly related to
the process's mass transport because a lower temperature slows the migration
of soluble metal ions out of the electrode surface and donor ions into the surfa
ce. Additionally, the low temperature decreases the solubility of metal ions in
solution, which has the effect of lowering the current density (Zhao et al., 2011).
Because of the low viscosity and constant availability of fresh electrolyte, the
EP effect intensifies as the electrolyte temperature rises. Selective dissolution
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between the protrusion and valley positions is encouraged by this mechanism.
It is believed that as the electrolyte temperature rises, the viscous layer on a
workpiece surface thins because of the increased diffusion rate and decreased
viscosity of the electrolyte. Fig. 2 displays the current density-voltage curve in
the EP of porous austenitic stainless steel (PASS) in phosphoric-sulfuric mixed
acid at 80, 70, and 60°C (Chen et al., 2005). As the temperature rose, the current
density also rose, and because of the improved surface roughness, the greater
current density contributes to a better EP effect. Eliaz and Nissan (Eliaz and
Nissan, 2007) obtained comparable outcomes in the EP method of 316LVM
stainless steel. Ma et al. discovered that electropolishing aluminum samples
with a volume ratio of 1:8 perchloric acid to ethanol at a high temperature of
40 °C had a detrimental impact on the EP process. The study found that as
temperature rises from 10°C to 30°C, the limiting current plateau zone expands.
At 40°C, there is no limiting plateau zone, resulting in a continuous increment
in current density. They concluded that high temperatures should be avoided
because they cause etching pits on the aluminium gap (Ma et al., 2009).
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Fig 2. At temperatures of 60, 70, and 80°, the PASS current density-voltage
curve

3.2.Electrolyte composition

Carrying current, heat, and reaction products is an electrolyte's primary role.
Organic, inorganic, or organic/inorganic combinations can be employed as
electrolytes in an EP process. The most well-known electrolytes are used to
polish stainless steel (Han and Fang, 2019). They typically contain 50% to 75%
by weight acids, 5% to 15% by weight deionized water, and one or more
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inhibitors. A 1:1 or 2:1 mixture of sulfuric and phosphoric acids typically makes
up the electrolyte's acid component. Nevertheless, different metals could
require different kinds of electrolyte, and the eventual EP effect is directly
influenced by the electrolyte's characteristics (Landolt, 1987). The volume ratio
of acid is crucial in the EP process of different materials. In copper EP, the
average surface roughness (Ra) decreased with increasing acid concentration,
and a higher acid concentration resulted in a greater polishing effect (Chang
and Wang, 2004). Fig. 3 depicts the anodic polarization behavior of 30Nb-Ti
alloys electropolished using methanolic sulfuric acid as the electrolyte at
temperatures of 253K for 1M, 3M, and 5M sulfuric acid solutions
(Neelakantan et al., 2011). It turned out that when the concentration of sulfuric
acid increased, the limiting current density's amplitude reduced. Furthermore,
Chen et al. (Chen et al., 2005) and Fushimi et al. (Fushimi, Stratmann, &
Hassel, 2006) reported that growing the volume rate of sulfuric acid in the
mixed acid including phosphoric-sulfuric mixed acid reduced the current
density. The decrease in current density as sulfuric acid increases indicates that
the SO4* ion is not essential for mass transport in the limiting current plateau
zone. It is plausible that the movement of metal ions, as opposed to acceptor
ions, which adhere to the salt film mechanism, limits the EP in these systems.
Declining metal ion solubility in the electrolyte is another reason for the
widened plateau zone and decreased current density brought on by an increase
in acid content (Acquesta and Monetta, 2021).
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Fig 3. NbTi anodic polarization curves at 253 K with different methanolic sulfuric
acid concentrations. The voltage was swept down from 8.207 V to 0.207 V at a scan
rate of 10 mV/s. (Neelakantan et al., 2011)

83



3.3. Electropolish time

Faraday's equation shows that EP time is directly correlated with the amount
of material eliminated. More time will guarantee greater metallic disintegration
and a higher polishing rate when ideal electrical conductivity and voltage range
are present. Fig. 4a illustrates that, under favorable conditions, the material
removal rate increases up to a certain point. In general, it follows a sigmoidal
relationship (Miao, 2006). The impact of temperature and duration on the
electropolishing of Co-Cr alloys for surface characterisation and
biocompatibility was examined by Aihara (Aihara, 2009). The bath temperature
was raised from 3 to 60 minutes and lowered from 35 to 0 °C (Fig. 4b).
Increasing time produced surfaces that were hydrophilic and smooth.
According to controlled EP effects, Cr-Co samples that were biocompatible and
non-toxic were produced by lowering the temperature and lengthening the
duration.
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Fig 4. (a) The sigmoidal law governs the electropolishing time effect. (Sun
etal., 2021) (b) EP rate of Co-Cr samples in phosphoric acid at temperatures
of35°C, 25°C,and 0 °C

Nufiez electropolished stainless steel in different ratios of phosphoric,
sulfuric, and chromic acids to examine the importance of current density and
time. By increasing the treatment period to 25 minutes and the current density
to 48 A/dm2, surface finish (Ra) was significantly improved, reaching
maximum polishing ranges of 80-90%, as shown in Fig. 4 (Nufez, Garcia-
Plaza, Hernando, & Trujillo, 2013).

3.4. Roughness of the initial surface

It is crucial to note that the final electropolished surface quality is influenced
by the workpiece's initial surface roughness, and that the EP process has a
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limited capacity to ameliorate surface roughness. When employing an acid
electrolyte, the electropolished nitinol surfaces in Ra with varying initial
surface roughness of 1 pym and 2 pum are displayed in Fig. 4 (Lee & Shin,
2011b). The workpiece surface roughness improved quickly up to 50 s from its
starting roughness of Ra = 1 um to less than Ra = 0.5 um, but after that time,
there was no discernible improvement. After 300 seconds, the surface
roughness increased significantly to Ra = 0.98 um from its original roughness
of Ra = 2. Additionally, there was no discernible change in surface roughness
after 300 seconds. Because EP has a restriction on polishing quality, the
workpiece's beginning surface should be carefully evaluated for a quick and
efficient EP operation.
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Fig 5. The initial anode surface roughness features as a function of
machining time (Lee & Shin, 2011b)

4. Conclusion

When it comes to applications that demand a high degree of precision,
cleanliness, and corrosion resistance, electropolishing (EP) has shown to be a
very successful surface finishing technology for enhancing the surface quality
of metallic components. As demonstrated throughout this chapter, the EP
process relies on a complex interplay of electrochemical principles, including
current density, temperature, electrolyte composition, treatment time, and
initial surface conditions. These parameters collectively govern the efficiency
of material removal, surface leveling, and micro-brightening effects.

Recent advances in additive manufacturing and laser-based fabrication
techniques have increased the demand for post-processing solutions that can
address the inherent surface roughness of as-built components. In this regard,
EP stands out as a particularly promising technique due to its non-mechanical
nature, ability to polish complex geometries, and compatibility with a wide
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range of metals and alloys. Moreover, the continued exploration of electrolyte
formulations and process optimizations holds great potential for further
expanding the industrial applicability of EP, particularly in biomedical,
aerospace, and microelectronics sectors.

Despite its advantages, challenges remain in standardizing EP parameters
for diverse material systems and geometries. Therefore, future research should
focus on developing predictive models for surface evolution during EP,
integrating real-time process monitoring, and tailoring electrolyte chemistries
to specific manufacturing methods. Overall, EP remains a vital and evolving
surface engineering process with substantial significance for next-generation
manufacturing technologies.
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Chapter 6

Biomedical Applications of Electromagnetic Waves

Taha Fatih ATES!, Ali Osman OZKAN?

ABSTRACT

Electromagnetic waves are playing an increasingly vital role in biomedical
engineering, particularly in diagnostic and therapeutic applications. Generated by
the oscillatory motion of electrically charged particles, these waves enable non-
invasive, rapid, and reliable analyses through their capacity to directly measure
the dielectric properties of biological tissues. This distinctive capability has
rendered electromagnetic waves indispensable in critical domains such as cancer
diagnosis, tissue monitoring, and biosensor applications. The distribution of
electromagnetic fields in biological media, as described by Maxwell’s equations
and influenced by the frequency-dependent dielectric properties of tissues,
facilitates highly accurate modeling and measurement.

Microwave imaging offers a non-ionizing and cost-effective alternative for
tumor detection, while microwave biosensors provide highly sensitive
measurements with minimal sample volumes, making them valuable for both
laboratory research and clinical practice. The integration of metamaterial-based
sensors and microfluidic systems further enhances their sensitivity, supporting
successful applications in biomarker analysis, glucose monitoring, and cancer
cell detection. Similarly, microwave ablation and electromagnetic hyperthermia
target specific tissue regions, providing minimally invasive and safe therapeutic
options that stand as strong alternatives to conventional surgical approaches.

Looking forward, the incorporation of artificial intelligence and machine
learning algorithms enables the automated processing of biosensor data and
highly accurate classification of biological conditions. Deep learning models, by
extracting meaningful insights from complex electromagnetic data, lay the
foundation for advanced clinical decision support systems. Furthermore, the
development of loT-enabled portable and wearable sensors opens new
possibilities for remote patient monitoring and personalized healthcare
management.
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Electromagnetic wave—based biomedical technologies are advancing rapidly
through interdisciplinary collaboration, paving the way for transformative
developments in healthcare. Systems that combine metamaterial-assisted sensors,
Al-driven algorithms, and IoT integration are expected to deliver smarter, faster,
and more patient-centered solutions in both diagnostics and therapeutics, marking
the dawn of a new era in modern medicine.

Keywords: Electromagnetic, Biomedical, Sensor, Microwave
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1. Introduction

1.1. Electromagnetic Waves

Electromagnetic waves are generated by the oscillatory motion of electrically
charged particles. A vibrating charge produces a time-varying electric field,
which, according to Maxwell’s equations, induces a perpendicular magnetic field.
Conversely, a time-varying magnetic field produces an electric field. Together,
these oscillating electric and magnetic field components, oriented orthogonally,
propagate in a direction perpendicular to both, forming an electromagnetic wave.
Accordingly, electromagnetic waves are classified as transverse waves, with the
electric field, magnetic field, and propagation direction mutually orthogonal.
Electromagnetic waves are employed across a wide range of applications,
including radios, microwave ovens, mobile phones, radar systems, and
biomedical technologies (Cép et al., 2021; Dash & Khuntia, 2011; Someda,
2017).

1.2. Biosensors

A biosensor is a device that detects a biological response and converts it into
a measurable electrical signal. Advances in biosensor technologies have
significantly contributed to the field of medicine. These devices are widely used
in applications such as the early detection of various cancers, monitoring vital
parameters like heart rate, analyzing biomolecules such as proteins, and
measuring blood glucose levels. Biological materials are regarded as dielectric
substances that exhibit specific conductivities when exposed to an electric field,
with their dielectric properties playing a fundamental role in the sensing process
(Johnson & Guy, 1972; Mehrotra et al., 2019; Turner et al., 1987; Yang, 2011).

1.3. The Role of Electromagnetic Waves in the Biomedical Field

Electromagnetic waves have become powerful tools in biomedical
engineering for both diagnostic and therapeutic purposes. While conventional
biomedical methods are often invasive or time-consuming, electromagnetic
waves allow for direct measurement of tissue and cellular dielectric properties,
enabling rapid and non-invasive diagnostics. Technologies operating in the
microwave, radio frequency (RF), and terahertz ranges have become particularly
prominent, especially in cancer detection, tissue monitoring, and biosensor
applications. These techniques analyze the frequency-dependent electromagnetic
responses and S-parameters of biological tissues to provide valuable diagnostic
information (Farmer et al., 2012; Harsanyi, 2000).

Compared to other biological detection methods, electromagnetic-based
technologies offer distinct advantages, including high sensitivity, rapid response
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time, and contactless measurement capabilities. Their operation is based on the
interaction of electromagnetic fields with biological structures. When living
organisms are exposed to external electromagnetic fields, observable changes
occur in the dielectric properties of tissues. Measuring these variations enables
the extraction of meaningful biological data, further strengthening the potential
of electromagnetic-based sensing. In recent years, the use of electromagnetic
waves has expanded beyond diagnostics, becoming increasingly common in
therapeutic applications as well (Chen et al., 2020; Clements & Comeau, 2019;
Huang et al., 2021; Hwang et al., 2020).

2. Theoretical Foundations

2.1. Maxwell’s Equations in Biomedical Media

The behavior of electromagnetic waves is governed by Maxwell’s equations,
which describe the propagation of electric and magnetic fields in both space and
time. In biological media, these waves exhibit similar behavior; however, due to
the lossy nature of tissues, they undergo both reflection and attenuation. In such
cases, the wave equations are expressed through a complex dielectric constant,
where energy losses are associated with the electrical conductivity and dielectric
losses of the tissues (Frankel, 1974; Huray, 2010; Sandeep et al., 2024).

In biomedical applications, the distribution of electromagnetic fields within
tissues depends on boundary conditions and the intrinsic properties of the tissues.
Soft tissues typically exhibit high dielectric constants, whereas bone tissues
display lower dielectric values (Gabriel & Peyman, 2018). Early research on the
dielectric properties of human tissues at microwave frequencies primarily
focused on the therapeutic potential of microwaves (O’Loughlin et al., 2018). The
variations among different tissue types result in electromagnetic waves being
absorbed to different depths. Consequently, accurate modeling of
electromagnetic wave propagation in biological media is essential for the design
of reliable diagnostic and therapeutic systems.

2.2. Dielectric Properties of Biological Tissues

The dielectric properties of biological tissues are among the most critical
parameters governing their interaction with electromagnetic waves. Both the
dielectric constant and the loss tangent vary with frequency, meaning that a tissue
exhibits distinct dielectric behaviors across different frequencies. Moreover,
tissues of different types can demonstrate markedly different dielectric properties
even at the same frequency.

Identifying the optimal frequency for the tissue of interest is therefore crucial
to achieving effective detection. Dielectric properties also play a key role in
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clinical diagnostics. For instance, cells with higher water content generally
exhibit higher dielectric constants. Such distinctions form the basis for
microwave-based imaging and biosensor technologies. Because biosensors rely
on dielectric properties for detection, precise characterization of these properties
is vital to ensure high measurement accuracy. Thus, biosensor designs must
prioritize sensitivity, which depends heavily on the accurate determination of
dielectric parameters.

When designing these systems, it is essential to account for factors that
influence changes in dielectric properties, including water content, temperature
variations, and pathological conditions.

3. Diagnostic Applications

Electromagnetic waves are widely employed in biomedical science for non-
invasive imaging. Diagnostic research has demonstrated the use of microwave
imaging, terahertz spectroscopy, nuclear magnetic resonance (NMR), ultra-
wideband (UWB) radar, and biosensor technologies for detecting tumors,
characterizing tissues, and monitoring cardiac and respiratory functions. The
operational frequencies extend from radio and microwave bands to very low
frequencies and even the terahertz range.

The primary advantages reported in the literature include non-ionizing
radiation, enhanced image contrast, portability, and high sensitivity, whereas
limitations involve restricted tissue penetration, resolution constraints, and
technical complexity (Nikolova, 2014). Documented diagnostic imaging
techniques include electromagnetic imaging (“Handbook of Biological Effects of
Electromagnetic Fields,” 1996; Rozzell & Lin, 1987a), radiometry (Nikolova,
2014), nuclear magnetic resonance (Rozzell & Lin, 1987b), infrared spectral
imaging (Staderini, 2002), terahertz imaging (Amini et al., 2021), microwave
biosensors (Choudhury & EI-Nasr, 2015) and active microwave imaging
(Chandra et al., 2015).

3.1. Microwave Imaging

Microwave imaging detects dielectric contrasts within biological tissues by
transmitting electromagnetic waves through them. This technique has gained
particular significance in breast cancer diagnostics due to its non-ionizing nature
and relatively low cost. Studies report that microwave imaging systems can
successfully distinguish malignant from benign tumors with high accuracy
(Cheng & Fu, 2018; Mirbeik-Sabzevari & Tavassolian, 2019). Nevertheless, the
field of microwave tissue imaging continues to offer many unexplored
opportunities (O’Loughlin et al., 2018).
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As microwave signals penetrate tissue, they undergo scattering processes,
altering their velocity, propagation path, amplitude, phase, and polarization.
These scattering effects form the basis of active imaging. In contrast, passive
imaging systems rely on radiometry principles. Radiometers, typically
narrowband receivers, generate images based on the natural microwave radiation
emitted from tissues a few centimeters beneath the skin.

At a given temperature, thermal noise peaks in the infrared spectrum, whereas
radiation intensity in the microwave range is comparatively weaker.
Consequently, microwave radiometry has emerged as a low-cost, portable, and
non-invasive diagnostic method, particularly for temperature monitoring,
functional imaging, and inflammation detection in clinical settings (Groumpas et
al., 2022).

Microwave radiometric cancer detection relies on the principle that malignant
tumors and surrounding normal tissues exhibit measurable temperature contrasts
(Nikolova, 2014). Aggressive tumors, which typically have higher growth rates,
produce more metabolic heat and thus display elevated temperatures. In patients,
the natural temperature difference between malignant and normal tissues
generally ranges from 1°C to 3°C (Carr, 1989). Malignant lesions, which tend to
exhibit higher conductivity than normal tissues, are more prone to heating (Carr
et al., 1981; Nikolova, 2014).

Radar-based microwave imaging represents another diagnostic approach.
Such systems benefit from the increased conductivity of tissue at higher
frequencies, ensuring sufficient signal penetration, but require UWB signals to
achieve the necessary resolution (AlSawaftah et al., 2022; Fear, 2005).

Ongoing advancements in microwave imaging aim to determine optimal
frequency ranges and achieve clinically acceptable resolutions for various tissues
(AlSawaftah et al., 2022; Chandra et al., 2015). Emerging methods, including
novel algorithms and metamaterial-based focusing techniques, have the potential
to enhance imaging sensitivity. Additionally, machine learning—driven data
analysis has become a promising avenue for improving diagnostic accuracy from
measured data.

3.2. Biosensors

Biosensors are devices designed to directly detect the electromagnetic
properties of biological samples—including cell cultures, protein solutions, DNA
samples, and biological fluids—using high-frequency measurement
technologies. These sensors allow precise determination of frequency-dependent
parameters such as dielectric constant, loss tangent, and conductivity.
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Microwave frequencies are particularly well-suited for such applications due
to their sensitivity to water content, as water exhibits a high dielectric constant.
This property makes microwave biosensors especially effective for
distinguishing between healthy and cancerous cells, identifying protein structural
changes, monitoring drug responses, and measuring blood glucose levels (Kim et
al., 2022; Patel et al., 2024; Shamim et al., 2024).

Most microwave biosensor designs employ structures such as microstrip lines,
ring resonators, or cavity resonators. Biological samples are placed in regions
where the electromagnetic field is most concentrated, maximizing sensitivity
while minimizing sample volume. Sensor outputs are generally obtained via S-
parameters, with changes in dielectric properties leading to resonance frequency
shifts and amplitude attenuations. These variations are analyzed to derive insights
about the biological medium. Unlike optical sensors, microwave sensors do not
require transparency, making them suitable for measurements even in turbid
biological fluids (Kumar Sharma et al., 2023; Tlili et al., 2024).

Metamaterial-based biosensors further enhance sensitivity. Structures such as
Split Ring Resonators (SRRs) and Complementary Split Ring Resonators
(CSRRs) provide fine control over resonance characteristics, enabling the
detection of subtle biological variations (Khodaie & Heidarzadeh, 2024).
Research demonstrates that CSRR-based sensors can effectively monitor
parameters such as glucose concentrations, cancer cell densities, and protein
conformational changes at very low levels.

A high quality factor (Q-factor) is another essential parameter that improves
sensitivity. Resonators with high Q-factors respond more precisely to minor
frequency changes, which is particularly critical in low-concentration biological
analyses. Additionally, integrating microfluidic systems into modern sensor
designs reduces sample volumes to microliter scales while improving
measurement repeatability (Kulkarni et al., 2022; Xie et al., 2023).

For example, CSRR-based sensors have successfully differentiated the
dielectric spectra of samples with varying glucose levels. Likewise, studies on
human breast cancer cell lines have reported resonance frequency shifts linked to
cell proliferation. These findings highlight the potential for microwave biosensors
to extend beyond laboratory research into clinical applications. Furthermore, their
portability and integration with embedded systems pave the way for future
development of wearable biosensor platforms (Geetharamani & Aathmanesan,
2020; Reimer & Pistorius, 2023; W. Wu et al., 2024).
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4. Therapeutic Applications

4.1. Microwave Ablation

Microwave ablation involves delivering high-frequency electromagnetic
energy to tissues, producing localized heating that destroys targeted pathological
tissue. This technique is particularly employed in the treatment of liver, lung, and
kidney tumors. Its ability to penetrate tissues deeply, create extensive ablation
zones, and shorten procedure times offers significant clinical advantages.

Recent clinical studies have shown that the minimally invasive nature of
microwave ablation shortens patient recovery times and reduces the risk of
complications. Furthermore, the development of metamaterial-based antennas
has improved energy focusing capabilities, thereby minimizing collateral damage
to surrounding healthy tissues. These advancements position microwave ablation
as a powerful alternative to traditional surgical methods (Selmi et al., 2019;
Spiliotis et al., 2021; X. Wu et al., 2016; Yu et al., 2025).

4.2. Electromagnetic Hyperthermia

Electromagnetic hyperthermia is a therapeutic technique that raises the
temperature of tumor tissues in a controlled manner to thermally weaken cancer
cells. When combined with radiotherapy or chemotherapy, hyperthermia often
exhibits synergistic effects, improving overall treatment outcomes. Microwave-
and RF-based hyperthermia systems deliver focused energy to the targeted
region, minimizing damage to adjacent healthy tissues.

Metamaterial-based focusing structures allow for more precise targeting of
electromagnetic energy to the tumor site. This strategy reduces energy loss in
non-targeted areas and enhances therapeutic efficacy. Recent literature
emphasizes promising results from advanced antenna arrays and control
algorithms in hyperthermia therapy (Gel’vich & Mazokhin, 2001; Mahmoud &
Montaser, 2022; Majchrzak & Paruch, 2011; Obrador et al., 2023).

5. Future Trends

5.1. Integration of Artificial Intelligence and Machine Learning

In recent years, the application of artificial intelligence (AI) and machine
learning (ML) techniques in electromagnetic wave—based diagnostic and
therapeutic systems has expanded significantly. These approaches have
demonstrated high accuracy in areas such as microwave imaging, dielectric
property analysis, and classification of measurement data obtained from
microwave biosensors.

Machine learning algorithms are particularly effective in extracting complex
features from biological data. Recent advances, including deep learning and
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convolutional neural networks (CNNs), enable direct feature extraction from
microwave biosensor data, achieving high-precision classifications without
human intervention.

The integration of ML into the processing of microwave biosensor data
facilitates noise reduction, precise classification of biological states, and
clinically valuable outcomes. Additionally, Al-driven optimization algorithms
play a critical role in treatment planning. In microwave ablation and hyperthermia
therapies, for example, the distribution of electromagnetic energy can be
personalized to patient-specific tissue properties, thereby improving therapeutic
efficacy while minimizing collateral damage to healthy tissues. Techniques such
as particle swarm optimization, genetic algorithms, and reinforcement learning
are increasingly employed to adaptively fine-tune treatment parameters.

Looking ahead, the integration of AI with electromagnetic biosensors is
expected to drive the development of advanced clinical decision support systems,
real-time patient monitoring, automated diagnostics, personalized treatment
planning, and portable or wearable microwave sensor platforms. These
innovations will render electromagnetic wave—based biomedical technologies
more intelligent, efficient, and patient-centered, contributing to transformative
advances in healthcare.

5.2. 10T and Portable Systems

The Internet of Things (IoT) is enabling electromagnetic-based biomedical
devices to become portable and remotely monitored. Integrating microwave
biosensors with cost-effective embedded systems allows real-time patient data
collection, streamlining clinical follow-up and disease management. Such
systems are particularly promising for home healthcare services and the
management of chronic conditions.

Furthermore, the development of wearable electromagnetic sensors facilitates
continuous patient monitoring. Studies have reported successful outcomes using
radio frequency—based subcutaneous sensors for applications such as glucose
tracking and cellular activity monitoring. This trend indicates that, in the near
future, electromagnetic waves will not only transform diagnostics and
therapeutics but also revolutionize personalized healthcare management.

6. Conclusion

The biomedical applications of electromagnetic waves have emerged in recent
years as a rapidly advancing interdisciplinary field. Techniques such as
microwave imaging, biosensor technologies, ablation, and hyperthermia provide
non-invasive, rapid, and highly sensitive alternatives for both diagnostic and
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therapeutic procedures. The accurate modeling and measurement of the dielectric
properties of biological tissues directly influence the performance of
electromagnetic-based systems. In this context, integrating fundamental
electromagnetic principles—such as Maxwell’s equations and the frequency
dependence of tissue dielectric properties—into clinical applications has been
instrumental in the development of reliable and effective solutions.

Microwave biosensors, capable of delivering highly sensitive measurements
with minimal sample volumes, have become a particularly promising technology,
especially when combined with metamaterial-based structures to enhance
performance. Designs incorporating Complementary Split Ring Resonators
(CSRRs), Split Ring Resonators (SRRs), and microfluidic systems demonstrate
great potential in accelerating the translation of laboratory innovations into
clinical practice. Similarly, microwave ablation and electromagnetic
hyperthermia have established themselves as important minimally invasive
techniques, offering targeted and safer approaches for cancer treatment.

Looking forward, Al- and ML-assisted data analysis will further enhance the
accuracy and reliability of microwave-based diagnostic and therapeutic systems.
Deep learning—driven automated data processing will play a pivotal role in tissue
classification and the creation of personalized treatment plans. Meanwhile, [oT-
enabled portable sensor systems will facilitate real-time patient monitoring,
driving transformative innovations in remote healthcare services and
personalized health management.

In conclusion, the potential of electromagnetic waves in biomedical
applications continues to expand, with interdisciplinary research expected to
yield direct contributions to clinical practice. In the coming years, the integration
of electromagnetic wave—based systems with artificial intelligence, metamaterial
designs, and [oT technologies is poised to establish them as standard tools in both
diagnostics and therapeutics.
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Chapter 7

Climate Change Effects on Water Resources
( A Bibliometric Analysis )

Zeyneb KILIC !

1. INTRODUCTION

Global warming inevitably affects ecosystem and processes of hydrological
cycle. Water is indispensable for health, food production, industry, sustainable
ecosystems and other sectors. The decrease of water, increases desertification and
prevents sustainable life. Forecasting the future influence of climate change and
taking precautions against the negativities caused by climate change is one of the
most important issues of today's humanity. Global warming caused by climate
change and other reasons; this leads to decrease in water resources, change in
precipitation regimes, energy shortage, decrease in quality of life, extreme
weather events, floods and droughts [1]. Nowadays, climate change stands out as
one of the most important and complex challenges. The negative impacts of
climate change are seen not only on the environment, but also in the economic,
social and political spheres. If these negative impacts are not controlled, they will
continue to harm the entire environment and society [2]. Climate change can also
change the natural cycle of water and river flow regimes. The natural cycle of
water has invaluable ecological and economic benefits for life on earth. Water is
vital for the survival of humanity, and access to unpolluted fresh water is vital for
protecting human well-being [3]. Therefore, rational and sustainable use of water,
protection of existing water resources, water education and water management
issues are important [4]. The rapid increase in the number of studies in the
literature makes it difficult to compile and follow them. Bibliometric analysis
methods are very valuable in terms of systematically evaluating current
publication trends and providing a strategic direction to the research process.
With these analyses; the general status of academic activities in a field, key
themes and trends can, the most influential authors, institutions, countries and
collaboration networks between researchers and organizations can be determined
[5]. Bibliometric analyses contribute to the identification of potential
collaboration opportunities and the identification of knowledge gaps in the
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relevant literature. In this context, bibliometric analyses not only map past
literature, but also help make strategic decisions that will guide future research.

In this study, "climate change" and "water resources" papers were used to
evaluate with bibliometric analysis. 1982-2023 data were obtained from Web of
Science; which is the most widely and largest database of bibliometric analysis.
Only the Science Citation Index Expanded civil engineering database and article
document type was used. As a result; 13.417 documents were found on water
resources. Information on co-authorship, previous studies, related keywords and
authors was obtained. The article examined research articles published on water
resources, climate change, drought and water resources management. The aim of
this research is to analyze the current status of the concepts of climate change and
water resources and to provide a holistic perspective to researchers and literature.
It is hoped that this study will support studies on the subject.

2. MATERIAL AND METHOD

2.1. Data Collection

Bibliometric analysis methods are used functionally in examining water
concerns related to climate change and determining water management systems.
Bibliometric analysis provides information based on numerical data about
authors, countries, publication performance of journals, collaboration networks,
strengths and weaknesses about research field. It also provides important
contributions in terms of identifying gaps in the literature, revealing potential
research opportunities, and evaluating the impact of scientific outputs [6]. There
are many databases that can be used in bibliometric research. Scopus, Web of
Science (WoS), Google Scholar are the most important of these databases. The
majority of high impact factor journals are scanned in WoS [7]. In this research,
Science Citation Index (SCI), which includes the WoS civil engineering
document type, was used. Articles published on water resources, climate change,
drought, and water resources management (1982-2023) were evaluated.
Evaluations were made by determining the distribution of published articles on
the subject by year and country, the distribution of keywords, the authors with
the most publications and citations and the most productive journals.

3. RESULT AND DISCUSSION

3.1. Distribution of Published Articles by Year

Table 1 shows the number of publications by year; so this table shows how
scientific interest in climate change and water resources has evolved over time.
The number of publications was quite low from the 1982s to 1999, which can be
interpreted as the subject not yet being widely included in the academic area.
While less than 20 articles were produced per year until the 1982s and 1990s,
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studies continued to increase with 34 works in 1991. A significant increase in the
number of paperss has been observed since the 2000s. It is seen that studies on
the subject continued with an accelerated increase especially after 2005. The
number of studies increased even more after 2015. The years 2021-2022-2023
are the period with the most articles. This situation shows that academic interest
and awareness about research topic has increased over time. Table 1 show that
the subject has entered the global research area seriously in the last 10 years.
Publications on the subject can contribute to decision-making processes, similar
studies, researchers, politicians and practitioners. In 2000-2010 years, there is a
gradual, slow but steady increase in the number of papers since the beginning of
the 2000s. It started with 64 publications in 2001 and became 313 in 2010.

Table 1. Number of Papers by Year

2023 : 1358 2016 : 607 2009 : 251 2002 : 69 1995: 60 | 1988 : 12
2022 : 1257 2015 : 655 2008 : 168 2001 : 64 1994 :35 | 1987:5

2021 : 1237 2014 : 617 2007 : 174 2000 : 62 1993 :36 | 1986 : 13

2020 : 1016 2013 : 531 2006 : 126 1999 : 52 1992 :45 | 1985:8

2019 : 738 2012 : 443 2005:93 1998 : 45 1991:36 | 1984 :6

3

5

2018 : 778 2011 : 344 2004 : 78 1997 : 41 1990 :23 | 1983:
2017 : 703 2010: 313 2003 : 74 1996: 65 1989 :19 | 1982 :

This period coincided with the period when global policies such as the United
Nations Sustainable Development Agenda began to be addressed; which may
have led to an increase in studies on the subject. While the number of studies on
the subject was 344 in 2011, this number increased and reached 1358 in 2023.
The rising publication trend may also mean that; stronger collaborations are being
established between researchers.

3.2. Distribution of Works and Citations by Country

USA is the most productive country with 260 documents and 42,521 citations.
The second and third countries, China and the UK, have 237 and 109 documents,
respectively. The distribution of papers by other countries is as follows: Australia
(92), Canada (78), Iran (50); Netherlands (43), Spain (41), France (40), Germany
(39), Norway (35), India (35), Italy (33), Sweden (30), Tiirkiye (21). The highest
number of citations was observed in USA publications (42.521), followed by
China and the UK.
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Table 2. Number of Publications and Citations by Country

Country-Paper-Citation

Country-Paper-Citation

Country-Paper-Citation

USA - 260 - 42521

Iran — 50 - 6987

Norway — 35 - 6408

China - 237 - 34670

Netherlands — 43 - 8315

India — 35 - 4472

England - 109 -20684

Spain — 41 - 10314

Italy — 33 - 4906

Australia - 92 - 13074

France — 40 - 5869

Sweden — 30 - 5948

Canada - 78 - 13582

Germany — 39 - 5753

Tirkiye — 21 - 3414

The relevant work collaborations among the top 15 countries are shown in
Figure 1, which shows the scientific production and joint publication network
between countries. Thicker lines represent more intensive collaboration, and
larger nodes represent more joint publications and a central role. The United
States and China stand out as the two most active countries in international
collaboration. The thick lines indicate strong collaboration between these two
countries. Canada, Australia, United Kingdom are other countries with extensive
collaboration. England, Germany, France, Italy, Netherlands, and Spain are
generally closely associated with each other and shown in green in Figure 1,
represent European-based research networks. Sweden and Norway showed with
blue; these countries are linked to other countries through lesser but more
significant collaborations. Tiirkiye, Iran, India particularly linked to the United
States and China, play a more limited but strategic role in producing publications.
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Figure 1. International Cooperation Network Between Countries

3.3. Distribution Numbers of Keywords Related to the Topic

Climate change is significantly higher ratio than other keywords. Other three
topics (drought, precipitation, water resources) play an important role in the
continuous expansion of the research (Table 3).

Table 3. Distribution of Keywords Related to the Topic in Literature

Keywords Number Keywords Number
Climate change 246 Evapotranspiration 26
Drought 57 Trend analysis 20
Precipitation 36 Hydrology 18
Water resources 34 Groundwater 17
Streamflow 31 Hydrological modelling 15

Figure 2 is a bibliometric co-occurrence network showing the key concepts
and their interconnections in the scientific literature on climate change and water
resources. Figure 2 shows the distribution of keywords used by year. As the
frequency of keywords increases, their labels also increase. The size of the nodes
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indicates the years, and the color transitions indicate the frequency of keyword
use. Words that appear clearly and large are the keywords preferred in the studies.
The purple colored parts indicate the places where the studies on the subject are
less intense; the yellow colored parts indicate the places where the studies on the
subject are more quantitative.
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Figure 2. Keyword Map

Climate change is the node with the largest and most dense connections, which
indicates that this topic is the most cited, most associated and analyzed keyword
in the literature. Others are concepts frequently used in studies analyzing the
physical effects of climate change and are directly or indirectly connected to the
main theme of climate change. The keywords groundwater and water resources
are prominent in studies in the context of water management and water security.
Countries such as China and Iran in particular have been prominent in studies on
drought.

3.4. Author and Citation Analysis

Xu, chog-yu (China) is the author with the most works and the most citations
in the field, followed by Singh vijay (2292) and Guo shenglian (1619). This
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shows the significant contributions and influence of the first three authors in the
field. Although authors such as Yang Dawen and Chen Xi have published
relatively fewer articles, their citation counts are high. This shows that their
publications are followed with interest by the academic community and have high
impact. The authors on the list are mostly researchers of Asian origin, which
indicates the increasing influence of countries, especially China, in research in
this field (Table 4).

Table 4. Authors Articles and Citations

Co-Author Documents Citations
Xu, chong-yu 18 3554
Singh, vijay 15 2292
Guo, shenglian 11 1619
Zhang, zengxin 10 1301
Huang, giang 10 1375
Yang, dawen 9 1595
Chen, xi 7 1478

Figure 3 is a bibliometric co-authorship network, showing academic
collaborations between authors. The red areas where the density associated with
the author is high. Each node (dot) represents an author, while the lines between
the nodes represent the academic studies published jointly. The colors indicate
the clusters to which the authors belong. The citation network of the most cited
authors studying the relationship between water resources and nearby regions
shows three clusters of authors with different characteristics (Figure 3). In this
analysis, authors who published at least three articles in the selected regions were
included. Figure 3 shows the number of times two independent authors were cited
simultaneously in different studies.
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Figure 3. Bibliometric Collaboration Network on the Subject

Almost all of the authors in the red cluster are Chinese; Xu Chong-Yu, Singh
Vijay P., Guo Shenglian, Chen Xi and Zhang Qiang have very intense
collaborations and are closely connected. The red cluster may represent many
universities and research institutions based in China, and international
collaborations are also noteworthy. The blue cluster consists of names such as
Leng Guoyong, Huang Qiang, Chang Jianxia. The blue cluster is less connected
than the others and is a group that collaborates intensively within itself. The green
cluster is an independent cluster consisting of authors from Turkey, primarily
Ozgiir Kisi. The researchers in the green cluster have not established extensive
partnerships, but have indirect connections with authors in other clusters. Yang
Dawen plays a bridging role by establishing weak connections to both red and
blue clusters, and may be an important author who provides interdisciplinary or
multinational transition in the literature. There are collaborations at various levels
between Chinese, Turkish and international researchers (especially those based
in the US and Canada). In particular, the red cluster is the most active group in
terms of both the number of publications and the density of collaboration. This
collaboration network analysis shows that scientific productivity is directly
related not only to the number of publications but also to the density of
collaboration and global interaction (Figure 3).
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3.5. The Most Productive Journals

The 12 most productive journals are shown in Figure 4. The "Journal of
Hydrology" journal, shown with the large red circle in the center, is one of the
most important journals in the field of research, the most cited publication source
in the field and the one that cites other journals the most. This shows how central
the "Journal of Hydrology" journal is in fields such as hydrology, climate change,
water management.
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Figure 4. The 12 Most Productive Journals

Strong connections are shown with thick arcs. The presence of connections with
Water Resources Management, Journal of Hydrologic Engineering, Water
International and Stochastic Environmental Research journals with very thick arcs
indicates that there are intense citation relationships between these journals, that
research topics overlap and that mutual information exchange on the subject is strong.
Topics such as global climate change, water resources, water health and water
security have encouraged the rapid development of water-related research in recent
years. Many countries have conducted successful research in this field and continue
to do so. With the development of technological tools on the subject, research has
spread to all water resources, both groundwater and surface water. Modeling to assess
the effects of climate change yields successful results. According to the results
obtained from this study; studies on the subject have intensified after 2019. The first
two countries with the most publications are the USA and China, while the index
with the most publications is determined as SCI Expanded. The USA and China are
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generally places with high co-author connections. Accordingly, it can be said that
there are not enough academic studies on the subject in the national literature. It is
recommended that future studies conduct research and studies in this direction and
address the issue with different analyses. In order to eliminate confusion on the
subject and to reveal the connections more clearly, it is necessary to thoroughly
examine the facts and problems. In order to increase the sensitivity and scientific rigor
of scenario simulations for future climate change, mechanistic and applied studies
should be included in the subject. In addition, it is important to determine the various
factors that negatively affect water in various environments and to examine the
interaction of these factors. Moving from theoretical analysis of mechanistic research
to practical applications for strategy formulation is an important research direction to
better understand the relationship between future climate change and water and water
management [8]. Nowadays, with the development of machine learning and artificial
intelligence, research methods and technologies between climate change and water
and water resources are continuously improved [9]. Bibliometric analysis provides
comprehensive information about publications and new directions on floods, water
problems, sustainable use of water, and climate change, and provides data that will
form the basis for and shed light on future studies on the subject. Such studies help
to better understand the current state of knowledge, identify additional research areas,
increase collaboration, and promote knowledge sharing.

4. CONCLUSION

In this study, it was determined how research on the subject changed worldwide,
how much was done, and how different countries focused on different research areas
on the subject. Articles containing bibliometric analysis may have some
methodological limitations and potential restrictions. Therefore, different databases
and technological methods can be used for more comprehensive scans. Better
understanding the connection between climate change and water resources and
finding solutions to related problems requires the integration of disciplines such as
ecology, climatology, hydrology, technology, analytical science, and social sciences.
A better understanding of the strategies used by countries and sectors to adapt to the
effects of climate change on water resources can be facilitated by interdisciplinary
collaborations. Scientists working on the subject can better understand the complex
interactions between natural systems, water status, human activities, and climate
change by combining different perspectives, interpretations, experiences, knowledge,
and approaches. In this way, more comprehensive and successful results can be
obtained. In addition, within the scope of water resources and climate change
adaptation, joint strategies and efforts can be developed to reduce disaster risk and
reduce economic losses

114



REFERENCES

[1] Van der Pol, T.D., Van Ierland, E.C., Gabbert, S., Weikard, H.P., and Hendrix,
E.M.T. (2015). Impacts of Rainfall Variability and Expected Rainfall
Changes on Cost-Effective Adaptation of Water Systems to Climate
Change. Journal Environment Management, 154, 40-47.

[2] Zhuang, Y., and Zhang, J. (2020). Diurnal Asymmetry in Future Temperature
Changes Over The Main Belt and Road Regions. Ecosystem Health
Sustainability, 61, 1-10.

[3] Kilig, Z. (2020). The Importance of Water and Conscious Use Of Water.
International Journal of Hydrology, 4(5), 239-241.

[4] Kilig, Z. (2021). Water Pollution Causes, Negative Effects and Prevent
Methods. Istanbul Sabahattin Zaim Unv Fen Bilimleri Dergisi, 3,2,32-35.

[5] Kilig, Z. (2025). Bibliometric Analysis of Computational Fluid Dynamics
(Cfd) On Hydraulic Energy. Black Sea Journal of Engineering and
Science, 8(3), 598-604.

[6] McBurney, M.K., and Novak, P.L. (2002). What Is Bibliometrics And Why
Should You Care? Paper Presented At The Proceedings. [EEE
International professional communication conference.

[7] Demir, H., & Erigii¢, G. (2018). Bibliyometrik Bir Analiz Ile Y&netim
Diisiince Sisteminin Incelenmesi. /s ve Insan Dergisi, 5(2), 91-114.

[8] Ding, M., and Zeng, H. (2022). A Bibliometric Analysis of Research Progress
In Sulfate-Rich Wastewater Pollution Control Technology. Ecotoxicology
and Environmental Safety, 238, 113626.

[9] Longyang, Q. (2019). Assessing the Effects of Climate Change On Water
Quality of Plateau Deep-Water Lake-A Study Case of Hongfeng Lake.
Science of the Total Environment, 647, 1518-1530.

115



Chapter 8

Problematic Soils and Proven Solutions:
A Practical Guide to
Geotechnical Ground Improvement

Abiola Ayopo Abiodun !

Abstract

This handbook provides a practical roadmap for identifying problematic soils
and for selecting, designing, and applying effective ground improvement
techniques to meet clearly defined performance goals. It distils both research and
field experience into field-ready guidance for managing soils such as collapsible
loess, contaminated fills, expansive clays, frost-susceptible silts, liquefiable sands,
peat and organic deposits, soft compressible soils, sulphate-bearing soils, sensitive
and quick clays. Each soil class is described with diagnostic indicators, primary
risks, recommended treatments, design precautions, and acceptance benchmarks.
The guide covers improvement methods including chemical stabilisation,
mechanical densification, drainage and consolidation, grouting, lightweight
replacement, thermal methods, reinforcement and inclusions, and barriers or
containment systems. Selection is supported by clear criteria, constructability
insights, quality assurance (QA) and quality control (QC) procedures, and durability
considerations. Emphasis is placed on quantifiable performance in terms of bearing
capacity, deformation control, stiffness, hydraulic behaviour, and long-term
resilience, supported by both laboratory and in situ testing. Sustainability principles
are embedded throughout, highlighting low-carbon binders, recycled materials,
leachate assessments, and whole-life cost-risk evaluation. Case snapshots illustrate
common pitfalls and successful implementations, while decision matrices and
performance criteria enable transparent validation with clients and regulators. The
result is a comprehensive, evidence-based guide to transforming difficult ground
into reliable foundations and durable platforms.

Keywords: soil stabilization, ground improvement, problematic soils,
geotechnical testing, performance-based design, field trials, sustainable civil
engineering, soil classification, quality assurance and control in geotechnics.
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1  Introduction and How to Use This Guide

Problematic soils such as expansive clays, collapsible loess, peat or organic
deposits, frost-susceptible silts, liquefied sands, soft compressible clays or
silts, sulphate-bearing strata, and contaminated fills pose major risks to civil
structures [1-2]. Repeated failure patterns such as cracking, heave, and lateral
expansion can often be traced back to three causes:

(1) incorrect soil diagnosis;

(2) inadequate quality assurance and control;

(3) suboptimal application of stabilisation methods.

This guide provides step-by-step methods for soil diagnosis, treatment
selection, design control and project quality oversight to transform difficult
ground into reliable foundations. It supports efficient reference use in lab
testing, fieldwork, and technical reporting. Selected acronyms, notations, and
abbreviations used throughout this book are clearly defined in the glossary.

1.1 Who should read it?

This book is for civil geotechnical engineers, construction site engineers,
government regulators, real estate developers and postgraduates seeking to:
e stabilise problematic soils for safe and durable engineering structures;

apply structured diagnostic tools for site assessment and technical reporting;

match soil classifications with effective ground improvement solutions;

select appropriate stabilisers and binders to meet performance criteria;

implement rigorous QA/QC protocols to verify treatment success.

1.2 What does success look like?

Ground improvements are successful if performance targets are met over
the design life. Typical metrics include strength and stiffness (degree of
improvement (D) > 70%, undrained shear strength (Su) > 25-50 kPa),
deformation (total S and differential A) within limits, hydraulic improvement
(k or drainage), stability, volume control (plasticity index (PI), swell potential,
swell pressure); constructability and durability [3]. Accepted field tests
include cone penetration test (CPT), standard penetration test (SPT), plate
load, vane shear, and bearing checks.

1.3 Categories of ground improvement

The categories of ground improvement provided in this book are as:
1. Mechanical densification and replacement techniques [4].
2. Drainage-based consolidation methods [5].
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3. Chemical or cementitious stabilisation method [6].
4. Grouting and columnar inclusions techniques [7].
5. Bio-electrochemical and thermal methods [8].

1.4 How to navigate the book

e Section 2 presents the problem soils, diagnostics, risks, go-to remedies.

o Sections 3-9 analyze the guide’s objectives, constraints, and
implementation strategies.

e Section 10 provides a decision matrix chart.

e Section 11 offers checklists and field forms.

e Section 12 presents the final conclusions and practical takeaways.

¢ Finally, the book closes with a detailed glossary, list of abbreviations, and
complete references.

1.5 Limits and ethics

This manual is not a substitute for standards, project specifications, or
professional judgement. Readers should always verify their use by site visits,
rigorous field tests, and appropriate approvals. Red flags such as sulphate
soils, quick clays, or gas-producing soils require precautionary measures.
Where appropriate, low-carbon and low-risk options are highlighted in details.

2 Problematic Soils: Classification and Diagnostic Indicators
This section outlines each soil class profile, with diagnostics, risks,
treatment, quality assurance and control, and implementation cautions.

2.1 Expansive (shrink and swell) soils

Clay soils with a plasticity index (PI) > 25-35%; free swell (FS) > 50%;
swelling potential (Sp) > 5%; swell pressure > 100 kPa; heave after wetting;
and cracks after drying. Such soils pose risks of heaving beneath structures,
pipeline distortion, wall and slab cracks, and highway deformation [9-10].

To reduce PI and increase strength, use lime, lime-cement mixtures, silica
fume, fly ash, GGBS and agro-industry ash to stabilise these soils [11].
Geocomposites, groundwater barriers, geogrid substructures and capillary
breaks are often used to control the moisture fluctuation. Deep piers or solid
inclusions are used to circumvent the active zone of these soils [12].

It is important to avoid the use of lime or cement during stabilisation if the
sulphate content of the soil is > 1% to avoid the formation of ettringites. To
avoid the risk of ettringite, sulphate-resistant (SR) binders or mechanical
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solutions should be used. After stabilisation, it is crucial to confirm that a 50%
drop in pressure and unconfined compressive strength (UCS) > 1 MPa is
achieved. In these clays, the retention of uniform moisture during compaction
and construction is important [13].

2.2 Soft, highly compressible clays or silts

These clay or silt soils have low strength (Su < 25 kPa), high moisture
content, high slip evident, high compression and rebound index: (Cc and Cr),
high coefficient of compressibility a, and high preconsolidation pressure o’p.

These soils often lead to bearing failures, extensive consolidation, settling,
tilting and instability, and long periods of consolidation [14].

The appropriate treatment is consolidation, surcharging or vacuum
preloading for settling; stone columns, and granular piles for loading;
reinforcement for drainage and stability and light filling to reduce voids [15].

It is essential to monitor settlement plates and piezometers: target > 90%
consolidation; check the degree of consolidation and settling time, pore
pressure dissipation and the stability factors for each soil stabilisation phase.

2.3 Organic and peat soils

Associated with water content > 200%; loss on ignition (LOI) >20%; very
low Su; high compressibility; and gas pockets. They pose risks of overloading,
embankment instability, buoyancy, long-term slippage, and gas hazards [16].
Difficulties can be overcome by shallow excavation or by replacement at the
surface deeper deposits require deep mixing with cement and ash columns in
a stable layer together with various load bearing grids. Electro-osmotic
drainage and electrokinetic offer localised stiffening around the piles [17]. A
vital step is to install gas-venting pipes to prevent CHs-induced uplift of
foundations. It is crucial to verify that UCS > 0.5 MPa, ensure that creep is <
1% per log cycle; and that long-term settlement monitoring is mandatory [18].

2.4 Collapsible loess and metastable silts

Loess silts have an open, metastable structure which is slightly cemented
with clay or carbonate. Their dry densities of 1100 to 1400 kg. m™3 appear
deceptively stable, but increasing humidity causes sudden rearrangements and
settlements of 5 to 15%. The risk is confirmed by double oedometer tests
showing a collapse strains exceeding 3% under a pressure of ¢’ = 200 kPa.
Pre-wetting followed by a strong compaction > 95 % maximum dry density
(MDD) stabilises the unstable soils, thereby reducing the instability. However,

where access is limited, permeable grouting with low-viscosity cement or
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silicate will stabilise the soil. The use of lime-cement restricts the edge wetting
in these soils and ground-granulated blast-furnace slag (GGBS) blends can
reduce carbon content by 60%. Also, the use of raft or mat foundations offers
improvement in collapsible loess and metastable silts [19].

The most vital quality assurance (QA) and precautions are to control site
drainage; to plan for unexpected precipitation which may cause breakdown
prior to soil treatment. Verify that there is a residual collapse of < 1% residual
in double-oedometer post treatment, retaining a £ 2% optimum moisture
content (OMC) and an energy of > 2.5 M]. m~3 [20-21].

2.5 Liquefied or loose sands and silty sands

These soils are characterised by Dr < 60%; (N1)60 < 15; Vs < 180 m.s™3;
susceptible to fines; high cyclic resistance ratio; groundwater liquefaction,
lateral spreading, settling, loss of soil mass, and floatation of structures. The
appropriate soil stabilisation is vibrocompaction for granular fill, dynamic
compaction for rapid compaction at the site of construction [22]. Also, the use
of stone columns can both densify and provide drainage and compaction
grouting in confined spaces in these soils. Where densification is not feasible,
concreted columns designed for kinematic loads offer stability in loose sands.

Monitoring of pre and post CPT and Vs profiles for Dr > 70%, Qc > 5 MPa
and ensuring excess pore pressure, Au < 20 kPa after 10 cycles [23].

2.6 Sulphate-bearing clays including pyritic shales

These are clays containing gypsum or pyrite producing sulphate content
that exceeds 1% water-soluble sulphate, total potential sulphate, with the
presence of acidic pore water. The use of lime or cement to stabilise such soils
is at high risk of triggering ettringite-induced heave exceeding 50 mm [24].
But, if stabilisation is mandatory, it is ideal to specify sulphate-resisting
cement and calcium-aluminate pozzolan-rich binders with fly-ash >25% [25].

It is vital to use non-carbonate binders or kinetic solutions, and to monitor
pH, moisture, barrier layers, and drainage during and after soil stabilisation.

Other important measures include pH and sulphate tests, binder tests, long-
term swell tests, and protection of concrete according to standard guidelines.

2.7 Frost-susceptible silts

These soils are identified by fine silt fractions, capillary rise and exposure
to cold weather. They cause frost heaving, loss of support and weakening
during the spring thaw. The soil mitigation methods are non-frost-sensitive
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sealing, insulation layers, and drainage control to reduce the activity of fines.
Monitoring thermal modelling and seasonal moisture control is vital [26].

2.8 Sensitive and quick clays

They are known for their marine and metastable structure, high sensitivity
(St > 30), and very low remolded strength. The soil poses risks of landslides,
severe spreading failures and extreme stress loosening [27]. They are
stabilised using load-bearing platforms, vibration control, soil mixing or
columns, piles, and drainage methods. Pre- and post-risk monitoring may be
performed by conservative stability analysis, emergency response planning,
and instrument slopes. Using an in-situ vane, CRS tests guide remoulded Su
targets with a vibration limit of < 3 mm.s™! during adjacent works. Install
real-time slope inclinometers and piezometers to maintain Au > 5 kPa [28-29].

2.9 Contaminated fills and industrial by-products

They contain the heavy metals, organic or toxic materials, variable gas
composition (CH, or CO,), hydrocarbons, asbestos and high salinity. The soil
poses serious health hazards, gas migration, and chemical attack on binders.

The soil stabilisation with cement, GGBS, or MgO binds the contaminants
and improves low-permeability sealing walls to restrict leaching. Selective
excavation allows the membranes to trap gas and venting to allow escape,
which is an efficient and alternative engineered solution and substitution.
Regulatory approval and long-term monitoring are required to confirm UCS
> 0.5 MPa, show > 90% reduced leachate toxicity, continuous gas monitoring,
prevent methane from exceeding 1% v/v and maintain apt oversight [30-31].

2.10 Lateritic and residual soils

Tropical residual soils are rich in Fe and Al oxides, which seem stable in
situ, but degrade when saturated and collapse the soil, causing settlement.
Cement or lime and microcolumns or rafts can strengthen the different soil
profiles; pre-wetting and soil compaction can stabilise the soil. Stabilisation is
effective by using lime, cement or on-site coal dust as a substitute for 30%
cement in the mixing of the lateritic and residual soils [32].

During stabilisation, monitor and regulate slake-durability performance
and control moisture during construction. Target a durability index of > 80%
retained UCS after 12 wet—dry cycles. Maintain tight moisture control during
compaction, as strength is highly sensitive to £1% variation in water content.
Use SCPTu profiling on a 30 m grid to map subsurface variability [33].
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2.11 Frozen and permafrost soils

Ice-rich permafrost with > 50% ice content can lose strength rapidly upon
thawing, causing 30-50% ground settlement. To preserve frozen ground, use
thermosyphons or passive cooling embankments. Install elevated piles with
ventilated voids to minimise heat transfer. For temporary ground support,
apply artificial ground freezing (brine or LN,), which creates 1-2 MPa frozen
barriers around shafts. Install thermistor strings with alarms at temperature (T)
> —1°C, verify UCS of > 1 MPa at design temperatures, and monitor cyclic
heave or settlement using D-GPS within +5 mm tolerance [34].

2.11 Dispersive soils

These soils are characterised with high sodium adsorption ratio (SAR) >
10 which causes aggressive slope erosion in slopes and embankments. These
soils can be treated with gypsum or lime to flocculate clay by replacing Na*,
confirm improvement using the Pinhole test > 1 min per 50 mL and crumb
tests; use of reinforce slopes with armoring, salt-tolerant vegetation, and
protect reservoir linings through early isolation. After stabilisation, it is
important to monitor SAR to remain < 6 for 5 years, and seal borrow pits to
prevent dispersive fines from clogging culverts [35].

3 Selecting an Improvement Strategy

3.1 Start with clear, testable performance objectives

Successful improvements start with explicit, quantifiable goals traceable
through design, construction, and delivery. For strength and stiffness, the
typical goals are Su > 25-75 kPa, Dr > 70-80%, CBR > 8-15%, and an
increase of Eg,. For permeability and drainage, aim for k reduction or U >
90-95% often achieved by PVD, surcharge or vacuum. Manage volume
change by limiting total or differential settlement and swell strain below < 1—
2%. PI < 12-20% to ensure moisture tolerance. Finally, link each target to
reliable acceptance tests such as CPT, SPT, and plate load test [36].

3.2 A five-step decision pathway

(1) Determine soil conditions and properties; (2) define improvement
targets and constraints; (3) screen viable soil improvement methods; (4)
shortlist using risk-screening; (5) validate through testing, inspection, and
adherence to the ITP (Inspection and Test Plan) [37].

3.3 Balancing stabilisation goals with real-world constraints
Different kinds of stabilisation performance schedules vary. Fast methods

include vibro-compaction, dynamic deep compaction, permeation grouting,
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jet grouting, rapid impact compaction, rigid inclusions, micropiles and
temporary freezing. Moderate method options include rock columns, deep soil
mixing, lime and cement stabilisation and geogrid-reinforced platforms. Slow
by design include prefabricated vertical drainage systems (PVD) with a
surcharge or vacuum. As a rule of thumb, combine columns and DSM for
immediate loading, PVD and preload for creep management are hybrid
solutions, especially in densifying soft deposits in tight programmes [38].

For sustainability, it is ideal to use mechanical solution where feasible. For
chemical alternatives, using pozzolanic admixtures are preferable, and using
design of experiments (DoE) helps avoid binder waste. When possible, reuse
local materials to evaluate life-cycle such as durability and leaching [39].

For the soil chemistry, high sulphates and pyrite, standard lime or cement
without testing should not be used; instead, use sulphate-resistant binders or
mechanical options. For organic soils or peat, anticipate higher binder demand
and delayed strength development; use DSM and rigid inclusions. For saline
and dispersive clays, use gypsum or lime to reduce dispersion [40].

For design or logistics constraints, noise or vibration limits may rule out
DDC or vibro-methods, therefore, use compaction grouting, DSM, or rigid
inclusions. If space or access is limited, use grouting, micropiles, or electro-
kinetic methods. For deep soft soils, use DSM and PVD; for shallow weak
soils use binders or replacement and compaction for deep loose sands [41].

3.3 Method selection by primary objectives

To increase strength and stiffness: Lime or cement is suitable for expansive
soils, DSM or rigid inclusions for soft and organic clays, vibro-compaction or
grouting for sands, and geogrid-reinforced method suitable for landfills [42].

To control settlement: PVD with surcharge or vacuum for soft clays; stone
columns for drainage and stiftness; lightweight fills to reduce o'v [43].

To mitigate liquefaction: Densification of loose saturated sand using vibro-
compaction, dynamic deep compaction (DDC), use stone columns or piles for
drainage and stiffness; if unsuitable, consider deep foundations instead [44].

To reduce permeability or isolate contaminants: Apply stabilisers, binders,
slurry walls, geomembranes, or jet-grout cut-offs in contaminant soils [45].

To reduce plasticity and volume change properties in compressible and
expansive soils, use lime to lower the PI, apply moisture barriers or capillary
brakes and deep foundations to transfer loads beyond the active zones [46].
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3.3 Proving the option: treatability and trials

Verification of performance must adhere to established standards that are
commonly used in ground improvement practices. For binder-treated soils,
parameters such as unconfined compressive strength (UCS) at 7, 28, and 90
days, reductions in plasticity index (PI), swell pressure, hydraulic conductivity
(k), and durability under cyclic wet—dry or freeze—thaw conditions, including
sulphate-induced swelling, should be assessed. For mechanical densification,
the density and stiffness increases are confirmed by test plates, CPT grids,
light weight deflectometers (LWD), plate-load tests, and shear wave velocity
(Vs) profiling. Thresholds for acceptance examples are Qc > 10 MPa, U >
90% in 120 days, UCS > 1.5 MPa, swell < 1% should be predefined and
incorporated in the inspection and test plan (ITPs) [47-48].

3.4 Hybridizing for robustness

In previous studies, the integration of several stabilisation methods was
used to stabilise challenging ground conditions. For instance, columns and
DSM with a basal geogrid and a staged preload to stabilise very soft soils;
vibro- compaction with stone columns to improve density and drainage of
loose sand; lime-treatment with a PVD preload for ground reinforcement;
chemical treatment with geomembranes for brownfield sites. Thus, hybrid
approaches mitigate risks and speed up construction timelines [49].

3.5 Design pitfalls to avoid

It is advisable to avoid over-cementing sands, which results in high
stiffness but leads to brittle failure; optimise binder dosage and confirm post-
peak response. Neglecting soil chemistry may result in sulphate attack or
organic interference; test pore water and solids early. Under-instrumented
preloads obscure U > 90% progress. Unrepresentative testing leads to
inaccurate acceptance decisions. Spatial variability requires dense CPT and
SCPTu grids and responsive quality assurance and quality control [50].

4 Treated Soil Nomenclature and Properties

This guide adopts a uniform, hyphenated nomenclature to make the
treatment method and the host material readily recognizable in the method
statements and reports. Common formats used are lime-treated soil, cement-
treated soil, fly ash-treated soil, GGBS-treated soil, laterite treated with silica
fume, geopolymer-treated fill, bio-cemented sand, EK-treated soil, resin-
treated sand, and jet-grouted concrete surface. Where relevant, curing duration
(7, 14, 28, 90, or 120 days), design targets (UCS, CBR, or k), and validation
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methods are specified to ensure success. The summaries below outline key
mechanisms, property improvements, and primary cautions. However, field-
specific treatability trials remain essential for validation [51].

4.1 Lime-treated soils

Problematic soils stabilised with lime undergo rapid flocculation and
agglomeration improving workability and significantly reducing plasticity
index (PI). Pozzolanic reactions over 7-120 days increase UCS to
approximately 0.5—1.5 MPa and permeability and volumetric changes often
decrease. Prior studies caution that soils containing sulphates or pyritic shales
may produce ettringite or thaumasite. Therefore, sulphate profiling, swell
testing, and durability checks under wet—dry cycles are essential [52].

4.2 Cement-treated soils

Calcium silicate hydrate (C-S-H) bonding promotes early strength gain in
cement-treated silty sands and low-PI clays. Typical dosages of 3—8% by dry
mass added for subgrades yield UCS of approximately 1-3 MPa at 28 days,
CBR > 8-15%, and stiffness 3—10 times the of natural soils. It is paramount
to avoid over-cementation of treated soils, which may exhibit brittleness and
shrinkage. Therefore, it is advisable to optimise dosage, or consider fiber
reinforcement or granular confinement. In sulphate-bearing soils, use SR
binders compliant with ASTM or BS concrete protection standards [53-54].

4.3 Fly-ash-treated soils

Class F and C fly ashes combine with lime or cement to reduce Portland
cement use, improve long-term strength, and refine pore structure. UCS at 28—
90 days is often comparable to cement-only mixes, with similar permeability
reductions. Due to variability in ash content, conduct treatability and leachate
tests when environmental receptors are present [55].

4.4 GGBS and silica fume (SF) treated soils

Replacing Portland cement with GGBS reduces the carbon footprint and
improves sulphates and chloride resistance through microstructural
densification. Initial strength gain may be delayed with high GGBS content.
Silica fume (SF), being highly reactive, requires careful mixing to maintain
uniform workability [56].

126



4.5 Geopolymer-stabilised soils

Also known as alkaline-activated aluminosilicates (low-calcium fly ash),
these form durable gels delivering > 1 MPa within 7 days and 1-3 MPa at 28
days for subgrade use, with low permeability and a reduced CO, footprint.
Strength depends on the precursor chemistry, activator molarity, and curing.
Always use DoE to optimise stabiliser-soil mix and curing conditions [57].

4.6 Bio-cemented sands

Using microbially induced calcite precipitation (MICP) and enzyme
induced calcite precipitation (EICP) methods these treatments promote
interparticle bonding, elasticity, and stiffness while maintaining ductility
compared to cemented sands. UCS, permeability, and volumetric behavior
improve, but treatment uniformity, temperature, ammonium by-product
control, and CPT profiling are required [58].

4.7 Electrokinetically (EK) treated soils

These use low-voltage DC to induce electroosmotic ion transport,
promoting in-situ drainage, strength gain, and volume change control.
Strength improvements of 20-200% can occur within days to weeks. Effects
include pH front propagation, electrode corrosion, energy consumption, and
remediation needs. Calibration using pore pressure sensors, suction devices,
and compliance with electrical safety protocols is critical [59].

4.8 Resin-grouted soils

Stabilised with low-viscosity polyurethane, epoxy, or acrylic polymers,
which allow for rapid water sealing, void filling, and stiffness with minimal
tools and rapid curing for leakage drops. Maintaining control over resin-soil
interaction, temperature, cyclic durability, and concrete compatibility is
necessary [60].

4.9 Jet-grouted soilcrete
High-energy fluid jets form soilcrete columns yield a UCS = 1-10 MPa

and permeability <1078 ms™~?!

suitable for cut-offs, rafts, or underpinning.
Performance depends on jet energy, lift and rotation rates, and erodibility.

Monitoring coring and curing is essential [61].
4.10 Naming of treated soils is not performance

A treated soil must meet target threshold values by relevant laboratory
experiments and field tests. For example, lime-treated soils with UCS > 1.0
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MPa at 28 days, PI < 15 and swell < 1%; jet-grouted soil with k <1078 ms~1
and biocemented sand with a post-treatment Qc > 10 MPa and Vs > 150 ms™1
are acceptable threshold values [62].

5 Mechanical Densification and Replacement Techniques

Mechanical improvements improve particle distribution and interparticle
stresses, increasing the stiffness, strength and stability of the soil without
requiring significant binder additives. These methods are best used in granular
soils located above or near the groundwater table and are often combined with
preloading or vacuum-assisted consolidation. Soil replacement techniques
involve partial or total excavation of unsuitable surface soils and substitution
with more mechanically competent, soil-based materials. The method
selection depends on layer thickness, particle gradation, fines content,
groundwater conditions, site accessibility, vibration tolerance, and proximity
to adjacent structures. Performance validation should rely on results-based
field tests rather than device usage metrics [4; 35]. Typical examples are:

5.1 Dynamic compaction (DC)

Heavy weights (10-25 t) are dropped repeatedly from 10 to 30 m above the
ground on very loose, dry ground, with improvement depths of depth of 6 to
12 m. drop energy, spacing, rest intervals, and hammer inclination. Ideal for
heterogeneous fills where vibro-methods are unsuitable. Downsides include
vibration, noise, offsite disruptions, and large exclusion zones. Precautions
should address heave, settlement, pore pressure rise, and validation by Vs or
LWD for Dr or E targets [22, 63].

5.2 Rapid impact compaction (RIC)

A 5-9 thammer generates high frequency impacts, and efficiently stabilises
dry loose soil to depths of 3-6 m, with a better damping effect and smaller
safety zones. Suitable for embankments, roads and shallow foundations near
sensitive structures. QA involves testing CPT validation, LWD and PLT
checks based on Qc and E curves, and settlement in loose soils [38, 64].

5.3 Vibro-compaction

Depth vibrators compact loose silty sands (fines < 10-15%) under saturated
conditions to aid particle rearrangement. Typical operating depth ranges from
10-20 m. Risks include poor fines control, excess pore pressure and vibration
effects. Apply trial-optimized compaction sequences. Validation requires
CPT, Vs, SPT (N), and pore pressure change (Au) profiles [42, 65].
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5.4 Excavation and replacement

Poor soils are removed and replaced with well-graded, moisture-
conditioned, competent fills. Best suited where soil thickness is low and in-
situ treatment is constrained by debris or contamination. Interface control is
vital, using geotextile separation, proper selection of fill, and capillary breaks
for frost or shrinkage risk mitigation. Validation includes density and moisture
tests (nuclear or sand cone), LWD, PLT, and CPT along critical sections. QA
criteria should define target density, layer thickness, deformation tolerance,
stiffness, and moisture control [4].

6 Drainage-Based Consolidation Methods

The purpose of this method is to accelerate the pore pressure dissipation in
soft, compressible soils, so that settlement occurs predictably under controlled
and monitored conditions on the ground prior to loading. Its proper application
improves settlement predictability and undrained shear strength via effective
stress gain, and reduces long-term creep with minimal carbon impact [7, 66].

In principle and in application, the consolidation rate depends on the
drainage path length and the soil’s coefficient of consolidation (cv).
Prefabricated vertical drainage channels (PVDs) reduce the drainage channels
by converting radial flow into a drainage blanket, thereby reducing the time-
to-value over a lifespan. Vacuum preloading supplies isotropic efficient stress
where the surcharge is restricted. For very low permeable, compressible
organic soils, electro-osmosis helps to drain the water [67].

6.1 Preloading and vacuum preloading

These are used to strengthen soft soils with high-water content, high
compressibility, and low shear strength, through induced consolidation and
creep. Vacuum methods apply 60-80 kPa suction, particularly where
embankment height or stability limits filling. Success depends on correct drain
spacing, continuous seal integrity, staged loading, and real-time
instrumentation. Acceptance criteria include settlement—time curves and
achieving U > 90-95%, supported by settlement data and coefficient of
consolidation (C,) back-analysis against design [15, 68-69].

6.2 P Prefabricated vertical drains (PVDs) and surcharge

PVD (prefabricated vertical drainage) and surcharge are mainly used to
improve the properties of soft, compressible, and saturated soils, such as clays,
silts, peats, and organic soils. These soils are characterised by low
permeability and a tendency to harden slowly under stress, which leads to
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problems of settlement. Optimal drain spacing depends on soil permeability,
drain capacity, and the required consolidation degree. Supporting systems
include drainage blankets, embankments with slope stability monitoring, and
base reinforcements when needed. Quality protocols include checking
verticality, spacing, anchorage and pre-drilling through the crust to ensure
drainage efficiency and timely soil strengthening [38, 70].

6.3 Sand drains

Involve boring large-diameter holes filled with clean, well-graded sand to
facilitate radial drainage in thick deposits. This method is well-suited for
reclamation projects with locally available sand. Precautions include borehole
cleanliness, sand grading, and continuous backfilling [71].

6.4 Electro-osmosis and electro-osmotic vertical drains

These are most effective in stabilizing and dewatering fine-grained soils.
They improve stability and reduce settlement by decreasing water content and
increasing shear strength. Theys significantly improve drainage, when
combined with vertical drains. Design considerations include current density,
spacing, durability, energy limits, and corrosion control. Persistent monitoring
of pH changes, ion migration, and effluent quality is essential [67, 72].

7 Chemical and Cementitious Stabilisation Methods

These methods are most effective for improving the properties of granular
(coarse-grained), silty, and certain cohesive soils. They are particularly
valuable for soils with low bearing capacity or those vulnerable to erosion and
deformation. The objective is to modify soil composition and pore-liquid
interactions to improve strength, stiffness, durability, workability, and
permeability, quantified using the properties of treated soil such as the PI,
UCS, E, k, and pressure-permeability indices. Results depend on binder type
and dosage, moisture content, curing conditions, and chemical compatibility.

7.1 Lime stabilisation

This is commonly applied to improve clay soils, especially those with high
plasticity and clay content. Widely used in road construction, lime is added to
subgrades and subbases to increase strength and durability. In fine plastic
soils, cation exchange and elevated pH rapidly reduce PI and moisture
sensitivity; pozzolanic reactions then improve UCS and stiffness while
reducing permeability and swelling. Field dosage is typically 2—6% CaO,
targeting PI < 12-20% and UCS > 1.0—1.5 MPa at 28 days. Essential controls
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include lime quality, uniform mixing, OMC targeting, and appropriate
compaction energy. Acceptance criteria include reductions in PI and swell,
moisture control, and increases UCS and CBR at 7, 28, and 90 days [73-74].

7.2 Portland-cement stabilisation

Effective across granular soils, silts, and clays, this technique improves
strength, durability, and resistance to erosion and mechanical deterioration,
especially in pavement bases and sub-surface structures. While suitable for
many soil types, granular and sandy soils respond best, while clays may
require prior lime treatment. Cement rapidly improves durability and stiffness
in granular or low-PI soils. Typical doses are 3—8% for subgrades, with higher
contents required for solidification. Precautions must address brittle failure
and shrinkage, using blends, fibers or moisture regulation. Validation includes
testing for density, UCS, strength ratio, and durability under cycles [75-76].

7.3 Blended binders

These materials which include fly ash, GGBS, cement kiln dust (CKD),
rice husk ash (RHA), silica fume, metakaolin are applied primarily in soft soil
stabilisation. They offer a sustainable alternative to Portland cement and
increase sulfate resistance and long-term durability. Lime—Fly Ash (LFA) or
Lime—Cement—Fly Ash (LCF) blends suit expansive soils; lime-GGBS is
ideal for sulfate-rich clays. Mix designs should follow DoE principles to meet
PI, UCS, swell, and k targets [77].

7.4 Geopolymers

Suitable for soft soils, especially high-compressibility, low-shear strength
clays, geopolymers provide early strength gain, lower permeability, and
reduced CO, emissions. Key variables include precursor type, activator
chemistry, and curing duration. Risks include reactivity variance, mixing
uniformity, and setting time. Targets include UCS at 7, 28, and 90 days,
microstructural integrity, and leachability control in contaminated soils [78].

7.5 Deep soil mixing (DSM)

Applied to soft, high-moisture soils (e.g., clays and peat), DSM involves
mechanically mixing the soil with binders such as cement to improve strength
and stiffness. Design should specify targets for UCS, modulus, column layout,
and cyclic durability. Controls include binder dosage, mixing uniformity, and
energy input. UCS validation is conducted using core samples aligned with
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CPT and SCPTu data. Blended systems (lime-GGBS and cement—-GGBS)
improve chemical durability beyond that of pure Portland cement [79].

7.6 Electro-chemically improved stabilisation

Designed for fine-grained soils like clays and peats, this technique uses
electrical current to mobilise ions and pore fluids, accelerating reactions with
lime or cement. This improves strength and uniformity even in low-
permeability materials. Critical controls include current density, electrode
durability, power supply, suction regulation, pH management, and strength
profiling [80].

8 Grouting and columnar inclusions techniques

These are soil improvement techniques primarily used for the stabilisation
of soft, weak, or loose soils. They are particularly effective in problematic
soils such as peat, organic silts, and very fine clays, which lack adequate shear
strength to support structures. The aim is to create a composite ground system
with appropriate strength, stiffness, and hydraulic performance for
deformation control. Target objectives include improving bearing capacity,
controlling settlement, and increasing resistance to liquefaction. Design must
integrate the inclusion—matrix interaction and be validated through rigorous
field tests, quality assurance (QA) and quality control (QC) measures [81].

8.1 Permeation grouting

This method uses low-viscosity grouts (e.g., microfine cement, ultrafine
slag, silica sol, and silicate—organic blends) to infiltrate connected pores below
the fracture pressure, making it ideal for clean sands and gravels. Key
variables include viscosity, gel time, pressure, stage length, and take volume.
Grout refusal ensures no fracturing. Outcomes include increased stiffness,
reduced permeability, and improved soil-structure contact. QA measures
include pre- and post-CPT or SCPTu, permeability testing, grout-take
mapping, and chemical durability verification [82].

8.2 Compaction grouting

Primarily used to densify loose granular soils and stabilise subsurface
voids or sinkholes, this method involves injecting a stiff, low-slump grout to
laterally displace and densify soils such as collapsible fills or loose sands,
thereby increasing their density and bearing capacity. Injection should start at
the base and progress upwards with strict pressure and volume control to
minimise surface heave. Applications include settlement correction,
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underpinning, liquefaction mitigation, and void stabilisation. Quality
assurance (QA) involves heave monitoring, grout injection logs, refusal
identification, and post-treatment CPT and visual inspection (VI) [83].

8.3 Jet grouting

A versatile technique, jet grouting stabilises various soils including loose
sand, soft clays, and silts. It is particularly useful where other methods are
constrained by site conditions, high water tables, or contamination. Single-,
double-, or triple-phase systems erode and mix in-situ soils, forming concrete-
like columns or panels without significantly altering natural permeability.
Applications include cut-offs, anchor support, uplift resistance, and raft
foundations. Design should define system type, rotation/lift rate, column
geometry, overlap, UCS, and permeability. Quality assurance (QA) includes
coring, sonic logging, UCS and K testing, and mitigation of brittleness and
sulphate effects using GGBS-rich blends [84].

8.4 Stone columns

This technique is effective in soft compressive soils (clays or silts) and
loose granular soils with high fines. Densely compacted gravel or crushed
stone columns improve shear strength and provide drainage, thereby reducing
settlement and cyclic pore pressure buildup. Design parameters include area-
replacement ratio, column spacing and diameter, and load transfer platform
design. Settlement and stability predictions are based on composite stiffness.
QA involves backfill gradation control, electrical resistivity logging, integrity
tests, and CPT validation [85].

8.5 Rigid inclusions and micropiles

These are used to improve stability in soft or compressible soils like
organic clays or loose sands by either transferring loads to stronger substrata
or increasing bearing capacity. Rigid inclusions are especially useful for
immediate settlement control in deep deposits, offering high stiffness with
minimal spoil and vibration. Load is distributed through a granular platform
and basal support. Performance depends on composite stiffness, interface
shear, replacement ratio, and drainage. Validation includes static load tests,
platform response tests, and long-term deformation monitoring [86].

8.5 Cut-off and seepage control

Designed to stabilise soils prone to erosion or piping, particularly around
earth dams or levees, this system prevents uncontrolled water flow. Methods
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such as jet-grouted, DSM panels and microfine cement slurries achieve target
hydraulic conductivity at vulnerable points (levee edges, shafts, basin walls).
Success depends on continuity, layering, interface bonding, and must be
validated using packer tests, piezometers, and tracer studies [87].

9 Bio-Electrochemical and Thermal Methods

9.1 Bio-Electrochemical

These methods combine electrochemical and biological processes and are
mainly used for the dual purposes of soil stabilisation and remediation,
particularly for contaminated fine-grained soils such as silts and clays, as well
as expansive soils. They help remove or neutralise pollutants by converting
them into less harmful substances, while also improving soil strength,
stiffness, and hydraulic behavior.

9.1 Bio-Electrochemical

A notable bio-electrochemical technique is bioenzymatic treatment, which
can increase UCS and reduce k [8]. For example, ureolysis raises the pH and
promotes calcium carbonate (CaCO5) precipitation, resulting in increased
stiffness and improved strength and permeability. A CaCO5 content of 1-3%
yields significant stiffness improvement; 5-8% can generate unconfined
compressive strength (UCS) values of several hundred kPa in clean sands.
Effective application requires sufficient soil permeability and cyclic fluid
injection to prevent blockage near injection points. Precautionary measures
include capturing or neutralising ammonium by-products. Verification
measures involve quantifying calcite content, conducting CPT and Vs
measurements, testing hydraulic conductivity, and measuring UCS and
triaxial strength. The durability under freeze—thaw and wet—dry cycles must
also be assessed [88-89].

9.2 Thermal ground freezing

Thermal methods can be used to temporarily stabilise soils during
excavation or tunneling, especially in saturated or loose conditions. Additional
thermal approaches, such as microwave heating and electric resistance
heating, can alter mineralogy and reduce volumetric instability in expansive
soils. Design setups are pipe layout, soil thermal conductivity, groundwater
flow, and required frozen thickness. Monitoring involves thermistors, thermal
simulation, and core quality control. Ground heave is managed through
sequenced freezing and load planning, while thaw settlement is addressed
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using back-analysis and real-time monitoring. Energy efficiency and carbon
reduction are optimized using duty-cycling strategies [90].

9.2 Sustainability considerations

Bio-cementation offers a lower carbon footprint compared to cement
binders when ammonium by-products are effectively managed. Electrokinetic
(EK) treatment avoids excavation and may be powered by renewable energy
sources, although energy consumption depends on soil resistivity and
treatment volume. While thermal freezing is energy-intensive, it may be more
effective than deep dewatering in some contexts. All techniques require
treatability studies, life cycle assessment (LCA), and performance-based
acceptance criteria. These include Qc and Vs for MICP, Su and water content
for EK, and temperature and frozen thickness for thermal methods, each
supported by clear contingency plans and operational thresholds [91].

10 Decision Matrix: Problem—Solution Mapping

This decision matrix links commonly encountered problematic soil types
with their corresponding improvement objectives, recommended first-line
methods, expected outcomes of treated soils, key acceptance metrics, and
critical implementation cautions. Apply this matrix after completing site
reconnaissance and geotechnical investigation phases to confirm soil
classification and behaviour (see Section 2), define quantitative improvement
targets (see Section 3), and shortlist one to three stabilisation techniques for
laboratory evaluation and field pilot trials. Acceptance criteria must be
embedded in the method statement and documented within the inspection and
testing plan (ITP) before full-scale implementation. The essential pillars of
stabilisation include: accurate problem identification, precise definition of
improvement targets, method selection, expected treated-soil performance,
clear QA/QC criteria, and awareness of method-specific implementation risks.

Hybrid solutions are appropriate where no single method fully mitigates
all geotechnical risks. Efficient systems may integrate columnar inclusions or
DSM with basal reinforcement and sequential preloading in soft sands, vibro-
compaction with stone columns in loose sands, or lime-treated soils with PVD
preloading in embankments. Verification and control are essential, with tools
tailored to the treatment type. Acceptance must be based on measurable,
traceable evidence from trial to full implementation [92].

Begin by validating the soil type using historical records, index tests, and
in situ measurements. Translate the project requirements into measurable
objectives for ground improvement. Select two or three context-specific
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techniques, based on functionality and site-specific limitations. Express the
expected results in terms of clear performance metrics, for example: cone
penetration resistance (Qc) > 10 MPa at 5—-10 m depth, degree of consolidation
(U) > 90% within 120 days, UCS > 1.5 MPa at 28 days, and Sp < 1% [93].

When multiple techniques satisfy the project’s technical criteria, prioritise
those with a lower embodied carbon footprint across the asset life cycle.
Mechanical densification and inclusion systems generally result in lower
carbon emissions than cement-based stabilisation. Where binders are
necessary, opt for blended cements or geopolymers with optimised dosage.
Consider also the potential for contaminant transport, leachate behaviour,
remediation needs, and future maintenance burdens [94].

Finally, this section together with the soil diagnosis framework (Section 2)
and the solution selection logic (Section 3), offers a structured, fast, and robust
route from problematic ground conditions to reliable and sustainable ground
improvement solutions. It ensures that improvement programmes are not only
technically sound, but also verifiable, feasible, and implementation-ready.

11 Practical Checklists and Field Forms

The scope must be clearly defined, including the objectives, spatial limits,
and performance criteria. A thorough desk study should be conducted on
geology, hydrogeology, contamination, and burial services, followed by a site
survey plan incorporating CPT, SCPT, or SPT, soil sampling and
classification, and groundwater regime assessment. Laboratory testing should
include Atterberg limits, LOI or TOC, oedometer or CRS, PI, swell, and UCS
or mix design, alongside soil chemistry analysis (pH, EC, sulphate or pyrite,
and chloride). Where stiffness or liquefaction is critical, Vs profiling should
be applied. Instrumentation must include piezometers, inclinometers, and
settlement plates, with strict health and safety measures and permits
addressing contaminants, gas, traffic, and vibration. All narrative descriptions
must remain concise to ensure clarity and field usability [95].

11.1 Mix method treatability form

Materials must be fully characterised, including soil classification, index
properties, and geochemistry. For binders and grouts, record the type and
dosage, water-to-binder ratio, and any additives. Curing conditions shall be
documented in terms of ambient temperature, relative humidity, and testing
ages at 7, 28, and 90 days. Parameters to be tested include: PI reduction, UCS,
CBR, E, k, swell, wet—dry and freeze—thaw durability. Acceptance thresholds
are PI < 15, UCS > 1.5 MPa at 28 days, k < 1x10®* m.s™1, swell < 1%, and
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durability loss < 20%. Field records should include core photos and anomaly
logs. Investigation plans must specify CPT, SCPTu, or SPT. Use tick-boxes
and numeric fields to ensure clarity, with minimal free-text reliance [96].

11.2 Field quality assurance

Grid or chainage references must clearly identify treated zones, supported
by real-time process records such as energy input per point, vibrator current
or amp draw, grouting pressure—volume data, and hammer blow counts. Hold
points should include trial pad approvals, proof-rolling, and sampling
protocols. Acceptance must be based on modulus envelopes, peak particle
velocity thresholds, and defined heave or tilt limits. All non-conformance
events must trigger corrective actions such as re-treatment, infill injection, or
offset adjustment. Narrative diaries should be replaced with structured
checklists and numeric forms to improve traceability and clarity [97].

11.3 Consolidation monitoring log

Loading logs must capture staging, elevation increments, and vacuum
pressure (kPa). Pore pressure sensors should log readings by depth and radial
spacing, and settlement data from plates or extensometers should be recorded
daily or weekly. Analysis must determine degree of consolidation (U) using
\t methods, with back-analysis of cv to confirm design assumptions. The
factor of safety against instability must also be verified. Trigger events such
as degree of consolidation (U) falling below target, seal leakage must initiate
corrections like surcharge extension, seal repair, or PVD layout augmentation.
Verification tools may include CPT, SCPTu, or SPT [98].

11.4 Daily report logs

Daily logs should include environmental and weather conditions, site
location, personnel headcount, health and safety observations, progress
against the testing plan, completed QA tests, non-conformities and corrective
actions issued, notes of the stakeholders or supervisors, and photo logs with
attachment references. Remove all duplicate form fields to avoid confusion.
Authentication tools include CPT, SCPT, or SPT, as applicable.

11.5 Sign-off and handover checklist

The final documentation must verify compliance with all acceptance
criteria, provide variance analysis, include full as-built drawings, and confirm
post-construction monitoring plans. Also, it must further provide detail
protocols for barrier systems and ground freezing, ensure regulatory approvals
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are attached, include a voluntary carbon footprint summary, and verify all
CPT, SCPT, or SPT results and field documentation.

12 Conclusion

This short practical guide will equip geotechnical engineers, site managers,
postgraduates, and early-career professionals the clarity and confidence to
successfully stabilise difficult soils. It offers hands-on tools for soil
diagnostics, choice of stabilisation method and establishment of performance
targets, ideal for exploratory studies, experimental tests, and field pilot
experiments. Although not a substitute for standardised codes, it is a practical
help in streamlining decision making in the field and in the soil mechanic
laboratories, ensuring that results are measurable, feasible, and sustainable
from the very beginning.
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Abbreviations and Glossary

i}:rrcl)tr)lc;l;s Meaning i}:rr(l)l;(;};s Meaning

av Coefficient of Compressibility LCA Life Cycle Assessment
ASTM Qﬁiﬁﬁ? Society for Testing and LCF Lime—Cement-Fly Ash

BS British Standards LFA Lime—Fly Ash

Cc Compression Index LOI Loss on Ignition

Cp Coefficient of Consolidation LN: Liquid Nitrogen

Cr Recompression Index LWD Light Weight Deflectometer
CBR California Bearing Ratio MICP %/ileiﬁ(;?;:tlilgnlnduced Calcite
CKD Cement Kiln Dust MDD Maximum Dry Density
CPT Cone Penetration Test OMC Optimum Moisture Content
CRS Constant Rate of Strain test PLT Plate Load Test

C-S-H Calcium Silicate Hydrate PVD Prefabricated Vertical Drain
DC Dynamic Compaction / Direct Current RSM Response Surface Methodology
DDC Dynamic Deep Compaction S Settlement

Dr Relative Density SF Silica Fume

D Degree of Improvement S/S Stabilisation / Solidification
D-GPS  Differential GPS Su Undrained Shear Strength
DoE Design of Experiments SAR Sodium Adsorption Ratio
DSM Deep Soil Mixing SPT Standard Penetration Test

E Modulus of Elasticity SPT (N) zf;ffrd Penetration Test Blow
EC Electrical Conductivity SCPTy  Sewmic Cone Pencirarion Test
EICP Enzyme Induced Calcite Precipitation SR Sulphate-Resistant

EK Electrokinetic QA Quality Assurance

EN 12457 European Leaching Test Standard QC Quality Control

Eso Secant Modulus at 50% of Peak Strength Qc Cone Tip Resistance

FS Factor of Safety or Free Swell o'p Preconsolidation Pressure
FWD Falling Weight Deflectometer o'v Effective Stress

GGBS Ground Granulated Blast Furnace Slag ~ RIC Rapid Impact Compaction
ITP Inspection and Test Plan RHA Rice Husk Ash

k Coefficient of Permeability U Degree of Consolidation

A Differential Settlement or Deformation =~ UCS ISJtrrlfc:I(:ggned Compressive
Au Excess Pore Water Pressure Vs Shear Wave Velocity

PI Plasticity Index VST Vane Shear Test
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