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1- Introduction

1.1. Background

The complex characteristics of the ground's soil layers are fundamental to the safety and success
of many geotechnical engineering projects (Das, 2017). To do this, precise measurements of the
properties of the soil that govern the behavior of the ground beneath our feet are crucial
(Ameratunga, 2016). In the field of geotechnical practice, soil permeability—which is commonly
evaluated as hydraulic conductivity—and strength characteristics are key components that have a
major influence on the stability and operation of structures (Han, 2020).

Critical to many engineering applications, hydraulic conductivity is especially important for
hydrogeology, geotechnical engineering, and groundwater management. Engineers need to
understand hydraulic conductivity in order to evaluate the flow of water through soil, which is
necessary for managing groundwater resources, building efficient drainage systems, and assessing
the possibility of pollutant transfer (Gao, 2024). For instance, accurate measurement of hydraulic
conductivity aids in assessing the viability and effectiveness of different remediation methods,
such as groundwater extraction and treatment, in groundwater remediation projects. Hydraulic
conductivity is also useful in irrigation management for streamlining water distribution networks
and guaranteeing correct irrigation of crops while reducing water waste (Gupta, 2024).

Apart from that, a key soil characteristic that controls the safety and stability of civil engineering
structures, such as retaining walls, slopes, and foundations, is shear strength (Hu, 2020). Shear
strength is a crucial factor in the design of geotechnical engineering since it indicates the soil's
resistance to deformation and failure under applied loads (Vanapalli, 2009). For example, in
foundation engineering, understanding the parameters of shear strength is crucial to ascertaining
the soil's carrying capability, which in turn affects the design of both shallow and deep foundations.
Similar to this, in slope stability analysis, shear strength knowledge aids engineers in determining
whether naturally occurring and artificially constructed slopes are stable, reducing the possibility
of landslides and other slope collapses that could jeopardize infrastructure and human life.

1.2. Problem statement

Several direct methods exist for measuring hydraulic conductivity and shear strength parameters
of soil. For hydraulic conductivity, these include the constant head permeability test, falling head
permeability test, packer test, slug test, and pumping test. Also, for shear strength, the methods
include the direct shear test, triaxial compression test, vane shear test, and unconfined compression
test. However, due to the significant dependence on in situ and laboratory testing techniques,
conventional methods for measuring these parameters frequently prove to be laborious and
resource-intensive (Hicher, 1996). The installation of monitoring wells for hydraulic conductivity
testing and the gathering of undisturbed soil samples for shear strength testing are two common
fieldwork requirements for these technologies (Craig, 2004). While laboratory and in-situ
measurements provide high safety and accuracy, they can be time-consuming and resource-
intensive. Finding a way to estimate these parameters with an acceptable safety index and reduced
time requirements would be advantageous, as it would help mitigate delays and lower project costs.
Furthermore, it can be difficult to get representative samples due to the inherent regional
heterogeneity in soil properties, which can result in inaccuracies in the measured data
(Dotggowska, 2016). Because of this, engineers frequently struggle to precisely describe the
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behavior of soil and forecast how it will react to various loading scenarios. The challenges in
obtaining accurate measurements are made more difficult by the dependence on sophisticated
equipment and specialist knowledge. Accurate performance and interpretation of test findings are
crucial for in situ methods like cone penetration test and borehole permeability test, which call for
specialized equipment and experts with advanced training (Elhakim, 2016). Similar to this, in order
to guarantee accurate results, laboratory tests for determining shear strength—such as direct shear
tests and triaxial compression tests—require specific equipment and skilled personnel. The
expense and complexity of testing are increased by the requirement for specialized tools and
knowledge, which also restricts the methods' applicability in distant or resource-constrained places
where these resources can be hard to come by or unavailable (Nam, 2011). Additionally, the time-
consuming nature of traditional testing methods poses significant challenges in project planning
and execution. Delays in obtaining test results can impede decision-making processes, leading to
uncertainties in design parameters and construction schedules. In fast-paced construction
environments, where timely decisions are crucial to project success, the prolonged testing
procedures associated with traditional methods can hinder progress and increase project risks
(Viana da Fonseca, 2015). As a result, there is a growing demand for alternative approaches that
offer faster, more cost-effective, and reliable solutions for estimating soil parameters, such as
hydraulic conductivity and shear strength.

It is noteworthy to mention that getting soil samples for lab testing might be especially difficult in
some situations, such as historical sites or places with restricted access. Strict preservation
guidelines are frequently in place for historical sites, limiting the amount of infrastructure and soil
disturbance (Prieto-Taboada, 2014). In these situations, typical sample techniques cannot be
practical, forcing engineers to use non-intrusive approaches to indirectly infer soil parameters,
including geophysical surveys or remote sensing technology (Cozzolino, 2018). Although these
techniques provide insightful information on subsurface conditions, they might not be as accurate
or comprehensive as direct sampling and testing. Moreover, in the preliminary design phase of
engineering projects, there is often a need for quick and reliable data to inform decision-making
and design optimization. Laboratory testing methods, which involve sample collection,
transportation, preparation, and analysis, can be time-consuming and may not align with the fast-
paced nature of preliminary design processes (Sharma, 2021). Engineers face the challenge of
balancing the need for comprehensive soil characterization with the time constraints of project
schedules. Consequently, there is a growing demand for innovative techniques that can rapidly
estimate soil parameters with minimal time and resource requirements, allowing for more efficient
and informed decision-making during the early stages of project development.

1.3. Research aims and significance

To address the limitations of conventional approaches for measuring soil parameters, several
scientists and researchers have attempted to create new strategies that use easily obtainable soil
properties for estimation. Grain size distribution is one such feature that is frequently easy to find
in any engineering project. Grain size distribution is a key indicator of soil's hydraulic conductivity
and shear strength, offering important details about the composition and structure of the material
(Belkhatir, 2013). Because of this, scientists have looked into a number of methods for estimating
these characteristics using information on grain size.
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For estimating soil characteristics from grain size distribution, empirical approaches have been
frequently used. Based on trends seen in empirical data, these methods create connections between
hydraulic conductivity or shear strength and grain size measurements (Meskini-Vishkaee, 2018).
Although empirical methods are straightforward and simple to apply, they might not be as robust
and broadly applicable as models built on larger datasets.

In addition to empirical approaches, researchers have employed statistical methods such as
regression analysis to estimate soil parameters from grain size data. Regression models are
developed by fitting mathematical equations to empirical data, allowing for the quantification of
relationships between independent variables and dependent variables (Nemes, 2004). By analyzing
large datasets of soil samples with known parameters, regression models can identify statistically
significant correlations and derive predictive equations for parameter estimation. However, the
accuracy of regression-based models depends heavily on the quality and representativeness of the
training data, as well as the appropriateness of the chosen model structure (Klein, 1999).

The introduction of artificial intelligence (Al) has transformed the estimation of soil parameters
based on grain size distribution, providing sophisticated methodologies that meet the issues
associated with older methods (Khalili-Maleki, 2022). Among the many Al techniques, artificial
neural networks (ANNSs) have received a lot of attention due to their capacity to manage the
complex and nonlinear correlations that exist in soil data. ANNs are computational models based
on the structure and function of the human brain, with interconnected nodes (neurons) structured
in layers (Citakoglu, 2017). These networks excel in extracting patterns and correlations from huge
datasets, making them ideal for predicting soil characteristics based on grain size distributions.
One of the primary advantages of utilizing ANNSs for soil parameter estimation is their ability to
capture complex correlations between input variables and output parameters. This versatility
allows ANNSs to account for complex soil behavior and environmental influences that simpler
models may not fully capture. Moreover, ANNs demonstrate resilience and flexibility in the face
of noisy or imperfect datasets, which are frequent problems in geotechnical engineering research
(Park, 2011). ANNSs are able to produce reliable predictions even in the face of uncertainty by
adapting over time and learning from past events, which allows them to overcome data constraints
(Prieto, 2016). Additionally, ANNSs are scalable, which makes it possible to include a variety of
input factors and ambient variables in the modeling process. This adaptability improves soil
parameter estimations' accuracy and comprehensiveness, enabling researchers and engineers to
make well-informed decisions in a range of geotechnical applications (Bolén-Canedo, 2011). It is
noteworthy to mention that the faster estimates provided by ANNSs also enhance risk management
by allowing for earlier identification of potential issues, enabling more proactive and effective
mitigation strategies, and ultimately supporting project safety and success.

In this study, | attempted to estimate the hydraulic conductivity of soil and shear strength
parameters based on grain size distribution using artificial neural networks. Recognizing the
challenges associated with traditional methods and the potential of ANNs to overcome them, a
comprehensive dataset comprising laboratory-tested soil samples was collected. Subsequently, the
collected data were utilized to train and validate ANN models for predicting hydraulic conductivity
and shear strength parameters. Also, the performance of the ANN models was compared to other



indirect methods. By evaluating the accuracy and reliability of ANN-based predictions compared
to conventional methods, this study aims to highlight the effectiveness of artificial neural networks
in soil parameter estimation. Additionally, it seeks to demonstrate how ANNs can advance
geotechnical engineering practices by enhancing safety management and reducing risk levels.



2- Literature Review

2.1. Geotechnical and hydrogeological concepts

This section emphasizes the fundamental geotechnical and hydrogeological concepts needed
for this study.

2.1.1. Hydraulic conductivity

The concept that controls the flow of fluid in a particular substance is stated in Darcy's law.
Darcy's law equation explains how a liquid can pass through any type of porous material, such
as a rock. The flow between two points is exactly proportional to the pressure differential,
distance, and connectivity of flow within rocks between the points, which forms the basis of the
law. Permeability is the measurement of interconnectivity. Equation 1, Darcy's law, describes
the flow of a fluid in a porous material (Darcy, 1856).

dh
Q= _KAE (Eq.1)

Wherein: Q is the rate of water flow [m®/s], K is the hydraulic conductivity [m/s], A is cross-
sectional area perpendicular the flow direction [m?], and dh/dl indicates a hydraulic gradient [-

1

The first and most important parameter chosen for investigation in this study is the hydraulic
conductivity. The ease with which water can permeate rock or soil is known as hydraulic
conductivity. Hydraulic conductivity is also called coefficient of permeability in geotechnical
terms which is reduced sometimes to permeability. Water flow across soils can be best
understood by measuring hydraulic conductivity. A precise determination of hydraulic
conductivity is necessary for numerous applications in either steady-state or transient scenarios.
For example, evaluating the spatial and temporal variations in groundwater in response to
changes in stream elevation is crucial for groundwater storage and recharge (Kamp, 2001). Also,
in order to better understand slope stability, slopes are being evaluated more often in response
to rain events or shifting water levels (Dou, 2014). In addition, hydraulic conductivity is
necessary for the environmental analysis of the movement and removal of hazardous viruses or
contaminants (Gupta, 2024). The porosity of soil, or the percentage of void space between the
particles, is directly associated with its permeability. The soil's permeability and porosity
increase with increasing particle size (Aimrun, 2004). As a result, soil that has a higher
percentage of coarse particles is more permeable than soil that contains a higher percentage of
tiny particles.

The process of measuring hydraulic conductivity is sometimes complex, leading to its frequent
estimation through various methods. These methods include grain size analysis techniques or
experimental procedures, both in situ and in laboratory settings. Direct laboratory measurement
involves tests like the constant head permeability and falling head permeability methods, each
suited for different soil types. Constant head approach is recommended when there is a large
amount of liquid discharge through the sample and a coarse granular soil, like sand. Equation 2
is used to compute hydraulic conductivity via constant head method (European Committee for
Standardization, 2007).



Where:

K = ok (Eq.2)

K = Hydraulic conductivity (cm/s or m/s)

Q = Discharge flow rate (cm®/s or m®/s)

L = Length of the soil specimen (cm or m)

A = Cross-sectional area of the soil specimen (cm? or m?)
Ah = Head loss (cm or m)

t = Time duration (s)

The falling head permeability test is a common laboratory method used to determine the
hydraulic conductivity of soils, particularly those with low to intermediate permeability, such as
fine-grained soils including clays and silts. In this test, the flow of water through a soil sample
is measured as the water level within a standpipe installed on top of the sample gradually
decreases over time. By monitoring the rate of water flow and the change in water level, the
hydraulic conductivity of the soil can be calculated using established formulas. This method
provides valuable insights into the soil's ability to transmit water and is essential for various
geotechnical and hydrogeological applications. Equation 3 is used for the calculation of
hydraulic conductivity through falling head method (European Committee for Standardization,

2007).

Where:

_ oL h1
K= Hln(a) (Eq.3)

K = Hydraulic conductivity (cm/s or m/s)

L = Length of the soil specimen (cm or m)

ot = Cross-sectional area of standpipe

h1 = Initial head (cm or m)

h. = Final head (cm or m)

A = Cross-sectional area of the soil specimen (cm? or m?)

t = Time duration (s)

Additionally, indirect methods also are available to estimate hydraulic conductivity. For
instance, there is the possibility to calculate hydraulic conductivity through consolidation tests.
These tests are used, where factors like consolidation coefficient (Cv) are crucial in predicting
settlement time and soil strength. The e-log t curve method proposed by Casagrande and Fadum
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is commonly employed to determine Cv as shown in equation 4, which in turn can be used to
calculate the permeability coefficient numerically at each stage of the consolidation test ( Zeng,
2020).

K=¢,.y, -mv (Eq.4)

where c, is the consolidation coefficient (m2/s), mv is the coefficient of compressibility (kpa™),
yw IS the unit weight of water (KN/m3).

Following laboratory methods, in situ tests like the pumping test and slug test are essential for
measuring hydraulic conductivity directly in the field. These methods capture the natural soil
conditions, accounting for heterogeneity and anisotropy that lab tests might miss. The pumping
test, which involves water extraction from a well and monitoring surrounding water levels, is
useful for large-scale aquifers. In contrast, the slug test provides a quicker, simpler approach by
observing water level recovery after a sudden water addition or removal in a well, making it
ideal for coarse-grained soils and fractured rock. Other in situ methods include the packer test
(Lugeon test), which is effective in fractured rock environments, and permeameter tests that
measure permeability in situ, particularly for sands and gravels. The Cone Penetration Test
(CPT) with Piezocone offers high-resolution profiles of hydraulic conductivity by analyzing
pore water pressure dissipation during soil penetration, though it requires expert interpretation.
In situ infiltration tests, such as the double-ring infiltrometer, assess near-surface soils' ability to
transmit water, although these are generally limited to surface layers.

Despite their advantages, in situ tests for hydraulic conductivity come with several limitations
that can impact their applicability and accuracy. One significant challenge is the need for
specialized equipment and highly trained personnel, which can drive up costs and make these
methods less accessible, particularly in remote or resource-constrained locations. The logistics
of setting up and maintaining test sites can also be complex and time-consuming, often requiring
careful site preparation and monitoring over extended periods. Additionally, in situ tests are
sensitive to external factors, such as variations in groundwater levels, the influence of nearby
wells, and boundary conditions that can introduce uncertainties into the results. For example, in
pumping tests, the presence of impermeable boundaries or other nearby pumping activities can
skew the observed drawdown, leading to inaccurate estimates of hydraulic conductivity.
Similarly, slug tests, while quick and convenient, may not provide sufficiently detailed data,
particularly in heterogeneous or low-permeability soils, where the recovery response might be
too slow or complex to interpret accurately. Furthermore, environmental factors such as
temperature fluctuations, seasonal variations, and soil moisture content can affect the test
results, making it difficult to obtain consistent and reliable data. In some cases, the physical
disturbance caused by the test itself, such as borehole drilling or water injection, can alter the
natural soil structure and properties, leading to misleading results.

So, developing a model that can be continuously updated and refined with new data would
significantly enhance the ability to obtain critical design parameters for geotechnical projects.
Such a dynamic model would drastically reduce the time required to acquire accurate soil
parameters, enabling faster decision-making and project progression. As the model learns from
an increasing amount of data, its predictions would become more accurate, thereby reducing the
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uncertainties typically associated with traditional methods. Moreover, by minimizing the need
for extensive field testing and reducing reliance on costly and time-consuming laboratory tests,
this approach would lower the overall costs of geotechnical investigations. Ultimately, a model
that can be continuously reconstructed with new data would streamline the process of obtaining
design data, leading to safer, more economical, and faster project execution.

2.1.2. Soil classification

A complex natural material, soil is made up of varied sized and shaped mineral and organic
particles. A variety of techniques, such as grain size analysis, can be used to ascertain the
content, structure, and texture of soil in order to establish its physical and chemical qualities.
The distribution of particle sizes can have a big impact on how soils behave in certain
applications (Santamarina, 2004). Mineral particles make up soils, and how these particles are
arranged and sized greatly affects the soil's characteristics. A single soil sample can contain
particles that vary in size, from very coarse, exceeding 100 millimeters, to very small, less than
2 microns (Gee, 2002). The permeability, porosity, compressibility, shear strength, and settling
velocity of soil are among the other qualities that are greatly influenced by the grain size
distribution of soil particles. Soils comprising larger particles exhibit greater strength attributed
to heightened inter-particle friction, whereas finer soils demonstrate increased sensitivity to
variations in water content (Eteraf , 2023). Understanding the particle size distribution of a soil
enables us to predict its geotechnical and hydrogeological properties to make more informed
decisions regarding its utilization. As depicted in figure 1, Soils can be classified by reference
to particle size as follows (Opsal, 2018).

e Clay - less than 0.002mm

e Silt-0.002mm to 0.063mm

e Sand - 0.063mm to 2mm

e Gravel -2mm to 63mm

e Cobbles - 63mm to 200mm

e Boulders — greater than 200mm
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Figure 1. Particle Size Distribution Curve (Source: www.elementaryengineeringlibrary.com)
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Soil texture was considered the most significant soil attribute in establishing hydraulic
parameters in the majority of earlier research. But one thing that has been considered recently
more than it used to be, is the disregard for gravel particles. Many building projects employ
gravel soils as their basis, particularly fine gravel. Consequently, it is impossible to overlook the
significance of gravel influence in defining soil qualities (Lu, 2021).

One of the most common methods for characterizing soils is through their textural
characteristics. It is common practice to describe the fractional amount of different grain size
particles in a soil using the relative fractions of sand, silt, and clay content. A texture-based
classification technique is used to group soils into classes based on their soil texture (Twarakavi,
2010). Probably the most well-known is the soil texture classification scheme recommended by
the USDA (Abdelfattah, 2007). The USDA has classified soil textures into 12 categories. A
helpful tool for categorizing soil texture is the ternary diagram. Figure 2 depicts a ternary
diagram of the soil texture triangle using soil texture classifications based on the USDA. The
ternary diagram illustrates the different types of soil texture in relation to the percentages of
sand, silt, and clay (Barman, 2020).

Soll Textural Triangle

5 & % 3 ® & B % ¥ B
+—— Sand Bsparate. % ——
Figure 2. Soil Texture Triangle (Source: Soil Survey Division Staff, 1993)
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Another ternary diagram that was presented in 1954 is based on the ratios of silt, sand, and
particles the size of clay (Shepard, 1954). Ternary diagrams, like the one created by Shepard,
are useful tools for illustrating a three-component system whose total sum equals 100 percent.
According to Figure 3, the components stand for the proportions of clay, silt, and sand in a
sediment sample. Each sediment sample's particle size distribution determines whether it is
plotted as a point inside the diagram or along its edges. In order to characterize sediment
samples, Shepard divided the ternary diagram into ten pieces. According to Shepard's standards,
‘Silty Sands’ and ‘Sandy Silts" have less than 20% clay-sized particles, whereas *‘Clays’ have at
least 75% clay-sized particles. ‘Sand-Silt-Clays’ has a minimum of 20% of each constituent. For
every one of the ten categories, there are detailed descriptions available in the metadata linked
to the dataset that was used to create the sediment distribution map.
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Figure 3. Shepard’s Classification System (Source: Shepard, 1954).

The USDA and Shepard soil classification methods, both widely used in soil analysis, each offer
distinct approaches but also share common limitations. The USDA method can oversimplify
soil textures and fail to account for variations in soil properties at different depths or locations,
and it does not consider gravel content. The Shepard method, which also uses a triangular
diagram but includes additional categories for specific soil textures, provides a more detailed
classification. Yet, its complexity and the increased number of categories can make it less
intuitive and more difficult to apply in field settings. Overall, while both methods offer valuable
insights into soil texture, their limitations in addressing engineering parameters and their
complexity in practical applications can restrict their suitability for detailed engineering
purposes.

Additional methods that incorporate soil behavior and engineering properties is the Eurocode 7
method. The Eurocode 7 standard method for soil classification, outlined in EN 1997-2:2007,
provides a comprehensive framework for assessing soil properties relevant to geotechnical
engineering. According to figure 4, this method integrates soil texture classification with
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engineering properties, incorporating not only the fractions of sand, silt, and clay but also
explicitly accounting for the gravel fraction.
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Figure 4. Triangular Diagram of Withdrawn Standard (Source: EN 1SO 14688-2:2004)

2.1.3. Shear strength parameters

Understanding the shear strength of soil is paramount in geotechnical engineering, as it directly
influences the stability and performance of various structures and infrastructures (Vanapalli,
2009). Shear strength represents the soil's resistance to internal friction and cohesion, both
critical parameters in determining its stability under different loading conditions. Cohesion
refers to the soil's ability to resist shear stress even in the absence of normal stress, while the
internal friction angle characterizes the soil's resistance to shear deformation under applied
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normal stress. These parameters are crucial in assessing the bearing capacity of foundations, the
stability of slopes and embankments, and the design of retaining structures (Terzaghi, 1943).

Grain size distribution plays a significant role in determining soil shear strength. Finer-grained
soils tend to exhibit higher cohesion due to increased surface area and particle bonding, while
coarser-grained soils typically have higher internal friction angles due to interlocking particle
arrangements. Therefore, understanding the grain size distribution of soil is essential in
predicting its shear strength behavior accurately (Saravanan, 2020).

The Mohr-Coulomb failure criterion, as shown in figure 5, is a fundamental concept in
geotechnical engineering used to describe the failure behavior of soils and rocks under shear
stress. It defines the conditions under which a material will fail, based on the relationship
between shear stress and normal stress. According to the Mohr-Coulomb theory, failure occurs
when the shear stress on a plane reaches a critical value determined by the cohesion and internal
friction angle of soil. The criterion is expressed by the equation shown in picture.

TJ
Failurs apvelops
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Mohr circla
* \ normal aimeas
N & P ™ P

Figure 5. The Mohr-Coulomb Failure Criteria and Mohr's Circle (Source: www. khaakpey.ir).

where 7 is the shear stress, c is the cohesion, o is the normal stress and ¢ is the angle of internal
friction. This linear relationship is graphically represented by a failure envelope on a Mohr's
circle diagram, which plots the shear and normal stresses. The Mohr-Coulomb failure envelope
Is a straight line that intersects the shear stress axis at the cohesion value and has a slope equal
to the tangent of the internal friction angle.

Two main laboratory tests are commonly used to measure soil shear strength parameters: the
direct shear test and the triaxial test. In the direct shear test, a soil sample is subjected to shear
stress along a predefined plane, allowing for the measurement of both cohesion and the internal
friction angle. Equation 5 is used to calculate shear strength in the direct shear test (European
Committee for Standardization, 2007).
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F
T = Z (Eq.5)

where:

T is the shear stress (kPa)
F is the force required to shear the soil sample (N)
A is the cross-sectional area of the soil sample (mm?)

In the triaxial test, the soil sample is confined radially and axially while subjected to axial stress,
allowing for more realistic simulation of field conditions. The triaxial test provides additional
insights into the stress-strain behavior of soil and is particularly useful for cohesive soils. The
equation6 and 7 are used in the triaxial test to calculate cohesion (c) and the internal friction
angle (¢) (European Committee for Standardization, 2007).

o's. tan(%)

c= 3 (Eq.6)
o’q4—0/

tang = ;T,: (Eq.7)

where:
o', is the major principal stress (kPa)
o' is the minor principal stress (kPa)

Numerous studies have been conducted to investigate the shear strength parameters of soil and
the factors influencing them. Researchers have explored various aspects such as grain size
distribution, mineral composition, soil structure, and environmental conditions to better
understand soil behavior under different loading conditions. However, despite the wealth of
research in this field, there remains a gap in studies focusing on estimating shear strength
parameters quickly and efficiently, especially in situations where experiments are time-
consuming or when rapid data is needed for preliminary design purposes. Thus, in recent years,
researchers have made attempts to estimate this behavior of soil based on its basic characteristics
by using Al approaches such as artificial neural networks which will be discussed in next
sections (Jasim, 2019).

2.2. Empirical correlations for soil parameter estimations
In many engineering fields, such as hydrogeology, geotechnical, agricultural, and environmental
engineering, it is essential to understand and estimate soil properties. To effectively handle a
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variety of issues, including evaluating groundwater flow, controlling pollutant transport,
guaranteeing soil stability, and streamlining irrigation techniques, it is imperative to have a
precise understanding of soil parameters. Nonetheless, there are a number of difficulties in using
in situ and laboratory procedures to measure soil characteristics using traditional methods.
Installing monitoring wells and conducting significant fieldwork are necessary for in situ
measurements, which can be expensive and time-consuming (Kuang, 2012). Besides, the long
procedure of in situ measurements becomes unfeasible when fast data is required for early
design or cost estimation. In the meantime, variations in soil moisture content frequently impede
laboratory investigations and make it difficult to collect representative soil samples, particularly
for heterogeneous soil formations. This results in extended testing times (Meyer, 2019). These
difficulties highlight the need for creating substitute approaches, such as empirical correlations,
which provide a quicker and more economical way to estimate soil parameters using easily
accessible soil variables. These creative ideas allow academics and engineers to handle
important engineering difficulties more effectively and make well-informed judgments by
getting beyond the constraints of conventional methodologies (Brinkgreve, 2010). Hence,
scientists have created empirical correlations that use information on grain size distribution to
estimate hydraulic conductivity. Correlations provide a practical and effective substitute for
direct measurements by utilizing the connection between hydraulic conductivity and soil particle
size. A plethora of empirical formulas, each customized to certain soil types and conditions,
have been offered. So, some formulas are commonly used for coarse-grained soils, while the
others are suitable for fine-grained soils (Eteraf, 2020). In the following, some empirical
formulae for estimating hydraulic conductivity based on grain size distribution will be
discussed, categorized into coarse and fine grain analyses.

For coarse-grained soils, empirical correlations such as the Hazen formula, Zamarin equation,
United States Bureau of Reclamation (USBR) method, and Chapuis equation are commonly
utilized (Riha, 2018). The Hazen formula, one of the earliest empirical correlations, relates
hydraulic conductivity to the effective size of soil particles, providing a straightforward
estimation approach (Hazen, 1911). The Zamarin equation considers both effective size and
uniformity coefficient to predict hydraulic conductivity, offering enhanced accuracy for coarse-
grained soils (Singh, 2023). The USBR method incorporates particle size distribution
parameters to estimate hydraulic conductivity, particularly suited for soils with diverse grain
sizes (USBR, 1990). Additionally, the Chapuis equation integrates grain size distribution and
porosity to predict hydraulic conductivity, offering a comprehensive approach for coarse-
grained soil analysis (Chapuis, 2004).

For fine-grained soils, empirical correlations such as the Seelheim equation, Sivappulaiah
method, Carrier equation, and Beckman model are commonly employed. The Seelheim equation
utilizes soil particle size parameters to estimate hydraulic conductivity, focusing on the unique
characteristics of fine-grained soils (Doury, 2010). The Sivappulaiah method considers both
particle size distribution and void ratio to predict hydraulic conductivity, offering improved
accuracy for fine-grained soils with varying degrees of compaction (Sivapullaiah, 1985). The
Carrier equation incorporates soil particle size distribution and specific surface area to estimate
hydraulic conductivity, providing a comprehensive approach for analyzing fine-grained soils
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(Carrier, 2003). Additionally, the Beckman model utilizes soil grain size parameters to predict
hydraulic conductivity, particularly suited for cohesive soils with complex particle arrangements
(Bilardi, 2020). It's noteworthy that all of these empirical formulae are fully or partially reliant
on grain size distribution, highlighting its crucial role in estimating hydraulic conductivity
across a spectrum of soil types and conditions in geotechnical engineering applications.

As technology has developed, there has been a noticeable change from using traditional
empirical and analytical methodologies for estimating soil properties to using artificial
intelligence (Al) methods. Artificial intelligence (Al) techniques, such as machine learning
algorithms and neural networks, provide clear benefits over traditional methods by utilizing
extensive datasets and recognizing complex patterns in soil parameters (Singh, 2020). More
precise and trustworthy estimates are produced as a result of these Al models' ability to represent
intricate nonlinear interactions between input variables and soil characteristics. Furthermore, Al
techniques can learn from fresh data continuously, improving their predicting power over time.
As a result, in order to address geotechnical difficulties, engineers and researchers are
increasingly turning to Al-driven solutions, which provide unmatched efficiency and precision
in calculating soil characteristics for a variety of engineering applications (Onyelowe, 2023).

2.3. Regression analysis

Regression analysis has been used extensively in soil research, in particular to estimate soil
properties such as hydraulic conductivity (Yoon, 2015). The use of regression methods in this
context extends back several decades and demonstrates a progression from simple linear models
to complicated machine learning algorithms, reflecting advances in statistical approaches and
processing capacity.

The use of regression analysis in soil science began with simple linear regression models that
attempted to demonstrate direct correlations between soil characteristics and grain size
distribution. A linear model was first introduced to predict soil moisture characteristics based on
particle-size distribution and bulk density data, providing a solid understanding of how soil
texture influences hydraulic properties (Arya, 1981). Similarly, Similarly, linear regression
models were developed to estimate soil water retention properties based on particle size
distribution, organic matter percentage, and bulk density (Gupta, 1979). These early attempts
helped to demonstrate the power of regression analysis in quantifying soil hydraulic
characteristics using easily available soil texture data. In order to address particular issues with
soil property estimate, recent works have further developed linear regression approaches. For a
more accurate assessment of soil hydraulic characteristics, linear regression was employed,
demonstrating the importance of incorporating soil structure and organic matter content into
regression models to improve the precision of hydraulic conductivity forecasts (\Vereecken,
2010).

As it became clear that linear regression could not capture the complex, researchers began to
investigate non-linear regression models. For instance, a nonlinear regression approach was
used to model hydraulic conductivity, recognizing the curvilinear link between grain size
distribution and soil hydraulic behavior. Nonlinear models provided more accurate predictions
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by incorporating logarithmic and exponential functions, which better described the complex
interactions between soil particles and water flow (Ahuja, 1984).

Multiple regression techniques were established to improve the predictive ability of regression
models by allowing several independent variables to be considered simultaneously. This method
allows for the inclusion of additional soil properties, such as bulk density, organic matter
content, and porosity, in addition to grain size distribution. A comprehensive multiple regression
model was used to improve estimates of hydraulic conductivity by including several soil factors.
By incorporating a broader range of influencing factors, multiple regression models provided a
more holistic and accurate representation of soil hydraulic parameters (Saxton, 1986).

The concept of pedotransfer functions (PTFs) represents a significant development in the use of
regression models in soil research. PTFs employ easily available soil data to forecast hydraulic
parameters, frequently using regression techniques (Zhang, 2019). Woésten was among the
pioneers in this field, using texture and other soil parameters to forecast unsaturated soil
hydraulic functions. Their findings demonstrated the effectiveness of PTFs in making hydraulic
property calculations more accessible and practical for large-scale applications (Wosten, 1988).
This approach was expanded by predicting the soil moisture retention characteristic from
texture, bulk density, and carbon content (Vereecken, 1989).

A notable trend in this century has been the incorporation of machine learning methodologies
alongside conventional PTFs to improve their precision and relevance. Advanced techniques
like support vector regression (SVR) and random forest regression have been used to predict the
intricate interactions between grain size distribution and hydraulic conductivity. Machine
learning-based regression models have been shown to outperform traditional regression models.
Studies demonstrated that contemporary algorithms utilize computing power to identify patterns
and relationships that traditional techniques may miss. For instance, the use of neural network-
based approaches, such as the neuro-m model for fitting parametric pedotransfer functions, has
significantly enhanced prediction accuracy. Although these methods are grounded in the
fundamentals of regression, they offer a range of advantages and complexities that extend
beyond traditional techniques (Schaap, 2000; Minasny, 2002).

2.4. Artificial Neural Network in Geotechnical Engineering

The exceptional problem-solving abilities and high performance of the human brain have
inspired hardware and software architects to aspire to simulate its capabilities (Park, 2011). For
the past few decades, computers have enabled the development of computational algorithms
aimed at mimicking human brain function. This effort has spurred extensive research by
computer scientists, engineers, and mathematicians, resulting in significant advancements in the
field of artificial intelligence (Al) (Dong, 2020). A key branch of Al is computational
intelligence, which includes “artificial neural networks” (ANNSs) (Hanne, 2017). In this field,
numerous mathematical and software models have been developed to emulate the human brain.
These models are employed to tackle a wide range of scientific, engineering, and practical
problems across various domains (Zheng, 2023). The use of intelligent systems, particularly
ANNSs, has become so widespread that they are considered fundamental mathematical tools.

16



They are commonly used in academic and professional settings for tasks requiring analysis,
decision-making, estimation, prediction, design, and construction (Gohary, 2017).

The development of artificial intelligence (Al) and human cognition is reflected in the long and
complex history of artificial neural networks (ANNSs). Over the course of seven decades, they
have undergone periods of intensive research, notable advancements, and sporadic setbacks
(Capra, 2020). The 1940s are when the idea for ANNs was first developed. A simplified
computational model of the neuron was introduced in 1943 by (Pitts, 1943), who proposed that
networks of these neurons could theoretically execute any calculation that a Turing machine
could. The McCulloch-Pitts neuron model served as the inspiration for the first artificial neural
network. In 1949, psychologist Donald Hebb proposed a theory of learning that became a
cornerstone for neural network learning algorithms. Hebb's rule, often summarized as “cells that
fire together wire together,” suggested that the synaptic strength between neurons increases
when they are activated simultaneously (Alghafri, 2021). This idea of synaptic plasticity
influenced later learning algorithms in neural networks. The 1950s and 1960s were
characterized by optimism and the development of early neural network models. The perceptron,
an early type of artificial neural network capable of learning and recognizing patterns, was
introduced by Rosenblatt (1958). Inspired by biological processes in the human brain, the
perceptron aimed to mimic the learning abilities of the human mind. Rosenblatt's work attracted
significant attention and funding, notably from the U.S. Navy, which recognized its potential
for military applications. The perceptron consisted of a single layer of artificial neurons, called
“units,” which processed inputs and produced an output. The perceptron learning rule adjusted
the weights of the inputs based on the error between the predicted and actual outputs. Despite
its simplicity, the perceptron could solve only linearly separable problems, which limited its
practical applications (Glorot, 2010). Due to unfulfilled expectations, the first “Al winter,”
marked by a drop in funding and interest in Al research, started in the 1970s. Research on
perceptron by (Minsky, 1969), highlighted the drawbacks of single-layer perceptron and caused
this downturn. They showed that the XOR problem, a simple but non-linearly separable
problem, was beyond the capabilities of perceptron. This discovery led to a loss of faith in neural
networks and a notable decline in the amount of research being done in the area. Neural
networks noticed an increase in attention in the 1980s, partly because of the invention of the
backpropagation algorithm. Backpropagation offered a way to train “deep” neural networks, or
multi-layer neural networks. The networks were able to learn intricate, non-linear patterns which
made it possible to modify the weights in hidden layers. Research demonstrated the practical
viability of backpropagation and sparked renewed enthusiasm and research in neural networks
(Rumelhart, 1986). The development of techniques for training deep networks expanded
possibilities for applications such as pattern recognition, speech processing, and image analysis.

With the development of backpropagation and increased computational resources, ANNs
became practical for engineering applications during the 1990s. These networks began to excel
in tasks such as pattern recognition, signal processing, and control systems (LeCun, 1998).
Engineers leveraged ANNSs to optimize design processes, improve fault detection systems, and
enhance predictive maintenance. The ability of ANNs to learn from data and adapt to new
information without explicit programming opened new frontiers in automation and artificial
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intelligence, embedding themselves as a crucial tool in the engineer's toolkit. This evolution not
only improved efficiency and innovation within engineering disciplines but also spurred further
research and development, leading to the sophisticated deep learning models that drive modern
technological advancements (Abioye, 2021).

Despite the fact that artificial neural networks (ANNSs) were introduced decades ago, they have
become indispensable tools in estimating soil parameters recently (Pham, 2020). This is due to
a criticism that has existed in the last ten years that empirical methods are limited to their
respective domains because they were developed under specific boundary conditions and may
result in random errors in the hydraulic conductivity values (Chandel, 2022). The capacity of
this method to capture intricate relationships within datasets makes it more dependable. With
their networked nodes (neurons) arranged in layers, artificial neural networks (ANNS) imitate
the composition and operations of the human brain by processing information through
mathematical calculations. Artificial neural networks (ANNSs) have been widely used in the field
of geotechnical engineering to forecast several soil properties, such as compressibility, shear
strength, and hydraulic conductivity. These networks are especially well-suited to capture
complex patterns and correlations associated with soil attributes because they are adept at
managing nonlinear and multidimensional facts (Bahmed, 2019). In addition, ANNSs
demonstrate resilience while processing noisy or sparse information, which allows them to
generate trustworthy estimates even when uncertainties are present. ANNs are able to adjust
their predicting powers over time by learning from prior experiences and utilizing big datasets
with a variety of soil qualities and environmental circumstances (Jiadong, 2024). Furthermore,
the adaptability of ANNs permits the incorporation of diverse input parameters, from
fundamental soil characteristics to intricate environmental elements, consequently augmenting
the precision and comprehensiveness of soil parameter estimations (Jalal, 2021).

Considering the hydraulic conductivity parameter, artificial neural networks (ANN), fuzzy
logic, and adaptive-neuro fuzzy inference system (ANFIS) were utilized to predict hydraulic
conductivity (K) values of soil samples using measurable parameters like specific gravity,
porosity, and percentages of gravel, sand, and silt. Statistical analysis demonstrated that the
ANFIS method exhibited superior performance compared to ANN and fuzzy logic (More,
2018). The effectiveness of using artificial neural network (ANN) methods to calculate the
hydraulic conductivity (K) of ninety-five samples of coarse-porous media was investigated by
(Akbulut, 2005). The K values obtained by ANN, multiple linear regression (MLR), and two
empirical approaches were compared. The results showed that ANN outperformed the other
methods in terms of prediction when it came to estimating K values. Three data-driven
techniques—multiple linear regression (MLR), adaptive-neuro fuzzy inference system
(ANFIS), and artificial neural network (ANN)—were compared to predict hydraulic
conductivity (K) in porous media. The study revealed that the ANFIS model outperformed both
MLR and ANN in terms of predictive accuracy (Arshad, 2013). In a separate study, neural
computing models were devised to forecast the hydraulic conductivity (K) of coarser porous
media, incorporating both artificial neural networks (ANN) and adaptive-neuro fuzzy inference
system (ANFIS). By including various grain sizes (d10, d30, and d60) in the model development
process, a more robust correlation with K was achieved. The ANFIS model notably
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demonstrated superior reliability compared to the ANN model in predicting K values (Yilmaz,
2012). Another study assessed the effectiveness of artificial neural network (ANN), adaptive-
neuro fuzzy inference system (ANFIS), and support vector machine (SVM) techniques in
estimating the hydraulic conductivity (K) values of porous media. The study concluded that both
ANN and ANFIS models yielded satisfactory results in predicting K values (More, 2022). In
another study, the accuracy of multiple linear regression (MLR) and feed-forward neural
network (FFNN) in calculating the hydraulic conductivity of porous media was compared.
Based on six input variables for model building, the investigation demonstrated that FFNN
outperformed MLR in terms of predictive power (Williams, 2021). Despite the remarkable
prediction capabilities of supervised algorithms, limitations in their application persist.

Regarding other soil parameters, there are a variety of studies which used artificial neural
networks for estimation. Artificial neural networks (ANN) were employed to forecast the
settlement of shallow foundations on coarse-grained soils. A dataset of 79 samples—69 for
training and 10 for testing—was used to develop the ANN model, which incorporated five input
parameters: applied net pressure, average standard penetration test (SPT) values, foundation
width, foundation shape, and foundation depth (Sivakugan, 1998). An artificial neural network
(ANN) model was used to study the relationship between relative density and average effective
stress (o) in typically loaded and over-consolidated sands. The model aimed to estimate Cone
Penetration Test (CPT) and cone resistance (qc) as output variables. For training and testing, the
study utilized 93 and 74 data points, respectively. The nonlinear connection demonstrated a high
correlation coefficient of 0.91 for testing data and 0.97 for training data (Goh, 1995). Neural
networks were investigated to anticipate displacement in deep foundation pit retaining systems.
The research demonstrated that employing soft computing techniques, such as neural networks,
proved to be a valuable and reliable tool for predicting deformation in foundation pits (Wei,
2023). In another study, shallow settlement near a foundation pit excavation was computed using
artificial neural networks (ANNS) in an Al prediction model (Chen, R. P., 2019). The majority
of real-world uses demonstrate that it is possible to estimate slope stability analysis using ANN.
In this context, a few studies looked into the use of ANNSs in slope stability (Lu, 2003). for
instance, used ANNs and Grey systems to forecast slope stability. Liquefaction resistance,
considered a crucial component of geotechnical engineering, was modeled using artificial neural
networks (ANNSs) (Abbaszadeh, 2016). ANNs were also used by a number of researchers to
enhance the site characterization estimate. For instance, a fuzzy set-based model was created to
infer the subsurface profile and describe data from drilling operations (Huang, 1997).

While artificial neural networks (ANNS) have garnered significant attention and application in
geotechnical engineering for estimation and modeling purposes, there remains a considerable
gap in research when it comes to utilizing soil particles, such as silt, clay, sand, and gravel, as
input data to estimate crucial soil parameters like hydraulic conductivity. In practical scenarios,
the available input often boils down to the soil component, or grain size distribution, making it
imperative to develop models that rely solely on this parameter. Consequently, in this study, the
focus was precisely on estimating hydraulic conductivity and shear strength parameters
exclusively through grain size distribution. The aim was to overcome the practical constraints
encountered in real-world applications, where complete soil component data may not always be
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easily accessible, by highlighting this technique. This study emphasizes how crucial it is to
create reliable and useful models that make use of easily available data in order to improve the
precision and application of soil parameter predictions in geotechnical engineering settings.

In this chapter, fundamental geotechnical and hydrogeological concepts were reviewed,
establishing the basis for the estimation of hydraulic conductivity and shear strength parameters.
Empirical correlations used for parameter estimation were examined, along with their practical
applications and limitations. The methodology of regression analysis was discussed as a means
to develop predictive models for soil parameters. Additionally, the application of artificial neural
networks (ANNSs) in geotechnical engineering was explored, highlighting their potential
advantages over traditional methods in enhancing estimation accuracy. This comprehensive
review provides the foundation for utilizing advanced techniques, such as ANNS, to improve the
estimation of geotechnical parameters.
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3- Methodology

3.1. Data Collection and Preparation

The soil samples and materials used in this study were collected from the Hejépapi area shown in
Figure 6, situated in Borsod-Abauj-Zemplén County, Hungary. The geographical coordinates of
the collection site are 47°54'00" North latitude and 20°55'00" East longitude. In the laboratory, the
collected soil samples were systematically separated into their constituent particles: gravel, sand,
silt, and clay. This separation process ensured that each type of particle could be individually
analyzed and combined in precise proportions to create new soil samples for experimentation.

The new soil samples were prepared by carefully combining varying quantities of each type of
particle. The goal of this procedure was to reproduce different soil compositions and investigate
their characteristics in a controlled environment. To ensure that the experimental results were free
of biases or mistakes, great care was taken to preserve consistency across all samples, including
maintaining uniform water content and unit weight. The precise ratios of gravel, sand, silt, and
clay were adjusted to see how different soil compositions affected the characteristics under study.
It is noteworthy that for the scope of this study, which focused on specific soil parameters, only
small-sized gravel particles were used. All prepared samples were subjected to identical
environmental conditions and handling procedures to ensure uniformity. This standardization was
crucial for minimizing variability and enhancing the reliability of the experimental results. By
maintaining these stringent preparation protocols, including consistent water content and unit
weight, the study aimed to produce accurate and reproducible findings that could contribute
valuable insights into soil behavior and characteristics.

W

Figure 6. Collection Site of Soil Sample

In general, 205 soil compositions were reconstructed in the laboratory. Depending on the type of
parameter under investigation, all or some of these samples were investigated. The percentages of
each component were variable and included 0, 10, 15, 20, 25, 30, 40, 50, 75 and 100 percent
(Annex 1). It should be noted that the naming order of the samples in this research was determined
after obtaining the results and performing the final analysis, which will be discussed in detail in
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the next chapter. The desired tests were performed on each reconstructed sample according to the
standard to obtain the investigated parameters.

It should be mentioned that the laboratory work for this study was carried out across two
institutions. The initial phase of the experiments was conducted in the soil mechanics laboratory
at the University of Miskolc. The subsequent phase of the laboratory work was carried out at the
Budapest University of Technology. Some laboratory tests conducted in lab is depicted in figure 7

Figure 7. Laboratory Tests Conducted in the Lab

3.2. Experiments

3.2.1. Grain size distribution

Following the creation of the desired soil combinations, the grain size distribution for each new
soil sample was determined (Annex 2). To achieve this, both the sieve analysis test and the
hydrometer test were conducted in accordance with the Eurocode 7 standard. The grain size
distribution analysis was crucial for providing a comprehensive understanding of the sample
characteristics before conducting further experiments. It allowed for the categorization of samples,
ensuring that each one was appropriate for specific experimental procedures. Additionally, it
facilitated the separation of samples into coarse and fine grains, which is essential for tailoring
experiments to different soil types. The analysis also enabled the determination of key parameters
such as D10, D30 and Deo. These parameters are critical for various aspects of this investigation,
including the assessment of soil permeability and the mechanical behavior of the soil samples.

The sieve analysis was employed to determine the particle size distribution of the coarser fractions
of the soil. According to Eurocode 7, the soil sample was dried and then passed through a series
of standard sieves arranged in descending order of size. Each sieve's aperture size was selected to
capture specific ranges of particle sizes. The soil retained on each sieve was weighed, and these
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weights were used to calculate the percentage of the total sample. This process resulted in a detailed
profile of the soil's grain size distribution for particles larger than 0.063 mm, providing essential
data for understanding the soil's physical properties.

For the finer particles, a hydrometer test was conducted following the Eurocode 7 guidelines. This
test involved dispersing a known quantity of soil in a liquid and measuring the relative density of
the suspension at various time intervals using a hydrometer. The hydrometer readings allowed for
the calculation of particle sizes smaller than 0.063 mm based on the sedimentation rate of the
particles, as described by Stokes' law. The hydrometer test was essential for accurately
characterizing the silt and clay fractions of the soil samples, complementing the data obtained from
the sieve analysis.

By integrating the results of both the sieve analysis and the hydrometer test, a complete grain size
distribution curve was obtained for each soil sample. These curves were instrumental in identifying
the uniformity and gradation of the soil, which in turn informed the design and interpretation of
subsequent experiments. After drawing the curves, soils were classified according to (European
Committee for Standardization, 2007). This classification identified a variety of soil types from
the samples. Table 1 shows the various types of soils identified, as well as the quantity of samples
for each type. This precise categorization was helpful for understanding the unique properties and
behaviors of each soil type, resulting in more accurate analysis and implementation of the
experimental data.

Table 1. Classification of Soil Samples

Soil name Sample count Soil Name Sample count

Cl 13 grclSa 16
siCl 4 grsaSi 5
Si 1 grSi 3
grCl 20 siSa 3
sasiCl 12 clGr 6
saCl 18 saclGr 11
sagrCl 11 sasiGr 7
grsiCl 15 grsiSa 4
grsaCl 16 Sa 2
clSi 2 sagrSi 1
clSa 6 SiGr 4
saSi 3 grSa 5
saclSi 7 saGr 2
grclSi 7 Gr 1
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3.2.2. Hydraulic conductivity

Hydraulic conductivity, a crucial parameter for understanding water movement in soil, was
measured for 205 samples based on Eurocode 7 criteria in this study. It was tried to have a similar
initial condition for all specimens before conducting the tests. Following the concepts outlined in
Darcy's law in previous chapter, hydraulic conductivity, also known as coefficient of permeability
or permeability, refers to the ease with which water permeates rock or soil. To capture soil type
heterogeneity, two different laboratory procedures were used: the constant head permeability test
for coarse-grained soils and the falling head permeability test for fine-grained soils. The constant
head permeability test indicates soils with high permeability, such as sand. It involves measuring
the discharge flow rate (Q) through the soil sample under a constant hydraulic head (Ah) during a
set duration (t). Conversely, the falling head permeability test, suitable for soils with low to
intermediate permeability like clays and silts, monitored the gradual decrease in water level (h: to
h2) within a standpipe installed on top of the soil sample. By recording the change in water level
over time (t) and considering sample dimensions, hydraulic conductivity was computed using the
pertinent equations.

3.2.3. Shear strength parameters

The soil's shear strength parameters were determined using direct shear tests on a total of 95
samples, in accordance with the Eurocode 7 criteria. These tests were critical in determining the
soil's resistance to internal friction and cohesion, especially for coarse and fine-grained soils.
Following Eurocode 7 protocols enhanced scientific accuracy and complying with international
standards, hence increasing the reliability and credibility of the findings. Each direct shear test was
methodically carried out, with special attention given to sample preparation, loading conditions,
and testing techniques. To account for variability and assure the correctness of the data, each test
was performed three times, as is standard practice in geotechnical engineering experiments.

The direct shear test involves exposing soil samples to controlled shear stress along a designated
plane to determine cohesion (c) and internal friction angle (¢). These characteristics were
determined after a careful study of the test findings, which included calculations based on the
measured shear stress and normal stress applied to the samples. The cohesion (c) was calculated
using the intercept of the shear stress-normal stress plot, while the internal friction angle (¢) was
found using the slope of the linear component of the curve. The complete investigation included
differences in soil composition, grain size distribution, and other relevant parameters, resulting in
a comprehensive understanding of the soil's shear strength behavior.

3.3. Overview of data trend

In this study, high numbers of laboratory tests were conducted to see the effect of different
combinations of gravel, sand, silt and clay on hydraulic conductivity, in particular hydraulic
conductivity. In order to avoid the possibility of error in estimating soil parameters, the traditional
triangular system for determining soil texture and subsequently using it to determine the hydraulic
gradient has been upgraded to a 3D tetrahedral system. So, the measured parameters have been
plotted and charted in a 3D tetrahedral system (gravel, sand, silt and clay content). Based on this
system the factors affecting the different geotechnical and hydrogeological parameters of soil
based on particle size distribution can and will be investigate while the parameter chosen for
investigation in my study was hydraulic conductivity.
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As the first step, only the soil compositions with a difference of 25% were chosen for this purpose.
Figure 8 shows the result for one point in pyramid as an example which belongs to bottom level
where the gravel percentage is zero. The same procedure was done for all chosen samples and the
results were gathered to transfer to pyramid model. It is noteworthy to take into account that in
this work, I employed (-log K), the negative logarithm of hydraulic conductivity, rather than its
precise value for each composition. The usage of (-logK) is based on the lognormal distribution
character of K data, and therefore logK values became normally distributed.

Soil component | Weight percentage(%s) . /
Clay 50 A -2,
Silt 25 U A 1
Sand 25 __ ol
Gravel 0 N / \‘\\ :
-logk 7.54 Sand x

Figure 8. Location of a Point in Pyramid (Source: Own Compilation)

Figure 9 schematically shows the pyramid model considered in this study. Also changes in
composition are shown on each plate of the pyramid.
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Figure 9. The Schematic Picture of Pyramid Model (Source: Own Compilation)

The main goal of this task is to visualize the model in 3D. So, a tool to do a 3D model was required
for geological modeling and interpretation. Voxler software was chosen to create the 3D model in
this investigation. To draw points into the model in Voxler, it was necessary to transfer the
coordinates in the Cartesian coordinate system. For this purpose, assuming a constant value for
one soil component (gravel) and considering the sum of 100% of all components, | was able to
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draw the corresponding points of each type of mixture in Voxler coordinates. Finally, all the points
in a pyramid were demonstrated which can be seen in figure 10.

Figure 10. Location of all Points in Pyramid (Source: Own Compilation)

To render 3D volumetric data, Voxler uses a direct volume rendering approach. It's a terrific
approach to view Earth and atmospheric sciences data, as it allows us to see all elements of the
data in a 3D volume rather than just the surface (Golden Software, 2015). The VolRender is a very
useful tool for illustrating the hydraulic conductivity distribution that | wanted to look into for my
research. Figure 11 shows the volume of the data from gridded data which was made before in
surfer software.

Figure 11. Hydraulic Conductivity Values Distribution (Source: Own Compilation)
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By this method I can examine the pyramid from different angles. With the help of it, | am able to
draw plates in the desired directions and see the distribution of the considered parameter.
Therefore, by moving the plates in the direction of increasing each soil component, its effect on
the hydraulic gradient can be observed. A comparison between them will lead to a better
understanding of soil conditions. For instance, figure 12 shows the different planes of pyramid
concerning variation in gravel contents.
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Figure 12. Different Planes of Pyramid by changing in gravel contents (Source: Own Compilation)

It was tried to draw contour map for all these sections and analysis the relation between gravel
content and hydraulic conductivity. The same procedure has been done for the other directions
regarding increasing in clay, silt and sand percentages in combination. For this purpose, the unit
vector and the normal vector of the plates were required. The normal vector was determined by
using 3 points. For example, the following 3 points were used for the normal vector of a plate with
constant silt.

P=(0,00), Q=(50,86.6,0), R = (50, 75.7,25)

By finding the PQ and PR vectors and taking their cross product, the vector perpendicular to them
was obtained and then by doing some calculation, the equation for a plane was determined. Having
the equations of the desired plates, it was possible to study the changes of the desired parameter
from different angles, which means that by doing this, the effect of each variable on the desired
parameter can be examined separately. Considering the triangle at the base of the pyramid and the
planes parallel to it, each side of the triangle represents a component (clay, sand or silt). But in
other sections that are not in the mentioned direction, the sides do not represent the mentioned
parts. The point to be considered is that at these points the height will indicate the amount of gravel.

Finally, the desired distributions of hydraulic conductivity changes in different planes of the
pyramid were extracted from the software. Utilizing the program features, | am able to obtain the
estimated range of the desired parameter throughout the entire pyramid. This indicates that for
each soil composition with varying percentages of different soil types, an estimated range for the
hydraulic conductivity can be considered. Additionally, another noteworthy point that can be
achieved using this pyramid is that the extent of the impact of each variable on the desired
parameter can be examined. As mentioned earlier, the Volrender feature shows us the volumetric
distribution of the desired parameter. According to the following figure, it can be observed that the
effect of clay on permeability changes is much higher than that of other parameters.
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3.4. Multiple linear regression

In this study, Multiple Linear Regression (MLR) is initially utilized to estimate hydraulic
conductivity based on the percentages of clay, silt, sand, and gravel in soil samples. Based on
regression analysis, a linear relationship is established between the “response variable” and one or
more “explanatory variables.” In multiple linear regression, the parameters of a linear model are
estimated using an objective function and the values of the variables. Thus, if there are n
observations from the P dimensional independent variable X and it is aimed to establish a
relationship with the response variable Y, the multiple linear regression model can be used as
shown in equation 8 (Uyanik, 2013).

Yi = BO + leil + Ble'z‘l‘. .o +Bpx,:p + € (8)

Where Yi is dependent variable, xi is explanatory variables, Po is y-intercept (constant term), Bp is
the slope coefficients for each explanatory, and variable € is the model’s error term (also known as
the residuals)

The coefficients in an MLR model are estimated using the method of least squares. This method
aims to minimize the sum of the squared differences between the observed values and the values
predicted by the model. The performance of the Multiple Linear Regression (MLR) model in this
work was evaluated using several key metrics. One important metric was R-squared (R?), which
represents the proportion of variance in the dependent variable explained by the independent
variables. It is calculated as the ratio of the sum of squares due to regression (SSR) to the total sum
of squares (SST). The coefficient of determination, R?, is interpreted as the proportion of the
variability in the dependent variable accounted for by the regression model. This value is
frequently expressed as a percentage, indicating the additional explanation of variability provided
by the model among the total variability (Nathans, 2012). According to the classification proposed
by Chin (1998), the range of R-squared values is a significant indicator of a regression model's
explanatory power. An R-squared value of 0.67 or higher is considered substantial, meaning that
the independent variables account for a significant portion of the variability in the dependent
variable. Values between 0.33 and 0.67 are categorized as moderate, indicating a moderate level
of explanatory power. R-squared values from 0.19 to just below 0.33 are classified as weak,
reflecting a relatively lower level of explanatory power. This classification provides valuable
insight into the strength of the relationship between the independent and dependent variables
captured by the regression model.

Another crucial metric is the adjusted R-squared, which adjusts for the number of predictors in the
model, providing a more accurate measure for models with multiple variables. This adjustment
ensures that the model's explanatory power is not overstated due to the inclusion of more
predictors. Additionally, | examine the p-values of the coefficients to determine whether each
independent variable significantly contributes to the model. Variables with low p-values (typically
less than 0.05) are considered significant predictors, indicating their strong influence on the
dependent variable. Furthermore, | utilize the Mean Squared Error (MSE) to assess the average of
the squared differences between observed and predicted values. MSE is a measure of the model's
accuracy; lower MSE values indicate better fit, signifying that the predicted values are close to the
actual values. By evaluating these metrics collectively—R-squared, adjusted R-squared, p-values
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of the coefficients, and MSE—it is possible to validate the robustness and reliability of the MLR
model for estimating hydraulic conductivity based on grain size distribution.

To ensure | developed a reliable model, | divided the data into two parts. | used 80% of the
observations to train the Multiple Linear Regression (MLR) model and kept the remaining 20%
for validation. This method helps us rigorously assess how well the model performs and how well
it can generalize to new data. By training the model on the larger portion of the data, | make sure
it effectively learns the underlying patterns and relationships between the independent variables
(percentages of clay, silt, sand, and gravel) and the dependent variable (hydraulic conductivity).
This way, | can be confident that my model isn't just fitting the specific data | have, but can also
predict outcomes accurately for new, unseen data.

3.5. Artificial Neural Networks (ANNSs)

3.5.1. Concept of ANNs

Artificial neural networks contain artificial neurons known as units. These units are organized into
a succession of layers that collectively form the entire artificial neural network in a system. A layer
can have a dozen or millions of units, depending on how complicated neural networks are
necessary to understand the dataset's underlying patterns. An artificial neural network typically
consists of three layers: input, output, and hidden. The input layer collects inputs from the outside
world that the neural network must interpret or learn about. The data is then passed through one
or more hidden layers, which turns it into useful data for the output layer. Lastly, the artificial
neural networks' reaction to the supplied input data is presented as an output by the output layer.
Units are connected from one layer to another in most neural networks. The weights assigned to
each of these relationships indicate how much effect one unit has upon the others (Abdolrasol,
2021). The neural network gains more and more knowledge about the data as it moves from one
unit to the next, ultimately producing an output from the output layer. Figure 13 shows a simple
neural network architecture.
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Figure 13. A Simple Neural Network Structure (Source: www.mediasoft.ir)

An artificial neural network's first layer, known as the input layer, transfers data from outside
sources to the second layer, known as the hidden layer. Each neuron in the hidden layer takes in
information from the neurons in the layer above, calculates the weighted sum, and then relays it to
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the neurons in the layer below. Because these connections are weighted, the effects of the inputs
from the preceding layer are essentially maximized by giving each input a unique weight, which
is then modified during training to improve model performance. These systems are designed to
recognize patterns, process data, and learn from experience. An ANN consists of interconnected
groups of artificial neurons (nodes), which work collaboratively to solve specific problems. Each
neuron processes inputs and generates an output that is transmitted to other neurons in the network.
Figures 14 and 15 show a biological neuron and a conventional mathematical model of neurons.
The main components of an artificial neural network are neurons, layers, weights (W), biases (b),
and activation functions. Neurons (N) are the basic units of an ANN, analogous to biological
neurons, receiving inputs (x), processing them, and producing outputs (y) using activation
functions (). Abiological neuron consists of a cell body or soma for processing impulses, dendrites
for receiving them, and an axon for transmitting them to other neurons. Artificial neural networks'
input nodes receive input signals; the hidden layer nodes compute these input signals; and the
output layer nodes compute the final output by processing the hidden layer's results with activation
functions. Synapses connect biological neurons and allow impulses to be transmitted from
dendrites to the cell body. Synapses are the weights that connect one-layer nodes to next-layer
nodes in artificial neurons. Weight determines the strength of the linkages. Learning in biological
neurons occurs in the cell body nucleus, also known as the soma, which contains a nucleus that
aids in impulse processing. If the impulses are strong enough to cross the threshold, an action
potential is generated and propagates via the axons. This is made possible by synaptic plasticity,
which is the ability of synapses to strengthen or weaken over time in response to changes in their
activity. Backpropagation is a learning approach in artificial neural networks that modifies node
weights based on errors or disparities between expected and actual outcomes. When an impulse is
strong enough to cross the threshold and cause a neuron to fire, this is known as activation in
biological neurons. An activation function is a mathematical function that maps input to output
and performs activations in artificial neural networks (Zou, 2009).
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Figure 14. A Biological Neuron (www. hamruyesh.com)
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Figure 15. A Conventional Mathematical Model of Neurons (Source: Subhashini, 2020)

The output layer generates the final set of computations, estimates, or classifications based on the
input data and outcomes processed by the hidden layers. Mathematically, the output of a neuron
can be represented as equation 9.

Y = Y (weights X input) + bias (Eq.9)

Weights determine the signal (or strength of the link) between two neurons. In other words, the
weight determines how much influence the input has on the output. Constant biases are an
additional input into the following layer with a value of 1. Bias units are unaffected by the previous
layer (there are no incoming connections), but they do have outbound connections with their own
weights. The bias unit ensures that even if all inputs are zeros, the neuron will still be activated.

Activation functions are applied to the weighted sum of inputs to determine the output of a neuron,
allowing the network to handle non-linear transformations and complex patterns in data. Choosing
the activation function for the hidden and output layers is an important decision when developing
a neural network. It means that the activation functions play an important part in determining
whether a neuron should be activated or not. Neural networks cannot function without activation
functions; otherwise, the model's output would just be a linear function of the input. Stated
differently, it would not be able to manage substantial amounts of intricate data. In every forward
propagation layer, activation functions are an extra yet important step. Even if the network had
numerous layers, neurons, or nodes, problems between layers could not be analyzed without
activation functions. By introducing nonlinearity via activation functions, neural networks may
mimic more complex functions within each node, allowing the neural network to learn more
efficiently. Activation functions can be mainly classed into three types: binary step, linear, and
non-linear, with several subcategories, derivatives, variants, and other calculations being employed
in neural networks. The simplest sort of activation function is the binary step, which produces a
binary output based on whether the input is greater than or less than a specific threshold. Linear
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functions are also generally simple, with the output proportionate to the input. Non-linear
functions, like sigmoid and tanh functions, are more complex and bring nonlinearity into the
model. In each situation, the activation function is chosen based on the individual problem and
challenge to be solved (Rasamoelina, 2020). It's not always clear which one data scientists and
machine learning engineers should employ, so trial and error is sometimes necessary. However,
that is always the beginning point for selecting the appropriate activation function for a neural
network or any other complex algorithmic-based model that requires activation functions. In the
following, some important activation functions of their concepts will be discussed.

a) The binary step function acts as a door that only opens upon the satisfaction of a predetermined
threshold. The neuron is active when an input exceeds that threshold and is inhibited otherwise.
The output from the preceding layer is transferred to the subsequent stage of the neural network'’s
hidden layers as soon as a neuron is triggered. The binary step is only based on thresholds, and
naturally, it has drawbacks such as not being differentiable and not being able to backpropagate
signals. When there are numerous outputs, it is unable to give multi-value outputs or multi-class
classification difficulties. Nonetheless, the binary step is a practical and straightforward activation
function to include for very modest neural networks (Qin, 2020). The mathematical explanation is
shown in figure 16.

e =0

Figure 16. The Binary Step Function (Source: www.encord.com).

b) Linear Activation Function: When the output signal is intended to be identical to the input signal,
linear activation functions are applied. Identity is differentiable, and this activation function doesn't
alter the signal in any way. In most situations, this may not seem particularly helpful, but it is when
it is aimed neural network's outputs to be continuous as opposed to discrete or changed. Both a
reduction and a convergence of data are absent. With this activation function applied to each layer,
a neural network's layers would combine into one. Therefore, not very helpful unless that's
precisely what you require or if the hidden layers that follow have distinct activation functions
(Rasamoelina, 2020). Figure 17 shows the mathematical explanation.
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Figure 17. Linear Activation Function (Source: www.encord.com).

¢) Sigmoid, Logistic Activation Functions: The sigmoid activation function, also known as the
logistic activation function, converts inputs into outputs ranging from 0 to 1. Because of this,
sigmoid is known as the "squashing function” and is differentiable. Larger, more positive inputs
should result in output values close to 1.0, whereas smaller, more negative inputs should yield
outputs closer to 0.0. It is particularly useful for classification or probability prediction tasks,
making it suitable for usage in computer vision and deep learning network training. However,
using vanishing gradients in hidden layers might be troublesome, causing problems while training
a model (Pratiwi, 2020). Figure 18 shows the mathematical concept.
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Figure 18. Sigmoid, Logistic Activation Functions (Source: www.encord.com).

d) Hyperbolic Tangent Function: The hyperbolic tangent function (tanh) is a widely used activation
function. It converts input numbers to a range of -1 to 1. The tanh activation function can be
beneficial in artificial neural networks because it is zero-centered, which helps to mitigate the
vanishing gradient problem. Also, the values are more easily transferred to a scale of extremely
negative, neutral, or positive. Adding to a neuron's output introduces nonlinearity, allowing the
network to acquire complicated representations. However, it is important to note that Tanh suffers
from the same saturation problem as the sigmoid function, in which gradients become extremely
small for large input values. Despite this drawback, tanh is still a good choice for hidden layers in
neural networks because of its balanced behavior near zero. Additionally, tanh is sigmoidal (s-
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shaped), as shown in figure 19. It is worth noting that feed-forward networks, which will be
discussed later, use both the tanh and logistic sigmoid activation functions (Shakiba, 2020).
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Figure 19. Hyperbolic Tangent Function (Source: www.ashutoshtripathi.com)

e) ReLU (Rectified Linear Unit) Activation Function: One of the most frequent activation
functions used in artificial neural networks is the Rectified Linear Unit. ReLU is a piecewise linear
function that outputs the input if it is positive; else, it returns zero. However, compared to linear
functions, the rectified linear unit (ReLU) is more computationally efficient. When applied to a
neuron's output, ReLU creates nonlinearity, allowing neural networks to learn complex
representations. ReLU is now the standard option for hidden layers in convolutional neural
networks (CNNs) and multilayer perceptrons (MLPs), despite its ease of use. It's important to be
mindful of the “dying ReLU” issue, though, as sluggish convergence can result from some neurons
going dormant during training. This problem is addressed by variants such as Leaky ReLU and
Parametric ReLU, which accept small negative values and enhance training stability and
convergence (Agarap, 2018). The ReLU is partially rectified, as seen in figure 20. When z is less
than zero, f(z) equals zero; when z is more than or equal to zero, f(z) equals z. Both the derivative
and the function are monotonic. However, the problem is that all of the negative values instantly
become zero, which makes it harder for the model to correctly fit or train on the data. This indicates
that any negative input to the ReLU activation function immediately causes the value to become
zero in the graph, which in turn has an impact on the final graph by improperly mapping the
negative values.

a; = olz) = max(0, z])

Figure 20. ReLU Activation Function (Source: www.encord.com)
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Nonlinear activation functions address the constraints and challenges of simpler activation
functions, such as the vanishing gradient problem. Non-linear activation functions have various
advantages, including the ability to assist backpropagation and stacking. Non-linear combinations
and functions are employed across a network, which implies that while developing and training a
model, just the weights and biases need to be adjusted, and the outputs are represented as functional
computations. In other words, when non-linear activation functions are utilized, everything that
enters, passes through, and exits a neural network can be measured more efficiently, thus the
equations are changed until the desired outputs are obtained. There are several other non-linear
activation functions, as shown in figure 21 and 22.

Activation Functions

Exponantial Linmar Unit (ELU) Gaussian Emof Linear Unit (GELLU) Lajiy Aol
’ 7]
/ s | / /./
==, e — 1~
ParEmelric (Rel U Rafistied Linoar Unit (Rel LI Scoled Exponantinl Linese Linit (SELLY
/- / -
,/_,/ - ’J
_'_'_,_,.,—1"-""'- —/
Slgmaid Function Sigmokd-Wiesightad Linoar Uit ISWLU) | Swish Eaftmiax Function
P et 1.2 ]
|
,/ /
= = i/
Solplus Tanh Function Mish Eunction
’ s -
"/
j’
-~ 4 T __H)’ /
E—— e ==

Figure 21. Non-linear Activation Functions (Source: www.encord.com)
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Figure 22. Derivative of Activation Functions (Source: www.towardsdatascience.com)

3.5.2. Types of neural network

The most crucial stage in creating a network is selecting its structure. In this context, the first step
in identifying network structure is choosing the type of network. Each type of neural network has
its strengths and weaknesses, making them suitable for different applications and types of data. In
the following, some of the most dominant artificial neural networks will be discussed briefly.

a) Perceptron: Perceptron is among the earliest and most basic artificial neural network types. In
terms of modern deep learning model complexity, the perceptron is extremely simple. However,
the techniques used in its design are more applicable to advanced deep network topologies. Itisa
supervised learning binary classification method invented by Frank Rosenblatt (1958). It
categorizes input data into one of two distinct states using a training technique on previous input
data. The perceptron attempts to partition the input data using a linear decision boundary. Support
vector classifiers, another type of supervised learning method, perform a similar technique. It
assigns weights to a set of scalar input features as well as a constant “bias” term. Figure 23 shows
a schematic diagram of a perceptron.
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Figure 23. Schematic Diagram of a Perceptron (Source: www.medium.com)
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b) Feedforward Neural Networks (FNNs): One of the most fundamental kinds of artificial neural
networks developed to date is a feedforward neural network. Information transfers in a single path
in this network: forward from the input nodes to the output nodes, passing through any hidden
nodes that may exist. The network is free of loops and cycles. Compared to their more complex
cousins, such as recurrent and convolutional neural networks, feedforward neural networks are the
original type of artificial neural network to be created. A feedforward neural network contains two
phases including feedforward and backpropagation. In the feedforward phase, input data is fed into
the network and propagated forward through it. At each hidden layer, the weighted total of the
inputs is computed and processed through an activation function, introducing nonlinearity into the
model. This procedure will continue until the output layer is reached and a forecast is formed. In
the Backpropagation Phase, once a prediction is produced, the error (the difference between the
predicted and actual outputs) is determined. This error is then propagated back through the
network, with weights changed to reduce it. Weights are frequently adjusted using a gradient
descent optimization technique (Eldan, 2016). Figure 24 shows a schematic diagram of
feedforward neural networks
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Figure 24. Schematic Diagram of Feedforward Neural Networks (Source: www.oksim.ua)

c) Convolutional Neural Network (CNNs): The developed form of artificial neural networks,
known as convolutional neural networks (CNNS), is primarily used to extract features from grid-
like matrix datasets. For instance, visual datasets with a lot of data patterns, such pictures or
movies. Tens or even hundreds of layers can be found in a convolutional neural network, each of
which is trained to recognize a unique characteristic of an image. Every training image is subjected
to various resolutions of filters, and the result of every convolved image serves as the input for the
subsequent layer. The filters can begin with relatively basic criteria, such edges and brightness,
and progress in sophistication to include features that specifically identify the object (O'shea,
2015).Figure 25 shows simple CNN architecture.
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Figure 25. Simple CNN Architecture (Source: www.geeksforgeeks.org)

d) Recurrent Neural Networks (RNNs): One kind of artificial neural network that makes use of
sequential or time series data is the recurrent neural network (RNN). These deep learning
algorithms are integrated into well-known programs like Siri, voice search, and Google Translate.
They are frequently utilized for ordinal or temporal problems like language translation, natural
language processing (nlp), speech recognition, and picture captioning. Recurrent neural networks
(RNNSs), like feedforward and convolutional neural networks (CNNSs), learn from training data.
Their ability to use information from previous inputs to affect the present input and output sets
them apart. Recurrent neural networks rely on the previous parts in the sequence to determine their
output, in contrast to typical deep neural networks, which presume that inputs and outputs are
independent of one another (Schmidt, 2019).
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Figure 26. Recurrent Neural Network

e) Modular Neural Network (MNNSs): An advanced method of creating neural networks is the
modular neural network (MNN), which breaks down a large, difficult problem into smaller, easier-
to-manage subproblems. Every one of these sub-issues is managed by an independent module, or
sub-network, that is task specific. The ultimate output can be formed by combining the outputs of
these modules, each of which can function independently. Better scalability, simpler training, and
enhanced interpretability are just a few benefits of this modularity. The architecture of an MNN
varies greatly depending on the problem being solved and the design decisions taken by the
network'’s creators. Common architectural patterns include hierarchical systems, in which higher-
level modules integrate the outputs of lower-level modules, much like the human brain processes
information in stages. Parallel structures enable modules to function individually, with outputs
aggregated later, which is beneficial for jobs that can be broken down into discrete sub-tasks. Some
MNNSs may incorporate recurrent connections, in which the output of one module is sent back into
another, allowing for dynamic information interchange and temporal processing (Chen K. , 2015).
Figure 27 shows a modular neural network.
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Figure 27. Modular Neural Network (Source: www.wikidocs.net)

There are several other types of neural networks, each with its own architecture designed for
certain tasks and applications. Each type of neural network has distinct benefits in data processing
and learning, making it appropriate for a variety of applications such as image recognition, natural
language processing, and time-series prediction. Figure 28 depicts a nearly complete chart of
different neural network types, displaying their designs and emphasizing the variety of structural
distinctions that enable their specific functionality.
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3.5.3. Implementation of artificial neural network to estimate soil parameters

The goal of this study was to use artificial neural networks (ANNS) to estimate hydraulic
conductivity based on soil component weight percentages. A total of 205 soil samples were
collected, with each sample's hydraulic conductivity and weight percentages of various soil
components (such as sand, silt, clay, and gravel) determined. The dataset was divided into two
subsets: 70% (144 samples) was utilized to train the neural network, and the remaining 30% (61
samples) was set aside for testing and validation. The data was divided at random to achieve a
representative distribution of samples across both subsets. This split ratio seeks to offer enough
data for training while keeping enough samples to assess the network's performance.

A feedforward neural network was selected because of its simple architecture and its efficacy in
related applications. FFNs' flexibility enables the integration of many input variables as well as
model architecture optimization to obtain greater predictive performance when compared to classic
regression techniques. This neural network is best suited for tabular data, as each input feature
(soil component) helps estimate a continuous output (hydraulic conductivity). FFNs are also well-
suited to this task because they can capture complex nonlinear relationships between input
variables (such as soil components) and output variables (such as hydraulic conductivity) without
requiring prior assumptions about the underlying data distribution. Furthermore, FFNs are very
versatile and can handle big datasets with a variety of input features, making them ideal for dealing
with the multidimensional nature of soil properties and interactions. It also was taken into account
that; previously conducted studies have shown that FFNs have been widely used in soil science
and hydrology research because of their capacity to accurately predict complicated and nonlinear
interactions between soil parameters.

As mentioned earlier, the network's design consists of three layers: input, hidden, and output.
MATLAB software, notably the Neural Network Toolbox, was utilized in this study to code and
build the neural network. It offers a user-friendly environment for developing, training, and
evaluating neural networks, as well as support for function approximation and nonlinear regression
problems. The input layer contained nodes representing the number of soil components considered
(e.g., sand, silt, clay, gravel). The output layer contained a single node indicating the estimated
hydraulic conductivity. The neural network was trained using the Levenberg-Marquardt
backpropagation algorithm which is a popular method for training FFNNs by MATLAB because
of its efficiency and speed in convergence to a solution. This method combines the benefits of
gradient descent and Gauss-Newton methods, making it ideal for training networks on the dataset.
After choosing the feedforward method for simulating soil hydraulic conductivity based on soil
components, the investigation progressed to optimizing the neural network architecture by testing
with different numbers of layers and neurons. This strategy is based on the observation that neural
network performance can be highly sensitive to the architecture used, and determining the ideal
configuration is critical for making correct predictions. Each architecture's performance was
evaluated iteratively using criteria like prediction accuracy. The goal of carefully evaluating a
variety of designs was to find the configuration that produced the optimal balance of model
complexity and predictive performance.

The same approach was used in other neural network models to predict the soil's shear strength
characteristics, namely cohesion and internal friction angle. For this, values from experimental
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procedures were applied to a dataset consisting of 95 soil samples for each parameter. An input
layer representing several soil components (sand, silt, clay, and gravel) and a single output node
corresponding to the expected Cohesion or internal friction angle were used in the creation of the
neural networks. To ensure a representative distribution across both subsets, the datasets for each
parameter were divided into two groups: 70% for training and 30% for testing and validation. The
feedforward neural network (FFN) technique, which had previously been validated for estimating
hydraulic conductivity, was used separately to predict cohesion and internal friction angle. Each
FFN's architecture was adjusted using iterative testing with varying numbers of layers and neurons,
with the goal of balancing model complexity and prediction accuracy. The construction, training,
and evaluation procedures were facilitated by MATLAB's Neural Network Toolbox, which
utilized the Levenberg-Marquardt backpropagation algorithm for its convergence efficiency.

In this chapter, the methodology employed for the research was outlined. Data collection and
preparation processes were described, followed by the laboratory experiments conducted to obtain
relevant soil parameters. An overview of data trends was provided to highlight key patterns
observed in the dataset. Multiple linear regression was utilized to develop predictive models, while
artificial neural networks (ANNSs) were introduced as an advanced technique. The concept of
ANNs was explained, along with a discussion of different types of neural networks. Finally, the
implementation of ANNSs for estimating soil parameters was detailed, demonstrating their
application in improving the accuracy of predictions.
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4- Data analysis and results
I used several approaches, such as indirect methods, the multiple linear regression (MLR) method,

and the artificial neural networks method, to create a comprehensive comparison. Empirical
calculations based on easily measured soil parameters are used in indirect approaches. The MLR
approach entails creating a statistical model that links several soil properties to hydraulic
conductivity, improving forecast accuracy by taking into account the combined impact of
numerous variables. The primary objective was to identify the optimal ANN model architecture
that provides the most accurate and reliable predictions. The ANNs method is a complex strategy
that may increase prediction precision. It models complex, nonlinear relationships among soil
parameters and hydraulic conductivity by utilizing machine learning methods. This section
compares the ways in which these approaches work in order to assess how well they predict
hydraulic conductivity. The task of selecting the optimal ANN architecture for predicting hydraulic
conductivity is inherently challenging due to the numerous possible configurations and the need
to balance model complexity with generalization ability. Below is a detailed comparison and
analysis of the results obtained from each method.

4.1. Hydraulic conductivity values obtained by the experiments

Figure 29 illustrates the (—LogK) values for 205 soil compositions, sorted in descending order.
These values were obtained through laboratory experiments as discussed in the previous chapter.
Each soil composition varied in component percentages, specifically including 0, 10, 15, 20, 25,
30, 40, 50, 75, and 100 percent, as detailed in Annex 1. The naming order of the samples in the
result tables was determined post-analysis, ensuring that they are presented in a systematic manner
based on their (—LogK) values for clearer interpretation and comparison.
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Figure 29. (—LogK) Values Obtained by Laboratory Tests (Source: Own Compilation)
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4.2. Estimation of hydraulic conductivity by indirect method

As it was mentioned in second chapter, Numerous empirical formulas have been proposed by
scientists to predict hydraulic conductivity for both fine-grained and coarse-grained soils. These
formulas typically utilize soil properties such as grain size distribution, porosity, void ratio, and
plasticity characteristics. For coarse-grained soils, formulas often rely on parameters like effective
grain size and uniformity coefficient, while for fine-grained soils, plasticity index and liquid limit
are more commonly used. The diversity in empirical approaches reflects the complex nature of
soil properties and their impact on hydraulic conductivity. To check the validation of the empirical
formula, I used the Carrier and Beckman method to predict hydraulic conductivity for a range of
fine-grained soil samples with different compositions. This method was chosen due to its close
alignment with the initial properties of the samples, ensuring a relevant comparison. This method
is particularly suitable for remolded or disturbed samples, making it highly applicable in practical
scenarios where obtaining undisturbed samples is challenging. Its reliance on easily measurable
soil properties like plasticity index and liquid limit makes it versatile for various types of clays,
providing a reliable estimate of hydraulic conductivity under different conditions. The Carrier and
Beckman method, developed in 1984, offers an empirical formula which is mentioned as equation
10 specifically tailored for fine-grained soils, particularly clays.

[e - 0.027 (PL - 0.242PI) /(PI)]*?°
(1+e)

K = 0.174 x (m/s) (Eq.10)
where Kk is the hydraulic conductivity, PL is the liquid limit, P1 is the plasticity index, and e is the
void ratio.

Figure 30 presents a comparison between the measured hydraulic conductivity data and the values
predicted by the Carrier and Beckman method. The plot shows the measured data on the x-axis
and the predicted data on the y-axis, with a trendline indicating the correlation between the two
datasets. The coefficient of determination (R2) is 0.5187, suggesting a moderate correlation. While
an R2 value of 0.51 indicates some level of predictive capability, it is not particularly strong,
suggesting that the empirical formula may not fully capture the variability in the hydraulic
conductivity of the soil samples. This discrepancy highlights the need for further refinement of
empirical models or the use of complementary methods to improve the accuracy of hydraulic
conductivity predictions for fine-grained soils. Furthermore, a significant portion of the data
points, as shown in Figure 30, fell below the bisector line, demonstrating a persistent
underestimation of the values predicted by the Carrier and Beckman approach in comparison to
the measured data. So, the empirical formula might not be completely reliable for some factors
impacting hydraulic conductivity in the samples, as suggested by this consistent underestimating.
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Figure 30. Comparison of (—LogK) Values Obtained by Empirical Formulae and Laboratory Tests (Source: Own

Compilation)

4.3. Estimation of hydraulic conductivity by Multiple linear regression analysis
To conduct the Multiple linear regression analysis, | used SPSS software. Initially descriptive
statistics obtained to gain insight into the central tendency and dispersion of the variables,
providing a comprehensive overview of the data's characteristics. According to Table2, the
standard deviation for normalized hydraulic conductivity is approximately 1.212.

Table 2. Descriptive statistics

Obs. with wict)r?ght std
Variable Observations missing - Minimum | Maximum | Mean devi :
data missing eviation
data

-Log K 205 0 205 2.127 9.462 5.725 1.212
Clay (%) 205 0 205 0.000 100.000 24.317 17.553
Gravel (%) 205 0 205 0.000 100.000 24.951 17.836
Sand (%) 205 0 205 0.000 100.000 25.439 18.486
Silt (%) 205 0 205 0.000 100.000 25.293 18.522

Before performing the regression analysis, the existence of a linear relationship between each of
the independent variables and the dependent variable was investigated by using the "Scatter Plot™
and also calculating the correlation coefficient. At figure 31, a linear relationship can be seen
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between each of the independent variables and the dependent variable. Notably, there is a positive
correlation observed for clay and silt, whereas an inverse relationship is evident in the case of sand
and gravel.
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Figure 31. Relationships Between the Independent Variables and the Dependent Variable (Source: Own
Compilation)

In the next step, the value of Pearson correlation coefficient between independent and dependent
variables was examined. The correlation coefficient was calculated according to the “Pearson's
correlation coefficient” formula. If the correlation coefficient value between both variables is
significant in the two-tailed test, they are marked with *. The output can be seen in Table 3. In the
subtitle of this table, the sign ** indicates the significance of the statistical test (rejecting the null
hypothesis or the correlation coefficient being meaningless) at the error level of 0.01 or the test
level of 0.99. According to the table, there is a good linear relationship between the dependent
variable and all other variables. Additionally, the strong correlations between Clay, Gravel, and (-
log K), suggest that these variables have more weight importance than the others in terms of their
influence on the hydraulic conductivity parameter.
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Table 3. Variables Correlations of MLR Model

Variable Clay Silt Sand | Gravel | -log K
Pearson 695" | 232" | -208" | -.709" 1
Correlation
-log K Sig. (2-tailed) | 0.000 | 0.001 | 0.003 | 0.000
N 205 205 205 205 205

**_ Correlation is significant at the 0.01 level (2-tailed).

After performing the multiple regression, the desired results were extracted, which I will continue
to interpret. According to Table 4, since the correlation coefficient (R=0.906) and determination
coefficient (R Square=0.822) as well as adjusted determination coefficient (Adjusted R
Square=0.819) were calculated, it seems that the regression model is appropriate. The closer these
values are to 1, the more the model expresses the relationship between the dependent and
independent variables. In other words, the regression model was able to cover or express a greater
percentage of changes in the dependent variable.

Table 4. MLR Model Summary

Adjusted
Model R R R Std. Er!’or of the DW MSE
Square Estimate
Square
1 0.906 0.822 0.819 0.515 1.797 | 0.266

In Table 6, the variance analysis for the regression model has been done. Considering the size of
F and the value of Sig=<0.0001, I conclude that the regression model will be appropriate. Because
most of the changes in the dependent variable have been seen in the regression model. This means
that the contribution of the model (Regression) in the total changes that can be seen in the last row
(Total) of the column (Sum of Squares) is much higher than the contribution of error or residuals.

Table 5. Analysis of variance of MLR Model.

p-values
Source DF Sum of Mean F Sig signification
squares squares codes
Model 3.000 246.050 82.017 308.691 <0.0001 il
Error 201.000 53.404 0.266
Corrected Total 204.000 299.454
Computed against model Y=Mean(Y)
Signification codes: 0 < *** < 0.001 <**<0.01<*<0.05<.<0.1<°<1
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Finally, the scatter plot depicted in figure 32 derived from the multiple linear regression (MLR)
analysis which represents the relationship between predicted and real data. The coefficient of
determination (R?) is 0.81, indicating that 82% of the variability in the real data is explained by
the model. This value suggests that the MLR model has a relatively good fit and effectively
captures the relationship between the independent variables and the dependent variable.

Upon closer inspection of the data distribution, both the learning and validation samples align
closely with the regression line, though some scatter is evident, particularly for higher values of
the dependent variable. The consistent spread of points around the regression line across both
samples implies that the model generalizes well to unseen data, as evidenced by the validation
sample. While the model demonstrates a good fit, | desired a more accurate estimation for
hydraulic conductivity. Therefore, to improve the predictive performance, | conducted the
estimation using an artificial neural network (ANN) approach, which will be discussed in the next
section.
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Figure 32. Multiple Linear Regression Analysis Result (Source: Own Compilation)

4.4. Artificial Neural Network model for hydraulic conductivity parameter

In this section, | present the results of the analysis for estimating hydraulic conductivity based on
the weight percentages of soil components (clay, silt, sand, and gravel) using artificial neural
networks. The primary goal was to identify the optimal ANN model architecture that provides the
most accurate and reliable predictions. The task of selecting the optimal ANN architecture for
predicting hydraulic conductivity is inherently challenging due to the numerous possible
configurations and the need to balance model complexity with generalization ability. | evaluated
multiple models with varying configurations of hidden layers and neurons.

I began my exploration with two neurons in a single layer. Subsequently, I expanded my
investigation by varying the number of neurons within this initial layer. Following this, |
introduced an additional layer, increasing the depth of the network to two hidden layers. |
conducted several iterations, adjusting the number of neurons in each layer to discern their impact
on performance. In pursuit of further insights and more confident outcomes, I conducted a test by
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introducing a third hidden layer. Despite altering the number of neurons across these layers, my
efforts did not yield any noticeable improvements in performance.

All in all, | tested a total of ten different ANN models, each with a unique architecture. The
architectures varied in terms of the number of hidden layers and the number of neurons within
those layers. The selection of the optimal artificial neural network structure was guided by key
performance metrics including the coefficient of determination (R?), Root Mean Square Error
(RMSE), and Mean Squared Error (MSE). These metrics were employed as indicators of the
model's predictive accuracy and goodness of fit. R2, also known as the coefficient of determination,
measures the proportion of the variance in the dependent variable that is predictable from the
independent variables, thus assessing the model's explanatory power. RMSE represents the square
root of the average squared differences between predicted and observed values, providing a
measure of the model's prediction error. Lastly, MSE calculates the average of the squared
differences between predicted and observed values, offering insight into the variance of the
prediction errors. In the context of ANN modeling, these metrics serve as crucial evaluation tools
to iteratively refine and optimize the network architecture, ensuring robust and reliable predictions.
The equations 11, 12 and 13 which are mentioned below correspond to these metrics.

n 2
RMSE = \/MYT’” (Eq.11)
n A2
MSE = % (Eq.12)
n A2
Rz — l=1(371 Xi) (Eq.13)

Y1 (vi—9)?

Which, n represents the number of measurements, y; and X; are the observed and predicted values
of the dependent variable, respectively, and y is the mean of the observed values of the dependent
variable.

Table 6 shows the Regression analysis for all ten models across training, validation, testing, and
overall datasets. Model number 4, highlighted in the table, performed the best across all phases,
with highest R values. Figure 33 shows regression plots for the best-performing model (Model 4),
with separate plots for training, validation, testing, and all data combined. The other model’s plot
is mentioned in Annex3. The (R?) value for the best model is shown in figure 34 which equals
0.92. This high value of (R?) indicates that this architecture is particularly well-suited for this
project.
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Table 6. ANN Models for Hydraulic Conductivity Prediction.

R Values
Number of
Model output hidden Number of Training | Validation Testing All
no Iayers neurons
1 -Log K 1 2 0.67245 0.7122 0.69542 0.6829
2 -Log K 1 4 0.7157 0.72214 0.6519 0.70154
3 -Log K 2 2,2 0.82521 0.8021 0.78025 0.8102
4 -Log K 2 1,3 0.94939 0.96013 0.9373 0.95471
5 -Log K 2 41 0.77591 0.7928 0.84146 | 0.79013
6 -Log K 2 34 0.86813 0.84292 0.803 0.8562
7 -Log K 3 25,1 0.88235 0.7452 0.80187 | 0.84094
8 -Log K 3 41,6 0.8125 0.72491 0.8232 0.80191
9 -Log K 3 3,2,2 0.87513 0.81793 0.7029 0.85517
10 -Log K 3 1,41 0.88922 0.9032 0.87961 | 0.89183
' Trai'ning:'R=0.94939' ' Validation: R=0.96013
9 O Data 9f| O Data
S 2 Fit
= o gp| Y=T o
+ +
g g ° 0 e
3 3 ol S
Il 1l
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Test: R=0.9373 All: R=0.95471
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Figure 33. Regression Plots of the Best-Performing Model for (-Log K) Prediction (Source: Own Compilation)
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Figure 34. Coefficient of Determination Value for the Best Model of ANN (Source: Own Compilation)

In another point of view, the results emphasized that the best validation performance was achieved
at epoch 4, with a Mean Squared Error (MSE) of 0.27001. Figure 35 illustrates the MSE against
the number of epochs, ranging from 0 to 10. The MSE for the training, validation, and test sets
decreased rapidly in the initial epochs and then stabilized, demonstrating that the network quickly
learned and subsequently fine-tuned its parameters. The validation error, which is crucial for
assessing the network's generalization ability, was lowest at epoch 4, indicating the optimal
performance of the network on unseen data at this point.
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Figure 35. Mean Squared Error for all Models (Source: Own Compilation)

Figure 36 shows the error histogram, displaying the distribution of residuals (errors) across the
training, validation, and testing datasets. The residuals represent the differences between the actual
(-log K) values and the predicted values from the neural network model. Most of the residuals are
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centered around zero, indicating that the model's predictions are, on average, close to the actual
values. The presence of a small number of larger residuals suggests occasional deviations, but
these are relatively infrequent. The histogram is color-coded, with blue, green, and red bars
representing training, validation, and testing errors, respectively, and the presence of zero error
instances is also highlighted.
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Figure 36. Distribution of residuals (errors) (Source: Own Compilation)

Thus, the analysis shows that ANN model number 4 with two hidden layers correspondence
number of neurons is the most effective for predicting hydraulic conductivity based on soil
component weight percentages.

To begin the coding, | called measured data from an Excel file containing the experimental data
according to figure 37. | specified the first sheet and the range ‘A2’ to import the data into
MATLAB using the “xlIsread’ function. The inputs, which are the soil component percentages, were
stored in the variable ‘inputs’ by selecting the first four columns of the data. The target output
parameter (-Log K) was stored in the variable ‘targets’ by selecting the fifth column.

Haman.m* +
—
5 FallaSp =t 4% Extrnciing measured dits **** = Edat P
10— fileninme = “datnxisy’;
g = sheet = 1;
02 = range = A4 2 FI06"
13 = data = xlsread{filename, sheet, range);
14
15— nputs = dataf;, 1:4),
16 = targiets = data(;, 5);
17

Figure 37. MATLAB Code for Importing Experimental Data from an Excel File (Source: Own Compilation)

The neural network architecture used for estimating the hydraulic conductivity of soil is depicted
in figure 38. The network consists of an input layer with four nodes representing the weight
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percentages of clay, silt, sand, and gravel, followed by two hidden layers, each with different
numbers of neurons, and a single-node output layer that estimates -Log K. As it was mentioned
earlier, the design with [1 3] neurons achieved the optimal balance of underfitting and overfitting
for the data.

2

4

|ﬁ‘-:"".]'f— o e
T 1 Ts}@’fﬂ'_'?‘ 2

Figure 38. Neural Network Structure for (-Log K) Prediction (Source: Own Compilation)

Hence, | defined the structure of the neural network using the “‘feedforwardnet’ function. According
to figure 39, | set the training parameters to display the training window ‘(showWindow = true)’,
with a maximum of 1000 epochs and a performance goal of 0.001. | then trained the network using
the “train’ function, passing the network, inputs, and targets as arguments.

Hazan.m” E
23 8p9% 9p****** The Neural Network Structure ******0g0q% A
24 %0*** Invers & Neurons ¥*"%o
25— net = feedforwardneti[1 3]);
26— nel tramParam. showWindow = true:
A nel. tramParam.epochs = 1000;
28— nel;tramParam. goal =0.001;

B= net = tram{net. mputs', argets’);

Figure 39. MATLAB Code for Defining and Training the Neural Network Using the Feedforward Function (Source:
Own Compilation)

The neural network model includes specific weights and biases between layers, with activation
functions applied at each layer. biases, and activation functions used in the neural network to
predict hydraulic conductivity were derived by the code as show in figure37. These elements are
essential because they describe how the network makes predictions based on incoming data
processing. Through training, the network learns parameters called weights and biases that enable
efficient mappings of inputs to outputs. The model gains non-linearity from the activation
functions, which allows it to recognize intricate patterns in the data. Understanding and
interpreting the behavior of the model, improving debugging, optimizing model performance, and
ensuring that the network's predictions are founded on significant modifications of the input data
are all made possible by being aware of these components. Additionally, reconstructing the
program in the future depends on having an extensive understanding of the weights, biases, and
activation functions. Mathematical explanations will be discussed in the following.

Starting from the input layer to the first hidden layer, the weights and bias were:
W, =[-1.6529 —0.38346 0.27885 1.3238]
b, = [0.33056]
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The input to the first hidden layer, Z;, was computed using the equation 14.
Zl = Wl.x + b1 (Eq14)

Where W is the weight matrix and b, is the bias vector. The used activation function for the first
hidden layer was ‘tansig” which is hyperbolic tangent sigmoid. It applied to z; according to
equation 15.

h, = tansig(z;) = —2_ 1 (Eq.15)

1+e~2%1

Next, for the second hidden layer, the weights and biases were:

4.3343 —4.9807
W, =19.2543 |, b, =|—-2.3088
—6.8083 —5.8666

The input to the second hidden layer, Z, ;, was computed using the equation 16.

ZZ,,: = Wz'i. hl + bz'i (Eq16)

Where W, ; and b, ; are the weights and biases for the i-th neuron in the second hidden layer.
According to equation 17, the tansig activation function was again applied to each z, ; to obtain
the outputs h, ; .

— -1 (Eq.17)

h,; = tansig(z,;) = ™
Finally, in the output layer, the weights and bias were:
W; =[-1.5828 —0.16039 0.39496]

by = [—1.0544]

The input to the output layer, Z5, was computed using the equation 18.
Z3 = Wg.hz + b3 (Eq18)

where W5 is the weight matrix and b is the bias vector. The used activation function to obtain

the final output (y) was ‘purelin’ which is the identity function and applied to z; according to
equation 19.

y = purelin(zz) = z3 (Eq.19)
54



This process involves sequential matrix multiplications and the application of activation functions
to propagate inputs through the network layers, transforming them into the final predicted output.

zj % pisdddd Extracting Weights, Biases, ami Activation Fonotions #&#sddi3%
35 z Weights and bisses from inpat to first hidden Iayer

38— welghts input to hiddenl = net.IW{l,1};

37 = binges hiddenl = net.b{1l};

38

39 $ Weights and biasscs from First hidden Tayer to second hidden layer
40 — welghts hiddenl to hidden2 = net.LW{Z,1}:

41 = bigses hiddenZ = net.k{2};

42

43 Z Weights and bisses from second hidden Iayer to ouatpat layer
44 — welghts hidden? to output = net.LW{3,2}:

45 — bigses output = net.b{3};

45

47 $ Digplay weights and biascs

5= disp|'Weights from input to first hidden layer:'l):

49 — disp(weights input to hiddenl);

50

Bl = disp|'Biascs of first hidden Iayer:');

Ea-— disp (biages hiddenl):

53

54 - disp|'Weights from first hidden laver to second hidden layer: '),
BE = disp(weights hiddenl to hiddend);

56

57 = disp('Biasacs: of second Hidden layer:'y);

o= disp(biagesd hiddenl);

55

60 — disp({"Weights from zecond hidden layer to catpat layeri');
gl — disp (weights hiddenZ to output);

£2

83— displ'Biases of cutput: layer: ')

g4 — disp(biases ocutput):

65

&e % Display activation functions

&7 displ'Activation Donction of first hidden laver: ')

L dispinet.layers{l}.tranzsfexrFcn);

65

T8 = disp('Activation function of second hidden layer:i');

Ji-= dispi{net.rayers{2}.txansferFcn) ;

72

ia= displ'Activation function cof output layexr:'):

Fh = disp(net.layersii}.transferFcn);

Figure 40. MATLAB Code for Deriving Weights, Biases and Activation Functions. (Source: Own Compilation)
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The program continued with defining the output as it is shown in figure 41. | wrote a section of
the script that prompts the user to input the percentages of clay, silt, sand, and gravel. I included a
check to ensure the sum of these percentages equals 100. If the condition is met, the script forms
an array ‘Percentage_composition’ from the input values. The trained neural network then
estimates the output parameter (-log K) based on these input percentages, and the estimated value
is displayed. If the sum of the percentages is not 100, an error message is shown.

T T TIILLL mtput Definition ssssssghh
g = datal input | "Weight ErcCeEnTaAQE £ Ly )3
T8 = datal
daca3
— datad

l!‘l]’.‘l}?l:';'n'- 1ght peroentege of SilTi ')

=]
1

inpot (" We

input { "Welght percentags of Gravel: *)2

= if |dacal 4+ datal + datad + dacad) = 100
disp (*Fercenta compositishi )

= Percencags composition = [datal data datsd datad];

= output= = aba(net (Pergentage composition'))s

= disp [ "Esnima TR B

= disp [outputs}

i i o
e =
i

O
S
|
(e}
'
"
s}
t
it
i
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i
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Figure 41. MATLAB Code for Defining User Input and Estimating the Output Parameter. (Source: Own
Compilation)

As it was mentioned earlier, the model was executed using a dataset split where 70% of the data
was allocated for training and the remaining 30% was reserved for validation and testing.
Following this, estimations were conducted to evaluate the predictive accuracy and generalization
capability of the ANN model, confirming its efficacy in practical applications. For visualizing the
results, a new code was written. According to figure 42, | assigned each soil component percentage
column from the data to separate variables (C1, C2, C3, C4). | plotted the actual and predicted
values of the output parameter (-log K) in different figures using the “plot’ function. The ‘hold on’
command was used to overlay multiple plots on the same figure for easy comparison.

ety ™ +

13 Lgly *eeees Drisplaying OF Oatpud Grophs

,_,.
du

Cl=datm{lend, 1)
C2=data(1.end, 2},
Ci=glatal 1:2nd, 3},
C4=data(l:end, 4}

=
n

Lot
& 10 D =] R

figure( Hoplot(y _actal. b7,
hold on ; plotY nn.'t")
= figmre{ TplofC1, B
= hold on; plot{C4.'a7);
= figurea( 33 © plot(CL0)
fgure(4) | plowC3.v"),
figmre(5); plot(C4, 2%
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Figure 42. MATLAB Code for Visualizing the Results of the ANN Model (Source: Own Compilation)
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Figure 43 compares the actual (-log K) values with the neural network's predictions for the testing
dataset. To better visualize the model's performance, the data was sorted in descending order. This
sorting allows for a clearer comparison and helps highlight the extent of the fitting between the
predicted and actual values. According to the figure, except for a few outliers, the neural network's
predictions are very close to the actual values. The close alignment of the predicted values (red
line) with the actual values (blue line) demonstrates the model's ability to accurately predict
hydraulic conductivity based on soil composition. It indicates that the model has learned the
complex relationships between soil components (clay, silt, sand, and gravel) and hydraulic
conductivity. This high level of agreement between predicted and actual values confirms the
accuracy of the ANN model.

T ‘ T T T T
i : Measured Data

Predicted Data

-LogK
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Figure 43. Comparison of (- Log K) Values Obtained by ANN and Experiments (Source: Own Compilation)

As a next step of coding, | evaluated the performance of the neural network by calculating the
Root Mean Squared Error (RMSE). | computed the ‘RMSE’ value by taking the square root of the
mean of the squared differences between the predicted values and the measured values which is
shown in figure 44. It is noteworthy to mention that the RMSE value obtained by the model was
0.0768, indicating a high level of accuracy in the model's predictions. This low root mean square
error suggests that the differences between the predicted values and the actual values are minimal,
thereby validating the model's effectiveness in capturing the underlying patterns of the dataset.

By FHEERE DVISE Valye TFFFF a0, A

00—  mmse=sqri{mean{Y_nn-Y_actual)."2)

Figure 44. MATLAB Code to Calculate the Root Mean Squared Error (RMSE). (Source: Own Compilation)

Another important point obtained from the model was the importance of each parameter in
estimation. It was found that the importance of the clay and gravel components is evident from the
importance weight assigned to each variable. As mentioned earlier, the data was sorted in
descending order to help understand the performance of the model; this means that as the number
of tests increases, the values of -Log K drop. According to figures 45 to 47, there is a visible trend
between these parameters and the output parameter, and they have less deviation of data in
comparison to the silt and sand. So, the results indicate the weight percentages of clay and gravel
have a significant and meaningful effect on hydraulic conductivity, more so than silt and sand. It
means that they are critical factors influencing the model's predictions. The high importance
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weight of these variables underscores their significant role in the underlying processes modeled
by the ANN, demonstrating that accurate measurement and inclusion of these components are
essential for reliable model performance.
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Figure 45. Relationship Between the Weight Percentage of Sand and Hydraulic Conductivity Value (Source: Own

Compilation).
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Figure 46. Relationship Between the Weight Percentage of Silt and Hydraulic Conductivity Value (Source: Own

Compilation).
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Figure 47. Relationship Between Weight Percentage of clay and Gravel and Hydraulic Conductivity Value (Source:

Own Compilatio
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These steps illustrate the process of using MATLAB to model an artificial neural network for
estimating an output parameter from soil component percentages, including data extraction,
network training, input handling, output visualization, and performance evaluation. Figure 48
shows the program with a specific test where the input percentages were 50% clay, 30% silt, 10%
sand, and 10% gravel. After running the program, the estimated value of (-logK) was 7.2607e+00.
This demonstrated the capability of the neural network model to accurately predict the output
parameter based on the given soil composition.

30

eatimaTion?

T.2607T=400

Iz

Figure 48. Example output of the MATLAB program for (-Log K) Prediction (Source: Own Compilation).

Notably, it should be mentioned that I could not find any similar work in the past where the input
data to predict the K value was the same as what | chose for this study. However, there were a
variety of modeling approaches that predicted K from different sets of input data. Table 7 shows
the comparison of the results for estimation of K which were obtained from some previous research
using various ANN model and findings from this work. According to the table, the results of this
study are among the few ones with R? > 0.90, demonstrating superior predictive accuracy with
higher R? values compared to those reported in previous studies. This underscores the effectiveness
of the optimized ANN model developed in this research, highlighting its reliability in accurately

modeling hydraulic conductivity.
Table 7. Comparison Between Several Studies for Obtaining Hydraulic Conductivity.

Model Year Method R?
This study 2024 ANN 0.92
More et al 2018 ANN 0.85
Zheng et al 2021 ANN 0.60

Asif Khaja et al 2022 ANN 0.78
Mozaffari et al 2024 ANN 0.80
Yilmaz et al 2012 ANN 0.89
Williams et al 2021 ANN 0.95
Merdun et al. 2006 ANN 0.52
Azarhoosh et al 2023 ANN 0.95
Azadmard et al 2020 ANN 0.40
Cahyadi et al 2021 ANN 0.86
Faloye et al 2022 ANN 0.92
Zuo et al 2021 ANN 0.76
Arshad et al 2013 ANN 0.68
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In summary, | presented an analysis of estimating hydraulic conductivity based on the weight
percentages of soil components (clay, silt, sand, and gravel) using artificial neural networks. |
aimed to identify the optimal ANN model architecture that provides the most accurate and reliable
predictions. | evaluated multiple models and found out the most effective, achieving R? values of
0.92. This high level of accuracy, with an RMSE value of 0.0768, underscores the model's
effectiveness in capturing the underlying patterns in the data. Notably, I could not find any previous
studies using the same input data to predict the K value, though various other modeling approaches
exist. Comparison of these results with those from similar studies showed that my model achieved
superior predictive accuracy with R2 values consistently above 0.90, positioning it among the best-
performing models. The analysis also highlighted the significant impact of clay and gravel on
hydraulic conductivity, more so than silt and sand highlighting their essential role in the model's
predictions.

Regarding complexity, the MLR method is the least complex and easy to interpret, but it is limited
in handling non-linear relationships. The empirical formula is simple to use but offers limited
accuracy and flexibility. On the other hand, the ANN model is the most complex and
computationally intensive, but it is highly flexible and capable of capturing intricate patterns in
the data. The ANN approach has the best accuracy R? value of 0.92, indicating better predictive
accuracy. With an R? value of 0.81, the MLR approach demonstrated moderate accuracy; this is a
better fit but less precise than the ANN model. With an R? value of 0.52 and the lowest accuracy
of all investigated methods, the empirical formula proposed by Carrier and Beckman clearly
needed improvement.

4.5. Artificial Neural Network model for cohesion parameter

While extensive research has been conducted on estimating hydraulic conductivity, studies
focusing on predicting the mechanical behavior of soil based on its characteristics are relatively
rare. This scarcity highlights the significance and value of this work, which aims to fill this gap by
leveraging artificial neural networks to estimate soil's shear strength parameters, namely cohesion
and internal friction angle.

In this section, | extend the application of artificial neural networks to predict the shear strength
characteristics of soil, specifically cohesion and internal friction angle. Following the methodology
used in previous neural network models for hydraulic conductivity, | employed a dataset
comprising 95 soil samples for each shear strength parameter. Each sample included the weight
percentages of soil components (sand, silt, clay, and gravel) as input features. The datasets for both
cohesion and internal friction angle were divided into training (70%) and testing/validation (30%)
groups to ensure a representative distribution across both phases. Figure.49 and 50 show the
experimental results for cohesion and internal friction angle. Similar to previous sections, the
naming order of the samples in graphs and tables was chosen after the results were obtained and
sorted in the order of descending.
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Figure 49. Cohesion Values Obtained by Laboratory Tests (Source: Own Compilation).
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Figure 50. Internal Friction Angle Values Obtained by Laboratory Tests (Source: Own Compilation).

The Feedforward Neural Network (FFN) technique, validated in the hydraulic conductivity study,
was applied to predict cohesion and internal friction angle independently. Iterative testing with
varying architectures was conducted to identify the optimal balance between model complexity
and prediction accuracy. The construction, training, and evaluation of the neural networks were
performed using MATLAB's Neural Network Toolbox, utilizing the Levenberg-Marquardt
backpropagation algorithm for its efficient convergence properties.

The neural network architecture for estimating soil cohesion is illustrated in figure 51. It comprises
an input layer with four nodes corresponding to the weight percentages of clay, silt, sand, and
gravel. This is followed by three hidden layers, each with 3, 1 and 4 neurons respectively, and a
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single-node output layer that estimates cohesion. Through iterative testing, the mentioned structure
was identified as optimal, achieving a balance between underfitting and overfitting.

The model's performance was evaluated using key metrics. According to figure 52, the correlation
coefficient (R) for cohesion was approximately 0.90 which indicates a relatively good correlation
between the predicted and actual values. Additionally, the Root Mean Square Error (RMSE) value
for cohesion was found to be 0.53, presenting the model's predictive accuracy.

.;f--?;"';"ﬁ FEnli Tasl} T2l &

Figure 51. Neural Network Structure for cohesion Prediction (Source: Own Compilation).
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Figure 52. Regression Plots of the Best-Performing Model for Cohesion Prediction (Source: Own Compilation).

Similar to the work done for the prediction of hydraulic conductivity, the same procedure was
followed for extracting the weights, biases, and activation functions used in the neural network
model. As a result, the mathematical statements were defined. For the first hidden layer z; can be
calculated as equation 20. The obtained weights and bias were as follows.
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Z1 = Wl.x + b1 (Eq20)

1.2559 —0.12284 0.098879 0.34655
W, =116120 -1.3428 -1.6726 —1.8099
—-1.6767 0.29718 0.35914 0.20731

X1

~1.1025 X,
by =| 1.2018 |, x = |,
—1.5530 X,

Substituting the values:

1.6120 - x; + (—1.3428) - x, + (—=1.6726) - x5 + (—1.8099) - x, + 1.2018

1.2559 - x; + (=0.12284) - x, + 0.098879 - x; + 0.34655 - x, — 1.1025
Zl == [
—1.6767 - x; + 0.29718 - x, + 0.35914 - x5 + 0.20731 - x, — 1.5530

Then, hyperbolic tangent sigmoid activation function applied to z; and the output named h; . For
the second hidden layer, z, was computed based on equation 21.

Zz = WZ'hl + bz (Eq21)

W, =[-12909 -1.1013 0.27013]

b, = [0.31217]
Substituting the values:

z; = [-1.2909 - hyy + (=1.1013) - hy , + 0.27013 - hy 5 + 0.31217]

The same activation function applied to z, and the output named h, . For the third hidden layer, z;
was calculated based on equation 22.

23 = W3.h2 + b3 (Eq22)

—6.5676
—5.7014
5.6391

—5.5933

W3:
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4.7544
1.4064
1.6923

—5.6070

b3:

Substituting the values:

—6.5676 - h, + 4.7544
—5.7014 - h, + 1.4064
5.6391 - h, + 1.6923
—5.5933 - h, — 5.6070

Z3 =

The tansig activation function applied to z; and the output named h; . Ultimately, For the final
output layer, z, was determined through equation 23.

Z4 = W4.h3 + b3 (Eq23)

W, = [1.5689 0.53742 —0.12731 — 0.29467]
b, = —1.5038

Substituting the values:

Z4 = 1.5689 . h3'1 + 0.5374’2 . h3,2 + (_0.12731) . h3'3 + (_0.29467) .h3'4 - 1.5038

As a final step, the purelin activation function applied to z,.

The model performance is evaluated by comparing the ANN's predictions with the actual values
as shown in figure 53. The provided graph illustrates the results, where the blue line represents the
actual cohesion values, and the red line represents the predicted values by the ANN. Both series
data show a general downward trend, indicating that the ANN model captures the overall trend of
the actual cohesion values effectively. However, the ANN predictions show more short-term
fluctuations compared to the actual values, suggesting the model's sensitivity to minor variations
in the input data, which may lead to overfitting. In the first 35 samples, the predicted values closely
follow the actual values, demonstrating a good fit. This indicates that the ANN model performs
better with samples that have a high amount of clay, where the soil cohesion is more consistent
and less variable. However, from Test Numbers 36 to 100, the model's performance starts to
diverge. This divergence can be attributed to the increased presence of coarse particles in the soil
samples during this segment, which introduces additional variability and complexity that the ANN
model may not fully capture.
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Figure 53. Comparison of Cohesion Values Obtained by ANN and Experiments (Source: Own Compilation).

I conducted the ANN modeling using MATLAB, which allowed us to efficiently code and
implement the model. Figure 54 shows the Command Window of a MATLAB program designed
to estimate soil cohesion using an artificial neural network. This example demonstrates how the
program accepts user inputs and processes them to generate an output estimation. In this instance,
the user inputs the weight percentages of various soil components, specifically: 50% Clay, 30%
Silt, 10% Sand, and 10% Gravel. These inputs represent the composition of the soil sample in
terms of its constituent particles and should sum up to 100% to accurately describe the soil's
composition. After entering the input components, the program calculates the percentage
composition of the soil sample and confirms the correct processing of the inputs. Subsequently,
the ANN model processes these inputs to estimate the soil cohesion. The output represents the
estimated cohesion value, in kilopascals (kPa), based on the given soil composition.

Command Window

Weighrt percentage of Clay: 50

F

Weight percentage of Jilc:

(]
o

Weight percentage of Sand: 10
Weight percentage of Grawvel: 10
Farceantage composition:
Fe:-:er.'.:sge COEEE iCion =

50 30 10 10

estimation:

Figure 54. Example output of the MATLAB program for Cohesion Prediction (Source: Own Compilation).
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4.6. Artificial Neural Network model for internal friction angle parameter

The same procedure was followed to estimate the other shear strength parameter, the internal
friction angle, using the ANN model. The neural network architecture for predicting the internal
friction angle is depicted in figure 55. It consists of an input layer with four nodes representing the
weight percentages of clay, silt, sand, and gravel. This is followed by two hidden layers, each with
different numbers of neurons, and a single-node output layer that estimates the internal friction
angle. The optimal network architecture was determined to have [3 2] neurons, which provided a
suitable balance between underfitting and overfitting for the data. The model's effectiveness in
predicting the internal friction angle was similarly assessed using performance metrics. The
correlation coefficient (R) for the internal friction angle was approximately 0.91 that shows a good
correlation between the predicted and actual values as shown in figure 56. Furthermore, the
obtained RMSE value for the internal friction angle was 0.39, demonstrating the model's accuracy
in prediction.

Figure 55. Neural Network Structure for Prediction of Internal Friction Angle (Source: Own Compilation).
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Figure 56. Regression Plots of the Best-Performing Model for Prediction of Internal friction Angle (Source: Own
Compilation).
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The process of extracting weights and mathematical relationships for the internal friction angle
parameter is exactly the same as the same process done for cohesion. However, it should be kept
in mind that the structure of the artificial neural network was different for this parameter. Also, the
chosen activation function was similar to ones used for cohesion. Therefore, here only the weights
and biases related to the first, second and final layers are mentioned.

—1.1545 -0.87914 -0.086417 0.81092 [ 2.1058
W; = 1-0.46195 —0.35259 —0.21482 0.13076 b, =|-0.1074
—1.5385 0.81031 —0.82653 —0.35283 | —1.4499
W, = [ —1.9914 - 0.88889 0.014035] b, = [1.3215
2 0.87937 —-0.80969 —0.66601 27 11.8575
Wi =[-2.8072 —0.71874] b; = [-0.76291]

Like the procedure for cohesion estimation, the model performance for estimating the internal
friction angle is evaluated by comparing the ANN's predictions with the actual values as shown in
figure 57. In the provided graph, the blue line represents the actual internal friction angle values
measured in the lab, while the red line represents the values predicted by the ANN. It can be found
out that the ANN model effectively captures the overall trend of the actual internal friction angle
values. Between Test Numbers 30 and 60, the predicted values closely follow the actual values,
demonstrating a good fit. This indicates that the ANN model performs better with samples that
have a well-distributed mixture of all soil components (e.g., sand, silt, clay, and gravel), where the
internal friction angle is more consistent and less variable. Moreover, the model's performance
starts to diverge after Test Number 80. This divergence can be attributed to the lack of coarse
material and the predominance of fine grains in the soil samples during this segment.
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Figure 57. Comparison of Internal friction angle Values Obtained by ANN and Experiments (Source: Own
Compilation).
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Similar to the work done for cohesion, | conducted ANN modeling for the internal friction angle
using MATLAB. This allowed us to efficiently code and implement the model. The figure 58
shows the MATLAB Command Window estimating the internal friction angle of soil using an
ANN. The program accepts user inputs for soil composition, such as 50% Clay, 30% Silt, 10%
Sand, and 10% Gravel, which should total 100%. After confirming the correct processing of these
inputs, the ANN model estimates the soil's internal friction angle in degrees (°) based on the given
composition.

Weigh
Wei
Wl
Weighs pezc

Perc=arage cospositiont

Fer :‘!::3:#_: CEpOS1CiIon -

Figure 58. Example output of the MATLAB program for Prediction of Internal Friction Angle (Source: Own
Compilation).

4.7. Simultaneous modeling of shear strength parameters

One powerful application of ANNSs is the creation of joint models. Joint models in artificial neural
networks represent a sophisticated approach to predictive modeling by simultaneously predicting
multiple output variables from a shared set of input features. Unlike traditional models that handle
each output independently, joint models capture interdependencies and correlations between
outputs, enhancing predictive accuracy and computational efficiency. This approach is particularly
advantageous in fields where outputs are inherently related, such as geotechnical engineering,
where predicting both cohesion and friction angle together improves the understanding of soil
behavior. The design of a joint model involves configuring the neural network architecture with
multiple output neurons corresponding to each variable of interest and utilizing a multi-output loss
function during training to optimize predictions across all outputs simultaneously.

The decision to opt for a joint model was primarily driven by the understanding that cohesion and
friction angle exhibit correlated behavior in soil mechanics. As friction angle increases, cohesion
typically decreases, and vice versa. By modeling cohesion and friction angle together, rather than
separately, the jointly model can capture synergistic effects and dependencies that affect both
parameters simultaneously. This approach leads to more accurate predictions of soil behavior
across a wide range of scenarios. Engineers and researchers can optimize geotechnical designs and
analyses more effectively when they have a comprehensive understanding of both these
parameters. This includes designing foundations, slopes, excavations, and other structures that rely
on accurate soil parameter predictions.
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In traditional neural networks, each output corresponds to a single neuron in the output layer,
predicting a single target variable. However, to model the parameters simultaneously, the output
layer was configured to have multiple neurons, each representing a different output (cohesion and
friction angle). By having multiple neurons in the output layer, the neural network learns to
optimize weights and biases across all outputs simultaneously. The shared input features (Weight
percentage of clay, silt, sand and gravel) are processed through hidden layers that extract relevant
patterns and relationships. These hidden layers act as shared representations, contributing to the
prediction of both shear parameters and leveraging correlations between them. The network
architecture comprises hidden layers with sizes [3, 2, 4] as shown in figure 59, utilizing hyperbolic
tangent sigmoid (‘tansig’) functions for activation in the hidden layers and a linear (‘purelin’)
function for the output layer.

Figure 59. Neural Network Structure for Simultaneous Model of shear strength parameters (Source: Own
Compilation).

The process of extracting weights and mathematical relationships of this model is the same as the
process done for previous models. This involves accessing the neural network's weights and biases,
which are critical for understanding the transformations applied to the input data at each layer of
the network. These weights and biases are determined during the training phase and are used to
predict the output values from the given input features. By analyzing these parameters, | can gain
insights into how the neural network processes the data. Below, | present the weights and biases
related to the first, second, third, and final layers of the network. Additionally, the activation
functions applied at each layer were consistent with those used in previous models, ensuring a
comparable non-linear transformation of the data through the network.

0.9277 —0.6135  —0.7876  —0.8224 15801

W; = |-4.5183 1.5298 2.1891 —0.5534 b; = |—0.1071.1257
7.8806  —2.1196  —1.0415  —2.4748 | —4.5023

w. — [3-3580  —0.1524 3.6949 b — [0.1190

2 3.2142 1.8756 0.0967 27 14,6239
1.2571 —2.4997 —2.7906

W. = | ~0-5505 —2.5127 b, = | 34382

37 [-2.7794 —2.4002 37| 0.3887
—1.1793 —1.3582 —3.2169

w, = [0-5483 —0.0175 —1.7251 1.1896] b =[—0.3728]

* 7112425 -29448 -1.1047 0.9930 * 7 1-1.0683
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It was aimed to assess the predictive performance of the new joint model for the shear strength
parameters, cohesion, and friction angle. To evaluate the effectiveness of the new model and to
make comparisons with the previous separate models, the Root Mean Squared Error (RMSE) and
the Coefficient of Determination (R?) were calculated. The RMSE quantifies the average
magnitude of the errors between the predicted values and the actual values of cohesion and friction
angle. Figure shows the parts of code related to this matter. Additionally, I plotted regression curves
to visually depict the relationship between the actual and predicted values for both cohesion and
friction angle. These plots include trendlines that highlight the degree of alignment between the
predicted and actual values. Figure 60 illustrates the evaluation of the ANN model's predictive
performance.
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Figure 60. Performance Evaluation of ANN Model (Source: Own Compilation).

Upon implementation, the joint neural network achieved significant improvements in predictive
performance compared to previous independent modeling efforts. The new Root Mean Squared
Error (RMSE) values were notably reduced: RMSE for cohesion was 0.41 and for friction angle
was 0.25, indicating enhanced accuracy in predicting these soil parameters based on the input
features. Moreover, the new R? values exhibited substantial increases, with R? value of 0.97 for
cohesion and 0.90 for friction angle. These R? values signify a marked improvement over the
previous independent models, where R? for cohesion was 0.81 and for friction angle was 0.82.
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To visualize the model's performance, the regression curves were plotted for both cohesion and
friction angle by comparing actual values against predicted values which are shown in figure 61
and 62. This is done using scatter plots, where each point represents an actual-predicted pair.
Additionally, | incorporate trendlines to better illustrate the correlation between actual and
predicted values. Specifically, for each subplot, I use the ‘polyfit’ function to compute the
coefficients of a linear fit for the data points, and the ‘polyval’ function to evaluate this linear fit
across the range of actual values.

The reduction in RMSE and increase in R? values directly contribute to the reduction in the
standard deviation of the errors. RMSE quantifies the average magnitude of prediction errors,
where lower values indicate that predictions are closer to actual values, thus reducing the
variability in prediction errors. Similarly, R? measures the proportion of variance in the dependent
variable that is predictable from the independent variables; higher R? values indicate a better fit of
the model to the data, thereby reducing the overall spread of errors around the fitted line. By
achieving lower RMSE and higher R? values, the joint neural network effectively minimizes the
variability and standard deviation of prediction errors. This enhancement underscores the model's
capability to leverage shared representations and correlations between outputs, thereby refining
predictions and supporting more accurate and reliable decision-making in geotechnical
engineering applications. Consequently, this joint neural network model stands out as the preferred
choice for predicting both cohesion and friction angle due to its superior performance metrics and
comprehensive approach to capturing soil behavior characteristics.
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Figure 61. Comparison of Cohesion Values Obtained by ANN and Laboratory Tests (Source: Own Compilation).
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Figure 62. Comparison of Friction Angle Values Obtained by ANN and Laboratory Tests (Source: Own
Compilation).

I specifically chose to compare this study with previous research that estimated shear strength
parameters based on easily measurable soil properties, particularly grain size distribution. It is
noteworthy that no prior research used the same input variables as this study. A key feature of the
input variables is their ease and speed of measurement, encompassing both fine grain and coarse
grain sizes. In contrast, previous studies mostly focused on one of these grain sizes.
The table provided highlights a comparison of methods used in current study with those employed
in previous research for estimating cohesion (c) and internal friction angle (¢). The focus is on
various models and their performance, measured by Root Mean Square Error (RMSE) values. In
this study, I utilized a feedforward artificial neural network, achieving RMSE values of 0.53 for
cohesion and 0.39 for internal friction angle. These values indicate high accuracy and are among
the best when compared to previous research methods. The methods used in earlier studies include
ANN, Multiple Linear Regression (MLR), Random Forest (RF), Gradient Boosting Machine
(GBM), and Adaptive Neuro-Fuzzy Inference System (ANFIS). This study stands out due to the
high accuracy of the ANN model, as demonstrated by the significantly lower RMSE values for
both cohesion and internal friction angle. This suggests that my model is a more accurate and
reliable prediction tool for soil properties compared to those used in many previous studies.

Table 8. Comparison Between Several Studies for Obtaining Shear Strength Parameters.

Model Year Method RMSE-c RMSE- ¢
This study 2024 ANN 0.41 0.25
Zhu et al. 2022 ANN 3.39 4.08
Bala et al 2022 MLR 1.19 3.33
Mohammadi et al 2022 ANN 8.59 2.29
Ghoreishi et al 2021 ANN 0.04 4.43

Ly etal 2021 RF 3.323 -

Rezaee et al 2021 GBM 2.30 1.52
Pham et al 2021 ANFIS 0.07 0.08
Falamaki et al. 2018 ANN 4.70 2.3
lyeke et al 2016 ANN 8.33 4,77
Roy et al 2014 MLR - 0.82
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In this chapter, the analysis and results of the research were detailed. Hydraulic conductivity values
were first obtained through experiments. These values were then estimated using indirect methods,
followed by multiple linear regression analysis to further refine the estimates. Artificial Neural
Network (ANN) models were developed for predicting hydraulic conductivity, cohesion, and
internal friction angle parameters. Additionally, a simultaneous modeling approach for shear
strength parameters was implemented using ANNSs, demonstrating their effectiveness in accurately
estimating multiple soil parameters concurrently.
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5- Theses

In this chapter, the main achievements of this research have been highlighted and explained in a
general context. To provide a clearer understanding, some of the visualized graphs and plots
presented in previous chapters as well as some new ones are revisited here.

Thesis 1

Itis proven that artificial neural network (ANN) models can estimate the most important hydraulic
and geotechnical parameters, hydraulic conductivity, cohesion and angle of internal friction, with
an accuracy worth for preliminary phases of planning based on weight percentages of soil
particles (clay, silt, sand and gravel).

My ANN models which employed feedforward method predicts values with higher accuracy than
the other known and published methods. Based on my analysis, the ANN model for hydraulic
conductivity, which has two hidden layers with 1 and 3 neurons respectively, and the joint model
for cohesion and internal friction angle, which has three hidden layers with 3, 2, and 4 neurons
respectively as well as an output layer with 2 neurons, demonstrated the highest accuracy.

T T T T
: Measured Data

Predicted Data
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Figure 63 Comparison of results Obtained by ANN and Laboratory Tests (Source: Own Compilation).

My innovative programs utilize artificial neural networks (ANNSs) to predict soil parameters,
employing a specific function for neuron activation. The designed Programs for predicting both
hydraulic conductivity and shear strength parameters follow the below fundamental mathematical
concepts.

m

Y = tanh( Wk]'a]' + bk)

j=1

n
a]' = tanh (Ziz:l W]'ixi + b])
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Where:

¥y is the output of the k-th neuron in the output layer,
e ajisthe output of the j-th neuron in the hidden layer, computed using the tanh activation function,

e wj; is the weight connecting the i-th input to the j-th neuron,

e  x;isthe i-th input to the network,

e bj isthe bias of the j-th neuron,

w;; is the weight connecting the j-th neuron in the hidden layer to the k-th neuron in the output layer,
and by, is the bias of the k-th neuron in the output layer.

Thesis 2

The accuracy of the ANN model | developed and suggested for use is independent of grain size,
unlike most other models and developed methods that are typically suitable only for fine-grain or
coarse-grain soils.

My ANN model has been designed to effectively predict soil parameters regardless of whether the
soil is predominantly fine-grained or coarse-grained. This capability ensures that my model
provides reliable results across a wide range of soil types. Importantly, my approach simplifies the
initial assessment of site soils for preliminary design by focusing solely on essential soil
components. This streamlined methodology not only enhances efficiency but also ensures that my
model can swiftly provide reliable insights into soil behavior across diverse environmental
conditions. Thus, my ANN-based approach represents a practical and effective tool for engineers
and researchers seeking rapid and insightful soil assessments during early project phases. Figure
64 shows simplified input and output box of the program.

Input Data Output Data
Weight Percentage of Clay : Hydraulic conduetivity:
Weight Percentage of Silt: Cohesion:
Weight Percentage of Sand : Internal friiction Angle:
Weight Percentage of Gravel :

Figure 64. Simplified Input and Output Box of the Program (Source: Own Compilation).

The scatter plots for hydraulic conductivity, cohesion, and internal friction angle display residuals
that are randomly distributed around the horizontal axis as shown in figure 65. This random
distribution indicates that the residuals do not show any systematic pattern or trend. In other words,
the errors in the predictions do not vary with the magnitude of the predicted values. This lack of
systematic bias across the predicted values suggests that the model's performance is consistent and
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unbiased across different samples. The absence of such patterns confirms that the ANN model is
robust, and its predictions are not dependent on the grain size of the soil.
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Figure 65. Plot of Residuals vs. Predicted Values (Source: Own Compilation).
Thesis 3

It was proven that artificial neural network method provides more reliable and accurate predicted
hydraulic conductivity values independently form grainsize distribution than multiple linear
regression or any known empirical correlation or pedotransfer function.

According to figure 66, the results showed that artificial neural network model is more reliable
than the others as it presented higher accuracy. I utilized laboratory measurements to evaluate the
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performance of various methods and models in predicting hydraulic conductivity. The indirect
method, specifically the Carrier and Beckman approach, showed a moderate correlation with an
R2 value of 0.5187. However, this method consistently underestimated hydraulic conductivity
values, highlighting the need for refinement or complementary methods. Multiple linear regression
analysis demonstrated a better fit with an R2 value of 0.81, indicating that 82% of the variability
in the real data was explained by the model. My artificial neural network (ANN) models achieved
superior accuracy with an R2 value of 0.92 and an RMSE of 0.0768. This high level of accuracy
underscores the effectiveness of ANNSs in capturing the underlying patterns in the data.

Prediciesd Dam

Measured Duty

Multiple linear Regression Method Indirect Method

0 ANN Model

y =1.018x - 0.0261
R?2=0.924

-Logk(ANN)

4 6
-LogK(Lab)

Figure 66. Estimation Accuracy of Different Models (Source: Own Compilation).
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Thesis 4

It is statistically proven by using the artificial neural network model that the extremities in

grainsize (gravel and clay content) indicate a higher effect on the hydraulic conductivity of the
material than weight percentages of silt and sand.

By examining the effect of each parameter in the compositions and the amount of hydraulic
conductivity changes, as shown in the figure 67, it becomes evident that clay and gravel exhibit a
considerable slope as well as less deviation, indicating their substantial influence. In contrast, silt
and sand do not display a noticeable slope, suggesting their lesser impact on the hydraulic gradient
parameter. This highlights the critical importance of gravel and clay, where even minor variations
significantly affect the hydraulic conductivity predictions. To plot the figures, the data was sorted

in descending order to help understand the performance of the model; this means that as the number
of tests increases, the values of -Log K drop.
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Figure 67. Effect of Each Component on Output (Source: Own Compilation).
Thesis 5

Simultaneous ANN model of cohesion and internal friction proved that contrary to separate ANN
models, it achieved statistically significant improvements in predictive performance and accuracy.

The joint approach not only delivered higher accuracy but also demonstrated greater consistency
in predictions. This model effectively captures the complex interactions between cohesion and
internal friction. Unlike traditional models that handle each output independently, my joint model
captures interdependencies and correlations between outputs, enhancing predictive accuracy and
computational efficiency. The design of a joint model involves configuring the neural network
architecture with multiple output neurons corresponding to each variable of interest and utilizing
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a multi-output loss function during training to optimize predictions across all outputs
simultaneously. The decision to opt for a joint model was primarily driven by the understanding
that cohesion and friction angle exhibit correlated behavior in soil mechanics. By having multiple
neurons in the output layer, the neural network learned to optimize weights and biases across both
outputs simultaneously. The shared input features (Weight percentage of clay, silt, sand and gravel)
are processed through hidden layers that extract relevant patterns and relationships. These hidden
layers act as shared representations, contributing to the prediction of both shear parameters and
leveraging correlations between them. The network architecture comprises hidden layers with
sizes [3, 2, 4], utilizing hyperbolic tangent sigmoid (‘tansig’) functions for activation in the hidden
layers and a linear (‘purelin’) function for the output layer.

] ﬁ;g 1 ﬁd;a_%_

Figure 68. Neural Network Structure for Simultaneous Model of shear strength parameters (Source: Own
Compilation).

Comparison of Simultaneous Model and Separate Models statistically demonstrated higher
accuracy as mentioned in tablel.

Table 9. Comparison of Simultaneous Model and Separate Models

Model Year Method RMSE-c RMSE- ¢ R?-c R?- ¢

Simultaneous Model 2024 ANN 0.41 0.25 0.97 0.90

Separate Model- ¢ 2024 ANN - 0.39 0.82
Separate Model- ¢ 2024 ANN 0.53 - 0.81
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6- Summary

In this study, | aimed to estimate geotechnical and hydrogeological parameters of soil based on
grain size distribution using artificial neural networks (ANNSs). Recognizing the limitations of
traditional methods and the potential of ANNSs to offer more accurate predictions, I collected a
comprehensive dataset of laboratory-tested soil samples. This data was used to train and validate
ANN models, with a focus on predicting hydraulic conductivity and shear strength parameters. My
goal was to demonstrate the efficacy of ANN in soil parameter estimation and its potential to
enhance geotechnical engineering practices.

Regarding the hydraulic conductivity estimation, this study involved extensive laboratory testing
to observe the effects of different combinations of gravel, sand, silt, and clay on hydraulic
conductivity. | employed several approaches for comparison, including indirect methods, Multiple
Linear Regression (MLR), and ANN. Indirect methods relied on empirical calculations based on
easily measurable soil parameters. The MLR approach created a statistical model linking several
soil properties to hydraulic conductivity, while ANN utilized machine learning to model complex,
nonlinear relationships among soil parameters. The indirect method, specifically the Carrier and
Beckman approach, showed a moderate correlation with an R? value of 0.5187. However, the
method consistently underestimated hydraulic conductivity values, highlighting the need for
refinement or complementary methods. MLR analysis demonstrated a relatively good fit with an
R2 value of 0.81, indicating that 82% of the variability in the real data was explained by the model.
Although MLR provided better accuracy, it still fell short of my desired predictive performance.
My ANN models achieved superior accuracy with R2 value of 0.92 and an RMSE of 0.0768. This
high level of accuracy underscores the effectiveness of ANNSs in capturing the underlying patterns
in the data. Notably, I could not find any previous studies using the same input variables to predict
hydraulic conductivity, making this study unique. However, the comparison with similar studies
showed that my model outperformed others, highlighting the significant impact of clay and gravel
on hydraulic conductivity.

In this study, | also modeled the shear strength parameters, cohesion and internal friction angle,
using artificial neural networks in two distinct approaches: separately and simultaneously. Initially,
I developed separate ANN models for each parameter, achieving good accuracy with R? values of
0.81 for cohesion and 0.82 for the internal friction angle. These values indicate a relatively good
degree of precision. However, considering the interrelation between cohesion and internal friction
angle, I also developed a simultaneous ANN model to predict both parameters concurrently. This
joint modeling approach leveraged the inherent relationship between the parameters, leading to an
improved predictive performance. The simultaneous ANN model not only presented higher
accuracy than what achieved by the separate models but also demonstrated enhanced consistency
and robustness in the predictions. The new R? values exhibited substantial increases, with R? value
of 0.97 for cohesion and 0.90 for friction angle. Moreover, The RMSE values for the joint model
were better than those obtained from the separate models, further validating the effectiveness of
this approach and placing the separate models among the best compared to previous research
methods. The simultaneous model thus provided a more comprehensive understanding of soil
behavior, achieving a high degree of precision and placing my model among the best compared to
previous research methods.
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The results of this study hold significant practical implications for the field of geotechnical
engineering. By leveraging artificial neural networks to estimate hydraulic conductivity and shear
strength parameters from grain size distribution, | offer a method that is both time-efficient and
cost-effective compared to traditional in situ and laboratory testing methods. This advancement is
particularly valuable in scenarios where rapid decision-making is crucial, such as during the
preliminary design phase of engineering projects. The ability to quickly and reliably predict soil
parameters can streamline project planning and execution, reducing delays and associated costs.
Moreover, the high accuracy of my ANN models, as demonstrated by superior RMSE values
compared to conventional methods, underscores the potential for these models to provide more
precise assessments of soil behavior, thereby enhancing the safety and reliability of geotechnical
structures.

The key feature of my input variables is their ease and speed of measurement as well as
encompassing both fine grain and coarse grain sizes. This comprehensive approach contrasts with
previous studies that mostly focused on one grain size. This research makes a substantial
contribution to the field of estimating soil properties by showing how artificial neural networks
(ANNSs) can improve the precision and dependability of predictions made in geotechnical
engineering. According to the research, using machine learning models, such as artificial neural
networks (ANNS), can result in more informed choices and effective engineering techniques. By
leveraging easily measurable soil properties and advanced machine learning techniques, | have
developed models that offer superior predictive performance. Future research could explore further
refinement of ANN models and the inclusion of additional soil properties to enhance prediction
accuracy even further. This study sets a precedent for integrating advanced computational methods
in geotechnical engineering, paving the way for more accurate and reliable soil property
estimation.

It is important to recognize the limits of the neural network model established in this study, even
though it offers useful insights into the assessment of soil properties such as hydraulic conductivity,
cohesion, and internal friction angle. Significant obstacles include the data's regional specificity,
possible laboratory errors, the omission of pertinent variables, model sensitivity, and the dangers
of extrapolation. Future studies could address these constraints by increasing the dataset size,
adding more input variables, and enhancing the model's interpretability and resilience. These
efforts would improve the model's applicability in many circumstances and lead to a more thorough
understanding of soil qualities.
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Annex 1. The percentage of soil components in each sample

Number| Clay [ Silt| Sand | Gravel
1 100 0 0 0
2 75 25 0 0
3 50 50 0 0
4 75 0 25 0
5 50 40 10 0
6 25 75 0 0
7 (0] 100 0 0
8 50 30 20 0
9 50 25 25 0
10 50 40 0 10
11 40 30 10 20
12 25 50 25 0
13 40 10 40 10
14 40 25 10 25
15 40 10 50 (0]
16 50 0 20 30
17 50 30 10 10
18 30 30 40 0
19 30 50 0 20
20 40 10 30 20
21 30 30 30 10
22 15 75 10 0
23 40 30 (0] 30
24 30 40 10 20
25 25 40 25 10
26 20 40 40 0
27 20 50 30 0
28 40 10 25 25
29 40 20 10 30
30 40 10 20 30
31 40 0 40 20
32 50 10 0 40
33 30 20 40 10
34 30 20 50 0
35 20 | so 20 10
36 15 75 0 10
37 40 0 50 10
38 30 | 30 20 20
39 50 | 20 30 0
40 75 0 0 25
41 50 20 0 30
42 20 40 30 10
43 40 50 10 0
44 50 30 0 20
45 50 0 50 0
46 50 0 30 20
47 40 40 20 0
48 50 10 40 0
49 50 10 30 10
50 50 20 10 20

Number| Clay | Silt| Sand | Gravel
51 40 25 25 10
52 50 (0] 40 10
53 40 50 0 10
54 40 40 10 10
55 40 30 30 0
56 50 10 20 20
57 50 25 (0] 25
58 40 20 30 10
59 30 50 20 0
60 40 40 0 20
61 50 (0] 10 40
62 40 20 40 0
63 30 25 20 25
64 25 25 50 0
65 0 75 25 0
66 10 50 30 10
67 30 20 30 20
68 20 30 30 20
69 40 10 10 40
70 20 50 0 30
71 25 20 30 25
72 15 50 10 25
73 25 25 20 30
74 30 10 30 30
75 20 30 25 25
76 20 40 10 30
77 20 20 50 10
78 10 40 50 0
79 10 50 20 20
80 30 (0] 50 20
81 40 (0] 20 40
82 25 20 25 30
83 10 40 40 10
84 25 50 0 25
85 15 40 20 25
86 30 | 40 20 10
87 25 25 25 25
88 30 | 20 20 30
89 10 | s0 40 0
90 20 20 30 30
91 10 50 10 30
92 10 40 25 25
93 10 30 50 10
94 30 10 40 20
95 0 50 50 0
96 40 20 0 40
97 20 25 30 25
98 30 50 10 10
99 20 30 40 10
100 0 75 0 25




Number| Clay | Silt| Sand | Gravel
101 25 | 30| 20 25
102 4 | 20| 20 20
103 50 | 10] 10 30
104 20 | 30] s0 0
105 25 | 5] 30 20
106 20 | 40| 20 20
107 30 | 40| 30 0
108 30 | 30 0 40
109 50 | o 25 25
110 20 | 20] a0 20
111 30 | 10] so0 10
112 25 | o 75 0
113 20 | 10] s0 20
114 0 | o 30 30
115 o | s0] 40 10
116 30 [ 30] 10 30
117 30 | o 40 30
118 30 | 20] 25 25
119 30 | 10] 20 40
120 30 | 40 0 30
121 30 | 20] 10 40
122 10 | a0 30 20
123 25 | 30] 25 20
124 25 | 40] 10 25
125 25 | 25| 10 40
126 20 | s0o]| 10 20
127 0o | 5| 5 0
128 25 | 25| a0 10
129 20 | 30 0 50
130 30 | o 20 50
131 o | so] 25 25
132 o | 4] 50 10
133 25 | 10] 25 40
134 0| o 10 50
135 30 | o 30 40
136 20 [ 10| 40 30
137 20 [ 30| 10 40
138 10 | 25| 40 25
139 o | so] 30 20
140 15 | 20] 40 25
141 10 | 30] 30 30
142 15 | 0] 75 0
143 10 | 20| s0 20
144 10 | 30] 20 40
145 20 | 20] 20 40
146 25 | 10] a0 25
147 10 | s0 0 40
148 o |40]| 40 20
149 15 | 10] s0 25
150 20 | 3] 2 30
151 10 | a0] 20 30
152 30 20 0 50

Number | Clay | Silt| Sand | Gravel
153 0o [30] so0 20
154 o |50 20 30
155 15| o 75 10
156 20 | o 50 30
157 50 | o 0 50
158 o |40 30 30
159 15 | 20| 25 40
160 10 [ 40| 10 40
161 10 | 20| 40 30
162 20 | 10] 30 40
163 30 | 10| 10 50
164 25 | 25 0 50
165 40 | 10 0 50
166 10 | 30| a0 20
167 20 | 40 0 40
168 5 | o 50 25
169 10 | 25| 25 40
170 20 | o 40 40
171 10 | 10| s0 30
172 o | 50| 10 40
173 0o | 30| 40 30
174 0 0 | 100 0
175 15 | 10| 25 50
176 o | 25| s0 25
177 10 [ 20| 30 40
178 20 | 20| 10 50
179 10| o 50 40
180 10 | 20 20 50
181 o | s0 0 50
182 20 | o 30 50
183 10 [ 30| 10 50
184 o | 20| 40 40
185 o | 30| 30 40
186 o | 20| 50 30
187 10 [ 10| 40 40
188 20 | 10| 20 50
189 10 | 40 0 50
190 o | 40| 20 40
191 25 | o 25 50
192 o |40] 10 50
193 10 | 10] 30 50
194 10 | o 40 50
195 0 0 75 25
196 o [10]| s0 40
197 o [3]| 20 50
198 0o |25 25 50
199 o | 20] 30 50
200 25 | o 0 75
201 o | 10] 40 50
202 0 0 50 50
203 o | 25 0 75
204 0 25 75
205 0 0 0 100




Annex 2. Grain size distributions for all samples
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Annex 3. Regression analysis results for purpose of choosing best ANN model for K
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Output ~=0.53*Target + 3

8.5

Training: R=0.8125

O Data
Fit

55 6 65 75 8 85

7
Target
Test: R=0.8232
O Data
Fit
""""""" Y=T

Output ~= 0.45*Target + 3.5

Output ~= 0.55*Target + 2.8

Validation: R=0.72491

O Data

al
Fit
-------------- Y=T
7.5F
e °
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o
o
sl
55F .
Qo
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Model Number 8

XXX




Fo o
0
m (o]
L 4 @
—
o 5
i o 5 B
I~2 o
c g 0
kel o) 4
.mm [ ,,,,O =
3 m = I ,O;.@ o < m =
W [aQuTH Y o [agu™
o | i ? G o
I ® |,
< ~ 6 6
6'T + 1861814690 =~ IndinO Z +1961e1.69'0 =~ IndinO
4o
3
L <4 0
2 Q
[ee) o
o ™~ -
i R o
14 3 i~2
- @ 3
= i —
£ 8
Sl = =B =
|| 8 = &8 = 1 1o
=[loe Qi >
o o
40
> > 0
o

8'T +1861el,z/ 0=~ 1ndino

L'z +19b61e1,85°0 =~ 1ndinO

Model Number 9

XXXI
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Annex 4: Source Codes for Artificial Neural Network Modeling

a) Code for hydraulic conductivity estimation

RS
F —

e

4 —

5

6= :

o= sheet: = 1:

Bl range = "A2 . F206";

b= data = xisread |(filename, sheet, range):!

14

7 inputa = data:, 1:4):

7 B atlo targets = data s, 3):

13

14 T Define the network atructure

7 i net = feedforwardnet ([1 31):

L = net.trainParam. showNindow = true;

= net.trainParam.epochs = 1000;

g — net.trainParam.goal = 0.001;

1%

20 ¥ Train the network

21 — net = train{net, inputs', targets'):

22

22 t Predict the oubputbts

24 — predicted logE = net(inputs')';

25

26 £ Calculate EBMSE

AT = rmac = agrt(mean( (targets — predicted logK) .-"2)):
28 = disp(["BMSE: ", pumZstz:[(rmse}l):

25

390 T Calculate MAFE

s mae = mean(abs(targets — predicted log¥)):
= disp(["HAE: ', numZstr{mae}]):

33

34 : alculate

35 = n-= length(targeta) :

a6 — mase = mae /S mean(abs (diff (targetsii):

37T — dispg(["MASE: ", numZ2str{masc)l):

g

39 ¥ Calculate RS

40 — 88 res = gum|( ({targets — predicted logK) .72} ;
= 55 tot = sum((targets — mean (taxrgets))."2);
47 — 2 = 1.— (33 res J 33 tot):

£33 — disp(["BE=: ', numZscr{x2}]1]}:

44

XXX
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74

&% Extracting Weights, Biazes, and Activation Functions &%%
¥ {Unchanged from your originsl code)
% Display weights and biases

digsp|'Weights Irom first hidden laysr Lo agcond hidden lay

dizpinet.EN{2,1});

ration functions
ion: function:.of firstc hidden: Jayer:');

diap(net.layers{l)} .cranaferFcn) ;

digp|'Activaetrion functign of asecopnd hidden layesr:');

digp{net:layera{Z}.cranaferFcon) ;

digp|'Activation fonction of ootpuat laysr: ") ;

disp(net.layera{3}.cransferFcn) ;

&% Vigsualize the effect of each inpot parameter on ootpot
clay percent = inputa(:, 1};

8ilt percent = inputsi(:, 2Z);

sand percent. =-dinpuatal:, 3);

gravel percent = inputs(:, 4};

m

! for clav mercsntage ve mraedicted —Lo

figure;

yvlabel | "Predicred —Log X');
title{'Effect @

grid an;
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=
e e S~ T ST R T S~ ST SO T ST = Y-
[ TR~ Y S N SR T, WP S 1 5 S =

igz2

]

scatter (silt percent, predicted logkK, 'r~', 'filled'}:
(BY L)z
e 1
Percentage on Predacted —Log H'):
ge va predicted —Tog 'K
ercent, predicted logkR, 'g', "'filled'}:
(BY L)z
e 1
Percentage on Predacted —Log H'):
grid an;
T Plot for gravel perceEntage vs predicted -Ing K
figure;
scatter (gravel percent, predicted logkK, 'm', 'filled'};
xlabel ("Gravel Percentai ) By -
vlabel (' Fred: ;
title('Effscc roentage on Predacted —Log E!

%% User input for prediction
datal = input{'Weight ps
datal? = imnput | 'Weight

datad = input{'"Weig

datad = input ['Weight
if |datal + datal2 + datald + datad) — 100
diap{'Percentage compesition: ') ;
Percentage composition = [datal data2 datad datadl;
outpucts = abs(nec({Fercentage composition')):
isp| 'Escimaticns ") ;

disp{outputs) ;

else
diap({'Errocr: The sum of percentages should be egual
end
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b) Code for cohesion estimation (separate model)

{5 R Y ¥ B % I

cloge a2l
clear all
clic

format shortE

data = xlarcad(filenams, sheet, range):

inpota = data(l1:%95, 1:4);
targets = data(l:85, 3)7;
% Define the network structure
net = fepdforwardnet([3 1 4});
net.trainParam.showWindow = truae;
net.trainParam. epochs = 1004;
net.trainParam.goal = 0.001;

¥ Fredict the outpats
predicted ocutputs = net {inputs')';
% Calculaces RMSE [Root Mean Squsred Errcr)

mse = mean ( (Cargets. — predicted outputs). "2);

disp({["M5E! ', nomZstr{mae)});
% Calculace MAE (Mezn Abscluts Exrrcr)

mEs = mean (abs (targets — predicted output3));
disp({["MAEE:! ', nomZstr{mas)});
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100
16
103
153
1o
105
166
107

1488

108

4% FEatractling Weights, Bisses, and Astivs
L Waights snd Biassy frem lmpot To fices

13 1
af:qht:_;n;ul: to hiddenl = neE IWIL.15:

I:-I.IE‘ES‘T!IJ..:IIJ‘.":‘.; = neat.Dilis

% Weignce and bianes £ firpr Riddan
wW=ight :_!L'.ddenl_t !'._'_‘I.d_'l.n!:n_" = net INIZ, 117
bispes _higidend = net.bB{3}!

% Meighncs and ey Lrcm pecond Ridder

waights hiddend to hiddend = nec.IW{3,2};

bimapea hiddens = net.bpili:

A\ Neighty and tiasws from thisd hidden
E-IE;f.':lb!‘_:'.J.ﬂ.lﬂ‘_'t3_EC_¢l.'.‘:‘F.'.lf = et L4, 3):
bisses opotput = mec.bidls

V fisplay el
disp("Heiyghts
diap (weights. input to hiddes

dimp[*Rismes of Zirmc h e Amy=ci®)g
dlﬂ',.lltlldﬂ!l__!‘.‘.-jd!ﬂll."
disp [ *Welights frem Plost Rid-den laver =

tion Fonost

) [Weight :l_':u.-i-:lun 1_‘_' n_h.1. Hdend) s

disg

{'Bimg=a

diap (biases_hi

o

dendh

dimp(*Wezghce frop second hidden
disp|weight :I_L'Ld;:le."._'-‘l_l.'u_n_L:lde‘_'.'l i3

disp['Giesss of chird hidden layer:®
disp(biazes hiddend):

disg('Wez Fofr £
dlap|Welghta nldden 3 LJFO_CUERETR

disp('Biapes of oucput layex:');
disp{blases sutput)s

v Display astivation fuocoians

disp{ 'hetivacion functich of Figetc Hidds
diap(oet.layezaill.tzansferFon)
diap{‘ActiTation fonctich of sscond Ridds
dispneT.layersld) .cranaferFan)r

diep (' Rotivazi funotichn of chird Bid
disp(ner.layera(3) . .cransferFen)

dian|*E i A fuictioh of JEDLE Lays
disg met.l #li).czanaterien)

daral = impiit[('Heioht pess=ntags= of Clav

dazal = anput('¥ea

dazad = IFHpian['F P Zand)
dacad = inpat(‘Wei of Grmve

if {datel + datal -+ dacal s datad) =— 100
dissi{ Prscannags apoRltisni):

?‘-:::e:-:n-]'e_:en:pu:e:.::::'. = fdetal dacal

ootpets = aba (net (Ber SenTage coSpOBLIEL

dimp(

XXXVII
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C) Code for internal friction angle estimation (separate model)

= cloge 211

= clear all

3% ]

= clc
format shortE

(S R S
|

=1
W
m
=
e
m
[
o &
i

I
v

A}

it

AT]

|

i

1
[v A
k5

I

"

|

1]

.

»

range AZ.HSE"';

TR
|

(S
e
|
J=
.
°
o
1]
I
L
£
o
jall

[T e =
W LS [

¥ Definse the network structurs

H
Ln
|
=]
m
3]
I

feedforwardnec ([3 2]1):

=
o
|

net.trainParam.showWindow = true;

i,
-1
|

net.crainParam. epochas = 10007

x net.trainParam.goal = 0.001;

o

Lt

= net = crain(net, inputa', targeta'):

e T 5 N D

[ N 5 DAY = R % B e R |
W
Tl
1
Ti
|
)
f
i
T
Ti
f
1
i
i}

B BSOS B pa

= R i e rFIM L e B, - |
L AT 4d SuEale

e dispi|["BMSE: , DUmMZStr (rmse} ]}

LS T N U 5

Lo TR ¥ R o RS |

B S e T -
+ Lalcualate MAE [Mear Error)

= displ["H3E: , DumZstr(mse)]):

LU Y I}
LEE R 20 B

34 ¥ Calculsits MAE (Mean Absoliuts Error)
35

L
(=53]
[
£,
i
i
A
c
I
b

', mumZstr (mae} ]}

il

= rm3e = sgroimean| (targets — predicted ocutputs).™2)}):

= m3e = mean| (cargets - predicted outputs3).”2});

= mae = mean (abs(targets - predicted outputs3));
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TR

%% Extracrting Weights, Biases, and Acotivation Fonotions %%

s |
L=2T

| Hé-;k:a and bBismszs from Anput to firstc hidden layer
weights input to hiddenl = nev.IW{l
biasas hiddenl = net.bil};

da
=
|

s
Bl
]

[
[

Feights and bi

weights hiddenl
bisses hidden? = net.b[2}:

L] from first hidden

il
e

_hlddenz = nec.lW{2, L};

e e
£ LN
|

-
=]

T § Weights anil bigses fFrom second hidds=n lays=s = ueput layer
45 - weighecs hiddenZ to output = n':':.LHi'S 2} 2

(3]
=1
}

biases output = net.b{3};

il A
[ 5

= hicas AYE] )
5=

55

56 = disp('Eiasas of Ffirst ddeny layer:®)

5= disp (Riases hiddenl):

58

58 — dizp|'Weights from fir=t hidden layer oo sscopd hidden layer:'):
E0— disp (weighta hiddenl to hidden2)}

E1

G = disp ("Biases of mecopd hidden Iayer:"):

&3 — disp (biases hidden?):

[

&5 — diepf‘Weighcs from second hidden layer to cunput lavez:'):
&6 — isp (weights hiddenZ o output)

E'I

€q8 - lil!'_F- 'Biases gf ontput layec:'):

6% —

]

71

72 = ti . lcde layer b2
- disp (net.lay :—a{ !.trnnaEtIFl:.'r:H

= disp (‘Activation funovion of second hidden layar:');:
T disp(n=c.layers{l2}.cransferfon) ;

i

8= displ’ lvatian function af output layes:'):

9 - d.z.:rpt 1et. lni,'trutﬁi cranaferFon) ;

20

8l  Uaer input for percencage Jitions

2 - datal = ipput|'Weight aof LTI

L dataZ = input{'Weight of Bile ¥

o

I
|

datad = input{'W=ight

My

t
i
|

datad4 = input('W=ighc

LR
™
]

if (dacal + datal + clacad + dacad) == 100
disp ['Percentage compositicnt'):
Bercentage composaition = [datal data data3 datad];

U o
(=T ]
| [F ] |

outputs = abs(net (Percantages compozition')):

e
=
|

diap('Estimacion:*);
= disp {oucputs)

i

L&

b B ix
84 - disp("Eror: The sum of perdentages should be &edgoal to 300"):

s
(0]
]

end

s
a1}




D) Code for simultaneous Model to estimate cohesion and friction angle

2 daca = ceaduable(®das nd Fi.xlax*}z
q » Exu: fegTyuray & =
5 X = tablelarTay(dacalc, 2:i4)): % Clay, %
[ ¢ = cablaarray(data{t, €17))r b Czh=sicon, Frictidn Rhgls=
- npueLages
] hiddsnlays £ _ .
ii
13
14
I
H 3
17 N engent Tigm £ %
I8 end
1¥ net.layersfend).cranaferfen = *‘puzelin’z % La afr ol ICEaT X
20
2l i 5 i twisios £ daca for Lralws rrAnTin 41
i neC.divideFRTAM. CTA1NFRAT - Q.35
23 k.lr
4 Ualj
ab ' 3 E e - pat 4
n [pee, tr} = wrain(mer, H', ¥'i:
az
30 '.a't:.a:ht:_:.:j‘:;'._:.‘_!'.'_'jd.e:'.L = onee IN(I, I3 &k Waightis fios Pnbuae = Fizsr hiddes I
L} biases Nicdd = net.DilkZ b 3 ¥ z E ¥
33 -JE;';'r:'.z_::J.-ﬂ.-E'E'!'.J._l:l._:'..';_‘H.!:'.E momar TN 1) % Weighrs Fram Ffi=zst hidgds 1
L tlaFez h ' L4 T 1
15
16 .ﬂt'.gh'.:_.".;:l-.!:*.'_"' 2% Wad = 1 hidgds .4
£ 1 t "

biases_hid

walghts .'-.1:|$e.f.3_::;_..-.-:;.ur. = nat.L#{4,33; 4 Weights froe chird ladesn Layer

40 - 1 I 2
el

Lr

3 E L L 11

1]

F 4.2

(13 disp ("Bl ] firs P L layss )&

47 d18F H::.ﬂ.f!!‘_trill.".‘?'...'r

48

iz disp(*Weilghts fros fisat Ridden 1aves % gassad Biddan laveszy
=0 dimg I'\-'ﬂi.'?f.f.-E'ﬁli-'ﬂ'E!'.L_".-\.'_.".J'j'."i‘:."'.: :

21

2 Alap('Elases of piccesd Biddes layer:®);

3 :;.Ji.ili?lﬂ-‘ltf_.'i..'iﬂﬂﬂe'l?

55 disp['Helaohe= fook seransd] Bi 6 Iayar ird Baiddas EaSres Vi
L3 jl!rlﬂ':.:.'.'n'."ll nl‘j'lfl'l:_:-"'__-ﬂ]'."'j".n:‘-|:

7

S8 s of chif adfsfsm Jaussg )=

5% diap(blases hidden3):;

Fiv)

Bl disp("Weights from this Aiddan. Layes o i i= ispssz Lz
€d disp (welght® hiddenz ©o SUTDRET)?

XL



4 disp('Biagses of output layer:'}:
£5 disp(biases scutputr}):

&7 ® Di=play act
2 disp('Activa n

G disp(nec.lavers{l}.cranaferFcn)
a

of first hidden 1la

T disp('Activation function of &
T2 disp(net.layers{i}.cransfer¥cn):

T4 diap('Activacion fenction of third hidden -layer:"):
75 disp (nec.layvers{l).cranafserFon);

TF7 disp('Activacion Tunction of output layer:'):

78 disp (nec.layers{4}.cransferFecn);

BO ¥ Evaluate che natwork on the encire datasat

2l v _pred all = met({X'):

82

g3 % Transrosc predictions o match the shaps of y

B rmag c = sgrrimean((y(:, 1} - v pred a11(:, 1)}."2}):
B3 rmag phi = sgre (mean((y(:r, 2) - ¥ prad all(:, 2})."2}}):

S0 ¥ Calculate R sguaz=d

81 55 tot_c = smm((y(:; 1) — mean(y(:; 1})}."2);

82 55 res c = sum((y(:, 1) - ¥y pred allf:, 1}}."2});
93 B2 o= | — (55 rea c / 55 tot c)!

5_tor_phi = sum((y({:, 2] - mean(y(:, 2)})-"Z2);
5& S5 res phi = sum({v(:, 2) - v pred &11(:, 2))."2);
27 B2 phi = 1 - (S5 res phi / S5 ot phij:;

104 'y nDum2str{rmse c, "%.2f")]):
181
102 disp(['R*2 for Cohesicn: ', num2sctr(R2 c, "W.2£')1):

103 disp(['R"2 for Friction Amgls: °, num2str(RZ phi, '%.ZL')]):
104

145 % Placring the reqgre

106 figure;
107 subplot (2, 1, 1}:

ngle: ', numXscr(rmes phi, 'E¥.2£')]);

168 scatter(yl:, 1}, ¥ prad all(:; 1)):
105 hold on;

XLI



111
11z
113
114
115
I11&
117
118
1l%
130
121
122

caigulare and plot crendline

L]

p_cohesion = polyfitiy(:, 1), ¥ pred &li(z, 1), 1); ¥ L1
y_fit cohesion = polyval (p cchs

far Cohesalon

sion, wir; 1}});- % Vs

plot{y{s, 1), ¥ _Lit cobhesion, 'r*, 'L

plot{y{i, 1), ¥ilzy 1), '"E=='}sr % Perfect fit Iin=
Eftls | "Rotual va Fredicted For Cohasion®):

xTabel | 'Ace oh

Ylabel|'Fr o I
legend|'Frediccions?, !Trendline', *Berfecut Fit');

subplot (2, 1, 2):
scatter (¥{:, 2}, ¥ pred all(i,
hold: ong

¥ Caiculace and pict trendlins
P _friction = polyfitiy{:; 2).

y_fit fricuvion = polyval(p fri
plotiv(z,
plot(y(:,
eitle ["Rarl
xlabel |’
ylabel ("'
legend(”®

2Y, ¥ fis friceiom;

2)y "E=="Y2

1
18l va

% Frompr usser for Anpur
clay = input|'Encer
8ilt = inpuc('Enter
gsand = input ('Ente:s
gravel = input|'En

A BPredict

UsETr input =

COlenion AR

[clay, silt, =and,

user ocurput = nec(asexr inpuc')

nurdstr (user putputil),

gravell:

'R, 2EV) )2
*NZEY T

[l

o DUEMZsCF {ussr output (2},

XLII
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