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ABSTRACT

Stabilizing excavations in various soil types involved the implementation of soil nailing, which
entailed inserting reinforcement elements, such as nails, into the soil. Conventional soil nailing
systems used straight nails, but newer systems utilized helical nails, featuring a twisted shape that
offered enhanced stability and load-bearing capacity. Understanding the effectiveness of soil

nailing systems required a thorough analysis of their behavior under different conditions.

This study's primary aim was to compare and analyze conventional soil nail (CN) and helical soil
nailing (HN) systems. Both finite element analysis (FEA) and limit equilibrium methods (LEM)
were employed to study the behavior of these systems. The goal was to optimize the performance
of helical soil nailing using Response Surface Methodology (RSM) and a Hybrid Deep Belief
Network (DBN)-Coot optimization algorithm. The study included conducting pullout tests and
analytical methods to compare the pullout behavior of CN and HN in cohesive soil. Initially,
stability comparison was achieved by FEA with PLAXIS-2D and theoretical calculations. CN and
HN were assessed for their factor of safety using both FEA and LEM methods. Under comparable
soil and loading conditions, the findings demonstrated that HN exhibited reduced deformation and
a higher safety factor compared to CN. The study was then extended to optimize soil nailing
parameters like inclination angle, surcharge pressure, helical pitch, and shaft diameters for HN.
The optimization study used an RSM-based box behnken design (BBD) with 40 experimental runs
obtained from RSM-BBD. Additionally, a hybrid DBN-COOT machine learning model was
developed and trained to predict the pullout characteristics of HN used in this study. The RSM-
BBD was performed using Design Expert software, whereas DBN-CO was developed using
MATLAB. While validating both RSM-BBD and DBN-CO models, 3% more optimization
accuracy was achieved from DBN-CO than RSM-BBD due to the use of coot optimization in
DBN's weight optimization process. Overall, the study offered significant insights into the
behavior of soil nailing systems and underscored the potential of utilizing advanced modeling and

optimization techniques to enhance their performance.
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CHAPTER 1

INTRODUCTION

1.1. General

In densely inhabited places, deep excavation is a typical development practice to make use of
underground space (Liu et al. 2016). The construction of underground structures often requires the
excavation of soil, which can create instability and potentially hazardous conditions if not properly
supported. Excavation support is a term used to describe an engineered solution that aims to
provide stability to an excavation (Han et al. 2020). Typically, an excavation support is necessary
for excavations that lack a sloped configuration. Supporting deep excavations exceeding 4.5
meters involves additional reinforcement for retaining wall stability. Deep excavation support
systems are essential for construction projects with significant depth (Issa et al. 2022). These
systems are designed to keep the soil or rocks stable and safe while excavating so that the walls of

the excavation don't collapse or fail.

Deep excavation is primarily concerned with securing neighbouring ground structures or
properties. Various conventional methods, such as retaining walls and anchors, have been
employed during the deep excavation process to preserve the excavation slope or prevent the slope
from collapsing. Deep excavations have been extensively utilized for various purposes like tall
building foundations, subway systems, shopping malls, and underground parking lots. In
megacities, excavations often extend both deeper and wider. The process of excavation
unavoidably changes the stress conditions in the soil, leading to potential deformations in walls

and movements in the ground that can affect the nearby structures (Byrne et al. 1998).

Designers are primarily concerned with ensuring the stability of deep excavations. Excavation
failures are commonly identified by the significant inward movement and support system collapse.
As a result, if excavations fail, there would be both economic losses and casualties. Deep
excavations can negatively impact nearby building’s structural integrity, especially when the

surrounding soil is soft. When deep excavations occur in urban areas, they can lead to stability

1



issues caused by substantial ground settlement and significant movements along the excavation
walls (Farrokhzad et al. 2021).

In urban regions, soil nailing proves to be a highly adaptable technique, offering great efficacy in
stabilizing slopes, especially those that are vertical. Using this technique, a reinforced shotcrete
wall is constructed on the excavation face, fortified by numerous nails. Over time, numerous
individuals have employed this approach to stabilize both natural slopes and earth-retaining
structures (Gareh et al. 2015). These nails remain inactive until the soil mass starts moving,
providing a passive stabilizing mechanism. Additionally, it serves as a cost-effective and time-
saving alternative to conventional retaining systems for slope stability. The incorporation of
inclusions in the soil through soil nailing results in reduced deformation compared to slopes

lacking such reinforcement, as it enhances shear strength and diminishes horizontal displacement.

The following are the traditional methods of supporting excavations including retaining walls,
anchors, and tiebacks. These methods are commonly used in construction to stabilize soil during
excavation activities. Retaining walls are vertical or sloping structures built along the edges of an
excavation to hold back the surrounding soil. Diverse materials including concrete, steel, and
timber, can be employed to construct retaining walls. The primary purpose of these walls is to
resist the soil pressure and uphold the excavation's stability (Han et al. 2020). Anchors made
mainly of steel, are tensioned structural components installed horizontally into the ground behind
the excavation. Their role is to furnish supplementary support and stability to the soil. This is
achieved by transferring the load from the soil to the anchor, effectively preventing inward soil

movement and preserving the excavation's stability.

Tiebacks are similar to anchors but are installed at an angle (Seo et al. 2019). They consist of steel
rods or cables that are inserted into the soil behind the excavation and are then tensioned to provide
lateral support. The tiebacks help distribute the forces and prevent the soil from collapsing inward.
Throughout various construction sites, traditional methods have gained widespread acceptance for
supporting excavations, effectively ensuring stability and safety. In contrast, soil nailing presents

an alternative approach to support excavations. While retaining walls, anchors, and tiebacks are



indeed traditional methods of supporting excavations, soil nailing is considered a modern and

innovative technique that offers certain advantages over these traditional methods (Raju 1996).
Here's why soil nailing is often considered better:

I.  Cost-effectiveness-When compared to traditional methods, soil nailing typically offers
greater cost-effectiveness. It requires less material and construction time compared to
retaining walls, anchors, or tiebacks.

ii.  Versatility- The technique of soil nailing showcases its versatility in addressing various
soil types and excavation conditions. Cohesive soils, including clay, and granular soils, like
sand or gravel, both find practical applications for this method.

iii.  Minimal disruption- Soil nailing causes minimal disruption to the surrounding environment
and nearby structures. The installation process is relatively quiet and vibration-free, making
it suitable for urban areas.

iv.  Enhances stability- Soil nailing provides additional tensile strength to the soil, improving
its stability and preventing excavation failure.

v. Increased constructability-Soil nailing is a relatively simple and efficient construction

technique.

Here are further details on soil nailing and its history, the components of soil nailing, factors related
to soil nailing, the process involved, details of conventional soil nails, their advantages and

disadvantages, and the development of helical soil nails.
1.2. Soil Nailing

The application of soil nailing involves stabilizing unstable slopes to prevent collapse or sliding,
making it a valuable technique for slope stabilization (Goyal and Shrivastava 2021). The method
involves the installation of steel or fiberglass nails (or rods) into the slope, which are then grouted
with a cementitious material to provide additional support. Employing soil nailing prevents the

collapse or sliding of unstable slopes, serving as a technique to stabilize them (Figure 1.1).
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Figure 1.1. Soil nailing (Raju 1996)

The procedure entails making holes in the slope at designated angles and intervals, then inserting
steel or fiberglass nails that are grouted with a cementitious material. This creates a reinforced
zone that increases the slope's strength, with the nails installed in a pattern that maximizes their
effectiveness. Finally, a facing material like shotcrete or concrete is applied to the slope to protect
it from erosion and weathering. In diverse slope stabilization applications, such as retaining walls,
embankments, and cut slopes, soil nailing emerges as a flexible and adaptable technique (Dhakal
and Acharya 2019). It is particularly useful in situations where traditional retaining walls or other
slope stabilization techniques are impractical or costly. Soil nailing is an effective and reliable
method that is often used in combination with other techniques to provide a comprehensive and

long-lasting solution for slope stabilization.

The positioning procedure of the soil nail on the ground surface is done through drilling and its
strengthening is done through grouting together which increases the soil’s shear strength or cuts.
To ensure both external and internal wall stability soil nails are installed in a pattern design.
Generally, steel bars are used as a nail in construction, which resists shear and tensile stresses and
bending moment. The soil nails are constructed with consistent cross-sectional dimensions and
length. The soil nail length typically ranges from 60% to 80% of the wall height, adjusted



according to the specific soil conditions (Byrne et al. 1998). Soil nails are tested to find out the

soil nail adhesion and its resistance to pullout failure.

The soil nail wall design considers various parameters, including soil properties, wall geometry,
external loads, and groundwater conditions. The specific characteristics of the soil play a crucial
role in determining the design of a soil nail wall. Various aspects, including cohesion, shear
strength, and internal friction angle, all contribute to determining the ideal length, diameter, and
spacing of the soil nails. Moreover, the geometric characteristics of the wall, such as its height,
slope inclination, and overall configuration, also play a significant role in the selection of
appropriate design elements for the project. A thorough understanding of these factors is crucial
for a successful and reliable soil nail wall design. External loads that the soil nail wall is expected
to bear are another important consideration. Surcharge loads or seismic forces that will act on the
wall are taken into account during the design process (Chavan et al. 2017). Groundwater conditions
are also a significant factor. The presence of groundwater can impact the stability of the wall, and
therefore, drainage measures and grouting techniques are considered in the design to ensure
appropriate performance and durability.

1.2.1 History of soil nail development

Soil nailing was initially created by Henri Vidal, a French engineer, in the 1970s, marking its origin
in history (Alhabshi 2006). During its initial stages of development in the 1970s, soil nailing
primarily targeted slope stabilization. The process involved drilling holes into the soil and inserting
U-shaped steel bars, which were then secured with grout to reinforce the tension. Advancements
in the late 1970s enabled the technique to be applied to the construction of retaining walls,
demonstrating its efficacy in minimizing lateral loads on the walls. During the 1980s, soil nailing
gained extensive popularity in the United States, and it became a popular method for slope
stabilization and retaining wall construction (Jewell 1980). The technique was extensively utilized
during this time. In 1985, the Federal Highway Administration released the first-ever
comprehensive design manual for soil nailing, which played a vital role in standardizing the

technique and promoting its increased usage (Elias and Juran 1991).



In the subsequent years, soil nailing techniques underwent continuous improvement due to the
progress in drilling technology and construction materials. Advanced grouting materials and high-
strength steel bars were introduced, increasing the durability and strength of soil nails (Bhuiyan et
al. 2022). Additionally, the development of self-drilling soil nails streamlined the installation
process. Currently, soil nailing has become a prevalent and extensively used technique in
geotechnical engineering, and it has proven its efficacy in various projects such as highway and
railway construction, building foundations, and slope stabilization. Continuous research and
development in this field aim to refine the technique and enhance its effectiveness, particularly in

challenging soil conditions.
1.2.2 Components of soil nailing

The components of a soil nailing system work together to provide a stable and durable
reinforcement solution for excavations, soil slopes, as well as retaining walls. The following
components of a typical soil nail wall shown in Figure 1.2 are a head stud, nail head, bearing plate,
reinforcement, facing, grout, centralizer, end cap, welded wire mesh, drainage, coupler, tendon,
corrugated plastic sheathing, and waler bars. The details of the above-mentioned components are

as follows.
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Figure 1.2. (a) Soil nail wall cross-section (b) Soil nail Cross Section at X-X (Goyal and
Shrivastava 2020)
1.2.2.1. Head stud

Head studs are normally steel bars that are fixed into the soil and sprout out of the soil face and
are used in soil nail walls (Gassler and Gudehus 1981). The head studs act as points of attachment
for the face system, which might be either a shotcrete layer or a concrete panel. To install the head
studs, a hole must first be drilled into the ground, then the steel bar must be inserted into the hole.
Geotechnical or structural engineers typically design the spacing and orientation of the head studs
based on their expertise in soil nail walls, as these factors affect the wall's stability and performance
(Gareh 2015).

1.2.2.2. Nail head

The top of the soil nail, usually a flat or slightly curved plate, is essential for transferring the force
from the soil nail to the surface structure like an excavation support system or retaining wall
(Kotake and Sato 2021). It remains exposed and visible above the ground in the soil nail system.
To prevent deformation or failure under applied loads and ensure a long service life, the nail head
in a soil nail system is usually made of steel with sufficient strength and stiffness and is coated
with a protective layer against corrosion. Within a soil nail system, the head of the nail acts as a

point of anchorage for the installation equipment and facilitates load transfer (Dey 2015). Allowing
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the contractor to apply the necessary tension and torque during installation, ensures that the soil

nail achieves the desired bond strength with the surrounding soil.
1.2.2.3. Bearing plate

In the soil nail system, a bearing plate serves as a vital component responsible for effectively
transmitting the tensile and shear forces, which is achieved by applying a steel plate against the
excavated soil face (Joshi 2003). The bearing plate is engineered with ample thickness and strength
to safeguard against any deformations or failures that may occur due to external forces. The bearing
plate in the soil nail system plays a vital role in ensuring a strong bond with the surrounding soil
and effectively distributing the load.

1.2.2.4. Reinforcement

Reinforcement in a soil nail system refers to steel bars or rods that are inserted into the soil to offer
extra support and strength to the soil mass (Patra and Basudhar 2005). By enhancing the stability
and load-bearing capacity of the soil mass, reinforcement is particularly beneficial in soils
susceptible to instability, erosion, or low shear strength in a soil nail system. By combining grout
and mechanical anchors like soil nails or rock bolts, the reinforcement becomes anchored in the
soil. This creates a composite structure that merges the strength and stiffness of the steel

reinforcement with the resistance and resilience of the soil mass (Juran and Elias 1991).
1.2.2.5. Facing

The integrity of the soil-nail system relies on achieving local stability between the soil and the soil
nail through a facing process (Babu and Singh 2009). This process not only offers resistance
against outward deformation but also protects the soil-nailing system from surface erosion,
weathering effects, and moisture loss. Additionally, the facing contributes to improving the overall
aesthetic appearance of the nailed structure (Azzam and Sobhey 2019). Depending on the slope's
inclination, facings of varying thicknesses (ranging from 150 mm to 200 mm) are used, with
thinner facings for inclined formations and thicker facings for vertical permanent cuts (Ayazi and
Tangri 2022). The soil-nail facing comprises two main components. The initial part involves

meshed wires that are welded together and fixed along the entire excavation face using appropriate
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lap splices. Waler bars and vertical bars are placed around the nail head to ensure horizontal and
vertical bending stresses. The initial facing is completed by shotcreting the reinforcements
positioned around the nail heads. There are two types of shotcreting methods used: the wet mix
method, where aggregate, cement, and water are mixed in a batch plant and conveyed to the nozzle,
and the dry mix method, where water is added at the nozzle end of the shotcrete gun, fed with a

blend of dry aggregates and cement (Dey 2015).

To achieve low permeability, significant durability, and high strength, it is recommended to
maintain a water-cement ratio of less than 0.45. Among the shotcrete methods, the wet type is
preferred due to its higher production rate (ranging from 1.68 m®hour to 3 m®hour) and better
bonding properties, resulting in less loss due to rebound. The final facing components are
comprised of cast-in-place (CIP) reinforced concrete panels. A recent advancement in facing
involves the use of steel fiber reinforced shotcrete (SFRS) instead of mesh reinforcement. The
SFRS utilizes steel elements with hooked ends, which are mixed as aggregates in the concrete mix
and employed during the facing process (Ortigao et al., 1995). The completed final facing typically
has a thickness ranging from 150 to 300 mm, excluding the initial facing thickness. This thickness
is achieved by applying successive layers of shotcrete in a bottom-up manner. During the final

facing with reinforced shotcrete, the use of waler bars is eliminated.
1.2.2.6. Grout

The grouting is done to install and reinforce the tendons inside the drilled hole. After placing the
tendons through the centralizers which ensure the center alignment of the bar (Tan and Chow
2004), the process of grouting is carried out under gravity using the tremie method. The effective
gap between the tendon and the soil is provided by the centralizers so that the grout is penetrated
effectively around the tendon. The typical grout mixture contains a combination of Portland
cement and water. Grouting is a commonly employed procedure to strengthen the bond between
the soil and tendon (nail), while also providing increased corrosion protection. This process fosters
a robust interaction between the soil and the nail, ensuring the effective transfer of shear stress
between the tendons and the deforming ground. Furthermore, tensile stresses from the tendons can

also be transferred from tendons to surrounding stable soil through the grout. The recent
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advancements in the tendons led to the eliminate the usage of grouting and drilling (Bhuiyan et al.
2022). The latest tendons used contain equal-spaced helical plates which are attached around the

tendons in the form of screws that can be applied through torque.
1.2.2.7. Centralizer

In the context of reinforcing and stabilizing soil or rock slopes, the centralizer plays a critical role
in the soil nail system. This vital component ensures that the soil nails are installed in a closely
spaced pattern, preventing any deviations from the intended alignment or improper installation
angles. Without centralizers, the performance and effectiveness of the entire system may be
compromised. Centralizers come in different forms, but they typically consist of a sleeve or collar
that is attached to the soil nail to prevent it from rotating or shifting during installation. This ensures
that the nail is installed vertically or at the desired angle, which is crucial for achieving the required
soil reinforcement and stability. Centralizers used in soil nailing systems can be designed and
constructed with different materials to suit the particular application and soil conditions.
Furthermore, the spacing of these centralizers can be customized according to factors such as the
soil nail’s size and length, and the soil’s properties that require reinforcement (Goyal and
Shrivastava 2022).

1.2.2.8. End cap

In soil nail systems, an end cap is a crucial element responsible for anchoring the soil nail securely
into the ground (Benmebarek et al. 2022). Constructed from steel, its primary purpose is to prevent
the soil nail from being extracted by external forces. During installation, a hole is drilled into the
ground, and the soil nail is inserted before the end cap is positioned at its termination point.
Grouting further enhances reinforcement and stability by firmly securing the end cap in place (Kim
et al. 2013). Depending on various factors like soil characteristics applied loads, and project
specifications, different types of end caps, such as flat plates, mushroom caps, and bulb caps, can

be employed.

1.2.2.9. Welded wire mesh
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In slope and retaining wall applications, the use of welded wire mesh is prevalent to reinforce the
soil (Kotake and Sato 2021). This specific mesh type is constructed by welding wires together at
their intersections, forming a grid pattern. Soil nails, which are lengthy steel bars, are drilled and
grouted into the soil to offer support and stability to the slopes and retaining walls. Positioned
between the soil nail heads and the shotcrete or concrete facing, the welded wire mesh serves
multiple purposes. It evenly distributes the load from the soil nails across the facing, provides
additional support to the facing, and prevents cracking and spalling of the facing material. Thus,
the integration of welded wire mesh plays an essential role in ensuring the stability and long-lasting

performance of soil nail systems used in these applications (Lazarte et al. 2015).
1.2.2.10. Drainage

The drainage system is necessary to provide satisfying serviceability to the soil-nailing system.
The implementation of a drainage system can be done either behind the primary face or in
proximity to the excavation face. When considering the soil nailing system, the presence of
underwater pressure can lead to the generation of pore water pressure. This can be regulated by
providing proper drainage in the soil nailing system. Furthermore, the excessive hydrostatic
pressure generated is minimized which in turn protects the deterioration of facing and increases
the sustainability of the soil nail bonding. The presence of a drainage system demonstrates its
effectiveness in preserving the structural performance and stability of the soil-nail system both
during and after the excavation process. The wall saturation can be eliminated with less water
accumulation by using a deep shallow drainage structure (Bruce and Jewell 1986). In some cases,
the drainage for the soil nailing system is provided above and below of soil-nail (Raju 1996). The
advanced drainage system mostly consists of strip drains in vertical positions. The strip drains are
made up of synthetic polymer in the form of drain cores. These cores are wrapped around using a
geotextile to accompany filtration. If groundwater behind the soil nail structure is abundant, pipe

drains in a horizontal position are utilized.
1.2.2.11. Coupler

Within the soil nail system, a coupler plays a crucial role in linking two or more soil nails together,
effectively increasing their length and enhancing soil reinforcement (Liu et al. 2016). The process
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involves drilling holes in the ground and inserting threaded steel bars or rods, which are
subsequently grouted into the soil to form a secure bond with the surrounding earth. Couplers are
utilized to increase the length of soil nails by connecting them end-to-end. Typically, couplers are
cylindrical sleeves composed of high-strength materials such as steel, with internal threads that
match those on the soil nails. To join two soil nails together, a coupler is screwed onto the end of
one nail, followed by the other nail at the other end of the coupler. This process can be repeated as
necessary to create longer soil nails. Employing couplers grants enhanced adaptability in the
design and construction of soil nail systems, enabling them to adjust to varying ground conditions
with greater flexibility (Mickovski et al. 2016).

1.2.2.12. Tendon

Generally, steel bars are used as tendons but other elements with better resistance towards tensile
stress can also be utilized. An ideal tendon should have higher resistance towards shear, bending,
and tensile stresses respectively. As per the conditions of the soil in the particular area, hollow or
solid steel bars can be used. When the working area allows for drilling and grouting, solid bars are
utilized. However, in less stable conditions where the drilling capacity is limited, hollow bars are
employed. In both cases, the drilling and grouting process is conducted simultaneously. The latest
advancement in the soil nailing field gives rise to the utilization of innovative fiber-reinforced
plastics (FRP) as tendons. These FRP materials are produced by mixing different types of resins
with glass fibers (Ortigao et al. 1997). Tendons have also been made up of renewable resources
like Moso bamboo, which has high tensile strength for short periods but is cost-effective (Dai et
al. 2016).

1.2.2.13. Corrosion protection

According to the corroding ability of the surrounding soil, the tendons are exposed to corrosion.
So, protection against corrosion should be provided to the tendons as per the requirements, which
increases their working life. Even though a certain level of protection is provided by the grouting,
it is not enough for higher concentrated soils. So, for permanent applications corrosion resistance
is significant. Encapsulating the tendon in a corrugated outer sheath of PVVC with an inner cement
annulus provides long-term protection against corrosion (Gassler 1995; Warner and Barley 1997).
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More methods like the epoxy coating, cathodic protection method, sacrificial steel method, and

galvanization, are also available for protecting the tendons against corrosion.
1.2.2.14. Waler bars

Waler bars play a vital role in strengthening soil nail systems and providing stability to excavation
faces and retaining walls. These bars, typically made of steel, are positioned horizontally and
perpendicular to the vertical soil nails, which are inserted into the soil through drilling or grouting.
Placed at regular intervals along the length of the soil nail wall, the waler bars are connected to the
heads of the soil nails. Their primary function is to evenly distribute the load from the soil and any
retained material across the wall, preventing localized failure or deformation (Milligan and Tei
1998). Integrating waler bars into the soil nail system enhances its overall performance by
increasing resistance to lateral forces and imparting greater stiffness and rigidity to the wall. They
are commonly used in combination with other geotechnical techniques, such as reinforced concrete

facing or shotcrete, to create a durable and reliable retaining structure.
1.2.3. Soil nail installation process

The soil nail installation should be done by following some important procedures as discussed in

Figure 1.3. The installation steps for the soil nailing process are explained below:

e Step 1- Excavation of an un-stabilized slope to produce a self-standing platform for the
drilling equipment.

e Step 2- The drilling process is done by inserting the nail in the slope at a particular angle
of inclination.

e Step 3- The first nail is inserted with the help of a centralizer and filled with grout in
between the gap of soil and nail.

e Step 4- Initial facing is also done with the installation of a head plate and drainage setup.
Optional meshing can also be provided before the initial facing to obtain more stability.

Most of the facing is done through shotcrete construction.
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e Step 5- Excavation is conducted again to install the next soil nail below the current soil nail

level. The drainage system should be extended to the toe of the slope during each nail

installation.

e Step 6- Repeat the above steps until you reach the required stability, by placing the soil

nails in an equally distributed manner of spacing and the final facing is done by a repeated

layer of shotcrete construction.
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Figure 1.3. Soil nailing installation process (Byrne et al. 1998)

1.2.4. Factors affecting the performance of soil nails

The performance of soil nails can be affected by various factors (Dey 2015), including:

e Soil type

e Nail length and diameter
e Installation method

e Corrosion resistance

e Slope angle

e Soil nail spacing
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e Groundwater conditions
1.2.4.1. Soil type

The performance of soil nails is significantly impacted by the type of soil in which they are
installed. Soil with high plasticity or moisture content can result in lower nail performance due to

lower soil nail bond strength.
1.2.4.2. Nail length and diameter

The soil nail’s diameter and length used in a project are also significant factors that can affect their
performance. Longer and thicker nails can provide higher resistance against pullout and bending.

1.2.4.3. Installation method

The method used to install soil nails can also affect their performance. If soil nails are not installed

at the correct angle or depth, it can result in lower bond strength between the soil and the nail.
1.2.4.4. Corrosion resistance

Corrosion resistance is also a significant factor in the performance of soil nails since they are

usually made of steel, which can corrode over time.
1.2.4.5. Slope angle

The angle of the slope where the soil nails are installed can also affect their performance. Soil nails

installed on steep slopes may require thicker and longer nails to provide adequate reinforcement.
1.2.4.6. Soil nail spacing

Additionally, the spacing between soil nails can affect their performance. Too much spacing may
not provide enough reinforcement, while too little spacing may result in nail interference, which

can affect their performance.
1.2.4.7. Groundwater conditions

Finally, groundwater conditions can also affect the performance of soil nails. High groundwater

levels can weaken the soil nail bond strength and cause corrosion. It's crucial to consider all of
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these factors during the design and installation of soil nail systems to ensure their optimal

performance.
1.3. Conventional Soil Nail

Traditional soil nailing encompasses the utilization of reinforcing components called soil nails,
which are inserted into the soil to improve its stability and load-bearing capabilities (Goyal and
Shrivastava 2020). These soil nails are commonly crafted from steel bars or tubes, having
diameters spanning from 20 to 50mm. Their installation angle usually ranges from 10 to 20 degrees
relative to the horizontal plane, and their lengths can vary from a few meters to several tens of

meters. The subsequent section outlines the different types of conventional soil nailing methods.

e Grouted soil nailing

e Self-drilling soil nailing
e Jet-grouted soil nailing
e Driven nailing

e Launched nailing

e Corrosion-protected nailing
1.3.1. Grouted soil nailing

This nailing system uses smooth threaded surface solid bars which are inserted into the 100 mm
to 150 mm diameter range of pre-drilled holes where low-pressure grouting or grouting under
gravity is carried out previously (Kim et al. 2013). The drilling methods are varied as per the
ground conditions available which are named down-the-hole hammer, rotary drilling, and rotary
percussive drilling techniques. The tendon diameter typically ranges between 15 mm to 46 mm.
The space between the drill hole and the placed tendon is selected according to the grout coverage
needed for the system, which will be in the range of 30 to 80 mm, surrounding the soil nail. To
ensure uniform grout coverage, centralizers are placed at intervals of 1.5 to 2.0 m along the nail.
Since, the surface area of the soil nail increases due to the grouting process, which also provides
improved roughness. Thus, soil-nail interaction is consequently increased, and the grouted soil nail

archives better bonding strength which simultaneously improves the pullout resistance (Palmeria
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and Milligan 2015). The grouting layer also provides better protection to the soil nail against
corrosion. The soil nails are equally placed at a 1 m to 3 m spacing range in both vertical and

horizontal directions. This range is selected according to the soil type in the slope area.
1.3.2. Self-drilling soil nailing

In this process, the drilling and grouting techniques take place simultaneously to install the hollow
bars. The bar acts as both a drill tool and a grouting pipe as shown in Figure 1.4. The drill bit is
sacrificed for each nailing process because all the process takes place simultaneously and the drill
bit is under the hole. The whole process is completed faster than the other nailing process. Other
process uses air and water as a flushing medium but here cement grout flushes the impurities. The
drill hole stability is assured due to the simultaneous drilling and grouting process (Mickovski et
al. 2016). The bond strength between soil and tendon is increased with the permeation of grout
into the surrounding soil, which in turn increases the pullout capacity of the soil nail. The annular
space between the tendon and the drilled hole is also grouted because the grout comes out of the
drill bit. The usage of centralizers and casing is eliminated in the self-drilling soil nails. The time

and cost of this soil nail installation are less when compared to other soil nail systems.
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Figure 1.4. Self-drilling soil nail (Mickovski et al. 2016)

1.3.3. Jet-grouted soil nailing
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Based on the technique of installation and pressure applied for grouting, Jet-grouted soil nailing
differ from other nailing technique. By using high frequency hammer the nails are installed and
cement grouting is performed. Steel tube in jet grouted nails used to protect against corrosion. A
percussion driving grouting jet with 20MPa high pressure is employed in the grouting and drilling
process. Re-compaction and hydraulic fracturing of the surrounding soil are caused by the high
grouting pressure. Also, the pullout resistance of soil nails is increased consequently due to the
enhanced soil nail interaction. The central steel rod included inside the soil grout composite should
have an overall thickness range of 30 to 40 cm. In this nailing system, pre-drilling and high-

pressure grouting are simultaneously carried out, which is similar to self-drilling nails.
1.3.4. Driven nailing

The driven nailing system consists of 20 mm to 50 mm range of nominal diameter steel rods or
angle rods with a yield strength of 350MPa. While used as driven nails, the tendon’s maximum
driven length is limited to 20 m with a contact area pressure range of 2 to 4 bars per m2. The rod
used for driven nailing should have a higher ductility rather than brittle property so that the brittle
failure of the soil nail is avoided. The percussion method using a hammering device is used in
driving the soil nail. In some cases, the vibratory method using a vibrator mechanism is used to
drive the nail. Since this method uses force to drive the nail into the soil, a pre-drilling process is
not required for this system. This reduces the installation time drastically and this is viable in

retaining collapsible soils.
1.3.5. Launched nailing

In launched soil nailing, the tendons of soil nails are forced into the soil by a ballistic method of
utilizing a compressed air launcher. Speed and energy transfer at nail installation are 200 mph and
100 KJ respectively. The ground around the nail is displaced and compressed during penetration.
The major advantage of using launched nails is rapid installation, as 4 to 6 nails can be installed
per hour. Since these nails are launched rapidly, the surrounding soil has fewer disturbances. But,
these types of soil nails are difficult to install in boulders. Also, soil nail interaction is less due to
the driving action. Figure 1.5 shows the equipment used in the launched nailing process.
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Figure 1.5. Launched nailing system (Goyal and Shrivastava 2021)
1.3.6. Corrosion-protected nailing

The grout cover around the tendons achieved partial corrosion resistance along the soil nail’s total
length. So, a protective layer of corrosion-resistance material is used to cover the nails, which are
said to be corrosion-protected soil nails. These soil nails are suitable for the permanent application
of soil nailing. For aggressive environments, where the soil corrosion concentration is high, full

encapsulation of the nail is recommended.
1.4. Advantages and Limitations of Conventional Soil Nail

Soil nailing offers several advantages compared to other stabilization methods, which are listed

below:

e Faster Installation: Soil nails can be installed quickly using smaller equipment, even in
remote areas. Their simple installation procedure and minimal construction materials result
in less environmental impact.

e Cost Efficiency: Since soil nails are shorter than anchors, soldier beams are not needed,
reducing costs by up to 10 to 20% compared to anchors (Burns 2006).

e Fewer Field Adjustments: Soil nails require only a few adjustments when encountering

obstacles like cobbles, boulders, piles, or underground utilities during construction.
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Unobstructed Working Environment: Unlike braced excavations, soil nails do not create
congested bottoms, providing an obstruction-free working environment.

Flexibility and Settlement Accommodation: Soil nail walls are flexible and can handle
significant total and differential settlements. The maximum horizontal displacement at the
end of construction is limited to 0.3% of the excavation depth (Han et al. 2020). In seismic

regions, their low stiffness improves wall performance (Gassler and Gudehus 1981).

Soil nailing has some limitations that need consideration:

It cannot be used on slopes with certain soil types that cannot handle a 1.2 to 1.8-meter
excavation without support for 2 to 3 days. The soil should have specific cohesion
properties for successful soil nailing.

Soil nailing requires a certain amount of soil deformation to work effectively, which makes
it unsuitable for structures sensitive to deformation control. Post-tensioning can help but at
a higher cost.

Higher water tables are not ideal for soil nailing due to difficulties in excavation and
drilling, increased corrosion risks, and potential seepage issues affecting grout quality.
Dry and less cohesive soil can lead to drill hole collapses. While simultaneous drilling and
grouting can address this, corrosive dry soil may reduce the system's durability and pullout

capacity (Juran and Elias1991).

1.5. Development of Helical Soil Nail

In congested areas, soil nailing has become important due to its efficient placement and fast

execution. Recent developments in soil nailing aim to simplify the installation process by reducing

soil damage and minimizing disturbances to the surroundings. One such advancement is the helical

soil nailing (HN) technique, which involves attaching helices to the nail shaft. This approach

allows for easier installation with minimal soil disruption and provides greater tensile strength and

efficiency compared to traditional soil nails.

Researchers have studied conventional soil nails through experiments and theories, but to

overcome their limitations, helical soil nails are now used in soil nailing applications (Rawat and
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Gupta 2016, Seo et al. 2019). Design parameters for helical soil nails differ from conventional
ones, and there is still a limited understanding of these parameters. Recent research on helical soil
nailing includes exploring the effects of helix size, number of helices, and spacing between them
on pullout capacity under varying surcharge pressure. Additionally, a numerical model has been
developed to optimize the nail's inclination angle, and the shaft diameter is also an important factor
for installation and pullout. The performance of helical soil nails can be further enhanced by

adjusting the number of helices and their pitch.

The following are types of helical soil nails; solid shaft helical soil nails and hollow bar helical
soil nails. Solid shaft helical soil nails are helical soil nails that consist of a solid steel shaft with a
helix at the end. The helix is usually made of one or more plates that are welded to the shaft. These
nails are typically used in cohesive soils, where the helix can create a bond with the soil. Hollow
bar helical soil nails are helical soil nails that consist of a hollow steel bar with one or more helices.
The bar is drilled into the soil, and grout is injected through the center of the bar to fill the annular
space between the bar and the soil. These nails are typically used in non-cohesive soils, where the
grout can provide additional support to the soil (Rawat 2017).

1.5.1. Advantages of helical soil nails

e Special equipments are not required- Installation of helical soil nails done by simple drill
motor.

e Instant reinforcement and quick installation- Within a short time helical soil nails can be
drilled into the ground. After installation, the soil reinforcement is available immediately.

e Compared to conventional soil nails, soil nailing using helical nails is more economical.
Since it does not require a stable soil condition that can withstand unsupported cutting for
1 to 2 days as the helical nails can penetrate the soil at a rate compatible with the helices'
pitch.

e Building-pore water pressures are eliminated by helical soil nails, therefore useful for
construction in soil conditions below the groundwater table.

e Helical soil nails are applicable for rehabilitating damaged retaining structures.
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e Since helical soil nailing does not need drilling, better soil-nail interaction is achieved.
Thus, improving the pullout capability.

e Itis applicable for various conditions of soils like sand and gravel.

e The requirement of grouting during the installation of soil nails is eliminated.

e The pore water pressure buildup in slopes and earth-retaining structures are effectively
reduced while using helical soil nail.

e The failure behavior of helical soil nails is better than that of conventional soil nails.

e For the rehabilitation of distressed retaining structures, helical soil nails are highly suitable.

e The versatility of helical soil nails allows for their application in a wide range of soil slope
conditions. These conditions encompass various soil types, including naturally cemented
or dense sand, gravel, weathered rock lacking unfavorable oriented joints or low shear
strength, sand with apparent cohesion due to capillary effects, and stiff cohesive soils like
clayey or sandy silts. Additionally, helical soil nails can be effectively used in low-

plasticity clays that do not exhibit susceptibility to creep.
1.5.2. Application of helical soil nail
The following are some of the applications of helical soil nails:

e Excavation support- Excavation work can also be supported by helical soil nails, which are
installed at an angle into the soil to provide temporary stability and prevent soil collapse.

e Retaining walls- Retaining walls can also benefit from the support and stability provided
by helical soil nails, which are inserted into the soil behind the wall and anchored to prevent
collapse.

e Foundation repair- Helical soil nails can also repair and strengthen existing foundations by
being inserted into the ground around the foundation and securely anchored for support.

e Slope stabilization- Helical soil nails are a useful technique for slope stabilization,
preventing collapse by being installed at an angle and anchored firmly into the soil.

1.5.3. Behaviors of helical soil nail in various soil types and conditions
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The behavior of helical soil nails depends on several factors such as soil strength, stiffness, soil
type, loading conditions, and slope geometry. Helical soil nails are capable of creating a bond with
cohesive soils which results in a pullout resistance proportional to the helix's surface area. This
bond reduces the slope instability and provides additional lateral support to the soil. In non-
cohesive soils, helical soil nails mainly rely on grout and lateral earth pressure to provide support.
The lateral earth pressure on the helix plays a critical role in the behavior of soil nails in non-
cohesive soils. It induces bending moments on the soil, reducing its pullout resistance and

increasing the risk of nail failure.

The slope geometry including slope height, slope angle, and slope curvature can affect the behavior
of helical soil nails by influencing soil stresses and nail forces. Slope curvature also affects the
behavior of helical soil nails by inducing bending moments and shear forces on the nails, making
curved slopes require special attention during the nail design process to ensure adequate resistance
to soil movement. The behavior of helical soil nails is affected by loading conditions on a slope or
wall. Lateral loads like wind or seismic loads can cause significant bending moments and shear
forces on the nails, affecting their pullout and bending resistances. Vertical loads such as the
weight of the structure or soil above the nail can impact nail capacity and soil stress distribution,
as well as cause soil settlement or heave that affects the nail bond and grout properties.

1.6. Parameters to be Considered in the Helical Soil Nailing Process
The following parameters are considered in the soil nailing process;

e Surcharge pressure

e Shaft diameter

e Helix pitches

e Inclination angle

e Pullout capacity

e Deformation behavior
e |Installation torque

e Factor of safety

23



1.6.1. Shaft diameter

The shaft used in the soil nails is meant by tendons. These tendons are installed in holes drilled
into the soil or weak rock materials and then grouted in place. They can be hollow or solid steel
rods with mostly threaded outer surfaces. The diameter of the shaft mostly ranges between 25 to

35 mm.
1.6.2. Helix pitches

A helical plate in soil nails refers to a circular steel plate that is shaped into a spiral and joined to
a central steel shaft. Its purpose is to assist in the installation of soil nails by generating thrust along
the longitudinal axis of the nail as it is rotated into the ground. The plate's role is to transfer the
axial load to the soil through bearing. The helix pitch is the distance measured along the shaft's
axis between the leading and trailing edges of the helical plate. Figure 1.6 illustrates the
dimensional parameters of the helical soil nail.

Helical thickness

v

[3 Shaft diameter

Helical diameter \

v Helical pitch

Figure 1.6. Parameters in helical soil nail (Sharma 2021)
1.6.3. Surcharge pressure

The excess load applied on the slope surface which develops a long-term accelerated consolidation
is known as surcharge pressure. It is the result of objects on the surface that add loading to the

protective system, which means the loads of spoil embankments, streets or highways, and
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construction machinery act on the surface of soil near the excavation area. The main reason to use

surcharge pressure is to relieve protective systems and support systems.
1.6.4. Pull-out resistance

The resistance exerted by the soil nails which are nailed into the ground towards the force applied
to pull out the nail is known as pull-out resistance. It represents the amount of stress mobilized per
unit area at the interface between the nail and soil. When designing the soil nails, pullout resistance

is a key parameter to be considered to obtain efficient performance from the soil nail.
1.6.5. Inclination angle

The inclination angle is one of the significant parameters in the soil nailing system. It is the angle
at which the tendon of the nail is concerning the horizontal plane. It affects the stabilization
reinforcement efficiency and the pullout behavior of the soil nail. As the steep angle of the slope
increases the inclination angle concerning the horizontal plane is decreased to obtain a better factor
of safety (Alsubal et al. 2017).

1.6.6. Deformation behavior

The change in size or shape of the material, when external force is applied is known as the
deformation behavior of the material. The deformation of the soil nail depends on the stress and
strain acting on it, due to the movement in the slopes. Generally, the soil nail walls may deform
during and after construction in both horizontal and vertical directions. The magnitude of both
displacements is the same at the top of the slope and the displacement is high at the top of the

slope.
1.6.7. Factor of safety

The ratio between ultimate soil nail strength or nominal resistance and the nominal or service load
used while designing the soil nail component is known as the factor of safety in soil nails. It can
also be termed as the maximum allowable stress in the design. In the pullout analysis of the soil
nail, the ratio of the pullout capacity of the nail to the maximum axial force developed in the nail
provides its safety factor.
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1.7. Methods used in Soil Nail Analysis

There are several methods used in soil nail analysis, including;
e Analytical methods
e Empirical methods
e Field testing
e Limit equilibrium method (LEM)
e Finite element method (FEM)

1.7.1. Analytical methods

The use of analytical methods is a common practice in assessing the stability of soil slopes and
retaining walls supported by soil nails. These methods involve applying mathematical equations
and formulas, which are particularly useful for analyzing simple structures that satisfy the
assumptions made during the analysis (Yin et al. 2021).

1.7.2. Empirical methods

Empirical methods are utilized to predict the behavior of soil slopes and retaining walls reinforced
with soil nails by utilizing data from prior projects or experiments, particularly when there is
limited data accessible or when the structure being studied is comparable to those previously
analyzed.

1.7.3. Field testing

By conducting field tests to assess the performance of soil nails in specific soil types and
conditions, valuable data can be gathered to improve the accuracy of soil nail analysis and refine

assumptions made in other analysis methods (Park et al. 2021) and (Kwong and Lee 2008).
1.7.4. Limit equilibrium method

The limit equilibrium method (LEM) is a widely used approach in soil nail stability analysis which
utilizes the principle of equilibrium to assess the stability of a soil mass. Due to its simplicity and
ability limit, LEM provides a reasonable factor of safety for retaining walls or slopes. LEM

involves dividing the soil mass and computing the forces acting on soil mass. The method also
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takes into account the resisting forces, such as the shear strength of the soil, the bond strength
between soil and soil nails, and the frictional resistance between the soil and retaining wall. The
factor of safety of the soil mass can be determined by balancing the forces and comparing them to
the resisting forces (Arvin et al. 2021), (Rabie 2016) and (Shiu et al. 2007).

1.7.5. Finite element method

In finite element analysis (FEA), calculations, models, and simulations are used to predict the
behavior of a material or component when subjected to different physical conditions like pressure
temperature, and types of materials. This analysis is mostly used by engineers and researchers in
finding the errors and vulnerabilities in their prototype designs and products. Finite element
analysis provides a safe simulation against potentially dangerous and destructive load conditions
of load and failure modes, allowing researchers to discover physical responses at any location in
the system. Since the physical stress that may affect the model is analyzed beforehand, the
accuracy of the model is enhanced as an additional benefit. The finite element analysis works based
on three major phases which include problem classification, discretization, and modelling. Even
though this analysis method has many advantages it also has certain limitations which are errors
occurred while modelling, incorrect boundary conditions, automatic and non-uniform meshing
errors, and cost of the analysis tools. Some commonly utilized FEA software tools are PLAXIS
2D and ANSYS. These tools contain various pre-determined materials which can be used while
modelling any components. Some of the finite element analysis tools used in different sectors are

shown in Figure 1.7.

HABAQUS T

\nsys

Finite element analysis

Figure 1.7. Software tools used in FEA analysis
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1.7.5.1. SLOPE/W

The SLOPE/W is one of the leading rock and soil stabilization analysis software which is
developed by a sequent software company. Both simple and complex problems in slip surface
shapes, pore-water pressure conditions, soil properties, and loading conditions can be analyzed
effectively using SLOPE/W software. To assess the geometrical stability of the given slope, limit
equilibrium approach is used in this software. The limit equilibrium method identifies force-
displacement relationships, simply by using the given material and geometric properties of the
different members. The advantages of using limit equilibrium approaches are, that slope bending
moments are unconservative when more than one support level is used and well-understood limit

conditions are assumed.

Even though this analysis tool uses a limit equilibrium approach, some finite element approaches
such as stability and dynamic stability analyses are also used in this tool. It uses finite element
computed stresses from other tools to calculate a stability factor by computing both total shear
resistance and mobilized shear stress along the entire slip surface. GeoStudio is a platform
developed by the same sequent software company to combine the analyzed results from different
products into a single modeling project, by using the results from one as the starting point for
another. Using this tool, the application of SLOPE/W widened to many sectors in construction and

stabilization.
1.7.5.2. ABAQUS

The ABAQUS is a tool used for both design and analysis of the mechanical components, as well
as visualizing their assembling by visualizing or simulation using finite element analysis. It was
developed by Dassault Systems and the first version was released in 1978. When compared to
other finite element analysis platforms, ABAQUS may have the simplest coding, which is a major
advantage. A powerful, object-oriented scripting language, python is widely used in ABAQUS.
Python has been embedded within the ABAQUS software products. For faster simulation, the
Computing Power of GPU is used by the ABAQUS. The minimum system requirement needed to
run the ABAQUS software is 8 GB of RAM with a 32-bit operating system. This software takes
up to 4 GB ram to its working. ABAQUS is mostly suited for static, low-speed dynamic, and
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steady-state transport applications. In one single simulation, analyses of both the time and
frequency domain of a model are possible in this software tool also it delivers highly accurate

stress analysis results.
1.7.5.3. ANSYS

ANSYS is a multi-purpose modeling and finite element analysis package developed to numerically
solve a wide variety of mechanical problems in different analysis stages as well as types. Initially,
the ANSY'S software was developed by Swanson Analysis Systems Inc. (SASI) and later the name
of the developer company was changed to the software name itself. The first commercial version
of Ansys software was labeled as version 2.0 and released in 1971. At the time, the software was
made up of boxes of punch cards, and the program was typically run overnight to get results the
following morning. Now due to the technology developments, the result processing time is
reduced. The difficulties in the modelling include static/dynamic, structural analysis, heat transfer,
and fluid problems, as well as acoustic and electromagnetic.

This software provides a platform that spans the entire range of physics as well as access to
virtually any field of engineering simulation that a design process requires. ANSYS is a trustable
software around the industrial sectors in providing better simulation results. A powerful structured
scripting language known as Ansys Parametric Design Language (APDL) is used to interact with
the Ansys Mechanical solver. The meshing process in the ANSYS simulation workbench takes
place in two forms namely, fully automatic and manually directed automatic meshing. The
minimum system requirements needed for the installation of this software are 8 GB RAM,

Graphics Card with 2 GB memory, and an i3 or above processor with 2.5 GHz.
1.7.5.4. COMSOL

COMSOL Multiphysics which was formerly named FEMLAB is developed by COMSOL
Multiphysics Pvt. Ltd., as a simulation software, which is based on advanced numerical methods.
Fully coupled multiphysics and single-physics modeling capabilities allow to simulate
electromagnetics, structural mechanics, acoustics, fluid flow, heat transfer, and chemical

phenomena in an environment. Most engineers use COMSOL Multiphysics software to simulate
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designs, device modeling, and processes in all fields of engineering, manufacturing, and scientific
research sectors. This software is coupled with multiphysics and single-physics modeling
capabilities. The modeling section of this software contains almost all the processes of modeling
workflow such as geometric definition, properties of material, and the physics that determines the
specific phenomena for performing computations and evaluating the results. Some of the
advantages of COMSOL software include complete modeling workflow, geometry to results
evaluation, streamlining the modeling workflow, understanding product behavior, facilitating
collaboration, providing results quickly, and user-friendly tools for building as well as deploying
simulation apps. The system requirements of COMSOL are 4GB of RAM, 13GB of ROM,
windows 64-bit Intel, and AMD processor. COMSOL takes more time in the design process.

Combining the physical equation gives better results for real phenomena in the design model
1.7.5.5. PLAXIS 2D

For 2D analysis of deformation and stability in geotechnical engineering and rock mechanics, a
powerful and user-friendly finite element analysis software known as PLAXIS 2D is utilized by
worldwide top engineering companies and institutions in the civil and geotechnical engineering
industry. This analysis software is developed by Bentley Systems. For simulating both non-linear,
anisotropic soil behavior and interaction with structures accurately PLAXIS 2D offers a complete
2D solution for geometric design and analysis. Optional dynamic, transient groundwater flow and
thermal capabilities are also available for improved performance. To create efficient models with
a logical geotechnical workflow PLAXIS guides users across several modes. For modeling
different geometrical components like modeling capabilities of CAD through PLAXIS 2D, various
predefined shapes and structural elements with different loading conditions are available which

leads to the fast and efficient finite element model development.

The major intention of developing PLAXIS 2D software is to provide a practical analysis tool that
can be useful for geotechnical engineers, even though they have low knowledge of numerical
analysis. Using an open modeling environment developed by the same Bentley Systems,
geotechnical data such as topology, boreholes, piezometers, other field instruments, and

measurement devices can be visualized and manipulated. The design and construction of the
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finished model can also be staged using this modeling software. The applications of PLAXIS 2D
are extended to excavations, embankments, foundations for tunneling, mining of oil and gas, as
well as reservoir geomechanics. Geometrical aspects indications such as axial, strain, and plane
symmetry are handled by PLAXIS 2D original codes. The minimum system requirement for the
installation and working of PLAXIS 2D is a 64-bit latest operating system operating on a dual-
core processor with GPU with 256 MB OpenGL 3.3 and 4 GB RAM. For storage purposes, at least
2 GB of free space on the partition where the windows temporary directory resides, and 2 GB of
free space on the partition where projects are saved, should be available on the system.

1.8. Optimization Models
1.8.1. Response Surface Methodology

The design of experiments based on response surface methodology contains some sets of statistical
and mathematical tools to design and optimize the process and effect variables. The influence of
various parameters in the process is recognized through RSM and helps in reducing the trial
numbers. An adequate functional relationship between a response and controlling input variables
is developed using mathematical and statistical techniques, which provide an approximate
relationship by a low-degree polynomial model. The polynomial models are mostly first and

second-degree polynomial models as shown in equations 1.1 and 1.2 respectively.

k
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Where x is the number of control variables
y is the response

¥ is the vector of unknown constant coefficients referred to as parameters
& is the random experimental error assumed to have a zero mean
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The later research conducted on the response surface methodology led to the introducing many
designing models which include central composite design, factorial design, and box behnken
design (BBD). Among them, box behnken design estimates the parameters using a quadratic model
with sequential building designs to determine the lack of fit in the model using blocks. These

design models are explained in detail in the upcoming chapters.
1.8.2. Deep Belief Network

Due to the powerful self-learning and adaption of neural networks, it played an important role in
many fields such as object classification and data fitting. After the creation of neural networks, the
development in machine learning was drastic and gave rise to various kinds of neural networks
such as BP-networks, SOMF-networks, and RBM-networks. The networks can be used for
different problem-solving situations. Among deep learning, an algorithm of Deep Belief Network
(DBN) is an effective method for problem-solving from neural network with deep layers, such as
low velocity and the phenomenon of over fitting in learning process. The layers of machine
learning in the deep belief network are shown in figure 1.8 and further deeply discussed in the later

chapters.

Deep belief networks possess distinctive characteristics that set them apart. One such feature is
their layer-by-layer learning approach, where the top-down, generative weights govern the
interdependence between variables in different layers. As the learning process concludes, a
singular, bottom-up pass becomes sufficient to deduce the values of latent variables in each layer.
This pass begins with an observed data vector in the bottom layer and utilizes the reverse direction

of the generative weights.

In essence, a deep belief net can be perceived as a conglomerate of elementary learning modules,
each constituting a particular type of Boltzmann machine learning technique. It comprises a layer
of visible units, which serve as representations of the data, and a layer of hidden units that acquire
the ability to capture complex features and higher-order correlations present within the data. These
components work in synergy, allowing the deep belief net to learn and comprehend intricate
patterns and structures in the input data. In machine learning the visible vector generation
probability is shown in equation 1.3.
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p(v) = Xp(hlv, W)p(w|h, W) (1.3)
Where,

p(v)is the probability of visibility vector generation
W is the matrix of symmetrically weighed connections

p(h|v,W) is the Posterior distribution over hidden vectors

p(v|h,W) is the Posterior distribution over visible vectors
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Figure 1.8. General structure of DBN (Liu et al. 2020)
1.8.3. COOT optimization algorithm

The coot is an aquatic habituated bird that is from the family rail of Rallidae. They constitute the
genus Fulica, the name being the Latin for “coot”. frontal shields of the coot are considered as
prominent decoration on the fore head, which has eyes of dark red color and bills of beautiful
colors. Except for some coots, all of them have white colored under their tail. The literature on
American coot behavior includes extensive work on breeding, habitat, and migratory behavior.

The coots exhibit various movement patterns and behavior on the water's surface. These patterns
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are used to develop a new optimization method. The behavior characteristics of coots that are

considered for this optimization are given below

1. Side by side random movements

2. Chain formation movement

3. Adjustment of position based on group leaders

4. Movement towards optimal area, following the leader

1.8.3.1. Random movements

In the side-by-side movement, the coots just randomly wander around the water's surface as shown
in figure 1.9 (a). In the searching phase, each coot moves toward the random position which allows
it to explore each part of the search space. The random movements of the coots are considered as
per equation 1.4. (Mirjalili et al. 2017).

Q=rand(1d) = ub—Ib)+Ib (1.4)
Where, Lower bound of the search space is Ib
Upper bound of the search space is ub

In case of any huddles in the algorithm, the escape movement position update can be updated using

equation 1.5
cootpos(i) = cootpos(i) + A* R2*(Q — cootpos(i)) (1.5)

Where, A is the random movement of coot that is calculated using equation 1.6

A:1—L*(iJ (1.6)

iter
Where, L is current iteration,

iter is maximum iteration.
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1.8.3.2. Chain formation movement

During the chain movement, the behavior of coots changes to regular chain formation and moves
around the water surface as shown in figure 1.9 (b). The implementation of chain movement can
be determined using the average position of two coots (Mirjalili et al. 2017). Another, method for
the chain movement implementation is to calculate the distance between the two coots and then
move the coot toward the other coot about half the distance. As per the first method, the new

position of the coot is updated as equation 1.7

cootpog(i) = 0.5* (cootpog(i +1) + cootpos(i)) 1.7)
Where, cootpos(i) is the current position of coot
cootpog(i +1) is second coot position

1.8.3.3. Adjustment of position based on group leaders

A few coots in front of the group usually lead the whole group, and other coots adjust their position
according to the leader's position by moving towards them. As more than one leader is present in
the group, confusion arises in the leader selection and to solve this, the average position of the
leaders is considered. Furthermore, the selected average leader position causes a premature
convergence among the coot group as shown in figure 1.9 (c). To move towards the optimal area,
leaders need to update their position. They always search for better positions around the present

optimal position. The updated position based on the leader is shown in equation 1.8
cootpod(i) = leaderpos(K) + 2* R1* cos(2R ) * (leaderpos(K) — cootpog(i)) (1.8)
Where, leaderpos(K)is the position of the leader
Rlis a random number between intervals [0, 1],

R is a random number between intervals [ 1, 1].

1.8.3.4. Movement towards optimal area
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Sometimes leaders have to move away from the current optimal position to find better positions
as shown in figure 1.9 (d). A good way of getting closer to the optimal location and getting away

from the previous position is updated as per equation 1.9

i B*R3*cos(2Rx) * (gBest —leaderpos(i)) + gBest R4 < 0.5
leaderpos(i) = ) (1.9
B*R3*cos(2Rx) * (gBest — leaderpos(i)) — gBest R4 >0.5
Where gBest is the best optimal position
R3and R4 are random numbers between intervals [0, 1],
Also B is calculated using equation 1.10
1
B=2-L* — (1.10)
iter

Where, L is current iteration,

iter is maximum iteration.

Figure 1.9. Behavior of coots (Mirjalili et al. 2017)
(a) Random movements (b) Chain formation movement (c) Adjustment of position based on

group leaders (d) Movement towards optimal area
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1.9. Motivations

The motivation behind the analysis of conventional and helical soil nails using the finite element
method and limit equilibrium method in cohesive soil is to evaluate the performance of these soil
reinforcement techniques in cohesive soil conditions. To reinforce cohesive soils like clay and silt,
which are difficult to work with due to their low permeability and high compressibility. Soil nailing
is a popular technique used in construction projects for stabilizing slopes, retaining walls, and
excavations. The use of finite element and limit equilibrium methods in the analysis allows for a
detailed understanding of the behavior of soil nails under different loading conditions. The finite
element method is a numerical analysis technique that allows for the modeling of complex soil
geometries and non-linear soil behavior. The limit equilibrium method, on the other hand, is a
simpler analytical method that provides a quick estimate of the stability of soil slopes and retaining
walls. By comparing the results obtained from these two methods, the research aims to provide a
better understanding of the behavior of conventional and helical soil nails in cohesive soil. This
information can be used to optimize the design of soil nail walls, improve construction techniques,

and provide more cost-effective solutions for construction projects in cohesive soils.

The motivation behind the optimization of helical soil nailing behaviors by RSM and hybrid DBN-
COQOT is to enhance the effectiveness and efficiency of soil nailing design. helical soil nails
enhance their load-carrying capacity and overall performance. By utilizing RSM and DBN-COOT
optimization methods, it is possible to determine the optimal values of parameters for helical soil
nails to achieve optimal performance. RSM, a statistical modeling method, allows for the creation
of mathematical models that illustrate the correlation between input parameters and output
responses. DBN-COOT is an optimization technique that employs machine learning and combines
DBN with COOT optimization methods. DBN is an artificial neural network that can recognize
intricate connections between inputs and outputs, whereas COOT optimization is a metaheuristic
optimization approach that can identify the optimal values for input parameters. Applying RSM
and DBN-COOT to optimize the behavior of helical soil nailing can result in more precise and
efficient design processes, lowered construction costs, and increased stability and performance of
the soil nail structures. Furthermore, this research can offer valuable insights into the behavior of

helical soil nails and the relationship between input parameters and output responses.
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1.10. Objectives

Soil nailing is an efficient and commonly used technique in geotechnical engineering. The
effectiveness of this method relies on understanding the pullout behavior and deformation
characteristics of soil nails in the given soil conditions. Conventional soil nails have been
extensively studied in the past, but recent advancements have introduced helical soil nails, which
offer potential advantages over their conventional counterparts. The study aims to achieve the

following objectives:

e To investigate the pullout behavior and deformation by experimental, mathematical, and
numerical modelling for conventional soil nails in cohesive soils.

e To investigate the pullout behavior and deformation by experimental, mathematical, and
numerical modelling of helical soil nails in cohesive soils.

e To compare the results obtained from the finite element and limit equilibrium methods to
provide a better understanding of the behavior of conventional and helical soil nails in
cohesive soil.

e To use RSM to determine the optimal values that maximize the performance of helical soil
nails.

e To apply DBN-COOT optimization to further refine the design parameters and identify the
optimal values of input parameters that provide the best performance of the helical soil nails.

e To optimize and validate the helical soil nailing outcomes using RSM and hybrid DBN-
COOQT optimization with different shaft diameters, helix pitches surcharge pressure, and

inclination angle.

1.11. Scope

The scope of this research is to improve the soil nailing process by utilizing a helical soil nail.
Also, evaluate the performance of these soil reinforcement techniques in cohesive soil conditions.
By conducting the numerical analysis and finite element analysis, it is expected to improve the
pullout and deformation behavior while using the helical soil nails. The analysis will focus on

comparing the results obtained from the finite element and limit equilibrium methods to provide a
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better understanding of the behaviour of conventional and helical soil nails in cohesive soil. The
scope of optimization of helical soil nailing behaviors by RSM and hybrid DBN-COOT is to
improve the efficiency and effectiveness of soil nailing design in geotechnical engineering. The
optimization will focus on identifying the optimal values to achieve the best performance of the

helical soil nails.
1.12. Thesis Organization

Chapter 1: This chapter provides a brief introduction to the types of slope stability reinforcement
systems. Among them, the slope stabilization through soil nailing is discussed deeply and their
parameters are also analyzed. The analysis and optimization used in enhancing the helical soil

nailing process are also summarized.

Chapter 2: This chapter contains the literature survey conducted before starting the experiment.
The literature on slope stabilization and its types are discussed. The evolution of the soil nailing
process with their types is analyzed using the literature of different authors. Literature regarding

numerical modelling and optimization using machine learning is analyzed in this chapter.

Chapter 3: This chapter covers the apparatus and equipment used in the current investigation. The
properties of the materials and the measurement process of the material properties are also

discussed.

Chapter 4: Analysis of soil and nail behavior using mathematical and numerical modelling is
conducted in this chapter. Deformation, stress distribution, and load-carrying capacity are

determined using these modelling techniques in this chapter.

Chapter 5: The prediction and optimization process of the soil nailing performance using RSM

and Hybrid Deep Belief Network-COOT Optimization is conducted in this chapter.

Chapter 6: The results obtained from various analyses are collected and comparatively analyzed

in this chapter.

Chapter 7: The concluding remarks obtained through the analysis from the previous sections are
discussed in this chapter.
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CHAPTER 2

LITERATURE REVIEW
2.1. General

Slope, rock falls, rock slips, road cut excavation, and embankment collapse are the most common
manifestations of slope stability issues. The development of a region is often hindered by the
presence of an unbalanced slope, which not only poses risks to human life but also raises numerous
challenges. Ensuring slope stability is crucial for both global development and human safety. In
response to these issues, various stabilization techniques have emerged over the years. This section
will delve into a diverse array of topics, encompassing slope stabilization methods, the
evolutionary history of soil nails, conventional soil nail behaviors, helical soil nails, and their
availability, as well as performance analysis and optimization techniques for enhancing soil nail

efficiency and performance measures.
2.2. Studies on Slope Stabilization

Lobmann et al. (2020) reviewed the influence of vegetation on the stability of shallow slopes. The
soil stability was investigated at different depths, and the depths were classified as follows: soil
with high root density, soil with low root density, unrooted soil, and bedrock. Evaluation of slope
stability takes into account the root characteristics (root concentration, density, diameter, and
tensile strength) as well as ecological factors. Both woody and herbaceous vegetation exhibits a
great deal of variation in performance, which is influenced by the local environment, site-specific

needs, species mix, and plant health.

Capilleri et al. (2016) investigated plant soil stabilization with the help of experimental and
theoretical methods. Plant root properties such as diameter and tensile strength must be considered.
The test outcomes reveal that the plants enhance the soil's shear resistance and stiffness. Moreover,
the soil stabilization effectiveness differs based on the soil type. The experimental findings indicate
that the root's tensile strength ranges from 2.5 to 8 MPa, suggesting its potential utilization in

shallower slide stabilization and erosion prevention.
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Benmebarek et al. (2022) evaluated the performance of pile slope stabilization and optimized it
using the computation method. The pile location, pile spacing, and length of the piles are important
criteria for pile slope stabilization. Positioning the fixed pile head at the slope's center improves
stability and reduces the required length of the piles. Piles with a free head offer only a slight
increase in the factor of safety for cohesive-frictional slopes. A comparative analysis was
conducted to assess the performance of free head, fixed head, and hinged head piles. The findings
demonstrate that as the pile length increased, both the bending moment and shear force

experienced variations.

Lu et al. (2018) evaluated the stability of clay-rock composites used in the discrete element
method. Employing a methodical approach, the numerical model closely approximated the rock's
shape, considering its influence on the mechanical characteristics of mixed soils. For clay-rock
slopes, the factor of safety is lower than that of clay slopes when the rock percentage falls below
60%. Test data indicated that a 60% or higher rock concentration led to increased soil stability.
Notably, the form of the rock played a vital role in slope stability, with slopes containing smaller

rocks demonstrating greater stability than those with larger rocks.

Kulczykowski et al. (2017) decided to investigate the effectiveness of soil nails in the preservation
of historic buildings. Reinforced soil reduces costs and maintains serviceability by allowing
historical structures to be stabilized without having to be rebuilt. The soil nailing process is 30%
less expensive than traditional slope stabilization. Moreover, the ease of use, dependability,
absence of vibration, and low noise levels during nailing are noteworthy. The author's conclusion
highlighted the numerous benefits of soil nailing, making it an exceptional method for

safeguarding historically significant buildings.

Ayazi et al. (2020) examined slope failure and soil nail stabilization techniques. The study revealed
that soil-nailed slopes exhibited greater stability and less deformation compared to unnailed slopes.
Among the crucial factors influencing slope stability in soil nailing, the inclination of the nail
played a significant role, with an inclination of 10 degrees showing excellent performance.
Moreover, the soil nailing approach proved to be more cost-effective, with a 30% lower cost and

was particularly suitable for older slopes. The findings from the finite element analysis indicated
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that the soil nailing process performed admirably in cases with a 60° inclination, outperforming

those with a 45° inclination.

Sharma et al. (2019c) have investigated the benefits and limitations of the soil stabilization
technique, particularly soil nailing. The major components of soil nailing are soil nails,
centralizers, couplers, grout, connectors, and a drainage system. Because of its simplicity and
minimal environmental impact, the construction of a fast soil-nailed wall is achievable. Soil nailing
considers three categories of failure modes: internal failure modes, external failure modes, and
facing failure modes. The growth of soil nail pull-out capacity is significantly influenced by the
installation technique as well. The primary requirements for designing soil-nailed structures are
external, internal, and facing stability. For soil-nailed structure construction, kinematical multi-

check design approaches are generally used.

Chan and Raman (2017) stabilized the slope with the help of a soil nail and investigated the
failure of the nail. The demo modal screw-type soil nail was used to stabilize the slope at
different geometric levels. At the end of the experiment, the author notes that the newly formed
soil nail improved both the natural slope and the artificially created slope. Full-scale simulations
are advised for developing the installation technique and validating its efficacy.

2.3. Evolution of Soil Nailing

The interface shear stress-strain performance of newly created soil nails was investigated by Xu et
al. (2018). The soil nail is constructed using glass fiber-reinforced polymer and soil nail
performance evaluation is done by a strain-transfer model using an optical fiber sensor. The finite
element model is used to validate an analytical strain-transfer model. Similarly, the interface shear

stress was tested in the field at various excavation depths.

Dai et al. (2016) conducted a study to assess the effectiveness of a soil anchoring system using
moso bamboo with branches. The performance of these novel bamboo soil nails was evaluated
through both numerical simulations and practical experiments in the field. To compare their

effectiveness, measurements from the bamboo soil nails were juxtaposed with those from
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conventional soil nails constructed using steel pipes. The choice of bamboo as the material for soil

nailing was motivated by its ready availability and renewable nature.

The strength of the bamboo soil nails was subjected to tensile tests, which were carried out both
experimentally and in real-world conditions. The results from the field tests demonstrated that the
pull-out performance of the bamboo nails, especially those equipped with branches, exhibited a
significant improvement, ranging from 2.5 to 2.8 times better performance, particularly in soft clay

or soil areas.

Pei et al. (2013) studied the stress-strain and shear resistance performance of glass fiber-reinforced
polymer soil nails experimentally. The pull-out test in a laboratory setting was tested on a fully
decomposed granite soil mass. The fiber bragg grating sensing system was used to measure the
pull-out performance. The mechanical behaviour was measured using the strain result, while the
glass fiber-reinforced soil nail pull-out performance was great in numerical analysis. By comparing

the standard grouted soil nail to the glass fiber-reinforced nail, the test results were identical.

The study conducted by Tokhi et al. (2018) focused on evaluating the effectiveness of a screw soil
nail system compared to grouted soil nails. The researchers performed tests using residual soil in
a large pullout box under controlled laboratory conditions. The results demonstrate that the screw
nail surpasses the conventional grouted soil nail concerning pullout load-displacement behavior
and interface shear mechanism. The authors note that the screw nail system's peak tensile forces

gather at approximately 49 mm, which is believed to simulate field testing conditions.

Rabie (2016) investigated the hybrid earth stabilization process through numerical and limit
equilibrium approaches. Both soil nailing and MSE systems are used in combination to stabilize
sloping soils. The purpose of the evaluation test was to compare the experimental, finite element,
and limited equilibrium models. The hybrid soil stabilization method's performance was measured
separately in two sections. Compared to other results, limit equilibrium approaches measured
values were found to achieve higher tensile strength. The three types of measurement values are

different from each other.
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Ayazi and Tangri (2022) have investigated the performance of different flexible-facing materials
used in the soil nailing process. Under various load conditions, calculations and comparisons were
made for the settlement and displacement of facing materials. The study incorporated three types
of flexible-facing materials, namely Geocomposite, HDPE Geomembrane Sheet, and Biaxial
Geogrid. The obtained results were then contrasted between conditions with and without a facing
slope. The test results demonstrate that the geocomposite-based fared well in terms of tensile and
shear strength. The author highlighted that the flexible material can bear a maximum stress of 1.23
N/mm? based on the test results.

Zhang et al. (2015) investigated the performance of soil nailing, and the load-deformation of soil
nails was evaluated. The glass-fiber-reinforced polymer-based soil nail was used on the slope
stabilization. Due to the pull-out condition, the soil-nail interaction was taken into account in the
evaluation. The pull-out data was used on the time-dependent effect on evaluation. The test result
showed that simulation and experimental stress levels are more similar. The author noticed the
interaction between the soil and nail placement that created the performance loss. The creep

displacement of the soil nail significantly affects the mechanical parameters of the soil nail.

Spagnoli et al. (2020) have investigated the installation power of large helical piles in dry
cohesionless soil. The parametric evaluation was conducted on the helical pile; the helix diameter
was 0.6 and 0.45 mm, and the shaft diameter was 0.3 mm. the laboratory condition piles were
tested in different loading conditions and the test result was compared. With rising soil unit weight,
soil friction angle, and increasing RPM values, power increases for all three models. The power

improved by around 40% when the wing ratio was increased from 1.5 to 2.
2.4. Studies on Conventional Soil Nail

Azzam and Basha (2017) investigated the improvement of geotechnical parameters of cohesive
soil vertical soil nails. The assessment extended to examining the shear strength performance of a
novel composite material concerning factors like embedment depth, the number of vertical
inclusions, and alignment radius. The study revealed that both clay and vertical bars or inclusions

experienced vertically applied stress together. Increasing the number of vertical inclusions led to
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significant enhancements in shear strength and stiffness, accompanied by a notable reduction in
settling. The results from direct shear tests further confirmed that the presence of these vertical

inclusions contributed to increased shear strength and reduced horizontal deformation.

Tokhi et al. (2016) investigated the traditional nail's performance and decided to improve it by
using new nails. As a result, an investigation was conducted using a screw nail, and the pull-out
capacity and friction coefficients were calculated in the laboratory condition. The findings showed
that the failure of the screw nail system followed the Mohr-Coulomb failure condition, which
aligns with the behavior observed in traditional soil nail tests.

Liuetal. (2021) conducted a review and analysis for the facilitation of soil nailing implementation,
in the design and construction of transportation infrastructure. The freezing and thawing cycles on
soil nail walls are presented using numerical simulations and the collected data are used in the wall
constructions. The heat transfer in the soil is also studied using the numerical simulations. The
findings from the study state that, due to differences in the thermal conductivities, the soil zone
between the nails freezes slower than the nails. In the nails located in the middle of a wall, the peak
stress increase is found, because of the two-dimensional front penetration from both the top and
the front and more restraints at the lower portion of the wall.

Bhuiyan et al. (2022) analyzed the pressure-grouted soil nail system with the help of newly
developed soil nail testing apparatuses. The experimental apparatus was suitable for injecting grout
at various injection rates. The pure water and cement combination was used to prepare the soil
nail installation grout (w/c = 0.5). A custom-made screw jack pump system was designed to control
the grout injection velocity and monitor the injected grout volume continuously. Automation and
instrumentation were incorporated into the pump system. Additionally, an overburden pressure
system utilizing a water-filled rubber bag was developed to apply surcharge pressure. The test
outcomes revealed that the pull-out resistance of the pressure-grouted soil nail increases with

higher injection rates.
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2.5. Studies on Helical Soil Nail

Sharma et al. (2021c) studied a helical soil nail consisting of a helical disc attached to a hollow
steel rod, and two types of structural nails were used. A total of nine ribbed soil shafts were
installed at a uniform distance in an experimental setup to evaluate the soil nail efficiency. The
investigation was carried out to quantify the variations in compressive and pullout properties.
Similarly, the helical soil nail vertical and axial stresses were calculated experimentally. The
author faces failure due to some limitations in the analysis of individual and group helical nails,
such as high loads and nail tip designing errors.

Sharma et al. (2021d) investigated the pull-out behaviour of a helical soil nail made of an open-
end hollow tube. Analyze how the soil fill affects the torque installation and pull-out performance
evaluation. The author noticed that nail length, which depends on diameter, increases the
installation torque and pull-out, not depending on the helices’ number increasing. The soil plug's
length contributes 12% to the total pull-out resistance, while the remaining 88% is derived from

external shaft friction and bearing provided by the helical plates.

Sharma et al. (2022) used an open-ended, helical-pipe soil nail to improve the performance of the
slope stabilization system. The test was conducted on cohesionless soil, and installation and
displacement-controlled pull-out tests were used to make assessments. The testing of soil nail
formation takes into account various factors, including the influence of internal skin friction, soil
plug, and bearing resistance. The results of the tests revealed that increasing the soil nail diameter
and the number of helices, as well as the installation torque, had a positive impact on the pull-out
performance. The different loading conditions open-end helical tension values varied from 2.12
m™ to 53.33 m*and compressive strength varied from 27 m™* to 55 m™*. The authors conclude that

the experimental values were similar to the theoretical performance estimate.

Mollaei et al. (2022) have studied the performance of helical soil nailed walls under seismic
conditions. The helical soil nailed wall performance was evaluated experimentally and the seismic
effect was attained with the help of the shaking table. The test results indicate that implementing

a uniform increase in nail length along the wall leads to a notable enhancement in the seismic
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performance of the helical soil nail wall. Inclined nails demonstrate reduced lateral displacement
compared to horizontal nails. Moreover, increasing nail length and inclination contribute to larger

dimensions of potential failure surfaces.

Sharma et al. (2017) have investigated the performance of new soil nails in incoherent soils
under laboratory conditions. They evaluated the performance obtained by using a helical soil nail
in dry dense sand under laboratory conditions. Seven different types of helical nails were tested
in displacement control mode to determine the precise performance of soil nails. The assessment
revealed a notable correlation between the hardness of the nail shaft and the peak pull-off
efficiency of the helical soil nail. In the diverse HN tests conducted, the results consistently met
the Mohr-Coulomb failure Criteria. Furthermore, it was observed that the unequal helical soil nail

outperformed the equal diameter HN in terms of performance.

Incoherent soils were the focus of Sharma et al. (2021) investigation of the performance of hollow
and solid shaft helical soil nails. By altering the shaft type and nail arrangement, the researchers
assessed the impact of soil nail parameters on performance through pull-out tests. Installation
torque and relative soil nail pull-out capacity were measured using the torque correlation factor.
The test findings revealed that the helical nail pitch within the range of 24.5 to 35.5 mm exhibited
superior performance. Moreover, hollow shaft nails exhibit higher axial stresses, which change as
the number of helices increases. When compared to a solid helical nail, the hollow steel helical
nail achieved nearly equal interaction friction angle. The conventional and helical soil nailing

testing soil and nail material with concluded observations are summarized in table 2.1

Table 2.1. State-of-the-art method in soil nailing

Author Type of nailing Material Observation

Azzam and Vertical soil Soil: cohesive After the inclusion of six soil

Basha (2017) nailing soil nails in the selected area, a 231%

increase in shear strength is
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Nail: steel rod

observed at a 0.85 depth ratio.
The vertical inclusion of soil nail
lowers the chances of horizontal
deformation. A 5.7 times
improved surface stiffness is
achieved after the reinforcement
of cohesive soil.

Unlike conventional soil nailing,
screw nails do not display any

residual values. Their strong

Tokhi et al. Screw-type soil Soil: sand adherence makes them
(2016) nailing Nail: NA particularly suitable for use in
earthquake-prone regions or
areas with the potential for
significant displacements.
When examining the pullout
resistance, the soil plug length
Soil: cohesion accounts for 12% of the
less frictional contribution, while the
Sharma et al. Helical soil nailing Soil remaining 88% is attributed to
(2021d)

Nail: open-ended

hollow pipe

external shaft friction and
bearing provided by the helical
plates. Analysis of the torsional
strain data revealed that open-

ended helical nails undergo
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partial rotation along with

horizontal displacement.

Sharma et al.
(2021c¢)

Helical soil nailing

Soil: free-falling

pulverized soil

Nail: ribbed
solid and hollow
plain shafts

The study focuses on
investigating the shear stress-
displacement behavior of various
types of helical soil nails (HSN)
subjected to different overburden
pressures and monotonic pullout
loading. It was observed that
after reaching the peak stress
value, the stress gradually
reduces until reaching the
residual stress level, resulting in
a non-linear behavior in the
stress-displacement response of

the helical nails.

Sharma et al.
(2022)

Helical soil nailing

Soil: cohesion
less frictional
Soil

Nail: open-ended

pipe

The effectiveness of open-ended
pipe installation, particularly
regarding installation torque and
pullout stress, is significantly
influenced by the pipe diameter
and the number of helices used.
Moreover, the plug length
experiences a noteworthy
increase with the penetration
depth ratio up to a value of five,
after which it stabilizes. This
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phenomenon is attributed to the
heightened adhesion and friction
between the soil and the
interfaces of the helical nails.
Consequently, the pullout
strength of the system shows a
direct correlation with the plug
length, further enhancing its

overall performance.

A thorough examination of the
seismic performance of helical
soil-nailed walls was conducted
through rigorous shaking table

tests. The introduction of

Soil: wall
Mollaei et al. ; inclined soil nails, as opposed to
Helical soil nailing reinforcement ) ) PP
(2022) the horizontal variety, proves to
Nail: steel shaft | pe highly effective in mitigating
lateral displacement, minimizing
acceleration amplification, and
lowering the fundamental
frequency of the nailed walls.
Soil: dry dense From the experiment, it is found
that when pitch length is
Sharma et al. ) o sand ) P .
Helical soil nailing increased to 57 % the peak
(2017)

Nail: solid steel
shaft

pullout capacity is also

increased.
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Soil: cohesion
less Soil

As the shaft and helix diameter,
helices count, and overburden
pressure (ranging from 5 to 12.5
kPa) increase, the installation
torque experiences a
corresponding rise. However,
beyond 50 kPa, the torque

gradually declines. The optimal

Sharma (2021) Helical soil nailing Nail: solid and oullout capacity is achieved with
hollow steel a pitch of 30 mm. Notably,
shaft helical soil nails demonstrate
significantly reduced stress
fluctuations during both
installation and pullout phases
when compared to conventional
soil nails.
The coefficient of friction
exhibits a linear rise with the
Soil: escalation of grouting pressure.
Hong et al. Pressure-grouted decomposed Nevertheless, when subjected to
(2017) soil nailing granite constant grouting pressure, the
Nail: steel shaft coefficient of friction diminishes
with the increase in overburden
pressure.
Wu and Zhang Grouted soil Soil: silty clayey Due to the effect of soil
(2009) nailing fine sand

dilatancy, there is a variation in
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Nail: steel shaft

the cohesion results obtained

from the field and laboratory.
But in both tests pullout shear
strength increased concerning

the normal stress.

An experimental and case study

Soil: NA is conducted before stabilizing
Mickovski et al. | Self-drilled soil the slope in the Scotland
(2016) nailing Nail: hollow highway. It is found that hollow
steel shaft bars are easy to install when
compared to solid bars
To maintain constant test length
and soil nail stress conditions
during pull-out testing, specific
modifications were made to the
Soil: conventional testing apparatus.
Grouted soil decomposed As the degree of soil saturation
Su et al. (2007) . o fi ) o
nailing granite fill increased, a notable migration of
Nail: steel bar the shearing plane was observed,

shifting from the interface
between the nail surface and the
surrounding soil further into the

soil itself.
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The Bayesian model class
selection approach serves as a
valuable tool for achieving a
well-balanced trade-off between
data-fitting capability and noise-
modeling error. In the context of
soil nail pullout resistance

determination, crucial factors to

Soil: consider include the degree of
Pressure-grouted decomposed saturation and the combined
Zhou (2015) - granite fill : :
soil nailing influence of grouting pressure
Nail: steel bar and overburden pressure. By

employing this approach,
researchers can effectively
navigate the complexities of the
problem, enhancing their ability
to accurately estimate soil nail
pullout resistance while
accounting for various sources of

uncertainty.

2.5.1. Pull-out behaviour

Rawat and Gupta(2017a) investigated the pull-out response of a helical soil nail using the finite
element subroutine Plaxis 2D. The traction response is achieved using horizontal loading
conditions and axisymmetric in the numerical modelling method. The author noted that the helical
plate gradually increases the resistance; especially, increasing the quantity of the helical plate

increases the resistance.
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Hong et al. (2017) thoroughly investigated the peak pull-out resistance and influencing parameters
using laboratory and field tests on decomposed granite or sand. Eight soil nail pull-out tests were
conducted in the field to evaluate pull-out resistance at overburden pressure and grouting pressure.
When comparing field and laboratory investigations, the author notices many differences,

particularly full saturation soil's lower pull-out resistance compared to saturation soil.

Oliaei et al. (2019) have investigated the pull-out resistance and soil-nail interaction of soil nailing
process using a new approach of mesh-free soil nailing analysis using a finite element analysis
simulation method. In the study of soil-nail interaction, a novel approach is employed,
incorporating a small thickness layer interface to capture the slipping behavior between the soil
and nail surface. This innovative method enables the simulation of the elastoplastic response of
the soil nail through the development of a custom computer code. Surpassing the conventional
finite element analysis, the mesh-free analysis demonstrates enhanced accuracy. Intriguingly, the
research reveals that constrained dilatancy has limitations concerning soil nailing, with the peak

pull-out shear stress exhibiting a decreased rate of increase as the dilation angle rises.

In their study, Kim et al. (2013) conducted a comprehensive assessment of the pull-out
performance of pressure-grouted soil nails and gravity-grouted soil nails using advanced three-
dimensional finite element analysis. The nailing process was executed using the shear strength
reduction method. Interestingly, the findings revealed that pressurized soil nails exhibited a notable
increase in the factor of safety compared to gravity-based ones, indicating superior pull-out
resistance. Moreover, the researchers embarked on a series of numerical slope stability analyses
focused on a weathered soil slope to explore the impact of grouting pressure. The results of these
numerical investigations unequivocally highlighted the paramount importance of the soil nail's

pullout resistance in stabilizing slopes, outweighing the significance of the nail's shear resistance.

Ye et al. (2019b) experimented on compaction-grouted soil nails to study the influence of the
saturation degree of the soil on the grouting compaction and pull-out performance. The initial
saturation degree of the soil has a considerable impact on grout injectability, resulting in the

diameter of the grout bulb. The diameter of the grout bulb modifies the pull-out force, with a larger
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grout bulb producing larger pull-out forces and displaying stronger hardening behaviour. Overall,

six experiments were performed, with saturation degrees ranging from 5.0 to 46.2%.

Zhou et al. (2011) have tested the performance of the soil nail under overburden and grouting
pressure conditions. A three-dimensional finite element modal was used to simulate the soil nail
with a pullout box. A modified Drucker-Prager/cap model was used to describe the completely
decomposed granite stress-stain behaviour. The coulomb friction mode was used to find the soil
nail interface behaviour. Laboratory soil nail Back-analysis of pull-out data was used to evaluate
the interface characteristics. The author denotes the laboratory and numerical pullout result was

close in vertical slop condition.

Ye et al. (2019a) proposed the investigation of a new compaction soil nail and investigated the
physical model. The soil nail pull-out performance was evaluated on the different grouting
pressure conditions. The scale effect of the physical model soil nailed system was studied through
numerical modelling. In addition, the interface shear test was performed using the same boundary
conditions as the physical model test. The results of the physical method investigation indicated
that the pull-out efficiency gradually increased as the pulp pressure increased. The traditional and
compaction soil nails were compared, and the test results indicate the pull-out resistance was

increased with pull-out displacement.

Sharma et al. (2019b) analyzed the pull-out force and displacement behaviour of the soil nail in
laboratory conditions. The soil nail performance was investigated on dry cohesionless soil in the
experimental setup. The author took into account the effects of relative density, overburden
pressure, and surface roughness on the tensile response of the soil. The results demonstrate that
increasing the roughness increased the mobilized maximum pull-out resistance of the soil nails by
more than twice. The author concluded that the experimental result follows the Mohr-Coulomb

failure criterion.

Zhangla et al. (2014) presented a novel hyperbolic pullout model designed to investigate the
pullout capacity of soil nails and the key factors influencing their behavior during the pullout

process. The model's effectiveness was confirmed through rigorous validation against laboratory
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experimental data. Notably, the study highlighted the crucial influence of two dimensionless
parameters in determining the distribution pattern of tensile force along the length of the nail.
Remarkably, this method can be easily implemented through computer spreadsheet tools,
eliminating the need for costly and time-consuming analyses while still enabling reasonable and

accurate predictions.
2.5.2. Internal soil stress

Wang et al. (2017) used a novel grouting technique to examine the performance of soil nails in an
experimental scenario. An innovative grout-filling process was used to limit slurry leakage and
penetration into the surrounding soil. A soil chamber, a loading and linear guiding system, a pull-
out system, a pressure grouting device, and a data recording system were all part of the
experimental setup. Soil vibration and soil nail displacement are accurately calculated by the
installed sensor. The sensor data show that no movement was seen on the soil surface when
grouting pressure was applied. The results of the experiments showed that the grout-filling
procedure increased the density and strength of the surrounding soil. There were no yield forces

recorded, indicating a considerable advantage for the new soil nail.

The effect of drilled hole hardness on pull-out resistance and nail pull-out resistance was
investigated by Hong et al. (2016). In the test setup, several internal surface holes are made to
assess the impact hardness of drill holes. The peak pull-out resistance and the pull-out resistance
at specific displacement levels for T-type soil nails exhibit an approximately linear increase with
the roughness angle, ranging from 0 to 37°.

Horn et al. (2004) studied the consequences of utilizing mechanized harvesting vehicles, in the
physical properties of the soil. The impacts of stresses in the soil structure are found by determining
the internal soil stress through pre-compression stress measurements. The experiment on the soil
compaction was conducted using different harvesting vehicles and found that almost all vehicles
increased the pre-compression stress in the soil. The maximum stress of 90 kPa is noted on every
driving lane. The determination of internal soil strength through pre-compression values separates

the range of stress by making no changes in pore volume. From the study, it is concluded that
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change in stress can affect the soil functions so sustainable wheeling is not possible in the
harvesting soil areas. The authors recommended utilization of smaller machines, having less mass,

to complete the harvesting may minimize the compaction of soil.
2.5.3. Factor of safety

In their study, Alsubal et al. (2017) focused on determining the optimum factor of safety for a soil
nail system with variations in soil nail inclination, length, and spacing. The researchers conducted
tests on a homogeneous soil slope, considering inclinations of 30°, 40°, 45°, 60°, 70°, and 90°. To
investigate the impact of soil nails on the soil slope, Slope/W software was employed, and the
results were compared between scenarios with and without nails. The findings revealed that the
stability of the soil slope was significantly influenced by the inclination, spacing, and length of the
soil nails. As the gap between soil nails increased, the slope's stability decreased. The highest factor
of safety, 1.668, was attained at a nail inclination of 30°, while the lowest factor of safety was

observed at a nail inclination of 15°.

In their study, Azzam and Sobhey (2019) focused on stabilizing sandy soil slopes using soil nails
under seismic loading conditions and determined the safety factor. To analyze the soil nailing
model, they employed an elastic-plastic finite element program. The study evaluated various
characteristics, including the shear strength of the slope, slope angle, number of soil nails, soil
nailing length, and soil nailing stiffness. The findings demonstrated that the implementation of soil
nailing on sandy slopes subjected to cyclic loads had a significant positive impact on improving
the slope's factor of safety and reducing slope deformation.

In their study, Sharma et al. (2020b) delved into investigating the static and seismic behavior of a
soil-nailed wall constructed in a dry, cohesionless medium. The researchers began by conducting
laboratory pull-out tests, from which they derived a pull-out capacity equation to be utilized in the
subsequent stability analysis of the helical soil-nailed wall. Through a comprehensive parametric
investigation, they assessed the impact of various factors on the wall's stability, including the nail
inclination, angle of internal friction of the soil, vertical spacing of nails, helix size, number of

nails, number of helices, and the face angle. To validate their findings, the authors compared the
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results with existing approaches in the literature. The outcomes revealed that, for the provided
input parameters, the factor of safety values obtained from their technique were lower than the

pseudo-static and pseudo-dynamic values.

Elahi et al. (2022) conducted a comprehensive study on the stability analysis of slopes strengthened
with soil nailing. Their research focused on evaluating the influence of slope geometry on the
stability of the nailed slope, considering four distinct slope angles and three different backslope
angles. The findings revealed that as both the slope angle and backslope angle increased, the factor
of safety decreased. The study also explored the impact of various nail factors, such as nail
inclination, length, and spacing. It was observed that the factor of safety improved with reduced
vertical spacing of the soil nails, reaching its maximum value at a spacing of 1.25 m. However,
even though smaller spacing enhanced the factor of safety, the difference in stability between 1.25
m and 2.0 m spacing ranged from 9% to 17%. A detailed summary of the parameters used in the

efficiency analysis of the soil nails is given in Table 2.2.

Table 2.2. Parameters analyzed in the nailing process

Input Output ]
Authors Observations
parameters parameters
Lengthening the nails leads to an
Nail length, augmentation of the safety factor,
inclination angle, primarily attributed to heightened
Benayoun et ) ) . )
| 2021b) and vertical Safety factor, cost | axial nail force, shearing force, and
al.
spacing between bending moments, which
nails collectively bolster the capacity to
withstand loading and deformation.
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Kotake and
Sato (2021)

Bending stiffness
and dimensions

of the bearing

Deformation and
bearing capacity

of bearing plate

The footing flexibility reduced the
ultimate bearing capacity by 10-20%
under experimental conditions. This
reduction is considered negligible

because of the extremely large

plate o o
rigidity between the rigid and
flexible footings.
water content
redistribution in For the applied loading conditions
Zhou et al. Surcharge the soil, internal increasing the overall stability of a
(2009) pressure loading | deformation, and | loose fill slope is possible, using the
the performance | soil nails.
of the soil nails
cohesion, _
o The analysis revealed that the
frictional angle, o
S frictional angle exerts the most
nail inclination S )
Garg et al. _ significant influence on the Factor of
angle, nail Factor of safety )
(2014) Safety (FOS), followed by cohesion,
length, slope ) )
] nail length, slope angle, nail
height, and slope R )
inclination angle, and slope height.
angle
Soil cohesive maximum lateral | N the sensitivity analysis performed
Hao et al. strength, soil displacement of on the factors impacting the
(2014) friction angle, the composite maximum displacement of the

pre-stress of

anchor cable,

soil-nailed wall

excavation side, the order of

influence was revealed in a
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soil-nail
diameter, soil-
nail spacing,

soil-nail length

descending manner. The prestress of
the anchor cable emerged as the
most significant factor, followed by
the soil cohesive strength, soil
friction angle, soil-nail length, soil-
nail spacing, and soil-nail diameter.
These various parameters were
examined to better understand their
contributions to the displacement of

the excavation side.

Peak pullout force

Enhanced overburden pressure leads
to a notable enhancement in the
pullout resistance of soil nails.

Interestingly, the results closely

Pradhan et overburden _ ]
and the load- align for soil strength parameters
al. (2006) pressure ) _ )
displacement derived from direct shear box tests
and the interface parameters of
grouted nails obtained through
pullout tests.
The correlation between the
simulated peak pull-out resistance
Soil dilation and and the overburden pressure
Suetal. Overburden Soilnail pull-out | 0 red to be negligible, mirroring
(2010) pressure resistance the findings from laboratory pull-out

tests. Surprisingly, the simulated
pull-out resistance displayed a
noteworthy augmentation as the
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dilation angle of the shearing zone

increased.

The study revealed a noteworthy
interactional effect on the soil-nail
pullout resistance, influenced by
both the grouting pressure and
overburden stress. Remarkably,

Overburden when the grouting pressure is low,
Yin et al. Stress and Interface the soil-nail pullout resistance
(2009) Grouting Resistance exhibits minimal dependence on the

Pressure overburden stress. However, an

intriguing trend emerges as the
grouting pressure increases, with the
soil-nail pullout resistance
displaying a clear increase with

higher overburden stress.

2.6. Theoretical Studies on Soil Nailing

Seo et al. (2019) experimented to investigate the mechanical characteristics of slope reinforcement
through a combination of soil nailing and soil anchoring systems. The study utilized pre-stressed
soil nails made of steel bars and PC strands. To optimize the design load (capacity) of pre-stressed
soil nails, it was essential to match the yield displacements of these two components. The pre-
stressing of PC strands before applying the pullout load proved to be effective in maximizing the
design load. Load transfer in both soil nails and pre-stressed soil nails was determined using skin
friction theory and load transfer theory, and the results were validated against field tests. The study
demonstrated that exceeding a certain upper bound level of pre-stressing values led to earlier

yielding of PC strands than steel bars, resulting in a reduction in the total yield load.
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In a separate study by Goyal and Shrivastava (2022), the performance of helical and conventional
soil nails was evaluated using theoretical equations and finite element analysis. The factor of safety
was calculated for both types of nails using the finite element approach and the limit equilibrium
method. The experimental, analytical, and computational results revealed that helical soil nails
exhibited less deformation and higher factors of safety compared to traditional soil nails under
similar loads and soil conditions. Helical soil nails provided approximately 19% more safety and
caused 5% less soil distortion at identical pressure and soil conditions. Experimental findings also
indicated that helical soil nails outperformed traditional soil nails by 42% in terms of pull-out

capacity at various additional charge pressures.

Hong et al. (2012) have proposed the investigation of the progressive pull-out performance of the
soil nail system. A comparative study was conducted between experimental and calculated data
to predict the sensitivity of the mode. In addition, a comprehensive parametric investigation
was conducted to help find the important parameter of pull-out performance. Soil nail length
and diameter, plastic zone length, and soil nail elastic modulus were all considered for pull-
out performance. Nail length appears to significantly reduce the normal pull-out force of a hard
soil nail. The author only calculated the pull-out of the soil nail passive zone and did not consider

the bending and shearing effect of the soil nail.
2.7. Numerical Modelling and Analysis of Soil Nailing

Rawat et al. (2017b) investigated the soil nail performance with the help of FEA. The soil nail was
made of circular discs attached to the shaft, with circular disc numbers varying from 1-4. In the
evaluation of soil nailing, the characteristics of the pull-out load displacement, the mechanism of
failure during pull-out, and pressure around the soil are considered. Finite element analysis was
used to run 67 simulations with various parameter settings. The author observed that the nail disc
spacing ratio and disc diameter ratio had a substantial impact on the pull-out behaviour.

Farrokhzad et al. (2021) investigated the soil nail length and soil nail installation angle using Plaxis
2D finite-element software. The optimum mesh was used to analyze the soil nailing. The soil nail

improves the unstable soil, rock, and slope's overall shear strength and dynamic properties. After
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nailing, the dynamic properties of excavation systems were enhanced. Raising the length of the

nails enhances the foundation's resilience and reduces excavation deformations.

Ghareh (2015) investigated the impact of nailing structures on cohesive and cohesion less soil. To
assess the influence of soil-nail cuts' shear strength and the behavior of nailed buildings, the
researchers employed the Plaxis finite element modeling software. The outcomes indicate that the
soil's physical properties and the impact of soil surcharge directly affect the behavior and stability
of soil-nailing structures. The numerical simulation indicates that nails enhance the safety of

excavation walls.

Moniuddin et al. (2016) conducted a study on soil nail wall performance in deep vertical ground
excavations with different nail inclinations to horizontal. The impact of varying nail lengths on a
soil nail wall system was assessed through PLAXIS 2D finite element analysis. This analysis
enabled the calculation of the wall and nail displacement, maximum shear, axial force, and bending
moment. The results revealed that the length of the nail significantly affects the overall behavior
of the system. The Global Factor of Safety (FSG) will increase to some degree as nail length

increases.

Maleki and Mir Mohammad Hosseini(2022). Numerical analysis (finite element) was used to
evaluate soil-nail walls under artificially stable seismic conditions. The nailed reinforced walls
took deformation and stability into account. Nail placement angles of 10 and 15 degrees have the

least amount of displacement and the highest safety factor.

Ebrahimi and Asakereh (2016) Used the finite element approach and the PLAXIS program, to
examine how the stability of slopes was affected by changes in angle, nail length, and the
horizontal and vertical spacing between them. Results showed that nail positioning should be close
to 30 degrees for the highest level of safety. The nails' influence on slope stability is drastically
reduced when the angle increases beyond 30. The most ideal distances between nails are around 1

to 2 meters.

Chavan et al. (2017) used OpenSees 2D finite element to generate a conventional nailed soil slope

with seismic conditions. For the analysis, a set of five soil nails was employed, each with a 15mm
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length and a 25mm diameter. The nails were spaced horizontally at 1 m intervals and vertically at
2.4 m intervals. Notably, the modeling of the soil-nail interface significantly impacted the
persistent deformation of the slope after experiencing a seismic event. Additionally, the failure
surface observed in this study bears a striking resemblance to the bi-linear failure surface that is

believed to be present in the German technique.

Majidian and Panah (2020) investigate the performance of nailing in soil under artificial seismic
conditions using hybrid experimental and numerical approaches. Different earthquake levels are
generated by special equipment, while vibration levels and soil nail displacement measurements
are collected and the data is compared. The physical model configuration was assessed using the
push-down device and shaking table tests. The author found that 80-cm-high soil nails performed

better compared to others in soil shack tests. Same time as push-down tests fail.

Rawat and Gupta(2016a) evaluate the performance of a soil-nailed slope and an unreinforced slope
with the help of the finite element method. Two types of slopes are considered in the evaluation,
and the test load level increases gradually. The soil nails were put at three different inclinations:
0°, 15°, and 30° degrees. In the test findings, the most significant load-bearing increase was
observed in a soil slope with a 45° inclination and a nail inclination of 0°. However, during the
mode testing and analysis, a higher percentage increase in the load-bearing capacity was noted for

a 60° slope compared to a 45° slope.

Ye et al. (2017) evaluated the mechanical behaviour of the newly developed soil nail through
numerical and experimental analysis. The experimental results are compared with the method of
3D finite element simulation for higher accuracy. Differences in pull-out force between model test
and simulation were attributed to friction coefficients and shape angle. The overall soil nail’s pull-
out force is affected by both the friction coefficient and the shape angle, leading to a gradual
increase in the pull-out force as the soil nail’s length and diameter are enlarged.

Tavakoli et al. (2021) have used numerical and experimental testing to investigate the mechanical

parameters of soil nailing. In the test system, the soil nailing pull-out behaviour was evaluated with
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the help of a pull-out box. The height length, and width of the pullout box setup are 120, 100, and

120 cm, respectively.

Rawat and Gupta (2018) have evaluated the performance of screw-type soil nails using numerical
testing methods. The soil slop at 45° and 90° was stabilized with six soil nails at 0° inclination
with horizontal. The author examined the failure surface, failure load, and slope’s volumetric
deformation reinforced with screw soil nails. The investigation utilized two numerical approaches:
the LEM and FEA. According to the test results, the screw soil nails implementation contributed
to a consistent increase in the soil slope’s FOS.

Mohammed et al. (2023) evaluated the step-by-step process method of soil nailing using the finite
element approach. The soil nail performance evaluation was conducted using experimental and
numerical software. Based on the evaluation, the hardening-soil model was used to calculate the
stress-strain relationship. The soil nail final performance result was compared for numerical and
experimental processes. The test was carried out in six stages, from top to bottom, with the depth
measured between 140 and 700 mm. The author concluded that the finite element analysis test

result is clear and highly efficient.

Halabian et al. (2012) conducted a comprehensive evaluation of the soil nail system's performance
under steady-state conditions. The research focused on examining the distribution of earth pressure
at the soil nail placement site and identifying various geometrical factors that influence the
effectiveness of soil nails. The investigation encompassed crucial elements such as nail length,
nail inclination, slope inclination, length pattern, and nail bar arrangement to assess their impact
on the soil-nailed structures' performance. The soil's characteristics were assessed by an Elastic-
Perfectly-Plastic constitutive model with the Mohr-Coulomb failure criterion. Notably, the study
found that soil nail length and length patterns significantly contribute to enhancing the stability of
retaining walls. Detailed findings from the numerical analysis of soil nail performance can be

found in Table 2.3 of the literature.
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Table 2.3. State of art soil-nailing numerical approaches

Numerical and

analysis Considering factors Observations Reference
approaches
o Construction stages | The simulated soil nail model
Finite element o o Mohamed et
and overburden has similar capabilities to the
(PLAXIS) o al. (2023)
pressure stages actual soil nail model.
o The numerical test result
Soil nail o o Dewedree,
o indicated that the soil nail
SLOPE/W inclinations, o o and Jusoh
inclination was significantly
Factor of Safety ) (2019)
affecting the factor of safety.
Based on the numerical
o findings, it is observed that Ahmadi, and
Finite element Wall geometry and ) ] ] )
) an increase in the step width | Borghei
method soil parameters ]
leads to a decrease in wall (2018)
deformation and nail forces.
As per the test findings, the
soil nail’s length is notably
) ) impacted by the factor of
maximum horizontal
) safety.
o nail and wall o
PLAXIS 2D finite ] On the other hand, the results | Moniuddin et
) displacement, nail’s ) )
element analysis of the numerical analysis al. (2016)

maximum shear &

axial force

suggest that employing a soil
nail wall to ensure stability in
retaining systems was a

favorable option.
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Through finite element

analysis, it is evident that the

] ) slopes exhibit distinct Rawat and
Failure mechanism L _ _
PLAXIS 3D o variations in their maximum | Gupta
of soil nail _ ]
load-bearing capacity and (2016a)
settlement at the crest under
the applied surcharge load.
o o N o The test result moreover
limit equilibrium Stability of soil nail, - o Deng et al.
) _ equal to the traditional limit
theory framework Soil shear failure o (2017)
equilibrium methods
_ The numerical calculations
fast lagrangian _ _ _
] ) _ - align well with the observed | Liu et al.
analysis of continua | Excavation stability o )
monitoring data, showing a (2016)

(FLAC3D)

high level of consistency.

PLAXIS 2D and
SLIDE

Safety factors

FEM software program data
was compared to

mathematical expressions

Ramkrishnan
et al (2019)

critical slip surfaces

Both approaches ‘failure
surfaces are found to differ
considerably

In all slop conditions, the
large nail force was observed

Rawat, S.

LEM and FEM _ o o and Gupta et
FOS and nail forces | at 45°n limited equilibrium
al. (2016b)
method.
Similarly, 60° condition slop
angle was increased on the
finite element method
Finite element . The study results show that Sharma et al.
Slope stability ) ) o
method the soil cohesion and friction | (2019a)
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angle increase as the slope

safety factor increases.

From the static and unstable

o _ ] Mohammad
Finite Element soil analyzes it appears that _
Safety factor S | Zaki etal.
Method the soil nail displacement is
(2015)
low.
According to this
_ investigation, the FOS )
strength reduction _ ) Wei and
FOS and Failure obtained from the SRM and
method (SRM) and o Cheng
mode the LEM exhibit close
the LEM o o (2010)
similarity in the majority of
cases.
For soil nail designs on )
) o _ Villalobos
LEM, FEM islands, it is advisable to opt
) FOS o and
strength reduction for finite element methods )
o o Villalobos
factor over limit equilibrium
(2021)
methods.
o o The results of the 3D
limit-equilibrium .
analysis demonstrated
method (LEM) and _ _
_ ) consistently higher FS
three-dimensional ) _ Basudhar et
o FOS values in all scenarios
(3D) rigid-body al. (2017)
) ) compared to the FS values
rotational failure _
_ obtained from the 2D
mechanism _
analysis.
The optimal nail inclination
Slope geometry and at a horizontal angle was Elahi et al.
PLAXIS 2D _
nail parameters shown to range between 0 (2022)

and 25°.
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2.8. Soil Nailing Optimization

In a study conducted by Benayoun et al. (2021a), the stability of a vertically cut soil nail was
analyzed using PLAXIS 2D through finite element analysis. The researchers aimed to enhance soil
nailing stability by optimizing three input parameters. To achieve this, they employed three
different optimization techniques and compared the resulting data to ensure accurate outcomes and
identify the most effective optimization approach. The analysis revealed that the minimum factor

of safety was attained with a structure length of 9 m, vertical span of 2 m, and inclination of 10°.

Sharma and Ramkrishnan (2020) used finite element analysis to study the possible
parametric optimization in soil nailing by incorporating soil-nail interaction and the nail's pull-out
strength. PLAXIS 2D and GEOS5 represent two widely utilized numerical analysis software tools
in the field of geotechnical engineering. They serve for conducting FEA and LEA. The parameters
taken into account during FEA involve nail diameter, nail length, nail axial stiffness, nail bending
stiffness, facing axial stiffness, and bending stiffness. Meanwhile, soil nail parametric optimization
considers factors like pull-out strength using nail length pattern and soil nail interaction as well as

limit equilibrium analysis.

Babu and Singh (2009) conducted a detailed investigation of the performance of a soil-nailed
wall utilizing regularly used analytical and design techniques. The author compared the
lateral displacement, a factor of safety ratings, and several design parameters of soil nail walls
obtained using traditional design procedures and numerical simulations. Concerning the overall
stability of the soil nail wall system, the influence of shear and bending stiffnesses of the nails
seems to be relatively minor. Based on experimental findings, this technique shows promise as an
effective, economical, and feasible option for reinforcing vertical or nearly vertical excavations in

soil for various slope stability requirements in the field of geotechnical engineering.

Benayoun et al. (2021b) optimized the parameters of soil nailing using the computational
optimizing process. By utilizing response surface methods (RSM), this study explored the impact
of nail geometric parameters on the analysis of soil-nailed walls, identifying the key factors that

significantly influence their stability and cost. The soil nailing process optimization considers three
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main criteria: soil nail length, soil nail installation inclination, and vertical spacing between nails.
RSM is used to determine the best optimal combination and safety factors. RSM box-behnken

design was adopted following finite element analysis optimization.

Goyal and Shrivastava (2023) conducted experimentation on design parameters of soil nails using
Box Behnken design (BBD) of response surface methodology (RSM), performed in design expert
software. In the experimentation phase, a total of 25 runs were conducted to assess the significance
of the developed quadratic model, which was analyzed using the analysis of variance (ANOVA)
test. They indicated that the optimal results of DBN-CO were greater than RSM, DBN, and
artificial neural network (ANN) methods. Based on prediction approaches the proposed hybrid
DBN-CO results were in perfect agreement with experimental values and are additionally superior
to the RSM, DBN, and ANN.

Mohamed et al. (2019) utilized Limit Equilibrium software (SLOPE/W) to optimize the design of
soil-nailed walls. The optimization process considered three main criteria: soil nail length,
inclination, and spacing. The soil nail length was found to significantly impact the soil nailing
performance, as shorter soil nails gradually reduced the factor of safety. Similarly, lower
inclination angles of the soil nail were observed to increase the safety factor. Through the

optimized soil nail specifications, the cost was reduced by 18% to 53%.

Dhakal and Acharya (2019) improved the stability of steep cut slopes with the help of soil nailing.
The soil-nailed steep-cut slop structure was optimized using numerical simulation. The failure
mode and factor of safety were considered in the soil nail performance evaluation section.
Experimental and numerical methods were used to calculate performance, and PLAXIS 2D was
used for numerical simulation. The soil parameters and shear parameter bead test were conducted
in a laboratory setting.40 simulations were employed in the analysis due to enhanced soil nail
parameter computation. The optimal soil nail lengths were 5 m, 5.5 m, 6 m, and 7 m, respectively.
The soil nail's safety factor was increased by 10° to 60° and gradually decreased by 30° to 60°.
The soil nailing bead's different types of optimization technic and optimized factors of literature

are shown in Table 2.4.
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Table 2.4. State of art soil nailing optimization approaches

Reference

Optimization
techniques

Optimized factor

Observations

Benayoun et
al. (2020)

Genetic algorithm

method

Soil nail parameter

The optimum method was used
to find the optimum soil nail

inclination, length, and spacing.

Benayoun et

Response surface

vertical spacing

Based on the ANOVA data, it is

al. (2021b) methodology between nails, evident that altering the nail
(RSM) inclination, and length has a more significant
Nail length, impact on both soil nailing
stability and cost.
Benayoun et | Genetic Algorithm | Nail inclination The optimization techniques
al. (2021a) (GA), Taguchi’s angle, ratio of nail | optimized value to minimize the
Design of length to wall safety factor
Experiment (DOE), | height, and vertical | All three-optimization result
and Particle Swarm | spacing between values are equal
Optimization the nails.
(PSO).
Liuetal. support vector Soil nail horizontal | The promising result was
(2021) machine (SVM), displacement obtained through machine
Artificial neural learning approaches.
network (ANN),
and random forest
(RF)
Imani and Genetic algorithm | Factor of safety To achieve the most favorable
Babaei genetic algorithm (minimum) factor of safety
(2021) (MATLAB) value, an optimization approach
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is employed to compute the

unknown parameters.

Shirgir et al. | Metaheuristic and Soil nail The analysis of reliability-based
(2023) reliability-based mechanical design optimization suggests the
design optimization | and geometrical potential development of a
property nailing system with predicted
reliability and failure
probability. The research
findings highlight the
significance of soil mechanical
characteristics' uncertainties on
the dependability of the ideally
designed soil nail system.
Nowroozi et | FLAC3D finite Lateral pressure The result shows that installing
al. (2021) difference software | behind the wall, two rows of nails significantly
safety factor, and reduces the maximum wall
soil nail horizontal | displacement compared to 5 and
displacement 3 rows
Arvin et al. Limit equilibrium Optimum nail The results show that increasing
(2021) based Prevalent inclination the nail diameter causes an

Limit Equilibrium
Method

angle and safety

factor

increase in both the safety factor
and optimum nail Inclination
angle.

Additionally, an increase in soil
friction improves the safety
factor while just slightly
increasing the optimum nail

Inclination angle.

72



2.9. Research Gap

After conducting an extensive literature review on CN and HN several research gaps were

identified, which have led to the establishment of the objectives for this present study.
Research Gap 1: Study of conventional and helical soil nails in cohesive soil

The existing literature primarily focuses on laboratory and numerical studies related to CN and
HN, but the emphasis has been on cohesionless soil. Moreover, there is a lack of pull-out studies

on different model nails specifically in cohesive soils.
Research Gap 2: Slope stability analysis of helical soil nail in cohesive soil

The literature review reveals that FEA and LEM are commonly employed for soil nail analysis.
However, there is limited research that directly compares these two methods, particularly

concerning the application of helical soil nails in cohesive soil.

Research Gap 3: Requirement of optimization and prediction approaches for helical soil nail

parameters

From the existing literature on soil nailing research, very little work has been done for the
optimization of conventional soil nails, and no work has been done for the optimization of helical
soil nail parameters to avoid installation issues. Moreover, various studies have used only constant
shaft diameter and variations in surcharge stresses as input parameters. No work has been
performed using different shaft diameters, helix pitches, surcharge pressure, and inclination angles
as input parameters for measuring the safety factor and pull-out resistance of helical soil nailing.
To fill this research gap, this study investigates soil nailing behaviors and validates the helical soil
nailing outcomes using RSM and a hybrid NN.

2.10. Summary

The literature done by various authors related to this thesis is summarized in this chapter. Various

methods for soil nailing and affecting factors of system operation are elaborately discussed. The
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soil nail system and performance and its types are reviewed; the soil nail system is studied in depth.
The helical soil nailing and its different type of approaches is studied and traditional soil nail
efficiency are studied. The different soil nail performance affecting factors are studied in this
literature survey. In addition, the study of soil nailing and different types of performance
evaluation methods in numerical and computer-based studies has been discussed. The computer
simulation software utilized by various researches to determine the efficiency of materials and
design in the soil nail components is also discussed briefly. Similarly, for the soil nail system,
different variants of optimization approaches are thoroughly investigated in this chapter.
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CHAPTER 3
EXPERIMENTAL DESIGN
3.1. General

The experimental setup, materials, and methods used in the current investigation are described in
depth in this chapter. The materials used for the experiment as well as measurement procedures
and standards used to determine their properties are briefly discussed. The chapter also includes
the fabrication of testing instruments and nails. Besides, the installation and displacement-
controlled pullout test protocols are provided. The pullout testing apparatus and its components
are also studied in this chapter. The following subsection provides a brief description of the backfill
material and its properties, soil nails and its installation as well as components used in the current

investigation.
3.2. Backfill material

The soil was obtained from the surrounding area of the Ajay Kumar Garg Engineering College in
Ghaziabad, India. To determine the qualities of the backfill, preliminary soil identification tests
are conducted in the laboratory. The soil sample was subjected to sieve and hydrometer analysis
by IS: 2720, Part-4 (IS 1985). The measurement procedures of various properties of the backfill
material sample and the standards used for the measurement of properties are summarized as

follows.
3.2.1. Soil sample characterization

The grain size analysis test is conducted to determine the distribution of different grain sizes
present in a soil sample. This information is essential for classifying the soil and predicting its
behavior. The test involves sieving the soil through a combination of 4.75 mm IS sieve and 0.075
mm IS sieve, followed by hydrometer analysis. The results indicate that the soil is predominantly
composed of coarse-grained particles, primarily sand. Half of the soil particles passed through the
4.75 mm sieve, while 80% of the soil was retained on the 0.075 mm sieve. According to the test
results, Cu and Cc were 18.61 and 2.37, respectively. Figure 3.1 indicates the soil sample's particle

size distribution. Natural water content was recoded as 12% as per 1S2720-2:2020. Based on the
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results of the Atterberg test according to IS 2720-5:2020, the soil exhibits a Liquid Limit (WL) of
30, Plastic Limit (WP) of 15.6, and Plasticity Index (IP) of 14.4. Accordingly, following the Indian
Standard Soil Classification System, the soil is classified as clayey sand (SC). Soil’s maximum
dry unit weight was determined to be 16.87 kN/m? through a light compaction test conducted by
IS 2720-7:2021 guidelines. The specific gravity of the soil was measured using the Pycnometer
method as per 1S 2720-3(1):2021 standard, resulting in a calculated value of 2.65. Additionally,
the relative density of the soil was determined using the IS 2720-14:2020 standard, yielding a

relative density of 65%.
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Figure 3.1. A soil sample's particle size distribution
3.2.2. Cohesion and friction angle

The soil's physical characteristics, namely the frictional angle, and cohesion, play a significant role
in determining factors like rupture angle, shear strength, factor of safety, and slope stability in soil.
The friction angle is the angle resulting from the interaction between normal reaction and friction
limitations. It reflects the soil's shear strength. On the other hand, cohesion refers to the ability of

soil particles to bind together. Cohesive soils, such as silts, clays, or fine-grained soils, exhibit
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strong binding properties. Higher cohesion reduces the likelihood of soil crumbling, making
vertical slope excavation feasible in areas with such soils. The Mohr-Coulomb failure analysis is
commonly employed to determine cohesion and friction angle in soil samples. This analysis relies
on a set of linear equations to describe the failure conditions of isotropic materials. The Mohr-
Coulomb failure criterion defines the soil material's shear stress as the product of normal stress,
the tangent of the friction angle, and the added cohesion. These shear stress parameters can be
accurately determined through the triaxial test, which applies to all types of soils. The test offers
significant advantages as it allows for control of various soil conditions such as drainage, pore

water pressure, and volume, leading to more efficient and precise measurements of the parameters.

The triaxial test is performed following the IS 2720-11: 2021 standard. Figure 3.2 illustrates the
schematic of the triaxial test apparatus. Within the apparatus, a de-aired coarse porous disc is
positioned on the pedestal, and on top of it, a disc-shaped filter paper is placed. The cohesive soil
specimen is then positioned over the filter paper, and another porous disc is placed on top of the
specimen. The entire sample is enclosed in a rubber membrane and securely sealed with a ring.
Over the base of the apparatus, the triaxial cell is placed and tightened through nuts. The specimen
is then consolidated by applying pressure through water filling method. The applied pressure is
continued till the change in specimen volume stops. After consolidation, the load and pressure
measuring devices are attached to the specimen, and shearing is conducted by applying load. The
readings for the corresponding loads are collected till failure in the specimen occurs. From the load
and change in volume, the stress values are calculated. The Mohr Envelopes are drawn for over-
consolidated clay in terms of effective stresses, and the test for at least three samples should be
carried out by altering the load cells. Even though the initial envelop is curved, it is approximated
to a straight line to reduce the complexity. The cohesion and friction angle were calculated from
the envelope using equation 3.1, resulting in values of 31° and 22 kN/m? for the internal friction
angle and cohesion, respectively. Table 3.1 provides a comprehensive listing of the assessed

geotechnical characteristics of the soil material.
S=Cc+otang (3.1)

Where c is the soil cohesion and ¢ is the friction angle
77



Load direction

Axial displacement
sensor
Load ram

7
7 —

—

Internal submergible
load cell |

S Top cap

Pressurized cell fluid

Rubber membrane

4 5 Porous discs
Soil specimen
Perspex cell -
Reverse pressure/

volume change ——

\ "==,_ Cell pressure

ressure > IR
Pore pressure

| pedestal

Figure 3.2. Triaxial test apparatus

Table 3.1. Soil sample's geotechnical characteristics

Properties Value
Specific Gravity, Gs 2.65
D10(mm) 0.023
D30(mm) 0.15
D60(mm) 0.42
D50(mm) 0.30
Coefficient of curvature, C¢ 2.37
Coefficient of uniformity, Cy 18.61
Friction angle, @ (°) 31
Cohesion, ¢ (kN/m2) 22
Relative density (Rp) 65%
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Yd(min)(kN/m3) 13.13
Yd(max)(kN/m3) 16.87
Gravel percentage 1.0
Sand percentage 79.0
Silt percentage 14.88
Clay percentage 5.12
Liquid Limit 30
Plastic Limit 15.6
Plasticity Index 14.4
Soil classification Clayey Sand

3.3. Soil nail

The conventional and helical soil nail specimens seen in figures 3.3 (a) and 3.3 (b) were made of

mild steel. The conventional soil nail has a solid shaft with small patterns for obtaining better grip

and cohesion with the soil. The HN is the improved form of the conventional soil nail where the

mild steel shaft of the soil nail is welded with helical discs of a certain diameter. The helical discs

are expected to be providing better cohesion behaviour with the soil. The soil nail interaction is

also expected to be improved due to the helical disc.

Figure 3.3. (a) Conventional soil nail (ribbed steel bar); (b) Helical soil nail

79



3.3.1 Scaling and fabrication of soil nails

While the helical diameter is 4 to 6 times larger than the shaft diameter depicted in Figures 3.3(a)
and 3.3(b), both conventional and helical soil nails have a 16 mm diameter shaft. The length of the
nail samples in this investigation was 1 m, while the nail’s effective length was engaged into
consideration to be 0.7 m. The scale effect phenomenon may have an adverse impact on the helical
soil nail laboratory test findings in cohesive soil. The scale effect is explored through two methods:

i. Analyzing the impact of mean particle size on the helical bearing.
. Investigating the effects of mean particle size on nail shaft behavior.

If the ratio of the smallest shaft diameter (d) to the mean soil grain size (Ds,) satisfies the given

equation 3.2 then there is no scale effect on the nail shaft.

%L - 30-50 (3.2)

Dso

On the other hand, concerning the helical plate, scale effects are commonly associated with the

effective radius of a helix (E,.), which can be determined using equation 3.3.

Dp—ds
B, = 2t (33)

Equation 3.4 be used to calculate the ratio of a helix's effective radius (E,) to its mean grain size

(Dsp) when there is no scale impact on the helical plate.

I > 58 (3.4)

Dso

If equation 3.2 and equation 3.4 are satisfied, no scaling effect is seen for helical elements.

In the current investigation minimum shaft diameter (d;) is equal to 16 mm, the soil’s mean grain
size (Ds,) is equal to 0.3 and the helix’s effective radius (E,) is calculated by equation 3.3. From
the values d,/Ds, and E,./Ds are calculated as 53.33 and 123.3, respectively. So, the present study
satisfies both the norms according to equation 3.2 and equation 3.4. The model test results indicate

no significant scale effect.
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To meet the no-scale effect criteria, the present study's scale factor was set at 5.55. Hence, the
scale effect won't have an impact on the lab results. The diameter of the model nail specimen was

chosen after the original diameter was scaled down using equation 3.5.
P
M, = ?“ (3.5)

Where, M ;= Diameter of the model nail
k = Scaling factor
P, = Prototype nail's diameter.

3.3.2. Fabrication of model test tank and soil nailed slopes

In this study, an investigation was conducted using a tank measuring 2000 mm in length, 1100 mm
in width, and 1100 mm in height. The tank size was designed to be ten times larger than the largest
helical diameter, combined with the smallest tank dimension, to entirely avoid the border effect in
the sample tank. The soil sample was compacted into ten layers, each 100 mm thick, forming a
total height of 1000 mm. To further investigate the behavior of nails under varying pressures, the
sample was placed beneath an 8 mm thick steel plate and subjected to three different overburden
pressures: 10kPa, 20kPa, and 40kPa, respectively.

The pullout resistance is significantly influenced by the overburden pressure. Soil nails are
installed in environments with similar overburden pressure. Large soil slopes are divided into
smaller segments to prevent the build-up of excessive overburden pressure, which can lead to an
arching effect and a subsequent reduction in pullout resistance. Based on this suggestion, other
studies used a different range of surcharge pressure, which is shown in Table 3.2. As a result, a
hydraulic jack was used in the current investigation to apply low confining pressure ranges of
10kPa, 20kPa, and 40kPa.
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Table 3.2. Researchers employed a variety of overburden pressure ranges in their experiments

S.No Overburden pressure References
1. 0 to 150kPa Pradhan et al. (2006)
2. 5.6 to 22.7kPa Milligan GWE and Tei K (1998)
3 5 to 50kPa Sharma et al. (2021e)

3.4. Experimental procedure
3.4.1. Soil nail installation process

The distinction of this study is that the techniques utilized for installing CN and HN are the same
as those employed to put these nails in the field. Using a drilling machine, the trench was created
for conventional soil nails towards the middle, 0.5 m from the base. According to the Federal
Highway Administration in Washington, DC, in 2015, a soil nail can be installed at an angle
between 0° and 20°, with 15° being the ideal angle. However, one may choose any angle between
0 and 20° depending on the simplicity of installation or the site conditions. After inserting the
conventional nail to a depth of 700 mm, the grouting procedure was carried out using gravity flow.
As a result, following the grouting procedure, pressure is unchanged. In the grouting process, CN
employed a w/c ratio of 0.55. The nail was placed for the installation of HN at a 10 RPM revolution

rate and a 10 mm/min regulated displacement rate.

The soil nail installation is a critical phase due to the disturbances it causes in the soil mass. To
monitor this process, earth pressure cells were positioned around the soil nail. For calibrating the
earth pressure cells and load cells, a perspex cylinder occupied by water and wrapped with a
pressure controller was employed. The data logger recorded the earth pressure/load cell response
during each increment of water pressure, varying from 0 kPa to 100 kPa in the cylinder. The
disruption caused by the installation operation of soil nails makes this step of execution one of the
most crucial. As seen in Figure 3.4, earth pressure (EP) cells around the soil nail were used to
monitor the installation process. EP cells have a 3 MPa capacity and a 0.01 MPa sensitivity,
respectively. A drill chuck was used to drill the soil nail cell for the placement of standard soil
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shows the various forces acting on HN and CN.

Embedded length=700mm

<«
Direction 75mm
of pullout

Right side

EPcell2 EPcelll

Top view
Direction of
pullout

Figure 3.4. A pictorial representation of earth pressure cell placement
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Figure 3.5. Diverse forces that impact a HN (Goyal and Shrivastava 2023)

nails. Significant variations in internal stresses were observed during drilling. Figure 3.5 and 3.6
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Figure 3.6. Diverse forces that impact a CN (Goyal and Shrivastava 2023)
3.4.2. Pullout testing process

The displacement-controlled apparatus with a pullout capacity of 50 KN was used to test the pullout
of both the CN and the HN (Niroumand and Saaly 2019; Sharma et al. 2020a). Both of the nail
types used in the investigation had a 10 mm/minute pullout displacement rate (Lazarte et al. 2015).
When the resistive force increases by less than 1% for every 1 mm of displacement or when the
displacement surpasses 30 mm, the bond failure value is determined (Zhang et al. 2009; Anil and
Chen 2004).

The author has designed and fabricated the apparatus specifically for pullout testing and has also
applied for a patent under the Office of the Controller General of Patents, Design & Trade Marks,
Government of India. As per the detailed conditions provided under Chapter VI of the Indian
Patent Act (Section 29-34), the actual apparatus applied for the patent should not be published
before receiving the final patent. Hence, only a line diagram is an only schematic diagram of the

laboratory pull-out device given in figure 3.7.

84



LVDT

Hydraulic jack

+» Reaction frame

/

Pullout torque mete: » Steel tank

Soil sample covered
with rubber membrane

m

Helical soil nail

Moving rail

Pullout system

Figure 3.7. Pullout device test apparatus
3.5. Components of pullout testing apparatus
Soil nail pullout testing apparatus typically consists of the following components:

e Linear Variable Differential Transformer (LVDT)
e Hydraulic jack

e Reaction frame

e Steel tank

e Rubber membrane

e Pullout system

e Pullout torque meter

e Universal data acquisition system

e Moving rail
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3.5.1. Linear Variable Differential Transformer (LVDT)

The Linear Variable Differential Transformer is abbreviated as LVDT. It is an electromechanical
transducer that is used in the conversion of the linear motion of an object into a corresponding
electrical signal. Through these electrical signals, the displacement of an object can be determined.
The LVDT sensor works on the principle of inductance in transformers. This sensor contains a
primary coil and a secondary coil which are winded around a movable core. When a power supply
is given to the primary coil, the magnetic inductance is developed between the primary and
secondary coil. As per the movement of the core, the inductance varies, which provides the
displacement value of the core as shown in Figure 3.8. The available range of measurement in this
sensor is from £0.01 cm to £25 cm. For current research, the LVDT sensor with a range of 0.1 mm
to 100mm is utilized. The linear movement results in a voltage output ranging from 1 V to 24 V
rms, with frequencies spanning from 50 Hz to 20 kHz. LVDT sensors are offered in options for
both AC and DC current. AC-type sensors require no internal electronics, carrier amplifier,
external oscillator, or demodulators and filters to function, distinguishing them from DC-type
LVDT sensors. However, DC sensors need a carrier generator or signal conditioning module. The
major merits of this sensor are the contactless core and coil, which eliminates the wear of parts

due to friction. This improves the mechanical life of the sensor.

Core coil

[ T Primary

Shaft spring

Cables

Secondory
coil

Figure 3.8. LVDT sensor
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3.5.2. Hydraulic jack

A hydraulic jack is a device used to carry large loads with the use of less amount of force. In the
lifting process of heavy loads, hydraulic jacks are employed. They are extremely useful mechanical
device, that uses hydro pressure energy to lift heavy loads over a large distance. The major
applications of hydraulic jacks are in the automotive, industrial, and construction industries. The
functioning of a hydraulic jack is based on Pascal's law, which dictates that any pressure exerted
on a fluid within a sealed container will be equally transmitted to all parts of the fluid and the
container walls without any alteration in its intensity. To operate the hydraulic jack, a hand pump
is employed to pressurize the fluid chamber, and this pressure is subsequently transmitted to the
jack, adhering to the principles of Pascal's law. The hydraulic jack and the pump are used to
pressurize which is shown in Figure 3.9. A hydraulic cylinder is linked to the hand pump via both
the inlet and outlet connections. When the hand pump is operated the fluid enters into the cylinder
which raises the piston, which in turn elevates the jack. When the pressure lever is released the
fluid inside the cylinder is sent back to the storage under the hand pump, so that the jack returns
to its normal position. A pressure gauge is connected to the hand pump to monitor the pressure of
the fluid inside the cylinder.

Fluid inlet and Pressure gauge
outlet

Hydraulic
cylinder

Pressure
release lever

Reaction frame

(a) Hydraulic Jack (b) Hand pump

Figure 3.9. Hydraulic jack and pump
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3.5.3. Reaction frame

The frame used to withstand the reaction force arising due to the input force given during the static
pull-out test is known as a reaction frame. The frame used must have high load-withstanding
capacity. The dimension of the frame should not interrupt the pullout testing, so it is designed in
different shapes as per the requirements. Some pull-out testing machines contain solid cylindrical
rods as the reaction frame. In the current experiment rectangular-shaped frame is used. Without

the reaction frame, the force given to pull the nail cannot be transmitted towards the nail.
3.5.4. Steel tank

A steel tank is used to conduct a sample soil nailing process where the pullout test is conducted.
To mitigate the boundary effect, the tank's dimensions are set at ten times greater than the highest
helical plate diameter. To account for each dimension's boundary condition, the tank's size is
specified as 2 meters in length, 1.1 meters in width, and 1.1 meters in height, as depicted in Figure
3.10. To facilitate the installation and pullout process of the HN, a spherical opening of 160 mm
is positioned on one side of the tank. On the top side, the sensor and compacting apparatus are

placed, for loading and testing of soil sample. The reaction plate is supported on the steel tank.

Top view ;
p Soil

compacting

/ and sensor
| apparatus

Reaction
frame

e

Soil sample covered
with rubber membrane
[or nailing

\

O

1.1 m 2 m

Front view Side view

Figure 3.10. Steel tank in pullout testing apparatus
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3.5.5. Rubber membrane

To fill and compact the soil inside the test tank, a hole is placed at one side of the tank, which is
closed with a rubber membrane for soil nailing. The rubber membrane acts as an enclosure for the
compacted soil samples inside the testing tank. The soil nails are inserted through the rubber

membrane using the nailing apparatus.
3.5.6. Pullout system

The pullout system is the major part of the pullout testing. It contains the different types of power
tools to pullout the nail from, under the soil. The most used pullout systems are hydraulic or
electrical-based. In a hydraulic-based pullout system, the force from a hydraulic pump is used to
pullout the nail. In the electrical system, the torque obtained from the electric motor is used to pull
the nail from the soil. The pullout system contains two three-phase motors, one for installation and
the other for pullout. Both motors are connected to the displacement sensor to detect the movement
of the soil nail. A nail placement system and an angle adjustment system are present in the pullout

system, which helps in the installation of nails at the desired angle.
3.5.7. Pullout torque meter

In the helical soil nailing process, a torque meter is employed to measure both the real-time nail
installation torque and the pullout torque. A transducer is present in the pullout apparatus which is
connected to the measuring unit shown in figure 3.11. The transducer converts torque into
electrical output and the torque is measured as per the output voltage. During the helical soil nailing
process, the torque meter was utilized to record and display both the installation torque and the
pullout force. The results are collected and stored for the entire pullout testing process for later
analysis. Furthermore, strain gauges are also placed in the nail shaft to determine the torque effect

in the soil nail.
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Figure 3.11. Torque meter in pullout test
3.5.8. Universal data acquisition system

To collect the multiple real-time data, a sixteen-channel universal data acquisition system is
utilized in this experiment shown in figure 3.12. This system continuously records the data of
horizontal and vertical displacement from the LVDT sensors. Furthermore, the surcharge pressure
and pullout force data from the load cells are also simultaneously recorded in the data logger
system. This data collection happens for the entire experiment and is shown in any type of digital
display unit. The data can be stored for later analysis in a USB storage device, through the USB

port in the front panel.

Figure 3.12. Data logger system
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3.5.9. Moving rail

The moving rail is used in the movement of the pullout and installation setup of the nail. It is a
shaft that has a sliding or threaded movement setup over the surface. The shaft used in the moving
rail mechanism must have resistance against varying stress and strain produced during the soil
nailing process. The moving rail is more important for the nail installation process because the nail
should be in constant movement toward the soil according to the rotational torque given to the nail.

This provides a better installation of nails in the soil with better soil-nail interaction.
3.6. Summary

The backfill material’s characteristics samples utilized for the present experiment are determined
using the international standard process. The procedure for properties determination such as
friction angle, relative density, specific gravity, cohesion, and coefficient of curvature is
summarized in this chapter. The types of soil nails used and their scaling and fabrication processes
are also analyzed. The installation and pullout behavior determination are conducted and the

components of the pullout apparatus are discussed.
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CHAPTER 4
MATHEMATICAL AND NUMERICAL MODELLING
4.1. General

In geotechnical engineering, soil nails play a vital role as a means of ground reinforcement, and
mathematical and numerical modeling serve as essential tools for comprehending their behavior.
These soil nails are primarily utilized for providing lateral support to excavated slopes or
stabilizing vulnerable existing slopes and embankments. By employing mathematical and
numerical modeling techniques, one can make predictions about the behavior of soil nails under
diverse loading conditions, including fluctuations in soil moisture, variations in ground conditions,
and alterations in the applied load. This modelling can help engineers design more efficient and
effective soil nail systems, reducing costs and improving safety. Conventional soil nails are
typically straight, while helical soil nails have a twisted shape that allows them to provide
additional reinforcement against lateral forces. Mathematical and numerical modelling can be used
to analyse the behaviour of both types of soil nails, including their deformation, stress distribution,
and load-carrying capacity. Overall, mathematical and numerical modelling are powerful tools for
understanding the behaviour of soil nails and designing more effective ground reinforcement

systems.
4.2. Mathematical modelling

The process of mathematically modeling soil nails encompasses studying how both nails and
surrounding soil respond to different loads and boundary conditions. This procedure applies to CN
and HN, wherein analyzes the behavior of the nail and the surrounding soil under a diverse set of
loads and boundary conditions. The following steps are typically followed in the mathematical
modelling of CN and HN: characterize the soil properties, determine nail properties, develop the

soil nail model, apply load and boundary conditions, and analyse soil nail behaviour.

The bond strength of the soil nail wall system may be verified or ascertained with the use of
mathematical modelling of soil nail load-displacement behaviour. The equilibrium forces serve as

the foundation for the hyperbolic model of soil nails under external force. The curve is split into
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pre-peak and post-peak behaviour. Sharma et al. (2021e) developed mathematical models for soil
nails exposed to external force. In the context of CN and HN, distinct expressions define the pre-
peak and post-peak stages. The pullout force pre-peak stage (F) relies on the soil nail's surface
area, whereas interface friction between the soil and nail influences the same stage for HN. The
equilibrium equation of various forces serves as the basis for the load-displacement equation. The
pullout force equation that was obtained from the equilibrium equation is presented in equations
(4.1) and (4.2).

F(y)= % DZEs(y) (4.1)

F(y) = % DZEs(y) “2)

Where,

F (y) =External pressure exerted on a soil nail
D,,=HN helical diameter

D,. =CN shaft diameter
E =Soil-nail’s elasticity modulus
£(y) = Axial strain at point y

The correlation between displacement and pullout force in equations (4.3) and (4.4) is expressed

by a second-order differential equation.

O2F(y)  4KF(Y) {dF(y)

2
— + 7D
8y2 2 ED3*mr d(y) hTUI} *3)
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The theoretical information for this study was taken from Sharma et al. (2021a), and it was solved
using Wolfram Mathematica 7.0 (Wolfram 1992) by using appropriate boundary conditions as
stated in equations (4.5) and (4.6).

F, = F(y =0) (4.5)
F(y=L)=0 (4.6)
Where,
L = Length of the nail

F, = The null force at zero displacement

The residual factor was estimated for CN and HN in the post-peak stage using equation (4.7)
(Sharma et al. 2021e, Sharma et al. 2021a).

T,—T

f =

4.7)
T,—T

s p
Where,

T = Primary shear stress

r, = Peak shear stress,

7, = Residual shear stress.

During the post-peak stage, equation (4.8) describes the relationship between the change in
residual factor and displacement. (Sharma .2021a).
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f =0.97IN[u(y)] —3.12 (4.8)

Equations (4.9) and (4.10) give the relationship to predict pullout force and pullout shear
stress under different overburden for CN and HN, using experimental and theoretical data.

While using CN:
Shear stress or peak pullout capacity = 1.3q+28 (4.9
While using HN:
Shear stress or peak pullout capacity = 2.329+29 (4.10)
Where,

g= Overburden pressure

4.2.1. Factor of safety of CN and HN

The FOS is a crucial metric that represents the safety margin or the ratio between the extreme
capacity of a soil nail and the applied load. FOS equations dictate that the value must be greater
than 1 to ensure the soil nail system can safely withstand the applied load. The soil shear strength
parameters, geometry, and nail material all affect the (FOS) in a soil-nailing system. The LEM is
a secure approach to designing soil slopes using equation (4.11), FHWA (Lazarte et al. 2015).

FOS - ((Fr cos(y —i) +{(w+q)cosy + F, sin(y —i)}tan ¢)

(W+q)sin y ] (4-11)

Where,

W = Soil mass weight (;n)

7= Soil’s unit weight

r. = Equivalent nail force = 0.75y,S, K, zS,
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S =Vertical spacing
S, = Horizontal spacing

1-sin ¢
1+sin¢

K,= The active earth pressure coefficient =

w = A failed inclination plane = 45° +g

q= Overburden pressure (For example, 10kPa, 20kPa, and 40kPa in the current study)

i = Inclination of Nail (i=0 for this case)

Equation (4.11) has the drawback of calculating an equivalent safety factor for various
specimen types of nails. To put it another way, the FHWA's equation (Lazarte et al. 2015) is only
appropriate for typical soil nails and cannot predict accurately the FOS for soil nails with a different
profile or different geometry. Also, the equation is inadequate for calculating the FOS for HN since
it may replicate the lateral pressure, installation effect, and 3D effect of preferred soil. The authors
of the current work have lessened their originality by using the concept of a helical pile or anchor
to calculate the FOS of HN.

The following equation (4.12) is used to calculate the FOS for various kinds of soil nail

structures.

F.=_—u 412
°*  FO ( )

Where,
F.=Pullout load, kN
FOS =factor of safety
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Fu =the maximum strength of the helical soil nail, KN

As the ratio of helical’s spacing to diameter was chosen to be 3 in the study, cylindrical shear
failure will be the mode of failure. When there occurs a cylindrical shear failure, the maximum

pullout capacity for HN is given in equation (4.13).
F, =27Rh,(c + K,gtan ¢) + A (cN, +aN,) (4.13)
Where,
hs = Helical spacing
KO: Earth pressure coefficient at rest (1—sin ¢)

A, = Bigger helix area
R = Helics average area

(= Cohesion

Nq and N,=The Dimensionless Bearing Capacity Factors for Meyerhof determined using

equations (4.14) and (4.15)

N, =1+0.56(12¢)"** (4.14)

N, = (N

¢ . —1cotg (4.15)
Equation (4.16) shows the ultimate pullout capacity for CN,
F, = tandd o, (4.16)

Where,
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O, = Average normal stress which is calculated using equation (4.17) (Sharma et al.

2020b, Sharma et al. 2021e, Sharma et al. 2019b, Rotte and Viswanadham 2013, Sharma et al.
2021b, 1S 1985, Milligan GWE and Tei K 1998)

0, +0O,
Gang =
2 2 2

_ o,1+K,) _ o,(2—sin ¢)

(4.17)

Where,

0, = Vertical stress

0y = Horizontal stress

4.3. Numerical modelling

Computer software is used to simulate the behaviour of CN and HN reinforcement systems in
numerical modelling. This type of modelling is frequently employed to anticipate system
performance in various soil types and loading conditions. The initial step in CN and HN numerical
modelling is to create a detailed 3D model of the soil, reinforcement system, and support structure,
using specialized software like PLAXIS, ANSYS, or ABAQUS. Soil properties can be obtained
from laboratory testing or empirical correlations based on soil type, while reinforcement system
properties can be obtained from manufacturer specifications or testing. Once the model is set up
and its properties are defined, various numerical analysis methods like FEA, boundary element
method (BEM), or finite difference method (FDM) can be employed. This process involves the
application of loads to the structure and simulating the soil’s response and reinforcement system.
The results of the numerical analysis provide valuable insights into factors like stress and
displacement distribution within the soil, the deformation and reinforcement’s load-carrying
capacity, and the overall stability of the structure. Utilizing numerical modeling for conventional
nails (CN) and helical nails (HN) proves to be a highly effective approach for optimizing soil

reinforcement system designs, reducing costs, and ensuring the safety and stability of structures.
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In this study, the laboratory model was replicated through the application of the FEM software,
specifically PLAXIS 2D. The software allowed the simulation of the tank's laboratory-like
dimensions, the soil nails' geometry, and the soil properties. For the simulation, the Mohr-Coulomb
(MC) model was employed, which combines Hooke's and Coulomb's failure theories. To represent
the behavior of soil and nails accurately, an elastoplastic model based on deformation was utilized.

Table 4.1 provides a comprehensive list of the various parameters employed in the MC model.

Table 4.1. Characteristics for soil and nails used in PLAXIS 2D

Parameters Values
Modelling element Plate
Axial stiffness 5.024x10% kN/m
Diameter of plate 16mm
Nail’s elastic modulus (En) 160 GPa (From Experimental load-displacement)
Geotechnical properties Table 3.1
Bending stiffness 1.7x10%° kN-m?
Type of model Elasto-plastic

An undrained plane strain state serves as the model's foundation. Using a consolidated undrained

test, the soil sample’s shear strength parameters (4" and c¢') were calculated (CU test). The plate

components are used to model the soil nail element (Milligan GWE and Tei K 1998). On the plate

element, the material's characteristics were achieved that are similar to the soil nail’s flexural
rigidity and axial stiffness. The soil nail's equivalent modulus of elasticity (Eem) is provided in

Equation (4.18)
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g% [ 2] @19
A A

Where,

E, = Elastic modulus of grout

E, = Elastic modulus of nail material

AC = Cross-sectional area of helical nail

A= Gross area of soil nail

ACC = Cross-section area of grouted soil nail

The components Ay, Eg are equivalent to zero for soil nails without grout. The bending

stiffness (EI) and axial stiffness (EA) over which the FEM operates, are supplied as in equation
(4.19) and equation (4.20).

EA= 5 (%ZJ (4.19)
2
El = % (4.20)

Where,
S, = Unit spacing
D, = Overall nail diameter

dS =Shaft diameter

In Plaxis 2D, the soil is mass's base constrained in the x-y direction, while its face remains free

and unaffected by both directions. These boundary conditions are modeled as standard fixities.

The Strength Reduction Factor (Ry;) determines how soil and nails interact. To achieve adequate
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soil-nail interaction, the virtual thickness factor ( A ') for mesh construction is set at 0.1. According
to equations (4.21) and (4.22) for fine-grained soil and sandy soil, respectively, the Ry relates to

the interface friction between the soil-nail:

tan ¢.

ts = P (4.22)
tan @,
C.

Ry = — (4.22)
C

SO

Around the HN and CN, the analysis was conducted using medium-mesh over the PLAXIS 2D.

The Ko-procedure, which replicates the ground pressure at rest, was then used to complete the

initial stresses. Thus, FOS and deformation for both CN and HN are assessed for the model. The
interface's shear strength is decreased until the critical or failure value (Milligan GWE and Tei K
1998). Plaxis 2D utilizes the strength-reduction approach to ascertain the FOS. The study employs

the phi/c reduction technique, but it does not impact the strength of the CN and HN components.

The total multiplier's mean (ZMSf ) is used to establish the safety factor as in equation (4.23)

tan ¢. C.
3" Msf _tangy, S (4.23)
tang, cC

r

The factor of safety (FOS) can vary for CN and HN due to a variety of factors, including soil
properties, slope geometry, and groundwater conditions. Ensuring that the FOS falls within an

acceptable range is crucial for maintaining long-term slope stability.
4.4, Summary

Analyzing the behaviour of soil nails, mathematical and numerical modelling are important tools.
In this chapter mathematical modelling of CN and HN is presented and also numerical modelling
of CN and HN is discussed. Furthermore, the determination of FOS for both CN and HN in
mathematical and numerical modelling is described. Optimization models such as the Response
surface model and Hybrid Deep Belief Network- COOT Optimization are discussed in the next
chapter.
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CHAPTER5
OPTIMIZATION MODELS
5.1. General

In this study, prediction and optimization of helical soil performance can be done using Response
Surface Models (RSMs) and Hybrid Deep Belief Network-COOT Optimization. Response Surface
Models are mathematical models used to predict the behaviour of a system in response to changes
in input variables. In the case of helical soil nail performance, RSMs can be used to model the
relationship between various input factors and the resulting performance metrics. Hybrid Deep
Belief Network-COOT Optimization is a more advanced method for predicting and optimizing
helical soil nail performance. This approach involves using a hybrid deep belief network (DBN)
to model the complex relationships between input variables and performance metrics. The DBN is
trained on a large dataset of helical soil anchor performance data to learn the underlying patterns
and relationships. Once the DBN is trained, it can be used to predict the performance of helical
soil anchors for any combination of input variables. COOT (Conformational Optimization on
Target) is an optimization algorithm that can be used to refine the results obtained from the DBN.
COOT works by using an iterative process to adjust the input variables to maximize the predicted
performance metric. This iterative process continues until the predicted performance metric is
optimized to a desired level. Overall, the combination of RSMs and Hybrid Deep Belief Network-
COOT Optimization can provide a powerful approach for predicting and optimizing the
performance of helical soil nails.

5.2. Response Surface Methodology

Response Surface Methodology (RSM) in statistics investigates the correlation among various
descriptive factors and one/multiple response variables. This technique was presented by George
E. P. Box and K. B. Wilson back in 1951. The primary objective of RSM is to achieve the optimal
response by conducting a series of well-designed experiments. Specifically, it aims to:

e Generate valuable knowledge in the relevant experimental field.
e Precisely estimate the experimental variance (pure error).
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e Ensure that the proposed model and the experimental data are sufficient to easily detect
any lack of fit. Based on the outcomes, suggest sequential techniques for carrying out
experiments with other possibilities.

e To streamline the identification of outlier data

e To minimize ambiguity, facilitating decision-making even in uncertain circumstances.

RSM technique is a mathematical and statistical method utilized to address optimization problems.
Figure 5.1 depicts the RSM design workflow. The primary objective of employing the RSM
approach is to establish the connection between the response and the variables being studied. This
methodology offers numerous advantages and has proven successful in investigating and
optimizing process parameters. By conducting a relatively small number of experiments, RSM
yields valuable insights and enables the identification of interaction effects among independent
factors influencing the response. The model clearly shows the impact of combining the

independent process variables in binary form.

In addition, data is gathered using the empirical model that links the response to the independent
variables. To suggest desirable responses and minimize the number of experiments, RSM has been
extensively used in investigations into various processes, experiment design, model construction,
evaluation of the impacts of various elements, and determination of optimal conditions. Following
a comprehensive analysis of the experimental results, a mathematical model is formulated to
demonstrate the relationship between the process variable and the response. Equation (5.1) is used
to mathematically define RSM, which is a very useful tool for the optimization and enhancement

of the response factors. (Mumtaz et al. 2017).

X=0(y:,Y,)+e (5.1)
Recent times have seen the adoption of first and second-order response surface models; a first-
order model can utilize an approximation of a response-basis function based on the response
represented by a linear function of variables that are normally independent. Equation (5.2) is used

to represent the first-order model (Mumtaz et al. 2017).

X:,Bo +ﬂlyl +ﬂzy2 te (5.2)
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A second-order model denotes a function with two variables. It takes into account all quadratic
and cross-product components in addition to the first-order correlation model terms. Equation (5.3)

can be used to numerically represent a second-order model (Mumtaz et al. 2017).

X :ﬂo +:B1y1 +182 Y, +ﬂ11y12 "'13223/22 +,B12y1y2 +€ (5.3)

Where, y andy, are the independent variables, X is the response, € is an experimental error, 3, ,

5, and g, are the regression coefficient respectively.

Selection of input factors and responses
v
design of experiment
v
regression analysis
v
' Response devel opment |
v
| Performance of ANOVA |

v
\ 2D contour plot and 3D surface plot devel opment l

Comparison of
predicted values

No

Analysis of optimal soil nailing characteristics

Figure 5.1. Work flow of RSM design
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The well-known RSM approach is called Box Behnken Design (BBD). As compared to
conventional factorial design methods, BBD reduces the number of experimental sets without
compromising optimization accuracy. In this study, the input characteristics are denoted by three
distinct codes: -1, 0, and 1. The coding system represents the highest value as (+1), the intermediate
value as (0), and the minimum value as (-1). To ensure simplicity and minimize the number of
experiments, the BBD-RSM design is utilized. The objective of this research is to achieve optimal
soil nailing behavior, characterized by maximum pull-out capacity, lowest installation torque, and
the lowest factor of safety. Table 5.1 provides a comprehensive overview of the specific input

parameters and their corresponding levels.

Table 5.1. Input parameter’s levels

Input parameters Levels
High Intermediate Low
Surcharge pressure(kPa) 40 30 20
Shaft diameter(mm) 16 15 14
Helical pitch(mm) 35 30 25
Inclination angle(®) 20 15 10

5.2.1. Steps involved in response surface methodology

The following are the steps in RSM by using Design-Expert version 13 software which is a
software package that can be used for response surface design.

Step 1: Open Design-Expert 13 software on the computer and click the “New design” icon.
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DESIGNEXPERT

VERSION I3

Figure 5.2. Main Tab of Design-Expert software

Step 2: Click on the “Response Surface” icon and select “Box-Behnken” type design from the

main menu to create a new response surface design.

D/, unnamed1 - Design-Expert 13-

File Edit View Display Options |

4 £ Factorial

4 Randomized

> Miscellaneous
> Split-Plot

4 Randomized

4 7% Standard Designs

Regular Two-Level
Min-Run Characterize
Min-Run Screen
Multilevel Categoric
Optimal (Custom)

4 7~ Response Surface

Central Composite

Box-Behnken

> Split-Plot

U am Mixture

Blank Spreadsheet
Import Data Set
User-Defined
Simple Sample

Optimal (Custom)
Definitive Screen (DSD)

4 [l Custom Designs
Optimal (Combined)

Figure 5.3. Selection BBD
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Step 3: Enter the number of factors.

Numeric factors: 4 - (3to2l) & Horizontal

Categoric factors: 0 = (0to10) () Vertical

Figure 5.4. Numbers of factors

Step 4: Enter the names of factors and units; also specify the range or levels of factors.

| Name | Units | Low l High
A [Numeric] |Surcharge pr kPa 20 40
B [Numeric] |Shaft diamet mm 14 16
C [Numeric] |Helical pitch mm 25 35
D [Numeric] |Inclination ar © 10 20

Figure 5.5. Names and units of input factors

Step 5: Adjust the number of center points per block based on the requirement of experimental

runs.

Blocks:

Center points per block: 16 = | (0 to 1000) 40 Runs

Figure 5.6. Numbers of experimental runs
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Step 6: Click "Next" when entered all the factors and levels.

[ Cancel ] | << Back j [ Next > > ] Finish

Figure 5.7. Next tab

Step 7: Enter the number of responses and enter response names and their units.

— @ Horizontal
Responses: 3 o (1to999)

) Vertical

| Name | Units

Installation tor kN-m

Pull-out capac kN

Factor of safet

Figure 5.8. Responses numbers, names, and units

Step 8: Click "Finish™ when entered all the responses and its units.

Cancel I [ << Back Next >>

Figure 5.9. Finish tab
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Step 9: Design-Expert will generate a “design matrix” based on the levels of input factors. Check

the matrix and make any necessary adjustments.

D/ unnamed1* - Design-Expert 13

=nio)

File Edit View Display Options

BAE+R

Design Tools  Help

Navigation Pane

7 Design (Actual)
Information
/7 Notes
= Summary
Ii"‘: Graph Columns
‘V\ Evaluation
) Constraints
Analysis [+]
Installation torque (Empty)
E] Pull-out capacity (Empty)
Factor of safety (Empty)
Optimization
».+ Numerical
. Graphical
Post Analysis

,® Point Prediction
Q Confirmation
I Coefficients Table

37
39
21
24
28

2
14
2
3

I
»

R P
‘ [Qa @ ‘-'\Y-‘ } —.— Change View p Round Columns Augment Design c=Hide/8how Columns
Factor1 Factor2 Factor3 Factor4 Response 1 Response 2 Response3 &
Run | AiSurcharge pr... | B:Shaft diameter| C:Helical pitch | D:Inclination a... | Installation tor... [Pull-out capacity Factor of safety
kPa mm mm 2 kN-m kN

1 30 15 30 15
2 30 15 30 15
3 30 15 30 15
4 30 16 30 20
5 30 15 30 15
6 40 14 30 15
7 30 16 25 15
8 30 15 30 15
9 30 15 30 15
10 30 15 35 20

1 30 15 30 15 2
12 30 15 30 15
13 20 16 30 15
14 30 15 30 15
15 30 14 35 15
16 40 15 35 15
17 40 16 20 15
18 30 16 35 15
19 30 15 25 10
20 30 15 30 15
A 40 15 30 10
2 30 15 25 20
23 30 15 30 15

24 30 15 35 10 T
25 30 15 30 15
26 30 16 30 10
21 30 15 30 15
28 30 15 30 15
bl N i 20 10
30 30 14 25 15
31 20 15 35 15

~
)

n

14

N

15

Figure 5.10. Design matrix
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Step 10: Enter the response data into Design-Expert. Click the "Data™ tab and enter the response

data in the appropriate cells.

File Edit View Display Options

BAG|+ @

Design Tools  Help

2

O P
’ % @ ’-(&"' [z EE Change View p Round Columns Augment Design g Hide/Show Columns

»

Navigation Pane

D Design (Actual)
Information
/ Notes
=) Summary
lg_ Graph Columns
"\ Evaluation
) Constraints
Analysis [+]
E) Installation torque (Empty)
[3 Pull-out capacity (Empty)
[:] Factor of safety (Empty)
Optimization
#+ Numerical
. Graphical
Post Analysis

,® Point Prediction
Q Confirmation
r Coefficients Table

Factorl Factor2 Factor3 Factor4 Response 1 Response 2 Racnonsed
Run | A:Surcharge pr...| B:Shaft diameter| C:Helical pitch | DiInclination a... | Installation tor... [Pull-out capacity Fa ctofof safety
kPa mm mm g kN-m kN

N 1 30 15 35 10 0.27 6.72 164
2 30 14 30 10 0.24 6.61 167
g 3 40 15 30 10 0.273 6.83 161
m| 4 40 15 35 15 0.27 6.79 1.58
| 40 15 30 20 0.305 7.05 155
8 30 15 35 20 0.242 643 1.602
| 30 16 25 15 0.297 693 158
| 8 20 15 30 10 016 561 175
o 9 30 16 30 10 0.291 6.94 1.66
| 10 20 14 30 15 015 553 172
_|n 40 16 30 15 0.341 155 151
|1 30 15 25 20 0.263 6.63 162
| 13 40 14 30 15 0.282 702 159
| L 20 15 30 20 0.163 563 1
|15 30 16 35 15 0.289 69 159
| 16 30 15 30 15 0.277 6.77 165
R 30 15 25 10 0.241 641 164
| 18 30 14 35 15 0.26 6.73 164
| 19 2 15 35 15 0.152 552 1.69
|2 20 16 30 15 0.169 571 168
| a 20 15 25 15 0.164 562 1731
| 2 40 15 25 15 0.299 691 153
| B 30 16 30 20 031 12 1549
| 30 14 25 15 0.241 6.55 167
o 25 30 14 30 20 0.24 631 167
| % 40 15 35 15 0.26 6.61 159
|z 30 15 30 15 0.255 6.56 1.66
| 20 15 35 15 0.249 6.62 1.66
| B 30 16 35 15 0.28 692 159
| 30 30 15 30 15 0.239 6.28 167
| 30 15 30 15 0.201 582 168
EY) £l 15 n 15 187 57 169

Figure 5.11. Response data for design matrix
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Step 11: Analyze the responses by clicking “start analysis” in the Configure tab.

File Edit View Display Options DesignTools Help
. O - . >
EY=1:1 e rerra

‘D Design (Actual)

g Configure

Configure Analysis

Information - .
Analysis name  Pull-out capacity

/" Notes

=]

= Summary

'i". Graph Columns
'--_"\ Evaluaticn

) Constraints Special Models

@) Linear Regression

No Transform v

Analysis [+]

@ Pull-out capacity
Factor of safety
Installation torque

Optimization

s+ Numerical | MI Reset to Default

 Graphical

Post Analysis

,@ Point Prediction
0 Confirmation
I Coefficients Table

Figure 5.12. Configure tab
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Step 12: Click the “Fit summary” tab; the design expert has fitted the response to two-factor
interaction (2FI), linear, cubic polynomials, and quadratic. The cubic order terms will not
considerably enhance the fit, but Design-Expert is now stating (by bold emphasis) that the
quadratic model seems the best. These terms are significant: for Lack of Fit testing on the various
model orders, scroll down to the “Lack of Fit” testing window. Relative error and "Pure Error"
derived from replicated design points are compared in the "Lack of Fit Tests" window. The
quadratic model, which was named as the most probable model, does not exhibit a major lack of
fit; do not select the cubic model since it is aliased.

g Configure m Fit Summary @ Model ANOQVA | |*%¢ Diagnostics Model Graphs

= FitSummary 5 < @Modelsl.mmarysmistics </ of Lackof it Tests

Fit Summary Model Summary Statistics

hesposse l:Erlatapicly couce | S ‘ " ’Adjusted Predicted PRESS‘
Dev. R? R?

Source Seq“el““a' Lk ‘f Fit Adjgfte" p’*f{f"“ [ tinea] 059 03812 03105 0268 1.3

i 05768 04190 02186 0102 1489

Linear 00017 03331 03105 02638
| 21 09243 01844 02186 01032
| Quadratic  0.0003  0.9960 0.5967 0.5496 Suqggested
Cubici 09807 09455 04640 04303  Aliased

: Quadratic 0.4144 0.7415 05967 0.5496 7.48 Suggested
Cubic. 04777 07664 04640 04303 946  Aliased

Focus on the model maximizing the Adjusted R* and the Predicted R’.

Figure 5.13. Fit summary results
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Step 13: Choose the model for a comprehensive statistical analysis using Design-Expert. To view

the terms in the model, at the top of the screen click the “Model” tab. The "Suggested” model that

was previously presented in the Fit Summary table is the default model used by the program.

g Configure

E] Fit Summary

Intercept

333333333333333

AB
AC
AD
BC
BD
CcD
A2
B2
CZ
Dz
ABC
ABD
ACD
BCD
A%B
A*C
A’D
AB?

|

A-Surcharge pressure l
B-Shaft diameter
C-Helical pitch

D-Inclination angle

| » |

m

@ Model | F3 ANOVA | |*%; Diagnostics Model Graphs

Process Order: [Quadratic vj [ Auto Select...

Add Term

The term will be included in the model.

Indicates the term is aliased with another term, or was not estimated in the
Fit Summary calculations. Including the term in the model is not
recommended.

| =}

A user-forced term. Automatic model selection will always produce a model
that includes this term.

Indicates that the term is required to be in the model by the program.

Figure 5.14. Process order
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Step 14: To generate the analysis of variance, fit statistics, model comparison statistics, and final

equation in terms of actual factors, coefficients, and coded equations in terms of coded factors for

the chosen model, click the “ANOVA” tab.

Figure 5.15. ANOVA results

g Configure Fit Summary @ Model % ANOVA E Diagnostics | " Model Graphs
‘ Analysis of Variance 5 @Fit Statistics +| - Model Comparison Statistics
Response 1: Pull-out capacity i k e e
Fit Statistics
Source S Mean F-value p-value_
I Squares| | Square [ | | | l l |
_ |Model 1231 14| 08795 512 0000, __[Std. Dev. | 04144 R 0.7415 £
| A-Surcharge pressure 585 1 585 3409 <0000 __|Mean 6.34 Adjusted R® | 0.5967
| B-Shaft diameter 04641 1 04641 270 0112 _|CV.% 6.53 Predicted R®  0.5496
| C-Helical pitch 00311 1 00311 01811 0674 Adeq Precision | 7.9816
__| D-Inclination angle 00205 1 00205 01194 0732 |
=t A5 g A 0006 GBS, WoT The Predicted R? of 0.5496 is in reasonable agreement with the
_[AC 02785 1| 02785 162/ 0.214 Adjusted R’ of 0.5967 i.e. the difference is less than 0.2.
| AD 00251 1 00251 01460  0.705|=
I BC 00019 1 00019 00110 0917 - |Allpa Pracicinn meazires fhal;iﬂnal tn nnice ratin_ A ratin nreater -
_| BD 00784 1 00784 04565 0505
| Ee 01714 1 01714 09982 0.327. i Coefficients e Coded Equation  + e Actual Equation
| A 01759 1 01759 102 0321
| B 317 1 317 1848  0.000. 2
8 c 157 1 157 917 0005 Final Equation in Terms of Coded Factors
| K5 118 1 118 688 0014 |
__|Residual 429 25 01717 | | | 3
| Lack of Fit 04423 10 00442 01723 0996 " [pull-out capacity | =
| PureEror 385 15 0.2567 =( +576 L3
|| Cor Total 1661 39 i +06465. * A
. +0.1837 *B
Factor coding is Coded. +0.0441 *C
Sum of squares is Type III - Partial = +00391 *D
T +0.0875 * AB
The Model F-value of 512 implies the model is significant. There it i -0.2205 * AC
Ichance that an F-value this larae could ocgﬂ_u_e‘ to noise. % | +0.0726 * AD : A3
< m » < m »
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Step 15: Plots made available via the “Diagnostics” tab are the best way to understand the

diagnostic information offered by Design-Expert. The first pane displays the most crucial

diagnosis, a normal probability map of the residuals. Also, Box-Cox plot, Pred. vs. Actual plot,

Cook’s distance plot, leverage plot, DFFITS plot, DFBETAS plot, and Residuals plots are the

important diagnostic plots.

} g Configure

Fit Summary | () Model| % ANOVA

*%: Diagnostics

" Model Graphs

[‘ Normal Plot 5

b Rl phed. %

b Resid. vs. Run I L Resid. vs. Factorw

Pull-out capacity

Color points by value of
Pull-out capacity:

s12 [l 755

Normad % Probaesdey

Pull-out capacity
Nomnal Plot of Residuals
,/: Color points by value of
f. .
{/ : Pull-out capacity:
/ s12 [ 755
' w‘?‘

T T T T T T
M A o (D 0 10
Extmrraad by S22 don v o s

B
i
B

E
£

Exterial by S2a: chor ired Pl cha s

Resduals vs Predicted

B
s
-

l

Prodend

M Box-Cox =

L_ Pred. vs. Actual

J ECook‘s Distance =

Pull-out capacity
Current Lambda =1

Recommended transform:
None

Lo cha ol )

Pull-out capacity

Bax-Cox Plot for Power Translorms

Color points by value of
Pull-out capacity:

5.12_ 7.55

] [2

9{' Leverage |

2 DFFITS | | BT

Cook's it ance

Cook’s Dstance

G 00

S WL X, P

un Nurker

Figure 5.16. Diagnostics details
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Step 16: Create response surface plots as the residuals diagnosis shows no statistical issues.
Navigate to the “Model Graphs” tab. By default, graded color is used to display the 2D contour
plot of variables A vs B. In this tab, also generate the other important graphs such as perturbation

graph, one-factor graph, 3D surface graph, all factor graph, and interaction graph.

7| Fit Summary | @ Model | g ANOVA | [% Diagnostics| " Model Graphs L

Factor Coding: Actual

Pull-out capacity (kN)
@ Design Points

5.12 - 7.55

X1=A
X2=8

i, Pull-out capacity (kN)

155
Actual Factors

c=30
D=15

15

B: Shaft diameter (mm)

145

14
20 25 30 35 40

A: Surcharge pressure (kPa)

Figure 5.17. Model graphs
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Step 17: Repeat Step 11- step 16 for analyzing second and third responses. Then move to
optimization experiments. To begin, select the Numerical node from the “Optimization” branch

on the left of the screen.

File kdit View Lisplay Uptions

2ER =™ '

'Navigation Pane

— Design (Actual)
Information

/" Notes
= Summary
IL Graph Columns

«, Evaluation
Constraints
Analysis [+]
[: Pull-out capacity (Analyzed)
@ Factor of safety
[:] Installation torque
Optimization
#o+ Numerical

Graphical
Post Analysis

,® Point Prediction
0 Confirmaticn
I Coefficients Table

Figure 5.18. Numerical Optimization
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Step 18: Define the “criteria” for any variable using Design-Expert. Desirability indices (di) are

created by the program using the following five choices as a "Goal": Maximize, Minimize, Target,

In range, and Equal to desired values. For every given response, desirability varies from 0 to 1.
The program calculates the total desirability by adding together each individual desirability.

—g Criteria Solutions | *7* Graphs

A:Surcharge pressure Pull-out capacity
B:Shaft diameter
C:Helical pitch

D:Inclination angle
Pull-out capaci

Analysis: [Pull-out capacity v]

Use interval (one-sided) [

Goal: [maximize v]

Lower Upper
Limits: 512 7.55

Weights: 1 1

U
ImPOr‘tance: 4+ v
512 7.55
Pull-out capacity

Figure 5.19. Numerical optimization criteria
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Step 19: By selecting the “Solutions” option, begin the optimization which automatically switches
to the Ramps view. So, the ideal factor settings and predicted responses desirability are clear
visuals by Ramps view. The outcomes are then ranked by Design-Expert from most to least

desired.

— < 7
—2 Criteria Solutions ?‘; Graphs

20 40 14 16

A:Surcharge pressure = 39,9937 B:Shaft diameter = 15.9733

25 35 10 20
C:Helical pitch = 349124 Dinclination angle = 10.0027

Desirability = 1.000

5.12 7.55 Solution 1 out of 100

Pull-out capacity = 7.90275

Figure 5.20. Solutions of numerical optimization
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Step 20: A contour graph showing the overall desirability; Desirability of all responses viewed by

selecting the “Graphs” tab. These same steps are repeated for factor of safety and installation

torque for analyzing and optimization.

ﬁ Graphs

l _:_§ Criterial Solutions

Factor Coding: Actual

Desirability

0.000 [ 1000
X1=A

X2=8

Desirability

Desirability 1.000)

Actual Factors
C=349124

D =10.0027 E

B: Shaft diameter (mm)

A: Surcharge pressure (kPa)

Figure 5.21. Desirability graph

Single Graph

|

| Default | [ Sheet.. |

Solution: of 100
A:Surcharge ... ‘I’
B:Shaft diam...

CHelical pitch  ———{
DiInclination... 07

Factor value:

20 25 30 35 40

Step 21: Choose “Save As” from the “File menu” by clicking on that item. The File name for

Save as type “*.dxpx” in the data folder for Design-Expert or other specified folder.

120



5.3. Deep Belief Network

A potent deep generative model known as the Deep Belief Network (DBN) consists of stochastic
latent variables in several layers, where binary variables act as feature detectors or hidden units.
These binary latent variables are sometimes referred to as feature detectors. Unlike traditional
generative graphic models, DBNs do not have directed linkages in the upper two levels; however,
they do possess direct connections to lower levels in the layer above. The essence of DBNs lies in

their use of probabilistic deep learning without any need for supervision.

DBNs represent a distinct type of machine learning approach, which shares some similarities with
deep neural networks, yet they have significant differences. These neural networks are feed-
forward and exhibit a deep architecture with numerous hidden layers. On the other hand, DBNs
consist of unsupervised networks such as Restricted Boltzmann Machines (RBMs), where each
layer in the sub-hidden network also serves as the visible layer for the subsequent layer in the

hierarchy.
5.3.1. DBN architecture

A Deep Belief Network (DBN) is a multi-layered neural network architecture constructed by
chaining together several constrained Boltzmann machines. Each Boltzmann machine's output is
fed as input to the subsequent Boltzmann machine in a cascading manner. During training, the
network converges iteratively until it is fully constructed. The DBN exhibits associative memory
due to the symmetric and undirected connections between its top two layers. Meanwhile, arrows
indicating the direction towards the data's closest layer illustrate the relationships between the
lower levels. At the bottom levels, directed acyclic connections transform associative memory into

measurable variables.

To begin, the input data is directed to the visible unit’s lowest layer, which can accept binary or
real data. It is important to note that DBN lacks intra-layer connections, much like the Restricted
Boltzmann Machine (RBM). The hidden units in the network capture correlations in the data and

serve as representative features. The connections between two layers in the DBN are governed by
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a matrix of symmetric weights known as W, the new structure connects each unit in a layer to
every other unit present in the layer above it. For a visual representation of the DBN's structure,

refer to Figure 5.22.

 RBM training  Perform training layer |
algorithm K ! by layer until the last |
- - - - b2 ubstitugd2es of REM

‘ |
' Training : Visible layers |
. samples :

X

- Given the parameters and
. number of hidden layers

Figure 5.22. DBN Structure (Tao et al. 2020)
5.4. Hybrid Deep Belief Network-COOT Optimization

In hybrid DBN-COQT optimization, Both RBM layers initially occur in the bottom layer, which
serves as the training stage. In this, the RBM functions as an energy function, and the parameters
of the RBM weights between the bias of the visible (b), many neurons (w), and the hidden neuron
(bn). To adjust the DBN back propagation method is finally applied (Tao et al. 2020, Niu et al.
2020. Figures 5.23, 5.24, 5.25, and 5.26 illustrate four different movements of COOTs on the

water's surface.
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Random position (Q)

Random position (Q) . L
"/ New position

COOT current position
R2*(Q - CootPos)

Random position (Q)

Figure 5.23. Random Movement in Multiple Directions (Naruei and Keynia 2021)

I
0.0..0
O Q

CootPos(i-1
ootPos(i “, - CootPos(i) New position

x

0.5%(CootPos(i-1)-CootPos(i))””
CootPos(i)

Figure 5.24. Coots Moving in a Chain Formation (Naruei and Keynia 2021)
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e A i 3 Global best ‘
":_ ' Leader position ‘

‘ Coot position .

Figure 5.25. Selection of leader by coot (Naruei and Keynia 2021)

New position A——L

bl on

Figure 5.26. Leader Position Update Towards Optimal Position (Naruei and Keynia 2021)
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The energy function (e) for the exposed and covered layers is as following equation (5.4):
e(a,h) =—> wah, - > ba - > bh, (5.4)
ij i j

Where,
h=vectors of the hidden layers
a =Vectors of the visible layers

W;; =Weights connecting the neurons in the visible and hidden layers

h, =The hidden units

b, =Bias for visible layer neurons

by =Bias for hidden layer neurons

The probability distribution ( P ) of the visible and hidden layer vectors is described as following
equation (5.5) based on the partition function,

PO(a, h)=exp(—e(a, h;0))/ K(O) (5.5)

The activation probability for both the hidden and the visible layers, according to the sigmoid
activation function, is as following equation (5.6),

P, =G(bhj +Zhjwijj (5.6)
Where,
@ =Three parametric set \W , b, by, §

O = Sigmoid function

Moreover, the updated weight and bias formulae are written as equations (5.7) and (5.8),
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Aw; = 5(< ah >y — <A1 >mode|) (5.7)

Aby; = 5(< A >gara — < >mode|) (5.8)

Typically, DBN is used for the random weight update process. The Coot Optimization is used in
this study to optimize the weight update process. When looking for food, crows are water birds
categorized as members of the rail family. Hence, the primary goal of coot optimization is thought
to be food hunting by the coot on the water's surface. To seek food, the coots are divided into
leaders and followers. Whenever the fitness function is utilized in the optimization process as

shown in equation (5.9),

f(x)= melﬁ) (5.9)
W, (i) = rand(a, d )+ (ub—Ib)+Ib (5.10)
q = rand(1,d)*(ub—Ib)+Ib (5.11)

Equation (5.10) is used to start the population of weights (W, ), and then equation (5.11) is used

to compute the fitness of each solution.
Where,
| = Experimental values

I = Predicted values

Wyos = Weight population

g =The random position

d =The overall quantity of variables

ub = Upper bounds

Io = Lower bounds
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Next, the most recent location is given as equations (5.12) and (5.13), depending on the random

movement of weights.

W (i) = Wi (i) + xx R2x (Q - w, (i) (5.12)

x=1- LG) (5.13)

The leaders' positions are then updated to reach the target using equation (5.14). Also, this equation

(5.15) is utilized to identify the best approach for finding the targets.

Lead (i) = {y x R3x cos(2R)x gBest - lead o0s(1) + gbest} (5.14)

1

Where,
L = Current Iteration

I = Maximum lteration
Moreover, the random integer R, R2and R3 falls between [-1, 1], [0, 1], and [0, 1].
5.4.1. Statistical Analysis of Models

An essential step in defining how well the model performs in its prediction is evaluating the
model's accuracy. Metrics for evaluating problems might vary depending on their nature. For the
constructed models RSM, DBN, and ANN in this work, statistical indicators R?, Mean Square
Error (MSE), R, Adjusted R?> and Root Mean Square Error (RMSE) are used. In regression
analysis, statistical indicators are commonly utilized to evaluate prediction accuracy and model
performance. These metrics help depict the model's efficacy by assessing how often it makes

inaccurate predictions.
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R2:R?is also known as the coefficient of determination, measures how well the results align with
the original values using the linear regression model. Its value ranges from 0 to 1, and it is a scale-

free score.

MSE: It measures how much the predicted values differ from the actual values in the dataset,

giving an idea of the residuals’ extent.

R: Also known as a correlation coefficient, which measures the relationship between predicted

and observed values of a variable.

Adjusted R?: The modified version of R-square is known as Adjusted R-squared, which considers

the number of independent variables in the model. It will always be less than or equal to R?.
RMSE: Root Mean Squared Error provides a measure of the residuals' standard deviation.

Equations (5.16-5.20) are used to express the R?, MSE, R, Adjusted R? and RMSE;

R2 _ zin:l(yev,i - yv,i)2 (516)
Zin:l(yv,i - yemean)2
1Q ’
MSE = (¥, ~ Vo) (5.17)
i=1
> (Vi = Yemean Yo ~Yemean) | 619
\/(Z yVI yvmean xzizl(ye,i - yemean) )
Adjusted R? :1—((1— Rz( n-1 D (5.19)
n-q-1
RMSE = |23 (y,, - v,,) (5.20)

i=1

Where,

Y.= Actual values
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Y, = Predicted values
Yemean=Average actual values

Yumean= Average predicted values
4= Input numbers

n = Numbers of experimental values

5.5. Proposed methodology

The present study explores the soil nail behavior in cohesive soil through a combination of
laboratory experiments, mathematical analyses, and numerical modeling. Additionally, the
outcomes of helical soil nailing, encompassing installation torque, pull-out capacity, and safety
factors, are validated using both RSM and hybrid DBN-COQOT optimization approaches. Initially,
select the soil and determiner the characteristics of the soil sample. Both conventional and helical
soil nails are adopted for this study. Pullout load (KN), deformation (mm), and factor of safety are
established for both CN and HN based on the laboratory, mathematical and numerical modelling.
Based on theoretical and numerical research helical soil nails provide a greater level of safety than
traditional soil nails. So, to validate and improve helical soil nailing results such as pull-out
capacity, installation torque, and safety factor, RSM is used. Then hybrid DBN-COOT
optimizations are utilized as the suggested model and are a successful tool for validating and

improving the outcomes of HN. The proposed flow of the present work is shown in figure 5.27.
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* Mathematical and
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Figure 5.27. Proposed methodology
5.6. Summary

This chapter focused on the concept of RSM and its design steps; also introduced the hybrid model
using DBN incorporating COOT for optimization. In additional, a statistical analysis of the models
was discussed to evaluate their performance and accuracy. Finally, the proposed methodology is
presented, which includes the step-by-step process of the study using RSM, and hybrid DBN-
COOT optimization.
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CHAPTER 6
RESULTS AND DISCUSSION
6.1. General

The results obtained through experiments and theoretical calculations for the parameters that are
influenced by the CN and HN are analyzed in this chapter. The factor of safety analysis is also
conducted to reduce the failure possibilities of the nailing process and stability of the nails.
Furthermore, the validation and optimization of the collected outcomes are done numerically
through Response Surface Methodology (RSM). In the RSM the Box-Bhenkan Design (BBD)
model is used to validate and optimize the results. To enhance the accuracy of outcome predictions,
the Coot optimization algorithm is employed and compared with both RSM and other machine

learning methods.
6.2. Pull-out behaviour

The pullout displacement results collected during the experiment and mathematical calculations
for conventional and helical soil nailing are shown in Figures 6.1 and 6.2, respectively. When
pulling out the nail, initially, it resists strongly against the external force applied. After further
increasing the force, till its peak withstanding capability, the resistance is reduced with increased
pullout displacement. This phenomenon is observed for both CN and HN. The graphs demonstrate
that an increase in overburden pressure results in additional pullout resistance for both CN and
HN. The experimental findings show the pullout resistance is openly relative to overburden
pressure. This relationship is likely attributed to enhanced soil-nail interaction and adhesion values
caused by the increased surcharge pressure. The improved soil-nail interaction between the soil
and nail appears to be influenced by the higher overburden pressure, contributing to the observed

trends in pullout resistance.

131



Pullout Load (kIN)

10kPa(Theoretical)
— 40kPa (Theoretical)

—#— 20kPa (Experimental) —<— 40kPa(Experimental)

o 20kPa (Theoretical)
—=&— 10kPa (Experimental)

D T T T

5 10 15

20

25 30 35

Displacement (mm)

40

Figure 6.1. Load-displacement behavior of CN by experimental and simulated in cohesive soil
8
7
o 0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0
e 000 OO
6 o e ad
\.d"'““ ) —a—6—0—5—0—¢
- e o
= S-S090905959
= B e e N R T T T = M
54
=
=
=3
(=
2
/’"/ —+— 10kPa (Theoretical) —=—20kPa (Theoretical)
1 - —o—40kPa (Theoretical) —4+— 10kPa (Experimental)
—&—20kPa (Experimental) —C—40kPa (Experimental)
0
0 10 20 30 40
Displacement (mm)
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As the shear stress increases, the pullout capacity of the soil nail also increases. When compared
to CN, HN showed 42% higher pullout capability under variable surcharge pressures. The
installation effect and lateral pressure in the soil nailing are unable to be incorporated into the
mathematical model. The variations in the design parameters also cause the difference in
experimental and calculated pullout forces. Nail shaft type, shaft surface, friction angle, helix
parameter, and shear strength of soil are considered for the pullout of soil nails. Soil dilatancy
effect caused by soil nail pullout testing (Milligan et al. 1998; Pradhan et al. 2006; Zhang et al.
2009; Misra et al. 2004). The experimental results closely match the predicted values, indicating

good agreement between the two.
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Figure 6.3. Experimental and Predicted shear stress

Under various surcharge pressures, the peak shear was designed. The same pattern was observed
by both experimental and theoretical values. Figure 6.3 shows the pullout shear stress by

experimental and predicted that shows that pullout force follows the Mohr-Coulomb trend.
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6.3. Internal soil stresses

Figure 6.4 displays the earth pressure cell readings obtained during CN installation, while Figure
6.5 shows the readings collected during HN installation. Figure 6.4 indicates that the earth pressure
experienced significant changes as the installation depth or embedded length increased for each
set of cells. The difference in earth pressure causes a major shift in the amount of soil during CN
installation. During CN installation, significant disturbances occur. Moreover, as the installation
depth increases, the internal stresses continuously decrease. The internal stresses stay nearly the
same even after CN is grouted. In figure 6.5, there was a continuous rise in earth pressure while
installing the HN. This shows that the HN's advancement leads to a significant increase in
confining pressure, resulting in higher soil density around the nail's perimeter. In the end, the soil
exerts a stronger pullout force on the soil nail. The varying composition of the soil, ranging from
coarse sand to clay, results in different earth pressures due to the unique unit weights of the
particles (Sharma et al. 2020c; Rotte and Viswanadham 2013).
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Figure 6.4. Earth pressure variations while installing the CN
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Figure 6.5. Earth pressure variations while installing the HN
6.4. Factor of safety of CN and HN

The safety factor (FOS) in a soil-nailing system depends on the soil's shape, its strength, and the
nail material (Lazarte et al. (2015)). It can be determined by both mathematical method and
numerical analysis methods. The mathematical methods are conducted through predetermined

formulas, in the same time the numerical modelling is conducted through the FEA.
6.4.1. Mathematical modelling

The mathematical modeling analysis reveals that the FOS for CN is calculated as 1.19, 1.25, and
1.26 under surcharge pressures of 10kPa, 20kPa, and 40kPa correspondingly. Also, the FOS for
helical soil nails was calculated as 1.2, 1.54, and 1.90 under the related surcharge pressure. Table
6.1 shows that HN provides significantly higher FOS than CN when exposed to similar surcharge
pressure, soil condition, and installation depth. Even though the FOS of CN is slightly increased
by increasing the overburden pressure, but FOS of HN is significantly increased by the improved
overburden pressure. Through this outcome, it is ensured that the HN functions substantially better

than CN in cohesive soil.
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Table 6.1. Factors of safety for CN and HN

Overburden
FOS for CN FOS for HN
pressure (kPa)
10 1.19 1.24
20 1.25 1.54
40 1.26 1.70

6.4.2. Numerical modelling

By following the recommendation of PLAXIS guides, the FOS is characterized as ZMSf by soil

mass displacement factor. From Figure 6.6 it is established that, under similar loading conditions
the FOS of CN and HN was determined as 1.23 and 1.47 respectively. According to this graph,
HN provides approximately 19% higher safety factor (FOS) compared to CN when subjected to
comparable soil and loading conditions. This observation matches related to the previously

conducted theoretical analysis.
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Figure 6.6. Factor of Safety for CN and HN
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Furthermore, in Figures 6.7 and 6.8, it can be observed that HN experienced its maximum
deformation at 0.15 m, while CN recorded it at 0.20 m, both under similar loading conditions.
According to the results obtained, it is evident that HN leads to 5% lesser deformation compared
to CN. This could be attributed to the additional bearing resistance provided by the HN’s helices.
In the soil nailing, lesser deformation indicates more strength. Both numerical and theoretical

analyses demonstrate that HN offers a substantially higher safety factor than CN.
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6.5. Validation and optimization of helical soil nailing outcomes

Based on theoretical and numerical analysis HN provides higher safety and less soil deformation
than CN. Particularly, HN provides the soil mass with 5% less distortion and 19% greater safety.
To enhance and validate the characteristics of helical soil nailing, two approaches, namely RSM
and Hybrid DBN-COQOT optimization, are proposed. RSM is a statistical technique utilized to
analyze and model the correlation between input variables and the response. On the other hand,
Hybrid DBN-COOT optimization integrates artificial intelligence and optimization methods to
optimize complex systems. These techniques are being used to better understanding and develop
helical soil nailing systems. Validation and optimization by RSM and Hybrid DBN-COOT
optimization led to a more effective and efficient system. MATLAB program 2020a was used to
carry out the Hybrid DBN-COOT optimization method.

6.6. Performance of RSM-BBD approach

Based on the RSM-BBD approach, 40 experimental input combinations (i.e., experimental runs)
are achieved in this study and are shown in Table 6.2. The soil nails are then inserted in the pull-
out test tank according to the input variables. Following that, experimental calculations were made
for the corresponding output characteristics, such as a factor of safety, installation torque, and pull-
out capacity. RSM-BBD is then given the experimented output values to analyze the correlation
between the input and output parameters and optimize them in accordance with the specification.

The following is a summary of the outcomes attained:

Table 6.2.RSM-BBD design based on 40 input combinations

Input factors Output responses

Run | Surcharge Shaft Helical | Inclination | Installation | Pull-out | factor

pressure(A) | Diameter(B) | pitch(C) | angle(D) torque capacity | of safety

kPa mm mm degree kN-m kN -
1 30 15 35 10 0.27 6.72 1.64
2 30 14 30 10 0.24 6.61 1.67
3 40 15 30 10 0.27 6.83 1.61
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4 40 15 35 15 0.27 6.79 1.58
5 40 15 30 20 0.31 7.05 1.55
6 30 15 35 20 0.24 6.43 1.60
7 30 16 25 15 0.30 6.93 1.58
8 20 15 30 10 0.16 5.61 1.75
9 30 16 30 10 0.29 6.94 1.66
10 20 14 30 15 0.15 5.53 1.72
11 40 16 30 15 0.34 7.55 151
12 30 15 25 20 0.26 6.63 1.62
13 40 14 30 15 0.28 7.02 1.59
14 20 15 30 20 0.16 5.63 1.71
15 30 16 35 15 0.29 6.99 1.59
16 30 15 30 15 0.28 6.77 1.65
17 30 15 25 10 0.24 6.41 1.64
18 30 14 35 15 0.26 6.73 1.64
19 20 15 35 15 0.16 5.52 1.69
20 20 16 30 15 0.17 5.71 1.68
21 20 15 25 15 0.16 5.62 1.73
22 40 15 25 15 0.30 6.91 1.53
23 30 16 30 20 0.31 7.21 1.55
24 30 14 25 15 0.24 6.55 1.67
25 30 14 30 20 0.24 6.31 1.67
26 40 15 35 15 0.26 6.61 1.59
27 30 15 30 15 0.26 6.56 1.66
28 20 15 35 15 0.25 6.62 1.66
29 30 16 35 15 0.28 6.92 1.59
30 30 15 30 15 0.24 6.28 1.67
31 30 15 30 15 0.20 5.82 1.68
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32 30 15 30 15 1.87 5.7 1.69
33 30 15 30 15 0.16 5.52 1.70
34 30 14 25 15 0.25 6.74 1.65
35 30 15 30 15 0.17 5.41 1.69
36 30 15 30 15 0.17 5.23 1.68
37 40 15 30 20 0.32 7.12 1.54
38 30 15 25 10 1.88 6.02 1.70
39 30 15 30 15 0.18 5.19 1.66
40 30 15 30 15 0.18 5.12 1.63

RSM-BBD is employed to analyze the correlation between input factors and output responses.
This helps identify significant factors influencing the performance of the soil nail system. RSM-
BBD is used to optimize the input factors for desired output responses. Engineers can identify the
optimal combination of input parameters to achieve the best performance and stability. Each row
in the table 6.2 represents a specific experimental run with unique input combinations. Analyzing
the results helps in understanding how variations in input factors impact the performance of the

soil nail system.

6.6.1. Regression Model Equations

In this research, the relationships between the independent variables and the output responses are
modeled using a second-order polynomial equation. The installation torque, pull-out capacity, and
safety factor are all parametric responses used in this study. Design-Expert will generate a “design
matrix” based on the levels of input factors as shown in Figure 5.11 of step 11. After analyzing
the input values and output responses, the RSM regression equations of installation torque, pullout
capacity, and factor of safety were generated. After that design expert has fitted the response to
two-factor interaction (2FI), linear, quadratic, and cubic polynomials. The cubic order terms will
not considerably enhance the fit, but Design-Expert is now stating (by bold emphasis) that the
quadratic model seems the best as given in Figure 5.13. The quadratic model is generated and then
by ANOVA analysis the final equations in terms of actual factors, coefficients, and coded

equations in terms of coded factors for the chosen model. The regression model equations (6.1),
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(6.2), and (6.3) play a crucial role in understanding the relationships between the input factors
(surcharge pressure, shaft diameter, helical pitch, and inclination angle) and the output responses
(installation torque, pull-out capacity, and factor of safety). These equations are derived from the
RSM and provide a quantitative representation of the impact of each input variable on the

corresponding output response.

Installation torque = 0.277 + 0.067 A+ 0.023B — 0.0018 C + 0.004 D
+0.01AB — 0.0042 AC + 0.0072 AD — 0.0068 BC + 0.0048 BD — 0.012CD (6.1)

—0.044 A% +0.004B2 —0.001C2 —0.0101 D2

Pullout capacity = 6.77 + 0.71A+ 0.207 B + 0.03C + 0.011D + 0.088 AB

—0.005AC +0.05AD —0.053BC +0.14BD — 0.13CD — 0.42 A® + 0.107 B2 (6.2)
~1.122C? - 0.094 D?

Factor of safety =0.165 —0.076 A—0.033B — 0.0025C —0.022 D — 0.01AB

+0.023 AC — 0.005 AD + 0.01BC —0.027 BD — 0.0045CD — 0.0012 A2 (6.3)
~0.017B2 -0.018C2 +0.001D?
The installation torque regression equation is represented as (6.1) which indicates the relationship
between input variables and installation torque. Where the coefficients of the equation represent
the impact of each input variable on the installation torque. For instance, a rise in surcharge
pressure (variable A) leads to an increase in installation torque with a coefficient of 0.067. While
an increase in helical pitch (variable C) results in a decrease in installation torque with a coefficient
of -0.0018.
The regression equation (6.2) indicates the impact of each input variable on the pullout capacity.
The coefficient of B2 which represents shaft diameter squared, is 0.107 which implies that pullout
capacity is affected via the shaft diameter in a nonlinear manner. A rise in shaft diameter leads to
a substantial improvement in the pullout capacity. In contrast, the coefficient of C?, denoting the
squared helical pitch, shows a value of -1.122, indicating a nonlinear impact of helical pitch on the
pullout capacity. Furthermore, an augmentation in helical pitch results in a notable decrease in the
pullout capacity.

In equation (6.3), the factor of safety is linked to the input variables. The coefficient of A

corresponds to surcharge pressure and has a value of -0.076, suggesting that higher surcharge
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pressure results in a lower factor of safety. On the other hand, the coefficient of AC, which reflects
the interaction between surcharge pressure and helical pitch, is 0.023, indicating a positive impact
on the safety factor.

With the aid of these equations, one can forecast the installation torque, pullout capacity, and factor
of safety across different combinations of input variables. The default coding employs +1 for high
levels and -1 for low levels of factors. Through the comparison of factor coefficients, the coded
equations allow us to assess the impact of various factors. This not only enhances our
understanding of the system behavior but also facilitates informed decision-making in the design

and optimization processes.

6.6.2. ANOVA Analysis

The RSM approach employs ANOVA to gather statistical information about the model mean,
standard deviation, and others. The model's significance is assessed by considering factors such as
P-value, degree of freedom, F-value, and regression coefficient. The P-value in ANOVA
represents the probability of obtaining results as extreme as the ones observed, assuming the null
hypothesis is true. A smaller P-value indicates stronger evidence against the null hypothesis. The
F-value is the ratio of the variance explained by the model to the variance not explained, and a
higher F-value suggests a more significant model. A low P-value (typically < 0.05) suggests that
the observed effects are statistically significant (Kotadiya et al. 2016). If the P-value is less than
0.05 and the F-value is high, it indicates that the model or factor is statistically significant. If the
P-value (significance probability value) exceeds 0.05, the model is deemed insignificant. Table
6.3, 6.4, and 6.5 presents the ANOVA result for installation torque, pull-out capacity, and factor
of safety.

The sources of variance used in the analysis are listed in the “Source” column. The quantity of
variance to each source is displayed in the “Sum of Squares” column. Each source's degrees of
freedom are listed in the “df” column. The "Mean Square™ column provides an estimate of the
variance, calculated by dividing the SS by the df. On the other hand, the "F-value™ column serves
as a measure to evaluate the significance of each source, representing the ratio between the mean

square for each source and the mean square for the residual. The “Model” row which incorporates
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all the sources provided, displays the overall variation explained by the model in each ANOVA
table. The unexplained variance is demonstrated in the “residual” row and the “Cor Total” row

shows the total variation in the data.

The ANOVA tables reveal almost significant effects which suggesting that the input parameters
have a significant impact on the responses. The model’s P-value and F-value which are less than
0.05 indicate the RSM model’s significance. The responses namely installation torque, factor of
safety, and pull-out capacity are significantly influenced by shaft diameter and surcharge pressure.
Thus, these parameters have a significant impact on the responses. The RSM’s empirical model
equations demonstrate that the entire response’s R squared value is greater than 0.97 which

indicates the model’s adequacy.

Table 6.3. ANOVA for Installation Torque

Source SS df MS F-value | p-value
Model 0.0742 14 0.0053 38.31 <0.0001 significant
A-Surcharge pressure 0.0549 1 0.0549 397.20 | <0.0001 significant
B-Shaft Diameter 0.0067 1 0.0067 48.59 <0.0001 significant

C-Helical pitch 0.0000 1 0.0000 0.2916 0.6010

D-Inclination angle 0.0002 1 0.0002 1.39 0.2660

AB 0.0004 1 0.0004 2.89 0.1199

AC 0.0001 1 0.0001 0.5223 0.4864

AD 0.0002 1 0.0002 1.52 0.2458

BC 0.0002 1 0.0002 1.32 0.2778

BD 0.0001 1 0.0001 0.6524 0.4380

CD 0.0006 1 0.0006 4,52 0.0595
A2 0.0054 1 0.0054 39.22 <0.0001 significant

B2 0.0000 1 0.0000 0.3131 0.5881

C2 0.0004 1 0.0004 2.62 0.1365

D2 0.0003 1 0.0003 2.08 0.1803
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Residual 0.0014 10 0.0001
Cor Total 0.0756 24
Table 6.4. ANOVA for Pullout capacity
Source SS df MS F-value p-value
Model 7.97 14 | 0.5692 29.46 <0.0001 significant
A-Surcharge pressure 6.06 1 6.06 313.80 <0.0001 significant
B-Shaft Diameter 0.5125 0.5125 26.53 0.0004 significant
C-Helical pitch 0.0001 0.0001 | 0.0069 0.9354
D-Inclination angle 0.0014 | 1 | 0.0014 | 0.0729 0.7927
AB 0.0306 | 1 | 0.0306 1.58 0.2366
AC 0.0001 | 1 | 0.0001 | 0.0052 0.9441
AD 0.0100 1 0.0100 | 0.5175 0.4884
BC 0.0110 1 0.0110 | 0.5706 0.4674
BD 0.0784 1 0.0784 4.06 0.0717
CD 0.0650 | 1 | 0.0650 3.37 0.0965
A2 04961 | 1 | 0.4961 25.67 0.0005 significant
B2 0.0324 1 0.0324 1.68 0.2246
C? 0.0427 1 0.0427 2.21 0.1681
D2 0.0250 | 1 | 0.0250 1.30 0.2815
Residual 0.1932 | 10 | 0.0193
Cor Total 8.16 24
Table 6.5. ANOVA for Factor of safety
Source SS df MS F-value p-value
Model 0.0969 14 0.0069 54.81 <0.0001 | significant
A-Surcharge pressure 0.0692 1 0.0692 547.59 <0.0001 | significant

144




B-Shaft Diameter 0.0127 1 0.0127 100.87 <0.0001 | significant
C-Helical pitch 0.0001 1 0.0001 0.5549 0.4735
D-Inclination angle 0.0060 1 0.0060 47.74 <0.0001 | significant
AB 0.0004 1 0.0004 3.17 0.1055
AC 0.0021 1 0.0021 16.39 0.0023 significant
AD 0.0001 1 0.0001 0.7918 0.3945
BC 0.0004 1 0.0004 3.17 0.1055
BD 0.0031 1 0.0031 24.39 0.0006 significant
CD 0.0001 1 0.0001 0.6413 0.4418
A2 4.123E-06 1 4.123E-06 | 0.0326 0.8602
B2 0.0008 1 0.0008 6.06 0.0336
C2 0.0010 1 0.0010 7.62 0.0201
D2 4.711E-06 1 4.711E-06 | 0.0373 0.8507
Residual 0.0013 10 0.0001
Cor Total 0.0982 24

SS- Sum of Squares, df-degrees of freedom, MS-Mean Square
6.6.3. Predicted vs. Actual plots

Figure 6.9, 6.10, and 6.11 shows a comparison between the RSM's predicted values and the actual
values for installation torque, pull-out capacity, and factor of safety. The accuracy of the model’s
prediction was determined by these prediction plots. These plots compare the actual values of
installation torque, pull-out capacity, and factor of safety to the RSM model’s predicted values.
The accuracy of the model can be evaluated by examining the points on the plot. A diagonal line
that represents perfect agreement between the predicted and actual values can be drawn. If the
points fall close to this line, the model is considered accurate. However, deviations from this line
indicate that the model may be under or over-predicting the response variable. In such cases,
adjustments may be needed to improve the model's accuracy. In Figures 6.9, 6.10, and 6.11, the
plotted points are close to the diagonal line. This shows that the predicted values closely match the

actual values.
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6.6.4. Contour and 3D plots

Figure 6.12, 6.13, and 6.14 shows the RSM surface plot for the installation torque, pull-out
capacity, and safety factor. In these plots, the interaction between shaft diameter and surcharge
pressure is illustrated in Figures 6.12a, 6.13a, and 6.14a. The interaction between surcharge
pressure and helical pitch is displayed in Figures 6.12b, 6.13b, and 6.14b. Lastly, figures 6.12c,
6.13c, and 6.14c demonstrate the interaction between surcharge pressure and inclination angle.
The shaft diameter has a direct influence on the installation torque. An increase in surcharge
pressure from 20kPa to 40kPa leads to an increase in installation torque. However, an increase in
helical pitch does not improve pullout capacity and can even reduce it due to the auguring soil
effect. This effect restricts forward helix movement and causes soil grain crushing, which can
cause installation disturbances. The study found that shaft roughness and skin friction are
important factors in enhancing pull-out capacity, with additional shaft roughness leading to
maximum pull-out capacity. The increase in surcharge pressure also leads to higher maximum
shear stresses in the nail shaft. This finding has been reported in previous research by Sharma et
al. (2021c) and Sharma et al. (2022).

The inclination angle affects the installation torque, causing a slight increase before eventually
decreasing. At an inclination angle of 15°, the peak pull-out capacity and installation torque are
typically observed in helical soil nailing. The pull-out capacity and installation torque are directly
proportional to this type of nailing, and increasing the shaft diameter also results in an increasing
trend for both parameters. The Mohr-Coulomb failure criterion governs the pull-out capacity under
various surcharge pressures. As the inclination angle increases, the pull-out capacity decreases due
to stress impact on the soil nail and soil parameters. When the inclination angle is raised, the
compressive force within the soil nail also rises. The attainment of maximum pull-out capacity is
linked to an escalation in surcharge temperatures. However, as the inclination angle, surcharge
pressure, and shaft diameter increase, the effect on the factor of safety diminishes. Furthermore,
increasing the helical pitch leads to a slight improvement in pull-out capacity until a certain

threshold, beyond which it starts to decline.
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Figure 6.14. RSM Surface Plot for Factor of safety (a) Surcharge pressure vs shaft diameter, (b)
Surcharge pressure vs helical pitch, (c) Surcharge pressure vs inclination angle

6.7. Performance of hybrid DBN-COOT model

The proposed hybrid DBN-COOT model is designed to predict soil nail parameters with high
accuracy. The model represents the relationship between validated and target outcomes in Figure

6.15 using regression, which has a coefficient of 0.99. To improve the optimization of DBN, the
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COOT algorithm is added to the neural network weight updating stage. To prevent overfitting, the
hybrid DBN-CO approach only used six points for validation. This method of using a deep network
with a small dataset and training is a viable option when large datasets are not available (Feng et
al. 2019).
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Figure 6.15. Performances of the DBN-CO at all stages

The graph plots the actual or target or experimental values on the X-axis and the values obtained
from the hybrid DBN model on the Y-axis, showing that the predicted and actual values were close
to each other with minimal error and good regression. The majority of the data points clustered
around the 45° lines, indicating high accuracy of the model and better correlation between
estimated and actual values. The regression plots demonstrate exceptional performance by the
hybrid DBN-COOT model across various datasets, as indicated by the high correlation coefficients

(R values). In the training set, the R value of 0.99915 reflects an almost perfect linear relationship
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between the predicted and actual values. The data used in this context is related to soil nail
parameters. The model is trained, tested, and validated on datasets containing information about
these parameters. The limited dataset (only six points for validation) suggests that the model is
designed to perform well even when large datasets are not available. The high correlation
coefficients across different sets indicate that the model has learned meaningful patterns from the

available data, and it can generalize well to new and unseen data.

Figure 6.16 demonstrates the comparison of the proposed DBN-COOT method with various
validation models. The difference between the actual and DBN-CO predictions is lower compared
to other methods such as RSM, DBN, and ANN. The non-hybrid approaches produce results that
are almost identical to each other. In the experiments, the optimum pull-out capacity was found to
be 7.55kN with a factor of safety of 1.51. The pullout capacity predictions from DBN-COOT,
RSM, DBN, and ANN for this optimal condition were 7.56, 7.736, 7.01, and 7.46 respectively.
The factor of safety predictions was 1.51, 1.53, 1.53, and 1.51 respectively.
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Figure 6.16. Contrast of Actual and predicted Results obtained from RSM, DBN-COOT, DBN,
and ANN (a) Installation torque (b) Safety factor (c) Pull-out capacity

Table 6.6. Statistical Performance evaluation of different predictive Models

Parameter RSM DBN-COOT DBN ANN
R 0.98 0.99 0.985 0.982
R? 0.979 0.98 0.97 0.96
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MSE 0.0030 0.0018 0.0051 0.0117
RMSE 0.0230 0.0132 0.0226 0.0342

In Table 6.6, the statistical performance of various predictive models, including RSM, DBN-
COOT, DBN, and ANN, is evaluated based on four parameters: R?, R, RMSE, and MSE. All
models exhibit high correlation coefficients with DBN-COOT and DBN having the highest values
of 0.99 and 0.985 respectively. RSM and ANN models also show high correlation coefficients of
0.98 and 0.982, respectively. The observed result indicates a robust linear correlation between the
predicted and actual values across all models. When evaluating the R?, which gauges the
predictability of the dependent variable in relation to the independent variable, the models
demonstrate a high degree of accuracy. DBN-COOT performs the best with a value of 0.98,
followed by RSM with 0.979. The DBN and ANN models show values of 0.97 and 0.96
respectively. This implies that DBN-COOT and RSM models can better explain the variability in
the data compared to DBN and ANN models.

MSE is lowest for DBN-COOT with 0.0018 and for RSM with 0.0030. On the other hand, DBN
and ANN models have higher MSE values of 0.0051 and 0.0117, correspondingly, which shows
that DBN-COOT and RSM models exhibit better accuracy in predicting the values. Finally
considering RMSE, DBN-COOT has the lowest value of 0.0132, followed by RSM with 0.0230.
The DBN and ANN models have higher values of 0.0226 and 0.0342, respectively, indicating that
DBN-COOT and RSM have better precision in predicting the values. Therefore, the high R-value
and low error values of the proposed DBN-COOT model indicate a good correlation with the actual

outcomes, suggesting that it has better predictive capability.
6.8. RSM and Hybrid DBN-COOQOT optimization analysis

The optimal soil nailing characteristics are determined in this study using RSM Optimization in
Design-Expert Software. Using desirability analysis, 100 set solutions are generated, each assigned
a desirability value of 0.99. The best solutions are then selected by considering the optimal solution
as the benchmark. The fitness function used for the RSM can be found in Table 6.7. The chosen

fitness functions were aimed at optimizing the performance of the soil nailing system during the
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analysis. The input parameters considered were surcharge pressure, shaft diameter, helical pitch,
and inclination angle, all of which were within their specified ranges. The installation torque was
to be minimized, the pull-out capacity was to be maximized, and the factor of safety was to be
minimized. These fitness functions were chosen because they are relevant to the soil nailing
performance and assist in determining the input parameter’s optimal combination to achieve the
desired outcomes. The results obtained from RSM are plotted in Figure 6.17, showcasing the
optimum values.
Table 6.7. Fitness functions of RSM

Input Parameter Surcharge pressure In range
Shaft diameter In range
Helical pitch In range
Inclination angle In range
Responses Installation Torque Minimize
Pull-out capacity Maximize
Factor of safety Minimize

! ! )

20 40 14 16 25 35

A:Surcharge pressure = 39.9992 B:Shaft Diameter = 15.9992 C:Helical pitch = 30.617
Desirability = 0.999

! l/rj\,

10 20 5.52 7.55 1.51 1.75

D:Inclination angle = 19.9996 Pullout capacity = 7.5448 Safety factor = 1.46295

Figure 6.17. RSM-based Optimization Results
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Within the scope of this research, it was observed that Response Surface Methodology (RSM)
demonstrated comparatively lower effectiveness when contrasted with metaheuristic optimization
techniques and machine learning algorithms. To enhance the optimization process, the COOT
optimization algorithm is introduced and integrated with RSM, DBN, and ANN. This hybrid
COOT optimization method is then applied to optimize the responses listed in Table 6.8. The
fitness function of COOT is defined based on the outcomes derived from RSM, DBN, and ANN,
as presented in equations (6.4) and (6.5). This integration of diverse techniques aims to augment
the overall optimization performance and improve the accuracy of the results.

Fitness function=Min (Safety factor from RSM equation, DBN model, ANN model) (6.4)

Fitness function=Max (Pull-out capacity from RSM equation, DBN model, ANN model) (6.5)
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The best solutions obtained from the optimization process that is plotted in Figure 6.18. At the
beginning of the plot, the fitness values fluctuate, either increasing or decreasing. However,
eventually, the fitness values stabilize and remain constant from a particular point. This point is
considered an intermediate point, where both the average and best fitness values are stable. The
graph depicts 150 iterations, with DBN-COOQOT optimization achieving the fitness function in G75
for pull-out capacity and G85 for safety factor. Similarly, ANN-COOT satisfies the fitness
conditions in G86 and G93.

The results obtained from the proposed optimization methods, namely RSM, DBN-COOT, ANN-
COQT, and RSM-COQT, are demonstrated in Table 6.8.

Table 6.8. Comparison of optimization and the actual outcomes

Output RSM DBN-CO ANN-CO RSM-CO Actual
Pullout capacity
7.5 7.77 7.75 7.64 7.68
(kN)
Safety factor 1.46 1.44 1.46 1.463 1.453

Among these methods, the DBN-CO optimization approach yields the minimum safety factor and
maximum pull-out capacity. Specifically, the DBN-COOT method produces an optimal pull-out
capacity of 7.77 and a factor of safety of 1.44. In comparison, RSM optimization results in a pull-
out capacity of 7.5 and a factor of safety of 1.46. As such, the proposed DBN-COOT model
outperforms the RSM approach by 3%. The findings indicate that the DBN-COOT approach

surpasses alternative optimization methods in pull-out capacity and factor of safety.

The ANN-COOT and RSM-COOT models also produce results that are comparable to the DBN-
COOT method. To confirm the effectiveness of the DBN-CO model, a comprehensive
confirmatory analysis is conducted through experimental testing with the optimized parameters.
The outcomes derived from these experiments closely align with those predicted by the DBN-CO

model. This convergence of results strongly supports the notion that the DBN-CO optimization
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approach is both dependable and highly effective in optimizing parameters for achieving

maximum pull-out capacity and ensuring the desired factor of safety.
6.9. Summary

This chapter discussed the experimental, numerical, and mathematical analysis of CN and HN.
Derived from the analysis of pullout behavior, factor of safety, and deformation performance, the
helical soil nail was selected as a better performance of the soil nail. Furthermore, helical soil nail
characteristics were validated and optimized to improve the accuracy and effectiveness that are

discussed in this chapter. The next chapter will cover the study's conclusions and future scope.
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CHAPTER 7
CONCLUSIONS AND FUTURE SCOPE

In this study, a pullout test setup was employed to examine the pullout characteristics of CN and
HN in cohesive soil using a consistent experimental procedure. After analyzing the pullout
characteristics of CN and HN during the first phase of the research based on the analytical model,
numerical model, and real-time experimentations. After analyzing the data, it became evident that
helical soil nails (HN) exhibited superior performance in terms of factor of safety and deformation
when subjected to comparable loading and soil conditions. Consequently, the latter part of the
study focused on optimizing the working and soil nail installation processes of HN in cohesive
soil, taking into consideration crucial factors such as installation torque, safety factor, and pull-out
capacity. The machine learning algorithm (DBN-CO) and mathematical design of experiment
(RSM-BBD) methods were utilized to optimize such installation phenomena of HN. The findings

of this study, along with potential areas for future exploration, are summarized as follows.

7.1. Conclusions

e An experimental study shows that helical soil nails have a 42% greater pullout capability
than conventional soil nails under varying surcharge pressures. This is because of the
increased shear stress surrounding the helical nail, results in increased pullout capacity. So,
the helical soil nail offers more resistance than conventional soil nails under varying
surcharge pressure. The experimental and mathematical study shows that there is a direct
relationship between surcharge stress and pullout shear stress, indicating that the pull-out
force adheres to the Mohr-Coulomb trend for cohesive soil.

e Based on the mathematical model of the load-displacement behavior of a soil nail element
the predicted results follow a similar trend with experimental results, however, the
predicted result shows a slightly lesser value than the experimental value. The reason may
that in mathematical modeling the result is based on soil nail stiffness value or interface
friction value. The variations in the design parameters also may cause the difference in the

experimental and calculated pullout forces. The experimental value is in good agreement
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with the predicted values; hence the mathematical model can predict the approximate value
of the pullout load results in the absence of laboratory testing.

From experiments, progressive soil stresses were noticed on behalf of HN installation.
Although for CN installation, the soil stress diminished significantly, such results indicate,
that more disturbance might have occurred in CN than in HN. This shows that the HN's
advancement leads to a significant increase in confining pressure, resulting in higher soil
density around the nail's perimeter. In the end, the soil exerts a stronger pullout force on
the soil nail.

According to the results, the HN is 19% safer than CN for cohesive soil under similar soil
and loading situations. From both the mathematical and numerical analysis it was observed
that the results are in good agreement with each other and HN provides better FOS than
CN under similar loading and soil conditions Also, HN shows 5% less deformation against
equal soil mass compared to CN, thus HN is a safer and more convincing alternative for
CN in cohesive soil. this may be due to the extra bearing resistance offered by the helices
of HN. In the soil nailing, lesser deformation indicates to more strength. Based on
theoretical and numerical analysis HN provide higher safety and less soil deformation than
CN.

Performance of RSM-BBD method and hybrid DBN-COOT method shows that the
predicted and actual values were close to each other with minimal error and good
regression. So, both the optimization methods validated the experimental results but the
proposed DBN-CO predicted closer results toward experimented values with a greater
regression coefficient over 0.99 for all output parameters and on the other hand, the
ANOVA shows that, the shaft diameter and surcharge pressure as the most influencing
parameters on HN installation torque, pullout capacity, and safety factor.

The optimum results of DBN-CO are a safety factor of 1.44 and a pull-out capacity of
7.77kN. Similarly, the optimal outcomes achieved by RSM are a safety factor of 1.46 and
a pull-out capacity of 7.5 kN. As a result, the DBN-CO optimized outcomes are 3% higher
than the different existing RSM models. Thus, the DBN-CO approach is considered the
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best validation and optimal technique to solve the optimization problems of different

engineering disciplines.
7.2. Future scopes

e Even though, the proposed HNs are better than CNs. The performance of the proposed HN
can be enhanced further in the future by understanding the influence of other parameters
like soil nail length, number of nails involved in the nailing process, spacing between
adjacent nails and orientation of nails, etc.

e Moreover, this study proved HN can produce greater safety factor and deformation against
increased soil mass than CN. As a result, this research may motivate future researchers to
investigate more and produce a variety of soil-nailing approaches to achieve more
favorable results to implement advanced soil-nailing methods on construction sites.

e Besides, this research used PLAXIS 2D finite element analytical tool to numerically
present and validate the proposed experiment. But, in the future, many advanced 3D
simulation models and knowledge of respective simulation tools can be used to minimize

the solving error percentage and achieve accurate results.
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