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ABSTRACT

Soil metal bridges (SMBs) represent a cost-effective and efficient solution for creating pathways
over depressions or obstacles. Previous research has underscored the remarkable durability and
substantial load-bearing capacity of SMBs under various loading conditions. However, there is a
gap in the literature concerning the behavior of these structures under heavy dynamic loads. This
thesis employs a three-dimensional finite element methodology to investigate the response of
SMBs to dynamic train loads. The primary focus is on understanding the impact of high-speed
trains on SMB performance and exploring the potential enhancements through Honeycomb geocell
reinforcement. The investigation encompasses analyses of crown deformations, maximum bending
moments, and thrust forces. Fifteen 3D models were developed, incorporating five train speeds
ranging from 100 to 300 km/h and three distinct soil cover depths of 2, 3, and 4 meters. Simulations
were executed using plaxis3D software, with the CRH 380A train model. The study's findings
highlight the influence of soil cover depth on the overall performance of SMBs under dynamic
train loads, particularly in shallower cover depths. The study underscores the importance of
carefully evaluating soil cover depth to guarantee the secure and dependable functionality of soil

metal bridges within high-speed rail systems.
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CHAPTER 1 INTRODUCTION

1.1 Research Background

The evolution of bridge design and construction techniques has been pivotal in meeting the
demands of modern infrastructure development. As markets evolve, so do the requirements for
bridges, necessitating the incorporation of research breakthroughs and computer tools to create
more efficient and resilient structures. One notable trend is the increasing complexity and slender
designs of bridges to accommodate heavier loads. Composite bridges, which harness the
advantages of multiple materials within a single structure, have gained prominence Pipinato and

De Miranda, (2016).

Among these composite bridges, Soil Metal Bridges SMBs have emerged as an innovative
solution. SMBs are constructed using structural steel plates and engineered soil, creating a
symbiotic interaction between these materials. This approach offers a cost-effective and eco-
friendly alternative to traditional concrete bridges (Corrugated Steel Pipe Institute & American
Iron and Steel Institute, 2007; Safi, 2012; Du, 2015; Du et al., 2018). SMBs provide benefits such

as shorter construction times and simplified assembly processes.

The historical roots of SMBs are traced back to as early as 1913 when researchers at lowa State
College, including Marston and Spengler, began exploring these structures. Initially, these
structures were designed based on the ring compression theory, primarily driven by the normal
force in the wall conduit. However, as the need for larger-span structures with low soil cover grew,
there was a reevaluation, particularly in considering flexural capacity (Duncan, 1979; White and

Layer, 1960).



Figure 1.1 Baltic Road Arch at Trans Canada Highway, Clyde River, PEI

This reevaluation was instrumental in the development of specifications for large-span culverts,
with recommended modifications subsequently incorporated into design methods like AASHTO
AASHTO, (2012). The Swedish Design Method SDM, rooted in the principles of soil-culvert
interaction, emerged in 2000 and was further refined through field testing (Pettersson and
Sundquist, 2014; Pettersson et al., 2015). Design codes, such as the Ontario Highway Bridge
Design Code (2019) and the Canadian Highway Bridge Design Code (2014), have evolved to
accommodate SMBs, aligning with advances in construction techniques and corrugation

development (CSA Canadian Standards Association, 2014).



Recent years have witnessed a surge in interest in SMBs due to their economic use of materials,
rapid construction, and elimination of expansion joints (Wadi, 2019). Research has flourished,
focusing on various aspects, including load analysis static, dynamic, and seismic, construction
phase stress, bearing capacity, groundwater influence, and utilization on sloping terrain (Bayoglu
Flener, 2010; Maleska & Beben, 2021; Lydzba et al., 2017; Wadi et al., 2015). Both real-scale
tests and theoretical models have played pivotal roles in advancing understanding (Pettersson et

al., 2015).

Numerical analysis has emerged as a powerful tool, offering the potential for substantial cost
savings by optimizing design parameters like shell shape and backfill cover (Sobotka, 2020;
AbdelSayed and Salib, 2002; Esmaeili et al., 2013; Machelski and Antoniszyn, 2005; Maleska and
Beben, 2019). However, challenges remain in accounting for construction phases, implementing
frictional interface models, and establishing constitutive relations for plastic behavior of backfill

soil (Kunecki, 2014; Sobotka, 2014; Sobotka and Lydzba, 2019).

Critical to the performance of SMBs is the interaction between the shell and surrounding soil
during backfilling. Proper shell pre-tensioning through uplift during backfilling and subsequent
stress reduction during operational loads are key considerations (Kunecki, 2014; Maleska and

Beben, 2019; Manko and Beben, 2005; Pittino and Golser, 2006; Taleb and Moore, 1999).

Moreover, the behavior of SMBs under moving loads, characterized by a hysteresis effect, is an
intriguing area of study. This phenomenon involves distinct hysteresis loops for shell
displacements during vehicle passage and return, with the shell's deformation returning to its initial
state after each loading cycle (Sobdtka, 2014; Machelski, 2014). Understanding these dynamics is

pivotal for accurate modeling of SMBs behavior.



In addition, recent research has focused on the influence of shell ballasting during backfilling on
results during the operational phase, particularly under vehicular moving loads. Ballasting,
achieved by applying additional loads to the shell during backfilling, aims to achieve beneficial
prestressing effects. Practical implementations often involve placing concrete slabs on the shell to
limit excessive uplift. Strain gauge measurements have been employed to validate finite element
analysis results, improving alignment between measurements and modeling outcomes (Sobotka et

al., 2020).

In recent investigations, researchers have embarked on an extensive exploration of the intricate
dynamics associated with dynamic loading on bridges and structures, with a specific focus on
SMBs (Yeau et al., 2009). A remarkable revelation defied conventional wisdom, as it became
evident that deflections induced by moving trucks were counterintuitively lower than those
resulting from the static loading by the same vehicles. Moreover, Yeau and colleagues unveiled a
non-linear relationship between the depth of soil cover and SMBs deflection, where shallower soil
covers exhibited more pronounced deflections. This discovery instigates a reevaluation of long-
standing assumptions and highlights the pivotal role of soil cover depth in mitigating deflections

induced by dynamic loading.

Expanding upon this line of inquiry, the effects of dynamic loading by scrutinizing Dynamic
Amplification Factors DAFs resulting from truck passages over SMBs was also investigated. The
study's findings unveiled that both displacements and strains experienced heightened magnitudes
during dynamic loading when compared to static loading conditions (Beben, 2012). Of paramount
significance, Beben's work identified the span length of SMBs as a critical factor influencing
DAFs, with longer spans yielding higher DAF values. This underscores the vital importance of

considering bridge span length when anticipating dynamic loading scenarios. Furthermore, Beben



extended the inquiry to encompass the dynamic impact of service trainloads on SMBs,
emphasizing the necessity of understanding dominant frequencies below 6 Hz to mitigate

resonance phenomena and inform structural adjustments.

Shifting the research focus to integral bridges and culverts, a comprehensive investigation
conducted by Flener (2004) ventured into the determination of Young's modulus while
simultaneously comparing various calculation methods. Notably, this study has highlighted a
direct correlation between soil cover depth and the bending moments induced by soil load.
However, this relationship has been shown to exhibit non-linearity, thereby prompting a strong
recommendation for the incorporation of nonlinear soil models to provide a more precise
representation of dynamic loading effects. Furthermore, dynamic tests carried out on a steel culvert
railway bridge in the same year have illuminated the intricacies associated with predicting dynamic
loading outcomes, revealing significant deviations between measured moments and theoretical

calculations, even when considering safety factors.

In a case study conducted by Mellat (2012), the dynamic behavior of an SMBs under diverse
trainloads underwent scrutiny through advanced finite element models. Mellat introduced the
concept of an elastic soil modulus as a dynamic parameter, acknowledging the transient nature of
dynamic loading effects. This innovative approach permitted the selection of higher modulus
values, aligning with the dynamic response of the soil. The study revealed variations in the effects
of soil modulus, particularly concerning soil density and its influence on ballast acceleration.
Mellat advocated prioritizing direct integration methods for their reliability, while also

acknowledging the utility of modal analysis in predicting resonance behavior.



1.2 Problem Description

Corrugated steel plate CSP has established itself as a reliable construction material for culverts
and storm sewers in North America and various other countries, with a history dating back to 1896.
CSP has consistently demonstrated its ability to provide long service life in installations
accommodating diverse soil and water conditions. Extensive studies have been conducted to assess
CSP behavior concerning both the soil side and the effluent side, affirming its remarkable
durability, particularly in resisting soil-related effects. This study addresses this gap by
investigating the behavior of soil steel arch bridges subjected to significant vertical loads,
specifically examining the influence of train speed on the deformation of the bridge crown,
considering varying soil cover depths. The primary objective of this study is to identify effective
methods to enhance the crown deformation performance of shallow-depth soil steel arch bridges.
To accomplish this, finite element analysis, utilizing a 3D model representation of the metal bridge

through Plaxis3D, was employed as the analytical method.

Key findings from the study underscore the critical role of cover depth above the culvert crown in
influencing the maximum deformation under different train speeds. Additionally, the research
reveals that dynamic loading effects are more pronounced when dealing with shallow-depth
structures. In summary, the choice of an adequate cover depth is pivotal in the construction of

metal soil bridges to ensure optimal structural performance and minimize the risk of failure.

1.3 Research Objectives

The primary objective of this research is to comprehensively investigate the dynamic behavior of
SMBs constructed with corrugated steel plates under heavy dynamic loads, particularly those

induced by train traffic. The specific research goals are as follows:



Employ finite element analysis, utilizing a 3D model representation of the metal bridge
through Plaxis3D, to simulate and predict the deformation response under different loading
scenarios.

Analyze and quantify the deformation patterns of soil steel arch bridges when subjected to
dynamic loading caused by trains, with a specific emphasis on crown deformation.
Examine the relationship between train speed and crown deformation, identifying the
critical thresholds where deformation becomes significant.

Investigate the influence of varying soil cover depths above the culvert crown on
deformation behavior and assess the optimal cover depth for minimizing deformation.
Explore the feasibility and effectiveness of using Geocell as a soil reinforcement technique

for enhancing the structural performance and load-bearing capacity of SMBs.



CHAPTER 2 LITERATURE REVIEW

2.1 Soil Metal Bridges

Over the years, the field of civil engineering and bridge construction has seen the development of
different types of bridges. Among these is the Soil Metal Bridge SMBs as shown in Figure 2.1, a
structure that aims to offer economical and efficient solutions for bridging gaps and enabling
transportation. Also referred to as Soil-Steel Structures, Soil Metal Bridges have become
increasingly popular due to their versatility and cost-effectiveness, providing an alternative to
conventional bridge designs. This chapter delves into the realm of Soil-Steel Bridges, examining
their construction, advantages, and important design factors. Featuring a shell of curved corrugated
steel plates, SMBs is a distinct structure. It's enveloped by a specially engineered soil, typically
composed of well-graded granular soil, which forms a well-compacted backfill around the steel
shell. The combination of soil and metal gives rise to a sturdy and unyielding bridge that can span
numerous distances and resist environmental elements. Conduits, whether for transportation or
water flow, comprise the adaptable structure of SMBs. These structures not only function as
bridges but also as culverts for water conveyance. Tailoring the number of conduits to the intended
use, SMBs can facilitate a single passageway or multiple avenues. One of the key advantages of
Soil-Steel Bridges is their cost-efficiency, especially for spans of up to 25 m. In comparison to
conventional bridge designs like concrete slab bridges and slab-on-girder bridges, Soil-Steel
Bridges offer significant cost savings. In North America, for instance, Soil-Steel Bridges are
typically around 30% cheaper than their conventional counterparts. This affordability has made

them an attractive choice for various infrastructure projects.



Figure 2.1 Train passing over a SMB (A. Andersson et al, 2012)

2.1.1 Terminology and Standardization

Despite their long history of use, Soil-Steel Bridges have not seen standardized terminology across
the industry. The Ontario Highway Bridge Design Code OHBDC introduced the term "soil-steel
structures" in 1979, which is now often referred to as "soil-steel bridges." However, the term
"structure" was preferred over "bridge" to acknowledge that these versatile constructions are not
limited to vehicular bridges but also serve in other applications, such as avalanche protection. To
better understand Soil-Steel Bridges as shown in Figure 2.2, let's explore some widely used terms

associated with these structures:

Arching: The transfer of vertical pressure between adjoining soil masses above and

adjacent to the conduit.

Bedding: The prepared portion of engineered soil where the conduit invert is placed.

Compaction: The process of soil densification through mechanical or manual means.
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Conduit: The bridge opening in a Soil Metal Bridge.

Crown: The highest point of the conduit.

Deep/shallow Corrugations: Structural plate corrugations with specific dimensions.

Depth of Cover: The vertical distance between the roadway and the crown.

Engineered Soil: Selected soil with known properties placed around the conduit.

Foundation: The ground on which the Soil Metal Bridge is constructed.

Haunch: The portion of the conduit wall between the springline and the top of the

bedding.

Invert: The portion of the conduit wall contained between the haunches.

Rise: The maximum vertical clearance inside a conduit.

Shoulder: The portion of the conduit wall between the crown and springline.

Span: The maximum horizontal clearance inside a conduit.

Springline: The horizontal extremities of transverse sections of the conduit.

Transverse Direction: The direction perpendicular to the conduit axis.

10
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Figure 2.2 Visualization of the terminology related to soil-steel bridges.

2.1.2 The Significance of Geotechnical Investigations

Before the first steel plate is laid or the initial scoop of backfill is deposited, meticulous
geotechnical investigation is imperative. This in-depth examination of the site's subsurface
conditions is akin to laying the foundation for the project's success. Geotechnical investigations
involve a series of tests and assessments aimed at determining soil properties, bearing capacity,
and any potential challenges the site may present. These investigations are especially vital when
prior knowledge of the area's subsurface conditions is lacking. They serve as the bedrock upon

which decisions about site suitability and risk mitigation are made.

The engineered backfill is the unsung hero of Soil-Metal Bridges. Composed primarily of well-
graded granular soils, this backfill provides the necessary support and stability for the bridge
structure. The selection of the right soil for this purpose is a decision that reverberates throughout

the bridge's lifespan. Engineered backfill suitability is classified according to ASTM D2487
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(2006), as presented in Table 2.1. This classification system categorizes soils based on their
properties and compaction characteristics. Engineers rely on these guidelines to ensure that the
selected soils meet the stringent criteria for stability and compaction, laying the foundation for a

robust structure.

The secant modulus of soil stiffness, represented as Ej, is a key parameter that varies depending
on soil type and compaction level. This value provides insights into how a soil's stiffness evolves
under different compaction conditions, a vital aspect of Soil-Steel Bridge design. CHBDC (2006)
outlines specific E values for different soil groups and various Standard Proctor densities defined
by ASTM D698 2007, as seen in Table 2.2. These values serve as a compass for geotechnical

engineers, guiding their decisions during design and construction.

Table 2.1 Soil classification based on ASTM D2487 2006.

Soil Group Grain Size Soil type

Well graded gravel
Well sandy gravel
Poorly graded gravel
Poorly sandy gravel
Well graded sand

1 Coarse

Well gravelly sand
Poorly graded sand
Poorly gravelly sand

Clayey gravel
clayey-sandy gravel
Clayey sand

II Medium e
clayey gravelly sand
Silty sand

silty gravelly sand

12



Table 2.2 Secant modulus of soil values for various soil groups and different Standard

Proctor densities in accordance with ASTM D698 (2007).

Soil Group Standard Proctor Density % Secant modulus of soil E; MPa
85 6
90 12
I
95 24
100 30
85 3
90 6
I
95 12
100 15

The importance of E values cannot be overstated, yet it's imperative to acknowledge their
dynamic nature. These values undergo changes depending on factors such as soil group and
compaction density. To harness the power of these values, they are often graphically represented
against Standard Proctor densities, as seen in Figure 2.3. Geotechnical analysis using E values
aids in understanding how the soil will behave under different loading conditions. This knowledge
is pivotal for predicting settlement, evaluating bearing capacity, and assessing lateral earth
pressure. Armed with this information, engineers can make informed decisions, ensuring the

structural integrity of the soil metal bridges.
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Figure 2.3 Variation of E_s with Standard Proctor Density for Different Soil Groups

2.1.3 The Structural Resilience of Corrugated Metal Bridges

During the construction phase of corrugated metal bridges, the initial assembly involves securing
corrugated metal plates using bolts. This early stage reveals the structure's inherent flexibility and
susceptibility to deformations. The primary challenge faced by these metal structures is the
phenomenon of global buckling. However, their flexibility allows them to interact with the

surrounding backfill soil, a characteristic that proves crucial in ensuring their stability.

As engineered fill is systematically introduced on both sides of the structure, the sidewalls initially
experience inward deformations due to the forces exerted by the backfill. However, as the fill
progresses towards the haunch zones and eventually reaches the crown of the culvert, the weight
of the soil exerts downward pressure. This triggers an attempt at outward deformation, countering
the bending moments generated during initial construction. The compacted backfill effectively

restrains this outward movement, transforming the structure from a pliable form into a rigid one.

14



This dynamic interaction enhances global stability and bolsters the required loading capacity, often
allowing the corrugated metal plate to approach its material strength limits without encountering

issues of stability failure or excessive deflection.

To reinforce the structural capacity of SMBs, the incorporation of stiffening ribs is a common
practice. This strategy aims to augment both bending capacity and structural rigidity (Abdel Sayed
et al., 1993). While these structures typically feature corrugated plates with shallow profiles, the
option of utilizing deep corrugated plates, especially in steel structures, presents itself. These deep
corrugations, approximately three times deeper than those in shallow profiles, offer increased
strength (Corrugated Steel Pipe Institute, 2002). The introduction of deep corrugations by the
Canadian industry has expanded the potential span of Soil-Steel Bridges to as much as 24 m,

offering even greater flexibility in their application.

Traditionally, L-shaped stiffeners were applied to the crest of each corrugation to maximize their
effectiveness. However, their asymmetrical cross-sectional configuration, with a substantial metal
portion at the top of the vertical leg, rendered them susceptible to lateral buckling under
compressive forces, limiting their efficiency. Laboratory experiments conducted by Newhook and

Ford 2010 faithfully replicated this phenomenon of buckling, highlighting this challenge.

Recent advances in stiffener design have led to the approval of innovative designs for aluminum
boxes by ASTM B864M. These novel stiffeners adopt a closed-shaped, symmetrical configuration
when securely attached to the corrugated plate. This refined design not only provides superior
resistance to buckling but also allows for the full utilization of the stiffener's plastic moment
capacity during the design phase. The research conducted by Newhook and Ford (2010) showcases
that these closed-shaped stiffeners have the potential to provide strengths up to 25% higher than

their equivalent L-shaped counterparts. This represents a substantial advancement in structural
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performance. This pioneering stiffener design delivers a 66% increase in flexural strength

compared to the currently endorsed L-shaped stiffeners featured in ASTM B864M.

2.1.3.1 Static Methods of Analyses

2.1.3.2 Minimum cover depth

A core challenge in soil-metal bridge design stems from the soil structure interaction between soil
pressures and the conduit wall's response. A paramount concern in this design process is mitigating
soil failure risks, particularly when inadequate soil coverage exists above the steel conduit. In
response to this challenge, regulatory frameworks have been established to ensure the structural
integrity of soil-metal bridges. Prominent among these are the Canadian Highway Bridge Design
Code CHBDC and the American Association of State Highway and Transportation Officials'
AASHTO. These guidelines mandate a requisite minimum depth of soil cover over the conduit

crown to avert soil failure caused by shear and tension.

The evolution of these design standards reflects the maturation of engineering practices. Originally
rooted in experiential insights and practical knowledge, these standards underwent refinement with
the integration of advanced methodologies. Finite element analysis emerged as a transformative
computational tool, enabling engineers to precisely tailor the minimum cover depth criteria. As a
testament to this rigorous analysis, CAN/CSA-S6-14 — Canadian Highway Bridge Design Code
(2014) specifies that the minimum cover depth 'h' should be calculated as the greater of S/6 or 0.6
m. In this context, 'S' denotes the effective span of the bridge, while 'D' signifies the conduit's rise

as illustrated in Figure 2.4.
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Figure 2.4 Definition of span S and Rise D for various conduit shapes.

Designing soil-metal bridges is a nuanced endeavor due to the intricate interplay between soil
pressures and the conduit wall's response. The bridge's geometry, span, and load-bearing capacity
constitute pivotal factors in ensuring structural stability. The predominant challenge lies in
mitigating the risks of soil failure, especially when inadequate soil coverage exists over the steel
conduit. Recognizing the critical significance of this aspect, a plethora of regulatory frameworks
have been established. Noteworthy among these are the California Transportation System
CALTRANS, British Design Manual DMRB, American Iron and Steel Institute CSPI and AISI,
and the American Association of State Highway and Transportation Officials AASHTO. These
regulations prescribe a minimum depth of soil cover over the conduit crown to safeguard against

soil failure, an outcome often precipitated by shear and tension forces.
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The assessment of minimum allowable soil cover depth has transitioned significantly. Initially
rooted in empirical practices, these requirements were defined as fractions of the bridge span S in
codes and standards. Subsequently, ASTM A796 (2017) introduced a more complex model that
considered parameters such as axle load AL, eccentric distance d, elastic modulus E, and the
moment of inertia I of the corrugated steel plates. Australia's Rail Track Corporation ARTC also
contributed by recommending specific values for the minimum depth of cover for different railway

track classes.

The watershed moment in the evolution of minimum soil cover depth assessment came with the
incorporation of finite element FE analysis. OHBDC (1991) was among the pioneers in modifying
empirical formulas based on FE analysis results, which considered both the geometric shape of the
metal structure and the axle load of a truck. This marked a significant departure from empirical

methods and ushered in a more precise approach.
Present-day standards, like the Canadian Highway Bridge Design Code (2006), specify the

0.5
minimum required depth of cover H,,;;, as the greater of 0.6 m, D, /6, or (?) . Where, Dy, and

D, represent the effective span and rise of the metal structure, respectively. This empirical-based

formula is widely adopted for calculating the depth of cover for both highway and railway bridges.

Esmaeili (2013) highlights that the existing minimum depth of cover requirements for soil-steel
bridges are primarily based on vehicle loads and geometrical factors. He addresses the need for re-
evaluation, particularly for spans over 8 m, incorporating stiffened panels under railway loads. By
conducting 2D and 3D finite element analyses on various bridge types, Esmaeili introduces new
formulas for determining the minimum soil cover depth. Esmaeili (2013) key findings indicated

that as spans increased, the minimum cover depth followed an exponential growth pattern.
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Additionally, enhancing the rigidity of wall panels significantly reduced the required cover depth,
especially for longer spans. The structural geometry of box bridges and low-profile arches
influenced different trends in minimum cover depth. Elsameili (2013) basic equation to calculate

the minimum depth is given by:

Hmin = CZNf'Be#Dh (1)
— EsDISL 2
Ne =" 2)

In the equation, Ny represents the dimension ratio, E stands for the secant modulus of the backfill,
which is influenced by backfill quality, compaction, and depth of cover, E represents the modulus
of elasticity of the corrugated plates, and I symbolize the moment of inertia of the conduit wall
per unit length of the bridge. The variables a, B, and p in Equation 1 are unknown constants. To
establish accurate values for these constants, separate calculations were performed for boxes and
low-profile arches. The least-squares method was employed to identify the optimal fit for each

function. The final set of parameters can be found in Table 2.3.

Table 2.3 The variables a, B, and p based on Elsameili (2013) calculation.
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Parameter Box culvert LPA culvert

a 0.0139 0.0139
B 0.25 0.25
u 0.34 0.34

Flener et al. (2009) examined the actual dynamic response of a long-span corrugated steel culvert
railway bridge, a type of soil-steel composite structure with an 11 m span. Through comprehensive
tests that measured strains, displacements, vertical ballast accelerations, and braking forces during
locomotive passages at varying speeds, the researchers uncovered significant insights. The
findings revealed that speed plays a crucial role in influencing displacements, thrusts, and
moments. Dynamic displacements and thrusts measured during the tests were up to 20% larger

than the corresponding static responses, exceeding values specified in bridge design codes.

2.1.3.3 Ring Compression Theory

The origins of the ring compression theory can be traced back to research and observations dating
as far back as the 1940s. During this time, researchers came to understand that the structural
integrity of flexible culverts is primarily reliant on the application of normal compression forces
within the culvert walls. This ingenious design effectively harnesses the surrounding soil as a form
of natural support. Consequently, this realization underscored the critical importance of soil quality
in ensuring the proper performance of culvert installations. As a result, the careful selection of
high-quality, frictional soil for various aspects such as the culvert bed, backfilling, and cover soils
became imperative. This perspective sheds light on the historical evolution of the theory and its

tangible implications for practical engineering.
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White and Layer (1960) provided a compelling physical example to demonstrate the ring
compression theory. The illustration fits brilliantly with a standard 1-1b coffee can that has had the
bottom and top removed. Although this model can be broken with the hand, it is strong enough to
be installed in the ground as a small conduit. It can support a man's weight if it is set up in earth
that has been compacted around the edges and covered with roughly 1 inch of the same material.
The important aspect is not how much force exactly must be applied to cause the installed structure
to collapse in compression and surpass the moment strength of the coffee can model. The
importance of the model lies in the strength disparity and the way that this narrow ring supports
the pressure. Despite its diminutive size and lack of material, the model shows how a small thin
ring can hold a considerable amount of weight and sustain sizable pressures. This demonstrates
the usefulness and potency of the ring compression theory and provides a concrete illustration of

how it might be put to use in practical settings.

White and Layer brought the ring compression theory to life by utilizing a 2x4 wood clamp to
mimic the effect of earth fill as shown in Figure 2.5. This demonstration is not focused on numbers
and figures but rather on the qualitative aspect, where the wooden clamp serves as a near-perfect
representation of an earth fill and is not suitable for mathematical analysis. However, it provides a

clear illustration of the relationship between fill and structure.
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Figure 2.5 Thin steel ring supports relatively large, concentrated load when confined right,
but easily flattened when unconfined left. (White and Tayler, 1960)

The moment strength of the model conduit can be observed when placed on a table and an attempt
1s made to drive a nail through it. But when the same model is nestled within the wooden clamp,
simulating a flawless earth backfill, it holds its round shape even as the load on the nail increases.
Even when the nail is driven through the metal with a hammer, the shape of the can remains
unchanged, indicating that no moment strength was used to resist the concentrated load of the
driven nail point. This serves to highlight that the structure can only maintain its round shape under
heavy concentrated force if heavy radial forces are applied all around its periphery. In the case of
the can within the wooden clamp, these forces are generated by the interaction between the can
and the wooden clamp, and in the ground, similar reactions are achieved by the combination of
active and passive earth load vectors. This example is a creative way to explain the ring
compression theory, demonstrating how the shape of the structure is retained under stress when

there are balanced forces on the periphery.
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The ring compression theory, as explained in the provided Figure 2.5, is a concept used in the
design and analysis of flexible culverts. It involves understanding how these structures distribute

and carry loads, mainly through normal compression forces within the culvert wall.

The theory is encapsulated in a mathematical formula that relates the intensity of compression
within the culvert ring to the normal pressure and the radius of the structure. This mathematical
relationship is the opposite of the formula used to calculate hoop tension in a pipe under uniform
internal pressure. Specifically, for round structures, the compression Forces N is determined by
multiplying the radius of the culvert R by the external soil pressure p on the ring (White and
Tayler, 1960). This provides a quantitative understanding of how the culvert structure behaves

under load. White and Tayler equation can be expressed as:

N
R

p= €)

The theory emphasizes that flexible metal conduits interact with the surrounding soil to achieve
their load-carrying capacity. When a load is applied to the top of the culvert, the top sinks, and the
sides move outward, mobilizing soil pressure. A well-confined flexible ring is capable of carrying
large concentrated loads. This perspective underscores the importance of soil-structure interaction
in culvert design, particularly the role of ring compression in load bearing. In the ring compression
theory, it is assumed that the loads imposed on the soil-steel structure are carried by normal forces
only. This assumption simplifies the analysis but remains a key aspect of the theory. Equilibrium
of thrust forces in the culvert wall is achieved because of the low bending stiffness of the culvert
wall. However, a minimal amount of bending stiffness is required to bridge irregularities in soil
properties. This perspective highlights the theoretical assumptions and the balance between normal

forces and bending stiffness in the analysis.
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To calculate the thrust N in the culvert wall, the theory suggests using the weight of the soil prism
on top of the culvert. This weight is defined by the height of cover h, and the culvert span S. This
approach simplifies the determination of thrust forces and provides a practical method for

engineers designing culvert installations The thrust equation (White and Tayler, 1960) is given as:

ph:S
2

N =

(4)

2.1.3.4 Soil culvert interaction method

The Soil-Steel Culvert Interaction SCI method is an advanced and comprehensive approach used
in civil engineering for the design and analysis of soil-steel culverts. The SCI method focuses on
understanding and optimizing the intricate interaction between these culverts and the surrounding

soil, aiming to improve their reliability and safety Duncan, 1978.

At the core of the SCI method are finite element calculations, which involve the use of advanced
numerical simulations. These simulations are instrumental in modeling the behavior of soil metal
culverts under a wide range of conditions. By breaking down the complex structure into smaller,
manageable elements, finite element analysis allows engineers to gain insights into how these
elements interact and respond to various forces and loads. To capture the realistic behavior of soils,
the SCI method incorporates a non-linear, stress-dependent soil model. This means that the model
accounts for the fact that soil properties change in response to different levels of stress. This
consideration provides a more accurate representation of how the soil behaves under varying
loading conditions, which is crucial for designing culverts that can withstand real-world
challenges. Furthermore, the SCI method takes into account the construction sequence of the
culvert. It involves step-by-step modeling of the gradual addition of soil layers during installation.

This dynamic approach ensures that the analysis considers the evolving interaction between the
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culvert and the backfill as the construction process progresses. Live loads, such as vehicles or
trains passing over the culvert, are a critical aspect of culvert design. The SCI method addresses
this by employing back-calculation techniques. It determines an equivalent line load that mimics
the vertical pressure at the crown level due to live loads, employing the Boussinesq elastic theory

to achieve this representation accurately.

In comparison to traditional ring compression theory, the SCI method often yields different results,
frequently predicting larger normal forces acting on the culvert. This divergence arises from factors
such as considering a more extensive volume of soil in calculations and recognizing the impact of
negative arching, where the soil supports the culvert in unexpected ways. The method introduces

the concept of a flexibility number A to quantify bending moments caused by backfilling and live

loads. This parameter relates the stiffness of the soil E; to that of the culvert wall El, aiding in the

analysis and design of bending effects. flexibility number after (Duncan, 1978) is given by:

El

While recognizing the importance of soil stiffness, the SCI method explores its integration into
culvert design. However, selecting the appropriate soil modulus can be challenging due to the non-
linear behavior of soils. In-depth stress state assessments around the culvert in finite element
calculations provide valuable information, such as the relationship between the minor and major
principal stresses and soil modulus values at specific points, informing decisions about soil

stiffness based on overburden depth.

Duncan study conducted a thorough investigation into the stress distribution around soil-steel
culverts through finite element calculations. The findings revealed that the minor principal stress

was approximately 30% of the major principal stress Duncan, 1979. Additionally, it was observed
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that the soil modulus near the so-called conduit quarter points closely matched the average
modulus within the surrounding soil fill. Based on these insightful observations, the study
proposed specific values for the soil modulus, depending on the overburden depth, particularly

around the quarter point level of the culvert.

In the context of culvert design, Duncan emphasized the importance of considering bending
moments, especially in situations with low cover heights. These low cover height culverts were
defined as those with a cover height less than one-quarter of the span. For cover heights exceeding
one-quarter of the span, it’s recommended focusing solely on calculating normal forces. However,
it's noteworthy that Duncan also highlighted the need for further research to precisely delineate the

conditions under which buckling failure might occur.

In the framework of designing culverts with limited cover depth, Duncan proposed the application
of a safety factor F; to guard against the formation of a plastic hinge. This safety factor was

expressed through an N-M interaction design equation in the following manner:

(5) + (5) =1 ©)

Ny My,

where M stands for the bending moment, while d and u indicate the design and ultimate capacities,
respectively. The suggested safety factor was 1.65. However, it's important to note that in statically
indeterminate systems, where two or more plastic hinges are needed for a collapse mechanism, the

actual factor of safety would be even higher.

The presentation of the Soil-Steel Culvert Interaction SCI method provides a straightforward and
logical approach to consider various types of backfill materials and degrees of compaction when
calculating the culvert's capacity. (Duncan, 1983) introduced a design procedure for flexible

culverts based on the SCI method. This procedure hinges on the critical assumption that culvert
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failure due to buckling is not a concern and can be summarized into key steps, including checking
the capacity to resist backfilling loads formation of a plastic hinge, ensuring seam capacity to resist
axial forces in the culvert wall, and verifying the capacity to withstand imposed live loads,

particularly relevant for culverts with lower cover heights.

2.1.4 CHBDC Design Criteria
The design and construction of soil-steel bridges are critical aspects of civil engineering projects,
ensuring the safe and reliable transport of people and goods. The Canadian Highway Bridge
Design Code CHBDC (2006) provides comprehensive guidelines for the design and construction
of soil metal bridges. The CHBDC (2006) mandates the consideration of both ULS and SLS in the
design of soil metal bridge conduit walls. These limit states ensure that the bridges can withstand
extreme conditions while maintaining functionality. Table 2.4 provides a detailed list of the various
limit states, along with corresponding material resistance factors. For the ULS, the conduit wall
and longitudinal seams of the soil metal bridges must meet specific requirements, as described by
Equation 7. This equation incorporates the axial thrust due to dead and live loads, represented by
Tr in Equation 8.
R 2Ty ©)

Tr = ap +a,(1+ DLA)T, (8)
Where,
¢ : Resistance factor for the compressive strength of the conduit wall.
R,,: Nominal capacity of the conduit wall or longitudinal seam to withstand axial thrust.

Ty : the axial thrust due to dead and live loads.
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DLA : The dynamic load allowance, which changes in accordance with the depth of the cover starts
at 0.4 for no cover depth and decreases linearly to 0.1 at a cover depth of 2.0 m. For cover depths
exceeding 2.0 m, the DLA remains constant at 0.1.

ap : Load factor for dead loads, typically 1.25 for soil backfill.

a; : Load factor for live loads, typically 1.70 for CHBDC design truck.

T}, : Thrust in the conduit wall due to live loads.

Table 2.4 Restrictions on conditions and factors related to material resistance.
Corrugation Limit state Component of resistance Material resistance
Type factor
ULS Compression Strength ¢ = 0.80
Shallow C ) .
Corrugation ULS Plastic hinge during construction ¢ne = 0.90
ULS Strength of longitudinal seams ¢; =0.70
ULS Compression strength ¢ = 0.80
ULS Plastic hinge ¢n = 0.85
Deep
Corrugation .. . .
ULS Plastic hinge during construction ¢ne = 0.90
ULS Strength of longitudinal seams ¢; =0.70

In the case of soil metal bridges featuring either shallow or deep corrugations, it is imperative that,
throughout all phases of construction, the combined impacts of bending moments and axial thrust
generated by the unmodified dead load and prescribed construction machinery meet the following

criteria as mentioned in Equation 9.

M

Mpr

b \2
() +
Ppr

< 1.0 9)
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Where,

P: Tp + T,, in which Tp, axial thrust due to unfactored dead load; T,, the axial thrust due to
unfactored construction loads.

P, s factored compressive strength of the corrugated metal section without buckling.

M: M; + Mg+M, in which M;, is the moment due to backfill to the crown level; Mg, is the
moment due to backfill above the crown; M., is the moment due to construction loads.

M, : factored plastic moment capacity of a corrugated metal section.

The Moment due to backfill to the crown M;, above the crown Mg, and due to construction loads

M, can be calculated as follows:

M; = Ky1 Rpy Di? (10)
Mg = —Kyz Rpy Di% H, (11)
M, = Kyz R,y DpL, (12)

In which:

Kp1 = 0.0046—0.001 log,o (Nr), Np<5000 3
=0.0009, Np>5000 (13)

Kp1=0.018—-0.004 log,o (Ng), Np<5000 ”
=0.0032, Ng>5000 (14)

Kpr1 =0.012—-0.018 log1¢ (Nr), NEp<100,000 s
=0.030, Ny>100,000 (15)

Ry = 0.67 + 0.87 (% ~0.2),02 < (;£) <035 (16)

v
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Rp = 0.80 + 1.33 (£~ 0.35),0.35 < (22) < 0.50 17)

v v

Rp = (g—)(%) > 0.50 (18)

R, = o.zss—zossgc;gloNF < 1.0 (19)
(5:)

L, = i—: (20)

Np = 10000 1)

Dead thrust loads on conduit can be obtained by Equation 22, as outlined in the (CHBDC, 2006).

Tp = 0.51.0 — 0.1C, AW (22)
EsDy
Cs =1 (23)

In which,

Ag: A coefficient obtains its values from Figure 2.6, contingent upon the relationships between
H/D and D/S. In this context, H signifies the depth of soil covering above the crown, while D
and S are specified in Figure 2.4.

W the nominal dead weight of the column above the conduit.

C,: Axial stiffness parameter defined as in Equation 23.

E: secant modulus of soil.

E: Modulus of elasticity of conduit wall material, which can be assumed to be 2.0 x10° MPa.
D,: dimension relating to the cross-section of the conduit wall.

A: cross-sectioned area of the conduit wall/unit length
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Table 2.5 K 4 values for live load calculations.

Depth of cover m Two wheels per axle ~ Four wheel per axle  Eight wheels per axle
0.3 1.3 1.5 2.6
0.6 1.6 2.0 2.8
0.9 2.1 2.7 3.2
1.5 3.7 3.8 4.1
2.1 4.4 4.4 4.5
3.0 4.9 4.9 4.9
4.6 6.7 6.7 6.7
6.1 8.5 8.5 8.5
9.1 12.2 12.2 12.2
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Figure 2.6 Relationships between A mH /D,and D/S
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2.1.5 Dynamic Methods of Analyses

The Eurocode framework provides a comprehensive approach to addressing dynamic effects. It
starts with determining whether a dynamic analysis is necessary, guided by a decision-making
flowchart. If required, a thorough dynamic analysis is prescribed, with Dynamic Amplification
Factors DAFs introduced to incorporate dynamic effects. Criteria for assessing dynamic effects'
frequency are provided, though more complex structures may necessitate customized analysis. In
serviceability limit state design, acceleration limits are crucial for upholding structural integrity,

with distinct limits for ballasted and un-ballasted tracks to prevent issues like ballast instability.

2.1.6 Eurocode Approach

The Eurocode design approach, as outlined in SS-EN 1991-2:6.4, provides a comprehensive
methodology for addressing dynamic effects in structural design. It initiates with a fundamental
consideration, the determination of whether a dynamic analysis is required. SS-EN 1991-2:6.4.4
offers a decision-making flowchart to assist engineers in making this determination. This flowchart
guides the assessment of whether a full dynamic analysis, involving the evaluation of bending and
twisting modes is necessary. If a dynamic analysis is deemed necessary, the Eurocode prescribes
a thorough dynamic analysis. In choosing between a static and dynamic analysis, the Eurocode
acknowledges that a static analysis, while simpler, may not fully account for dynamic forces. To
bridge this gap, the concept of Dynamic Amplification Factors DAFs is introduced. DAFs are
multiplicative factors applied to static loads to incorporate dynamic effects adequately. This
ensures that dynamic influences on the structure are appropriately considered. The Eurocode also
provides specific criteria for assessing the frequency of dynamic effects. These criteria are initially
derived from simpler structures, such as simply supported bridges and tensioned slabs, where

dynamic effects can be relatively straightforward to evaluate. However, the Eurocode recognizes
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that more complex structures, like soil metal bridges SMBs, may not readily align with these
criteria. As such, SMBs may require a more detailed and customized dynamic analysis that

considers factors like bending and twisting mode shapes.

To determine Dynamic Amplification Factors DAFs ¢g,, for railway tracks that are well-
maintained, the Eurocode provides a formula represented by Equation 24 as outlined in SS-EN
1991-2:6.4.5.2. An essential element of this computation revolves around establishing the
determining length for the influence line Lg, a critical parameter. While the Eurocode doesn't offer
specific directives for soil metal bridges SMBs, it permits designers to estimate Ly by scrutinizing
the influence line pertaining to the deflection of the specific structural component in question.
Frequently, engineers employ finite element modeling to facilitate this analytical process.
Additionally, the Eurocode permits a reduction in dynamic factors for specific design scenarios.
For example, vault-bridges with cover depths exceeding 1.0 m may benefit from such reductions.
This provision is detailed in Equation 25 within SS-EN 1991-2:6.4.5.4 and enables a more

favorable assessment of dynamic effects, assuming that the structural criteria are met.

1.44

Payn = ozt 0.821.00 < ¢ < 1.67 24)
r h-1
Prea = Payn ~ T, = 1 (25)

It is important to recognize that there are limitations on applying this reduction. Notably, the
Eurocode stipulates that the reduction of dynamic factors cannot be implemented when more than
one track is situated at the railway embankment. This restriction underscores the commitment to

maintaining safety as a top priority in designs that involve multiple tracks.
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2.1.6.1 Serviceability limit state

Within the framework of serviceability limit state code design, SS-EN 1990:A2.4.4.2.1 takes a
crucial role in establishing specific limitations on accelerations within bridge superstructures.
These limitations serve as a linchpin in upholding the structural integrity of the designed bridges.
Notably, there are distinct acceleration limits based on whether the tracks are ballasted or
unballasted. For ballasted tracks, the set acceleration limit stands at y,, = 3.5 m/s?, while un-
ballasted tracks adhere to a stricter limit of yzr = 5m/s®. These prescribed limits are
meticulously determined to forestall issues like ballast instability in the case of ballasted tracks or

the potential lift-off of the bearing in unballasted tracks.

The adherence to these acceleration limits is of paramount importance and is particularly
emphasized within a specific frequency range, as determined by the highest value among
30,1.5f1, f3 Hz. In this context, f; and f3 correspond to the frequencies of the first and third
bending modes, respectively. The meticulous selection of this frequency range underscores the
significance of precisely managing accelerations within the structure. Notably, the Eurocode does
not provide explicit recommendations regarding where the analysis of acceleration in SMBs
should be conducted. Therefore, the focus of assessing acceleration limits primarily centers on the
crown of SMBs structures and the ballast-level. This approach strategically targets the crown as a

critical point in managing acceleration and effectively treats it as the superstructure of the SMBs.

In line with the analysis of mass for dynamic considerations, as stipulated in SS-EN 1991-
2:6.4.6.3.22, special attention is given to the mass associated with the ballast. This analysis
recognizes two ultimate cases, providing essential insights into the mass involved. The mass
considerations are meticulously detailed, presenting values for both the maximum and minimum
scenarios, ensuring a comprehensive approach to dynamic analysis.
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The stiffness or Young's modulus of the SSCB and the surrounding soil emerges as an important
factor influencing the resonance speed of the structure. An accurate estimation of stiffness is
paramount, as an overestimation can result in an exaggerated resonance speed. It's crucial to
highlight that the Eurocode does not prescribe specific methodologies for estimating the Young's
modulus in the context of SMBs structures. This complexity arises from the composite nature of
SMBs, where both the steel plate and the surrounding soil contribute to the overall stiffness,

making it a dynamic and multifaceted consideration.

Another critical facet in designing structures for maximum dynamic response is the incorporation
of damping. Damping plays a vital role in mitigating dynamic forces and ensuring structural
stability. SS-EN 1991-2:6.4.6.3.13 offers valuable guidance on how to estimate damping for a
diverse range of structures, including casted beams, reinforced concrete, prestressed concrete,
steel, and composite structures. The Eurocode's recommendations for damping predominantly
assume a linear damping model is represented in Table 2.6. However, this guidance recognizes

that exceptions exist.

Table 2.6 Damping values based on SS-EN 1991-2:6.4.6.3.13

¢ Lower limit of percentage of critical damping %

Bridge Type
Span L < 20m Span L = 20m
Steel and Composite ¢ =0.5+0.12520-L (=05
Prestressed concrete ¢(=1+0.0720—-1L (=1
Filler beam and reinforced concrete ¢(=15+0.0720-1L (=15
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In scenarios where the span of a bridge is shorter than 30 m, Eurocode affords designers a degree
of flexibility. Designers can opt to increase damping as per Equation 26 or opt for a dynamic
analysis of the interaction between train and the bridge. This flexibility acknowledges that when
shorter spans are involved, the interactive mass effects between train and the bridge can curtail the
maximum response during resonance. The value of A{ represents the lower threshold for critical
damping, as defined in Eurocode, SS-EN 1991-2:6.4.6.44. The total damping available for the
designer's use is computed through Equation 27, with the damping provided by A{ visually
elucidated in Figure 2.7. This multifaceted approach to damping acknowledges the dynamic
complexity of structural design and seeks to strike an optimal balance between stability and

responsiveness.

. 0.0187L—0.00064L?
A{ = > 2 (26)
1-0.0441L—0.0044L2+0.000255L

Stotar = ¢+ AC 27)

Figure 2.7 A additional damping AL % as a function of Span length L m based on SS-EN
1991-2:6.4.6.44.
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The method employed for simulating high-speed traffic in compliance with Eurocode involves the
utilization of HSLM train, consisting of two universal trains: HSLM-A and HSLM-B. For the
specific dynamic analysis in question, we focus solely on HSLM-A. HSLM-A is composed of ten
reference trains and serves as the basis for dynamic train signatures. Notably, for simply supported
structures, the performance of HSLM-A is instrumental in determining the midspan upper bound

acceleration.

Table 2.7 provides an overview of the load model HSLM-A. Each set of reference trains, denoted
as Al to A10, varies in terms of coach length, the number of coaches, bogie-distance, and point
force. The highest chosen speed for analysis is guided by Eurocode, specifically SS-EN 1991-
2:6.4.6.21, which dictates it should be 1.2 times the Maximum Design Speed. Importantly, this
factor of 1.2 does not account for any potential future speed increases. Hence, Eurocode
recommends that the designer introduce an additional factor to accommodate any such speed

enhancements during dynamic analysis.

Table 2.7 Train model HSLM-A base on SS-EN1991-2:6.4.6.1.14

Numbers of Length of Coach  Length of Bogie

Universal Train Coaches m m Point force KN
Al 18 18 2.0 170
A2 17 19 3.5 200
A3 16 20 2.0 180
A4 15 21 3.0 190
AS 14 22 2.0 170
A6 13 23 2.0 180
A7 13 24 2.0 190
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A8 12 25 2.5 190

A9 11 26 2.0 210

Al0 11 27 2.0 210

For the purposes of dynamic analysis, Eurocode advises that only one track be considered for the
application of loads, as stipulated in SS-EN 1991-2:6.4.6.1.23. The chosen track should be the one
that results in the most unfavorable conditions. To accurately capture resonance peaks at different

speeds during analysis, Eurocode suggests choosing a small speed increment.

When conducting a dynamic analysis, one key aspect to address is the Dynamic Amplification
Factor DAF, represented as @g,,,. This factor is determined by evaluating the ratio between
dynamic and static displacements, as outlined in Equation 28 in accordance with SS-EN 1991-

2:6.4.6.53. @g,, is instrumental in characterizing the overall dynamic behavior of the structure
when subjected to dynamic loads. Notably, the calculation of ¢g,, relies on a finite element

solution, enabling a comprehensive and accurate assessment of the SMB's dynamic response. This
approach ensures that the DAF accurately reflects the specific dynamic characteristics of the SMB

and its interaction with high-speed train loads.

Ydyn

Ystat

(28)

! —_—
<pdyn = max

In dynamic analysis, a Dynamic Amplification Factor DAF is employed to account for the dynamic
response compared to the static response. For comparative purposes, an additional DAF is

evaluated by calculating the ratio between dynamic and static moments at the crown of the SSCB,
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as shown in Equation 29. This additional DAF assessment aims to discern if DAF values differ

based on the entity for which they are determined.

Mayn| _ 4 (29)

stat

/ —
(pdyn,M = max

When calculating DAFs for real trainloads and for fatigue limit states, the approach adheres to the
guidelines provided in Appendix C of SS-EN 1991-2. In the case of carefully maintained track,
the formulation follows Equation 30. It applies the DAF to the static response, and if a dynamic

stress signal is available, it excludes the factor ¢g,, in Equation 30. To account for track

imperfections, the factor ¢’ is applied, as defined in Eurocode by Equation 31.

1+ =1+@p,+05¢" (30)
v = (566 450 (tm_ 1) ()
o= o o)) 2o »
Where,
v
a:{ — v<22m/s } (32)
1 v>22m/s

For fatigue analysis in the context of SSCB, it is assumed that the track is carefully maintained.
The design value derived from dynamic analysis is determined using Equation 33 following SS-
EN1991-2:6.4.6.53. The ultimate design value for the bridge must be determined by selecting the
least favorable outcome between Equation 31 and Equation 33, while also ensuring compliance

with the acceleration criteria specified in SS-EN 1990:A2.4.4.2.14P.

39



HSLML) )

(1+ @4y +05 (p”)x< or
RT

2.1.6.2 Fatigue Limit State

The Fatigue Limit State FLS in the context of Soil Metal Bridges SMBs is a critical consideration
in the structural analysis and design process. FLS analysis becomes necessary because the
repetitive loading imposed by dynamic train traffic can initiate crack propagation within the
structure, ultimately leading to rupture. The susceptibility to fatigue rupture is influenced by two
primary factors: stress variations and the number of cycles these stress variations undergo. Fatigue
cracks typically originate in regions where stress concentrations are prominent, such as at the crest
or valley of the corrugations or around bolt holes. However, cracks may also develop at free

surfaces due to microstructural irregularities within the steel plate.

Analyzing for FLS requires an assessment of multiple locations within the SMBs that may
experience significant stress concentrations. There are two frequently employed methods for FLS
analysis: the Lambda method and the Palmgren-Miner rule. Both methods are detailed in
Eurocode, providing designers with flexibility in selecting the most appropriate approach for their
specific scenario. In the context of FLS analysis, the TRVK Bro: B.3.2.1.4j clause outlines that if
mixed traffic occurs on the railway line under design, the designer is only obligated to design for
FLS up to the Maximum Design Speed MDS specified for the railway line in accordance with SS-

EN 1991-2:6.9.

The Palmgren-Miner rule is a methodology employed for assessing the cumulative damage and
fatigue life of a structure subjected to repetitive loading, such as the dynamic stress experienced

by Soil Metal Bridges SMBs due to train traffic. This rule involves a multi-step process.
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First, a stress collective is computed, which entails determining the contribution of each stress
range to the overall fatigue damage. This step is essential in understanding how different stress
levels, occurring under various conditions, impact the structure's fatigue life. The choice to utilize
the Palmgren-Miner rule is justified by recommendations in SSEN 1991-2:6.4.6.6. This rule
accommodates complex scenarios by considering additional factors, including the effects of free
vibrations, stress amplitudes during resonance from moving loads, and the influence of extra stress

cycles generated by dynamic loading at resonance.

Furthermore, the analysis encompasses studying a range of speeds, including speeds up to the
highest nominal speed Maximum Design Speed. This approach aims to identify the stress
collective that best represents the cumulative damage based on the dynamic stress-time history. By
examining various speeds, the analysis captures how different operating conditions affect fatigue
damage accumulation. If the dynamic stress-time history is derived from a finite element model,
it's important to apply amplification factors, as specified in Equation 34. These factors ensure that
the analysis accounts for the entire stress signal during a single passage of the applied trainload,

considering all relevant stress variations.
YrrAo; = ypeAo; (1 + @) = ypeAo; 1+ 0.5¢" (34)

In addition, when applying the Palmgren-Miner rule to SMBs structures subjected to HSLM-trains,
an estimation of future train traffic is necessary. The rule's formulation for cumulative damage is
typically defined in Equation 35. To estimate the total lifetime of the bridge, one must calculate
the total cumulative damage over the course of a year, as detailed in Equation 36. This step
provides insight into how fatigue accumulates over time and helps assess the structure's long-term

durability.
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Dy = yPoE (35)

L Ng;

Lifetime = (36)

dyear

2.2 Cellular Confinement Systems CCS

Working with weak foundation soil presents a formidable challenge for engineers due to its limited
bearing capacity and high compressibility. Prior to constructing superstructures, these problematic
soils require treatment, prompting the development of various techniques aimed at improving soil
properties and behavior. The choice of a suitable method hinges on factors like soil type and
structural design requirements. Among the array of techniques available, soil reinforcement stands
out as a global favorite due to its simplicity and cost-effectiveness (Vidal, 1969; Binquet et al.,

1975; Paul, 1988).

The essence of soil reinforcement involves embedding load-bearing elements with robust tensile
strength and stiffness into the soil. Even when dealing with soil's inherent weakness in tension,
these reinforcing materials effectively absorb significant tensile stress. In the early days, materials
like straws, reeds, and bamboo served as initial forms of soil reinforcement. However, the practical
use of geosynthetic products for reinforcement has been recognized since the 1970s. These
products, primarily composed of polymeric materials like HDPE, come in various shapes, such as
planar sheets, bars, and strips, and have proven to be effective soil reinforcement solutions (Jones,
1996). Notably, among these options, cellular systems are particularly appealing due to their three-
dimensional structure, setting them apart from planar geosynthetic reinforcements (Mhaiskar et al,
1996; Latha et al, 2007; Sireesh et al., 2009b; Tafreshi et al., 2013; Biswas et al. 2013; Tanyu et
al., 2013). One such innovative solution is the geocell, a honeycomb-structured polymeric cellular

system connected by joints (Bush et al,1990; Dean, 1990; Cowland et al., 1993; Lambert et al.,
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2011). The name "geocell" combines "geo" referring to soil or earth and "cell" indicating its
cellular structure. Geocells encapsulate weaker materials like soil and stones within their 3D
framework, offering comprehensive confinement. When geocell and the fill material work in
tandem, they form a reinforced composite with enhanced stiffness and strength compared to
unreinforced soil. Furthermore, this composite system excels in evenly distributing applied loads
across a wider area, effectively preventing lateral material spread. In essence, geocell technology
is reshaping the field of soil reinforcement, providing an innovative solution to the challenges

posed by weak foundation soil.

2.2.1.1 Revolution of geocell

The concept of cellular confinement systems, which led to the development of geocells, can be
traced back to the work of the US Army Corps of Engineers in the late 1970s (Webster et al., 1977).
The initial geocells were constructed using materials such as paper, aluminum, and wood (Meyer,
2000; Rea et al., 1978). These early geocells were primarily designed for the transportation of
military vehicles over weak subgrades. An early version, known as "sandgrids," made of plastic or
aluminum, was used at the US Waterways Experimentation Station in Vicksburg, MS, USA, in
1979 (Webster, 1977). The modern form of geocells began to take shape in the 1980s, marking a
significant departure from their early counterparts. Unlike planar textiles and grids, modern
geocells consist of three-dimensional networks of cells filled with soil, offering several advantages,
including all-round confinement through hoop stresses and a beam effect resulting from their stift-
mat configuration (Rajagopal, 1999; Leshchinsky et al., 2013; Latha et al., 2021). These
advancements in design paved the way for the widespread adoption of geocells in geotechnical
engineering. The inclusion of geocells in various structures has led to a range of benefits, including

improved stability, climate resilience, enhanced resistance to cyclic loads, erosion control, basal
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support, and savings in time and cost (Rajagopal, 1997; Leshchinsky et al., 2013; Latha et al.,
2021; Gedela et al., 2021). Geocells find applications in pavements, slopes, foundations,
embankments, and reinforced earth RE walls. In recent years, geocells have even been utilized in
heavy-duty highways and high-speed train tracks (Leshchinsky et al., 2013; Latha et al., 2021).
Understanding the mechanisms behind geocell reinforcement is crucial to their effective
utilization. In a network of geocells, each cell is surrounded by neighboring cells, all of which are
filled with soil. External loads applied to the soil inside the geocells result in the development of
additional confining stress along the cell walls (Rajagopal, 1997; Leshchinsky et al., 2013; Latha
et al., 2021; Gedela et al., 2021; Bathurst et al., 1993). This increased confinement translates into
apparent cohesion, enhancing the shear strength of the soil and preventing lateral spread (Garcia

etal., 2021).

Moreover, the interconnected network of geocells acts as a cushion or stiffened mattress,
distributing external loads over a wider area, thereby reducing stresses on the underlying soil
(Zhang et al., 2009). This beam action also hinders the propagation of failure surfaces into the
underlying soil, contributing to enhanced stability (Dash et al., 2007). At larger displacements, the
geocell layer functions as a tensioned membrane, offering resistance to applied loads and further

reducing stresses on the underlying soil (Zhang et al., 2009).

Historically, geocell layers were constructed on-site using planar geosynthetics such as geotextiles
and geogrids, with cells strategically connected and filled with granular soils (Bush et al., 1990).
Over the years, the geometric shape of geocells has undergone significant transformations,
progressing from square, circular, rectangular, diamond, and hexagonal shapes to the current

honeycomb configuration. The honeycomb design maximizes infill while minimizing the
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perimeter of cells, making it an ideal choice for various geotechnical applications (Gedela et al.,

2021).

The materials used in geocell manufacturing have also witnessed substantial evolution. Initially
fabricated from paper, aluminum, and wood (Meyer et al., 2002), geocells have transitioned to
contemporary polymers. Presently, high-density polyethylene HDPE and novel polymeric alloy
NPA are the commonly used polymers for geocell construction (Pokharel et al., 2010). Notably,

NPA has gained popularity due to its flexibility, thermo-plasticity, and surface texture.

Modern honeycomb geocells are manufactured with surface texture to enhance their ability to
mobilize greater interfacial shear strength when in contact with soils (Gedela et al., 2021).
Importantly, the junctions of these geocells remain intact, even when localized straining and
buckling occur in geocell walls (Dash et al., 2004; Tafreshi et al., 2016). Perforations present on
geocell walls serve a dual purpose. They facilitate easy drainage, dissipating pore pressures within
the cells, and provide interlocking between infill soils of adjacent geocells. This interlocking effect
transforms the geocell-reinforced soil into a stiffened composite mass. Moreover, these
perforations promote root growth within the cells, making them suitable for vegetation growth on

geocell walls and slopes.

2.2.1.2 Configurations and Factors

This section of the chapter focuses on the factors governing the reinforcement efficiency of
geocells in geotechnical engineering. The reinforcement efficiency of geocells is primarily
influenced by the geocell configuration, material properties, and soil properties. The key
configuration factors explored include height H, overall width b, pocket shape, pocket opening
size d, pattern of arrangement for geocells made of geogrids, embedment depth u, and the number

of geocell layers N. The interplay of these factors is analyzed concerning their impact on geocell
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performance, especially in enhancing soil strength through friction and interlocking. Additionally,
the influence of geocell configuration on geocell efficiency under different levels of external loads

on weak soils is discussed.

2.2.1.3 Geocell Hight

Numerous studies have explored the correlation between geocell height and its impact on
performance. They consistently reveal that, as geocell height increases up to an optimal threshold,
the performance of geocell-reinforced structures undergoes significant improvement. Beyond this
point, the enhancement either stabilizes or diminishes. With the elevation of geocell height, the
surface area of geocells also expands, resulting in heightened frictional resistance that hinders soil
settling. This amplified frictional interaction between the geocell, and the soil significantly
contributes to improving the effectiveness of reinforcement (Pokharel et al., 2010; Dash et al.,
2001). The greater geocell height allows the geocell-reinforced soil to function as a composite unit,
furnishing anchorage as shown in Figure 2.8. This composite behavior bolsters the bending and
shear rigidity of geocell-reinforced structures due to an increase in the moment of inertia.
Consequently, the load gets distributed over a more extensive area, ultimately leading to an
enhanced load-bearing capacity and a reduction in soil settlements below (Gedela et al., 2021;

Dash et al., 2001; Sitharam et al., 2005; Thallak et al., 2007; Lal et al., 2017).

Taller geocells provide increased rigidity, confining the infill soil effectively. This confinement
prevents lateral movements, thereby augmenting the overall structural stability (Sitharam et al.,
2005; Thallak et al., 2007; Tafreshi, 2010; Sherin et al., 2017). The resistance at the interface
between soil and geocell intensifies with the height of the geocells. This heightened interlocking
resistance proficiently counteracts the downward forces exerted during external load application

(Dash et al., 2004; Thallak et al., 2007). Nonetheless, it is crucial to acknowledge that once a
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specific height is attained, local buckling and deformation of geocell walls can hinder the increase
in flexural and shear rigidity. Consequently, loads are inadequately transferred through the geocell
layer, resulting in performance degradation (Sitharam et al., 2005; Thallak et al., 2007; Lal et al.,

2017; Dash et al., 2008; Muthukumar et al., 2019; Shin et al., 2017).

Increasing geocell height introduces challenges related to field compaction, which may lead to a
reduction in the infill soil's density (Sherin et al., 2017; Tafreshi, 2009). Studies have demonstrated
that geocells with lesser heights typically exhibit flexural behavior. As height increases, they
transition into deep beam behavior, contributing to enhanced performance (Madhavi et al., 2008).
Taller geocells can mobilize tensile strength through membrane action, effectively resisting tensile
forces, further enhancing overall performance. This membrane action of geocells boosts their load-
bearing capacity and stability (Dash et al., 2008). When geocells of lesser height bear a load, a
linear strain distribution is observed along the geocell's depth, with the highest strain at the bottom.
This behavior is analogous to a centrally loaded thin beam, where compressive strains dominate
at the top, and tensile strains are prevalent at the bottom (Mhaiskar et al., 1996). Intriguingly, as
geocell height increases, the strain distribution pattern undergoes a reversal. For taller geocells,
the maximum strain is observed at the top of the geocell structure, decreasing progressively

towards the bottom, akin to the behavior of deep beams in structural engineering.
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Figure 2.8 A representation of geocell reinforced Soil Metal Bridge.

Pocket size

The size of geocell pockets is a key factor in determining the confining stresses that develop within
the infill soil. Researchers like Gedela (2021) and Sherin et al. (2017) have observed that there's
an inverse relationship between pocket size and confining stresses. When the pocket size
decreases, it boosts the additional confining stresses exerted by the geocells per unit volume of
soil. This, in turn, leads to an improvement in apparent cohesion, as witnessed in studies by
Mhaiskar et al. (1996) and Hegde et al. (2015). Consequently, the geocell pockets effectively
contain the infill soil, resulting in controlled settlements and heaves in geocell-reinforced

structures (Latha et al., 2009; Dash et al., 2001; Sherin et al., 2017). Regarding the ideal pocket
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size, the intuitive assumption that reducing it consistently enhances geocell performance is
contradicted by prior research. Dash et al. (2008) and Kargar et al. (2017) have shown that the
performance of geocell-reinforced structures improves as the pocket size decreases, but only up to
a certain optimal threshold. Beyond this point, the performance enhancement stabilizes or even
declines. This highlights the significance of fine-tuning the pocket size to achieve the desired

performance in geocell applications.

Reducing the pocket size of geocells results in an expansion of their surface area. This, in turn,
augments the active lateral pressure within the geocell wall, thus enhancing the overall rigidity of
the geocell-reinforced soil composite (Dash et al., 2008; Kargar et al., 2017). However, it's crucial
to acknowledge that beyond a certain point, the performance improvement becomes marginal. This
is due to the development of opposing membrane stresses along the geocell walls, which can lead
to local buckling and straining, ultimately diminishing the flexural and shear rigidity offered by
the geocells (Dash et al., 2007). The effectiveness of geocell-reinforced beds typically improves
as the height of geocells increases or their pocket size decreases. While elevating the aspect ratio
of geocells, which represents the ratio of their height to pocket size, may seem like it would boost
overall performance, it doesn't consistently guarantee continuous enhancement. Different pieces
of literature offer conflicting insights into the ideal aspect ratio. For example, Dash et al. (2001)
conducted plate load tests on foundations and suggested that the optimal aspect ratio for geocells
is around 1.67. Their study found that this aspect ratio resulted in the highest load-bearing capacity
and minimal settlement, indicating efficient use of geocells in foundation applications. In contrast,
Krishnaswamy et al. (2000) performed embankment model studies and proposed that the optimum
aspect ratio is close to 1. Their research demonstrated that nearly equal height and pocket size of

geocells led to optimal performance in embankment applications. The variations in observed
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optimum aspect ratios can be attributed to several factors, including geocell configuration, geocell
type, foundation properties, and loading conditions, as highlighted by Dash et al. (2001). These
factors interact in complex ways, resulting in different performance outcomes for geocells with

varying aspect ratios.
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Figure 2.9 A representative of a honeycomb Geocell layout.

2.2.1.5 Width of the geocaell

The utilization of geocell reinforcement layers plays a central function in the redistribution of
stresses induced by applied loads within the soil. This phenomenon extends the influence of these

stresses well beyond the loaded region, thus establishing robust anchorage and cohesion with the
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stressed soil zone. Research findings consistently suggest a positive correlation between the
effectiveness of geocell-reinforced structures and the width of the geocell layer. However, this
correlation holds true only up to a certain optimal width, beyond which further improvements

become marginal.

Concerning the enhancement of structural rigidity, the expansion of the geocell width contributes
significantly to increased rigidity. This is achieved by capitalizing on the enhanced end-bearing
resistance resulting from the improved confinement of the geocell-infilled soil composite. (Dash
et al., 2004; Sitharam et al., 2005; Kargar et al., 2017) support this notion. Consequently, this
increased rigidity leads to a more efficient distribution of external loads across a larger portion of

the underlying soil, reducing localized stress concentrations.

One notable advantage of geocell-reinforced structures is the limitation of the zone of influence.
In contrast to unreinforced soil, where this zone extends to approximately twice the width of the
loaded area, geocell-reinforced structures subtly curtail the extent of influence just beneath the
geocell layer. This characteristic effectively minimizes surface heaving and encourages uniform

settlement patterns (Dash et al., 2001; Sitharam et al., 2005; Dash et al., 2008; Kargar et al., 2017).

Expanding the width of geocell layers offers distinct advantages by encompassing a greater
number of cells, thus contributing to an enhanced reinforcement effect, as documented by (Saride
et al. 2009). However, it is crucial to acknowledge that wider geocell layers, while advantageous
for load distribution and settlement control, present certain challenges. Notably, the phenomenon
of local buckling and straining of geocell walls induced by larger widths may mitigate the benefits
derived from the flexural and shear rigidity of the geocells, as highlighted by (Sitharam et al. 2005).
Additionally, examinations of geocells post-load tests reveal higher strains and deformations of

the buckling type, primarily in areas under and surrounding the loaded zone, while sections of the
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geocell mattress distant from the load remain structurally intact (Sitharam et al., 2005; Dash et al.,
2007). Moreover, extending geocells beyond the influence zone of footings offers an added
advantage by creating secondary anchorage through frictional and passive resistance at the

interface between the soil and the geocell (Dash et al., 2001; Lal et al., 2017; Kargar et al., 2017).

2.2.1.6 Geocell Pocket Shape

Geocell technology has undergone substantial advancements, not only in terms of material
composition but also in the geometric design of geocell pockets. These pocket shapes have evolved
through various configurations, including square, circular, rectangular, diamond, and hexagonal,
before culminating in the widely adopted honeycomb shape. In Figure 2.9, it provides a schematic
representation of the diverse pocket shapes employed in earlier studies, while Figure 2.10
showcases photographs of geocells featuring distinct pocket shapes. Research findings, as
elucidated by (Sherin et al. 2017), suggest that whether geocell pockets take on square or circular
configurations and are constructed with identical materials, they exhibit comparable improvements
in soil reinforcement, provided that the material quantity remains consistent. This underscores the
significance of considering both pocket shape and material quantity when optimizing geocell

performance.
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Figure 2.10  Schematic representation of geocells with different pocket shapes.

The incorporation of the honeycomb configuration in geocell pocket designs, driven by the
objective of maximizing infill material containment while minimizing cell perimeter (Gedela et
al., 2021), not only enhances load-bearing capacity but also offers practical advantages, including

efficient storage, handling, and transportation.

Vertical load stability has emerged as a critical attribute of honeycomb-shaped geocells, as

evidenced by their ability to maintain structural integrity under vertical loads, a fundamental
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characteristic that significantly enhances their effectiveness in soil reinforcement (Leshchinsky et
al., 2013). This stability plays a pivotal role in preventing deformation and ensuring consistent
geocell performance. Moreover, the honeycomb shape excels in controlling both vertical and
horizontal deformations of geocells, even when they are filled with less stable soils (Leshchinsky
et al., 2013). This capability is essential for preserving the structural integrity of geocells and

sustaining their long-term performance.

2.2.1.7 Pattern Arrangement

When contemplating geocell design, the arrangement pattern of these cellular structures
significantly influences their performance and effectiveness. Geocells can be designed in two
primary configurations: the diamond and chevron patterns, each with its unique advantages and
implications for soil reinforcement. Schematic depictions of these patterns can be found in Figure
2.11. In both cases, the manufacturing process starts with erecting geogrid strips vertically along
the transverse direction. Subsequently, diagonal strips are added between the transverse grids using
bodkin joints to ensure the structural integrity of the geocell (Dash et al., 2001; Krishnaswamy et

al., 2000).

Diamond Pattern

Chevron Pattern

Figure 2.11  Different geocell fabrication patterns.
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When deciding between the diamond and chevron patterns, several considerations significantly
impact geocell performance. These factors include joint density, enhanced rigidity, and flexural
rigidity, each of which requires careful analysis. Regarding joint density, the chevron pattern stands
out as the preferred choice due to its higher joint density. This configuration offers a distinct
advantage over the diamond pattern as it ensures that the failure of some joints does not lead to the
failure of the entire geocell structure. This redundancy in joint connections strengthens the overall
reliability of the geocell mattress, providing a robust and resilient reinforcement solution. Moving
on to enhanced rigidity, the chevron pattern proves superior, especially when considering the same
plan area of geocells. The increased rigidity in the chevron arrangement is a direct result of its
higher joint count. Moreover, forming joints in the chevron pattern is a simpler process, involving
the connection of only two vertical surfaces. In contrast, the diamond pattern requires connections
with three grids, making it a more intricate and labor-intensive option (Krishnaswamy et al., 2000).
This ease of assembly and enhanced rigidity make the chevron pattern an attractive choice for soil

reinforcement projects.

Finally, flexural rigidity becomes a crucial factor in geocell performance, especially in scenarios
involving significant settlements. Empirical studies highlight the chevron pattern's effectiveness
in this regard. When soil experiences shear failure during substantial settlements, the surrounding
soil deforms and rises to the surface, reducing the geocell infill density. In such conditions, a
significant portion of the applied load is supported by the geocell walls. In this context, the chevron
pattern, with its elevated flexural rigidity, provides substantial support for loads compared to the
diamond pattern (Dash et al., 2001). This attribute is particularly valuable when considering
geocell-reinforced foundations subjected to significant settlements, ensuring the structural

integrity of the geocell system remains intact.
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2.2.1.8 Embedment depth of geocell

The importance of embedment depth cannot be overstated when assessing the performance of
geocells. While situating the geocell layer just below the rail track might seem like a
straightforward choice, it can result in the accumulation of higher localized stresses within the
geocell walls, potentially leading to buckling failure (Sherin et al, 2017). Additionally, placing
geocells at shallower depths imposes limitations on the ability to effectively confine soil within
the geocells and maintain the desired friction at the upper and lower boundaries of the geocell
layer. This limitation arises due to a reduction in normal stress resulting from the overburden

(Tafreshi et al, 2010; Yang et al, 2010; Mehdipour et al, 2013; Sitharam et al, 2006).

Understanding the role of the soil cushion in conjunction with geocells is essential, viewing it as
an integral part of a larger system. The soil cushion, positioned between the footing and the geocell
layer and between two geocell layers, plays a significant role in enhancing the overall system's
performance. It facilitates the development of effective frictional interactions at the interfaces
between geocells and the soil, functioning as a rigid system that helps distribute the load over a
broader area of the underlying soil (Dash et al, 2007; Thallak et al, 2007; Tafreshi et al, 2010;

Davarifard et al, 2015).

The load dispersion mechanism, supported by the sand cushion, is crucial in comprehending the
behavior of geocell-reinforced systems. Research has indicated that when the geocell layer is
situated at the optimal depth, horizontal strains along the geocell wall's height gradually decrease
from top to bottom (Dash et al, 2007). This underscores the effectiveness of the soil cushion in
shielding the geocell layer from direct load application. Moreover, the soil cushion serves a crucial

role in facilitating drainage during the consolidation of soft soil beneath it (Sitharam et al, 2005;
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Thallak et al, 2007). This drainage capability assumes particular significance under cyclic loading

conditions (Bagli, 2022).

The depth at which geocells are embedded has far-reaching consequences for their performance.
Placing geocells at depths lower than the optimum results in an insufficient depth for the soil
cushion to mobilize frictional resistance against shearing, leading to inadequate geocell
reinforcement (Thallak et al, 2007; Sherin et al, 2017). Conversely, embedding geocells at depths
exceeding the optimum diminishes their composite beam-like behavior, causing the upper cushion
and the geocell-reinforced soil to act as separate entities. This leads to the shearing of the upper
soil cushion and lateral displacement of the soil between the footing and the geocell-reinforced
soil composite. Consequently, the reinforcement effect is nullified, and the geocell-reinforced soil
behaves similarly to unreinforced soil (Dash et al, 2007; Dash et al, 2001; Sherin et al, 2017).
Furthermore, at greater embedment depths, a substantial portion of the geocell-reinforced soil
composite lies beyond the influence zone of the applied load, further diminishing the effectiveness
of geocell reinforcement (Thallak et al, 2007; Tafreshi et al, 2010; Khalaj et al, 2015; Mehdipour

et al, 2013).

It's worth noting that in specific situations, especially when dealing with cohesive soils, placing
the footing load directly on the geocell mattress without any soft soil cushion can be advantageous.
This approach helps mitigate the lateral compression of cohesive soil, which could otherwise

compromise the performance of geocell reinforcement (Sitharam et al, 2005).

2.2.1.9 Number of layers
Multiple layers of geocells are often employed in geotechnical applications to maximize their
interactions with the surrounding soil as illustrated in Figure 2.12, An exemplar depiction of a soil

metal bridge reinforced with multiple geocells. This approach is rooted in the belief that increased
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layers can lead to enhanced stability and load-bearing capacity. However, it is essential to critically

assess this assumption and consider the research findings that have shed light on this matter.

Numerous benefits arise from the utilization of multiple geocell layers, one of the primary benefits
of increasing the number of geocell layers is the enhancement of soil-geocell contact area. This
expansion of contact area can lead to a substantial increase in frictional resistance, which is
essential for stabilizing the soil metal bridge. The greater contact area also promotes a more
effective confinement effect, preventing lateral soil movement beneath the geocells. This effect is
further accentuated by the homogeneous stress distribution that multiple geocell layers provide
below the railtrack (Mehdipour et al., 2013; Davarifard et al., 2015). With the addition of more
geocell layers, the volume of soil subjected to reinforcement grows. This increase in the reinforced
soil volume results in an overall improvement in stiffness, contributing to the stability and load-
bearing capacity of the soil (Pokharel, 2010; Tafreshi et al., 2016). The enhanced stiffness can help
distribute loads more evenly, reducing the risk of settlement and structural damage. Multiple
geocell layers below the loaded area can effectively encase the entire pressure bulb within the
ground. This encasement arrests both lateral and vertical deformations, ensuring that the
foundation remains stable and resilient under various loading conditions (Tafreshi et al., 2015;

Davarifard et al., 2015).
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Figure 2.12 A representative illustration of a multi-Geocell reinforced Soil metal bridge.

Exploring the utilization of multiple geocell layers opens a critical discussion about the inherent
limitations and essential considerations that must be thoroughly assessed. The previously
conducted research suggests that the benefits of geocell reinforcement do not increase linearly with
the number of geocell layers beyond a certain limit determined by the applied load. Beyond this
point, the contributions of additional layers to overall strength and stiffness improvement become
minimal (Tafreshi et al., 2015). Therefore, designers must carefully assess the specific project
requirements to determine the optimal number of layers. To maximize the effectiveness of geocell

layers, they should be strategically placed within the influence zone of the applied loads (Tafreshi
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et al., 2012). Geocell layers located outside this zone do not experience significant stresses from
the load, resulting in minimal contributions to strength and stiffness improvement. The resilient
characteristics of geocells, such as accumulated plastic strains and total settlement reduction, reach
their peak improvement at a particular optimum number of geocell layers. Beyond this point,
further increases in layer count have minimal influence (Khalaj et al., 2015). This is similar to
static loading conditions. Under cyclic loading conditions, the rate of improvement provided by
additional geocell layers becomes insignificant at higher numbers of load cycles for heavily
reinforced systems. This contrasts with static loading conditions, where higher settlement levels
yield greater improvement (Tafreshi et al., 2010; Yang, 2010; Sitharam et al., 2006; Davarifard et

al., 2015).

In an extensive study by (Kargar and Hoessini 2017), the impact of geocell layering on soil
reinforcement was thoroughly investigated. Surprisingly, their research uncovered a
counterintuitive outcome - an increase in the number of geocell layers did not consistently lead to
improved performance. Specifically, it was observed that the inclusion of additional layers resulted
in a decrease in the strength and stiffness characteristics of soil beds reinforced with geocells. This
phenomenon was particularly pronounced in two-layered geocell configurations, where tensile
strains at the lower section of the geocells not only disrupted the continuity of the cells but also
caused them to separate into distinct units. This disruption within the geocell layers posed
challenges in achieving integrated performance and effective stress transfer to the underlying soil
depths (Tafreshi et al., 2012). Similarly, in the context of four-layered geocell configurations,
researchers encountered a different set of challenges. Tensile strains within the geocells were found
to be inadequately mobilized, resulting in a less-than-expected improvement in the soil's strength

and deformation characteristics. These observations contradicted prior research that had favored
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the utilization of multiple geocell layers separated by a layer of soil. However, it's important to
note that while Kargar and Hoessini's study shed light on the potential disadvantages of increasing
the number of geocell layers without vertical spacing, a more comprehensive perspective is
needed. Different scenarios and objectives can yield divergent outcomes. To illustrate this point,
(Mehdipour et al. 2013) conducted numerical simulations to explore the influence of varying
geocell layer counts in slope stability, specifically focusing on the factor of safety FOS. Their
findings presented an alternative viewpoint - an increase in the number of geocell layers could, in
fact, enhance the FOS of geocell-reinforced slopes. This improvement in FOS was attributed to
the heightened rigidity of the slope, which effectively pushed the slip surface away from the slope.
Notably, the initial geocell layer played a significant role in resisting bending and shear

deformations, while the subsequent layers primarily contributed to mitigating lateral deformations.

2.2.1.10  Geocell Properties

The stiffness of the geocell material is a fundamental property that underpins its performance and
behavior in various applications. It is essential to understand how stiffness influences geocells,
especially concerning their ability to counteract membrane stresses and provide enhanced load
support. One of the primary functions of geocells is to distribute loads effectively and prevent the
development of excessive membrane stresses within the cell walls. To achieve this, the stiffness of
the geocell material must be adequate.

Surface roughness is another fundamental property of geocells that has garnered significant
attention in recent research studies. The roughness of geocell walls has been found to have a
substantial impact on their performance, and several studies have explored this aspect in depth
(Garcia et al, 2021; Gedela et al, 2021; Hegde et al, 2015). The findings from these studies

highlight the importance of surface roughness in influencing the behavior of geocell-reinforced
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structures. Research conducted by Hegde et al. (2015) and Biabani et al. (2016) demonstrated that
an increase in the roughness of geocell walls leads to a corresponding increase in the angle of
interface friction between the cell walls and the infill soil. This increase in frictional resistance is
significant because it resists the applied load and redistributes it over a larger area. In practical
terms, this means that geocells with rough surfaces can effectively enhance the stability and load-
bearing capacity of the soil they are reinforcing. However, that extreme roughness of geocell
surfaces may not always yield positive results. Zhang et al. (2009) reported that extremely rough
surfaces could have a weakening effect on the strength and deformation characteristics of geocell-
reinforced structures. Therefore, there exists a delicate balance between surface roughness and
performance, and it is essential to consider the specific project requirements and soil conditions

when designing geocell-reinforced structures.

The studies conducted on geocells present an interesting perspective on the importance of surface
roughness. While some studies emphasize its role in enhancing performance, others, such as Hegde
et al. (2017), suggest that the surface roughness of geocell walls is not as critical as the tensile
strength of the geocells. This divergence in viewpoints highlights the complexity of geocell

behavior and the need for a holistic approach to design and analysis.

One intriguing aspect is the influence of wall roughness on analytical models used to predict the
strength and deformation characteristics of geocells. Zhang et al. (2009) and Maheshwari et al.
(2017) observed that in models where interface friction is considered, the computed deformations
of geocells were generally less than in models where interface friction was omitted. This
underscores the importance of incorporating surface roughness into analytical models for accurate

predictions.
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In addition to surface roughness, the stiffness of geocells is a critical property that significantly
affects their performance in various geotechnical applications. Geocells possess unique tensile and
bending stiffness due to their three-dimensional honeycomb-like structure, which sets them apart
from traditional planar geosynthetics. Studies conducted by Pokharel (2010) and Sherin et al.
(2017) have highlighted the exceptional tensile and bending stiffness exhibited by geocells. This
stiffness is a direct result of their geometric configuration, which allows them to distribute loads
effectively and resist deformations. Compared to planar geosynthetics, geocells offer superior

stiffness characteristics.

The high stiffness of geocells has significant implications for their load-bearing capacity. Yang
(2010) and Wang et al. (2013) have shown that geocells, due to their increased stiffness, provide
greater load-bearing capacity and reduce lateral deformations under both static and cyclic loading
scenarios. This property is invaluable in applications where structural integrity and stability are
paramount. Another critical aspect related to stiffness is the enhancement of confining stresses
along the walls of geocells. (Tafreshi et al. 2015, Hegde et al. 2017, and Sireesh et al., 2009) have
documented how the stiffness of geocells contributes to the development of confining stresses,

which, in turn, improve their performance in various geotechnical applications.
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CHAPTER 3 SOIL-STRUCTURE INTERACTION OF HIGH-SPEED
TRAINS OVER SOIL METAL BRIDGES

3.1 Introduction

An open channel conveying water beneath a road is the typical design of a metal culvert, a man-
made construction. Metal culverts are common in urban areas and aid with stormwater
management, erosion control, and the preservation of a city's water system. Early travellers were
concerned due to these structures generated noises as they vibrated beneath their weight,
nevertheless. These worries are now a thing of the past owing to the development of metal culverts
over the years. Corrugated steel plate CSP has been successfully used in the construction of
culverts and storm sewers in North America and other countries since 1896. It keeps delivering a
long service life in installations that handle a wide range of soil and water conditions. As the
concept developed, wider span SMBs evolved. Several studies have been conducted to investigate
the behavior and performance of SMBs. El-Sawy's (2003) research highlights the limitations of
2D Models in analyzing SMBs and proposes the use of 3D FE-modelling to improve accuracy in
design and analysis. Flener's (2003) study involves field instrumentation on a long-span steel arch
railway bridge, measuring strains and displacements to provide insights on the performance and
behavior of SMBs under different loading conditions. Abdel-Sayed and Salib (2002) used
ABAQUS plain-strain FE-analysis to investigate the minimum soil cover depth required for SMBs
to prevent failure under loading conditions. Sutubadi and Khatibi (2013) utilized PLAXIS to study
the variation of soil properties in parametric studies with 2D finite element models according to
Mohr-Coulomb theory. They investigate various soil parameters, including cohesion, Young’s
modulus, internal friction angle, Poisson ratio for soil, and dilatation angle to determine their
impact on SMBs strength and load-carrying capacity. Yeau et al.'s (2013) parametric study

investigates the effects of different soil cover depths on SMBs behavior and performance under
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loading conditions. The study concludes that normal forces and deflections decrease as the soil

cover depth increases, and crown deflections depend more on the SMB shape than the span length.

Numerous other studies have been done on the behaviour of SMBs on both the soil side and the
effluent side (Bakht 1980; Webb 1995; Mai 2013). These investigations have demonstrated that
SMBs typically offers remarkable durability with great load-bearing capacity under various
loadings conditions. However, studies focusing on understanding the behavior of these structures
under heavy dynamic loads has not been widely investigated. The performance of these structures
is different when subjected to dynamic loads from the passing of heavy trains. This dynamic
loading can cause significant deformation, stress, and strain on the bridge structure, which may

lead to reduced safety and serviceability.

To better understand the behavior of SMBs, a validation three-dimensional model has been
developed using finite-element analysis to investigate the nonlinear response of both the structure
and soil during backfilling. Plasticity-based procedure utilizing the action compaction method
introduced by Ezzeldin and El Naggar (2022) has been used to simulate the effect of soil
compaction on the metal bridge response during backfilling. The results of the model were then
compared to the actual field study results conducted by Webb (1999) to validate the developed
model. Following the successful validation of the initial model, the present study aimed to further
investigate the behavior of soil metal bridges SMBs under dynamic train loads. To thoroughly
examine the performance of SMBs, a total of 15 3D models were created using varying soil cover
depths ranging from 2 to 4 m, which were subjected to a range of train speeds including 100, 150,
200, 250, and 300 km/h. The dynamic effects of these loads on the SMBs behavior were evaluated
using advanced finite element techniques, with the analysis focusing on key factors such as crown

deformations, bending moments, and thrust forces. The main goal of this investigation is to provide
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meaningful viewpoints regarding the pivotal function of soil cover depth in guaranteeing the secure

and reliable operation of soil metal bridges in high-speed railway systems.

3.2 The Considered Field Study

The implementation of the structural plate metal arch culvert in an end-to-end arrangement within
a pre-excavated trench is a standard construction technique frequently utilized in transportation
and drainage projects. It is generally recognized as a soil metal bridge. As mentioned earlier, the
monitoring results of the well documented field study by Webb (1999) is used in this study to
validate the developed numerical model. In this case study, the SMB was situated with it top
approximately 0.6 m 2 ft above the existing ground surface, thereby providing a level surface width
of about 15 m 50 ft over the entire span of the metal bridge. To ensure stability, the structure was
founded on reinforced concrete strip footings with elastic modulus of 30 GPa and Poisson’s ratio
of 0.3, with reinforced concrete blocks employed at the outer end of the SMB to contain the backfill
and prevent it from spreading. The metal bridge utilized in the experiment was of the Type 108A30
nongalvanized corrugated steel arch variety, with a span of 9.50 m 31 ft 2 in. at the footings and a
total rise of 3.7 m 12 ft 1 in. as shown in Figure 3.1. The culvert was fashioned from structural
plates with 152 X 51 mm 6 x 2 in. corrugations, with a plate thickness of 5.5 mm 0.218 in., specified
as 5 gauge. Unlike conventional metal arch culverts that are reinforced with longitudinal thrust
beams and circumferential stiffeners to enhance their strength, the metal bridge employed in the
experiment was subjected to testing without these supplementary supports. The trench was filled
with backfill material, and a shallow earth embankment was erected over the SMB in a layered
fashion. Existing site material excavated from the trench was employed for backfilling the SMB
and constructing the embankment. The backfilling material comprised well-graded sand with

gravel and had one percent fines, per ASTM D 2487 (2017). The soil material properties are
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presented in Table 3.1. The construction process involved compacting the structural backfill and
constructing an embankment over the culvert. A 1.8 m 5.9 ft soil cover was then added to the top

of the embankment.

Figure 3.1 Cross-section view of the Full-scale field test after Webb 1999.

Table 3.1 Employed soil Material properties in Webb 1999 field test.

Property Loose Dense Native Unit
Hardening Hardening Hardening
Soil Model -
Soil Soil Soil
Type Drained Drained Drained -
Yunsat 20 18.5 20 kN /m3
Vsat 20 18.5 20 kN /m3
Esrgf 6700 14.3E3 20.0E3 kN /m?
Er¢) 6700 14.3E3 19.71E3 kN /m?
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EreS 20.1E3 42.9E3 60.0E3 kN /m?

ur

Vyr 0.2 0.2 0.2 -
m 0.5 0.5 0.5 -

C ref 1 1 1 kN /m?

@ phi 34 38.5 43 o

W psi 0 0 0 ©

During the backfilling process, the structural backfill material was spread in a manner that aligns
with the culvert's longitudinal axis placed and compacted with precision to ensure ideal density.
This was accomplished using either a walk-behind vibratory plate compactor or a ride-on vibratory
roller, with the objective of reaching 95% of AASHTO T-99 maximum dry density. During the
compaction process, an issue emerged wherein the crown of the structure experienced peaking,
primarily as a consequence of lateral forces exerted during the placement of soil layers
approximately 2.4 to 2.7 m 8 to 9 ft of backfill on the sides. In response to this problem, a remedial
approach was implemented. To counteract the peaking deformation, a practical solution was
devised involving the top-loading of the soil metal bridge. This was achieved by adding weight to
the top of the structure. Specifically, concrete blocks were positioned atop the crown, creating a

concentrated weight-bearing point.

3.3 Finite Element Model Development

3.3.1 Soil Profile and Compaction Procedures Techniques

Webb (1999) field test has been modelled after the HSS profile. To simulate the behavior of many
soil types, including both soft and stift soils, Shanz (1998) developed the Hardening Soil model.
Soil exhibits a diminishing stiffness and simultaneously develops irreversible plastic stresses when
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subjected to primary deviatoric loading. The observed relationship between the axial strain and the
deviatoric stress can be well approximated by a hyperbola in the special case of a drained triaxial
test. Kondner (1963) first proposed such a link, which was then applied to the well-known
hyperbolic model Duncan and Chang (1970). However, the Hardening Soil model vastly
outperforms the hyperbolic model, by first switching out the theory of elasticity for the theory of
plasticity, then by accounting for the soil's dilatancy, and last by introducing a yield cap. The
constitutive law of soils is described by a collection of mathematical equations in the Hardening
Soil model. The Plaxis3D Material Models Manual (2022) includes an extensive presentation of
the constitutive equations. Conventional triaxial compression tests on the soil can be used to

determine the model parameters required for the Hardening Soil model. The Secant stiffness in

ref

standard drained triaxial test Erc’ , Unloading/reloading stiffness Eje

w » the tangent stiffness for

Eref

primary oedometer E,;,

the elastic unloading-reloading Poisson's ratio v,,., the angle of dilation
1, and the Mohr-Coulomb strength parameters ¢ and ¢ are the fundamental parameters of the

Hardening Soil model.

For primary loading, the stress-strain behavior exhibits a strong nonlinearity. A primary loading
stiffness modulus that is dependent on confining stress is the value Es,. For little strain, E5, is
utilized instead of the initial modulus Ejas it is more challenging to determine tangent
modulus experimentally. The other stiffness parameter is the stress dependent stiffness modulus
for unloading and reloading stress paths E,,.. The plastic soil stiffness parameter E Srgf and E,Zref are

calculated as:

Eso = Egg/ ( (37)

¢ cos ¢p—dz sinsin <,b)m
¢cos @+ pTef sin @
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E, = gref (c’cos ¢@—d5 sinsin (p)m (38)

Ur \ écos@+prefsing

Where E;gf is the reference stiffness corresponding to the reference stress p™® which is set as
100 kN /m? in Plaxis as a default value. Egﬁf is the reference modulus for unloading and reloading

corresponding to the reference stress p¢/100 kN /m? . Note that Ef;f equal to 3 E;gf in Plaxis

default settings.

To control the amount of the plastic strains that result from the yield cap, another input parameter

called the reference oedometer modulus Egsg is utilized. The oedometer modulus Egsg follows the

stress dependency law similarly to the triaxial moduli:

(39)

¢ cos p—ds sinsin @\™
oed

écosp+pref sing

Eveq = Eyeh (

The power m indicates the degree of stress dependence. Soos von 2001 reported a range of m
values from 0.5 to 1 in different soil types with the values of 0.9-1 for clay soils, in order to
approximate a logarithmic stress dependency. In Obrzud & A.Truty (2018) Hardening Soil's Soil

handbook, correlations from Hicher (1996) and Viggiani and Atkinson (1995) are also mentioned.

Hicher (1996) Correlation:

m=113 - — (40)
LL+78
Viggiani and Atkinson (1995) Correlation:
10.83
m=1- 7 (1)
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v, stands for the poisson's ratio of unloading to reloading. The fact that v, is not the standard
poisson's ratio should be noted. It should be left at the default value of 0.2 in the absence of lab

data.

3.3.2 Compaction Measures and Procedures

Action compaction methods and post-compaction methods are the two primary divisions of
compaction simulation approaches. These classifications are based on the kind of loading that was
utilized to model the compaction loads. Action compaction is the process of simulating the
compaction in terms of direct contact with the surface of the backfill layers. On the other hand,
simulating the compaction in terms of direct contact with or near the buried structure is a post-
compaction approach. Three distinct modelling techniques have been provided by McGrath et al
(1999) to simulate the compaction effect of backfill layers on corrugated culverts as shown in
Figure 3.2. The first method involved applying vertical loads to each layer to simulate the
compactor's weight a technique first proposed by Katona (1978). The second method imitated a
squeezing effect by applying vertical loads to the top and bottom of each backfill layer. The third
method involved applying horizontal forces directly to the circumference of the culvert to consider
lateral stress. The first two modelling techniques are recognized as an action compaction method
while the third technique provided by McGrath et al. (1999) is to be considered an example of a

post compaction method.
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Figure 3.2 Schematic illustration of the three approaches for simulating compaction effort by
McGrath et al 1999.
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While the methodology proposed by McGrath et al. (1999) displayed some strengths, it's important
to note certain limitations. The first and second methods stand out for their ability to simulate the
deformation of culverts caused by compaction forces, offering an advantage in this regard.
However, they both rely on elastic soil models, which prove inadequate when modeling the
backfilling process. The issue arises when compaction loads are removed, as elastic soil models
tend to generate a rebound effect in the structure's deformations and internal forces. This is due to
the fact that elastic models exhibit significantly increased stiffness at extremely low stresses, which

doesn't accurately represent real-world behavior. To address this concern, more precise hyperbolic
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soil models, such as the hardening soil model with small strains HSs, are recommended. These
models can better capture the response of the culvert even after compaction loads have been
eliminated. In contrast, the third method, although simpler, is considered less sophisticated because
it relies on factors like soil friction angle and the specific properties of the compactor roller in use,

making it less accurate in certain scenarios.

Taleb and Moore (1999) proposed an alternative approach to simulate soil compaction, specifically
designed to complement elastic-plastic soil models. This method offers a straightforward way to
assess the potential consequences of soil compaction on both flexible and stiff culverts. The
fundamental concept involves applying the significant horizontal earth pressure that remains
within the soil immediately following compaction. This passive earth pressure is akin to the

maximum horizontal pressure that a purely frictional soil can withstand.

The distinctive response of flexible and rigid structures to this additional lateral earth pressure is a
key aspect of this method. For flexible structures, the application of this horizontal pressure leads
to deformation, which in turn alleviates a substantial portion of the increased lateral earth pressure.
Conversely, rigid constructions do not deform and continue to be influenced by the changing
horizontal ground pressures, particularly in regions near the crown, resulting in variations in thrusts
and moments. However, it's essential to note the limitations of this approach. It does not account
for the plastic strains that may occur during compaction, as it assumes the maximum post-
compaction stress associated with purely frictional material. This approach overlooks the
possibility of lateral extension caused by the kneading of the soil, which is a potential source of

deviation from real-world conditions.

To further enhance the straightforward method initially introduced by Taleb and Moore (1999), to

validate its efficacy through comparative analysis with buried pipe tests, Elshimi and Moore (2013)
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put forward a novel semi-empirical approach. This approach involves the introduction of an initial
horizontal stress equal to the passive earth pressure that Taleb and Moore originally proposed for
purely frictional material, but it's multiplied by an empirical factor known as the kneading
coefficient Kn. The primary objective of this modification is to specifically account for the
influence of soil kneading during the compaction process. In essence, the value of Kn, which can
range up to 2, is incorporated into the calculation of the horizontal stress applied to the new soil
layer at the ground surface. This adjustment allows for the inclusion of a nonzero cohesion value
for the soil without violating the frictional-cohesive soil failure criterion. This semi-empirical
approach offers a more comprehensive perspective by considering the impact of soil kneading on
the compaction process, which the original method overlooked. It provides a flexible framework
for assessing the behavior of buried pipes under various conditions, considering both frictional and

cohesive aspects of soil behavior.

The approach of imparting horizontal lateral stresses, as proposed by Ezzeldin and El Naggar in
(2022), builds upon the same concept as the technique outlined by McGrath and colleagues in
(1999) for applying lateral nodal forces. Rather than utilizing nodal point loads, Ezzeldin and El
Naggar's method replicates the compaction load by imposing a horizontal linear ground pressure
on the culvert body. Ezzeldin and El Naggar introduced several modifications to the previously
mentioned method developed by McGrath et al. These changes encompass the utilization of the
HSs soil model, recognized for its accuracy in describing material behavior under small strains.
This choice is aimed at addressing issues such as soil model rebound and the development of
internal forces that occur when compaction loads are removed. Additionally, Ezzeldin and El
Naggar's approach involves categorizing the backfill soil state as either loose or dense based on

the compaction modeling method employed. Furthermore, Ezzeldin and El Naggar extended their
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methodology by incorporating specified horizontal displacements, prescribed horizontal
displacements, prescribed horizontal lateral stresses, and prescribed vertical dynamic surface
loads. These vertical and horizontal displacements are determined based on the expected
deformations resulting from the compaction of loose backfill soil into a thick compacted soil. This
comprehensive approach takes into account a wide range of factors, including soil behavior under
small strains, compaction load effects, and the states of backfill soil. It provides a more nuanced
and adaptable framework for simulating the behavior of culverts and associated soils under various

loading conditions.

3.3.3 Compaction Simulation

To safeguard the structural integrity of the SMB metal sheets during construction, a common
practice involves applying less compaction effort to the layers near the crown level compared to
those in the side backfill. Typically, compaction is achieved through the use of vibratory
compactors over a specified number of rounds. However, it's important to note that the magnitude
of the surface loads used to simulate compaction by applying vertical surface loads is not fixed.
These compaction loads are influenced by both the centrifugal forces generated by the compactor
rollers and the deadweight of the compactor itself. The surface pressure resulting from the
deadweight of the compactor, which was employed in the modeling of the case studies, is estimated
to be approximately in the range of 10 to 15 kilopascals kPa. This value is calculated by dividing
the compactor's deadweight by its width. Since specific information regarding the compactors used
was unavailable, a trial-and-error approach was adopted to obtain compaction results that closely

matched those observed in the examined cases.

The approach employed to simulate the compaction effect, as elucidated by Ezzeldin and El

Naggar in (2022), is rooted in the action compaction method. This method entails modeling each
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layer of backfill initially in a loose state and subsequently converting it to a dense state by changing
the material properties in plaxis3D construction stage following the application of a compaction
load, as illustrated in Figure 3.3. This simulation process is instrumental in accommodating the
alterations in soil properties that transpire during construction, especially concerning the
consolidation of soil layers. The modeling sequence procedure for simulating the compaction
effect on soil adheres to a systematic, stepwise approach. In the initial step, a loose layer of soil
with a depth of 0.3 m is placed as side fill, representing the initial state of the soil. Subsequently,
in the ensuing phase, a uniformly distributed load is imposed on top of the loose soil to replicate
the compaction impact on the soil. Once this uniform load has been applied, the third phase of the
modeling sequence procedure is initiated. During this stage, the uniform load is deactivated, and
the soil model transitions from a loose to a dense state. A new soil layer is introduced in a loose
state, and the compaction process is iterated. This sequence continues until a backfill height of 2.4

m is attained.

To address the challenges posed by a backfill height of roughly beyond 2.4 to 2.7 m, a vertical load
was placed on top of the culvert's crown. At this juncture, a line load is activated along the length
of the culvert to account for the crown deformation triggered by lateral soil stress. This load was

strategically employed to mitigate the occurrence of peaking deformation rates.
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Figure 3.3 Backfill layers compaction sequence.

3.4 Corrugated Steel Plates Modeling

The metal culvert was simulated using plate element, which are essentially shell components and
are meant to represent thin, two-dimensional earth constructions with high flexural rigidity. The 6-

node triangular plate elements that make up plates have six degrees of freedom per node: three for
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translation ux, uy, and uz and three for rotation ¢ X, ¢y, and ¢ z. The Mindlin plate theory is the

foundation for the plate elements Bathe, 1982. This hypothesis takes both plate bending and
shearing into account. In addition, when an axial force is applied the element can change length.
A cross section of the SMB and its main dimensions are shown in Figure 3.1 It is a low profile 5-
gauge 5.5-mm corrugated steel plate arch with a 9.5-m span and 3.7-m rise. The structure's
foundation is made of concrete. The plate material was characterized using the elastic modulus E
of 200 GPa and the Poisson's ratio n of 0.3. The concrete footings were modeled as elastic, with
elastic modulus 30 GPa and Poisson’s ratio 0.3. A conventional method of modelling the
corrugated plate of the pipe as an "equivalent" plain plate with orthotropic material properties was
used. Figure 3.4 Shows the corrugation profile. The flexural rigidity EI and axial stiffness EA of
the culvert determine its structural response. The elastic modulus, moment of inertia, and cross-
sectional area of the plate are denoted as E, I, and A, respectively. A corrugated plate has distinct
values for axial and flexural rigidity in directions perpendicular to the corrugations and parallel to
them, respectively. These directions reflect the longitudinal and circumferential directions of the
culvert. Geometric features that depend on direction cause anisotropy. The corrugated plate yields
the same rectangular cross-section in both directions when converted to a "equivalent" plain plate.
The steel plate used in this study had a thickness of 5.5 mm, a wavelength of 150 mm, and a wave

height of 55 mm from crest to crest.
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Figure 3.4 5-gauge 5.5-mm corrugated steel profile (Corrugated Steel Pipe Institution, 2007).

The second moment of inertia was to be 0.1269 in*/in. The area of the original plate was found
to be 3.199 in?/ft. The plate was then modeled as an orthotropic plate in Plaxis3D, with an
equivalent thickness d of 61.8 mm based on the second moment of area calculated as for a
rectangular cross-section. To calculate the modulus of elasticity in the stiff direction Eg, modulus
of elasticity in the weak direction E; , unit weight of the plate ¥, Circumferential Out-of-plane
Shear modulus Ggg, circumferential Out-of-plane Shear modulus G, and In-plane Shear
modulus Gy, were computed using the equation presented by Aagah & Aryannejad (2014). Table

3.2 provides a summary of these properties.

E= | (42)
7=" (43)
By ==& (44)
B, =5 (45)
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v=0 (406)
— _ EQ
Gor 2(1+v) (47)
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= VEL+E
o = et (49)
Table 3.2 Equivalent plate material properties.
Parameter Original Plate Equivalent Plate
Plate thickness 0.218 in 61.8 mm
Unit weight - 8.75 kn/m?
Cross- sectional area 3.199 in?/ft -
Moment of inertia 0.1269 in*/in -
Poisson’s ratio 0.3 -
Circumferential elastic modulus - 150,000 kn/m?
Longitudinal Elastic modulus - 22,300 kn/m?

Circumferential Out-of-plane Shear
modulus
Longitudinal Out-of-plane Shear
modulus

In-plane Shear modulus

11,150 kn/m?

75,000 kn/m?

2436 kn/m?
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3.5 Model Validation

In this research study, the accuracy of the finite element model underwent a rigorous validation
process by directly comparing them with the outcomes generated by the experimental results. This
numerical model was designed to replicate the behavior of corrugated metal culverts when
subjected to identical load conditions as those applied in the physical experiments. The primary
focus of this comparative analysis centered on two critical aspects: crown deformation and thrust
forces. When scrutinizing the graphical representations of crown deformation Figure 3.5, an
alignment became evident between the findings of the current study and those of a previous
investigation conducted by Webb (1999). This correspondence between the results from the present
research and the prior work by Webb (1999) serves as a compelling argument in support of the

suitability and precision of the numerical model utilized in the current study.

The deformation patterns and displacement magnitudes observed at various locations on the
culvert's crown, as compared to Webb's earlier work. Both the Plaxis3D model and field
measurements exhibit a depth-dependent trend in thrust forces Figure 3.6. As the depth increases,
the thrust forces rise, indicating an increasing lateral pressure exerted on the culvert walls. When
comparing the general shape of the thrust force profiles, there is a resemblance between the
Plaxis3D model and field measurements. Both show a gradual increase in thrust forces with depth,
followed by a steeper increase in the deeper layers. In other words, the depth-dependent behavior

1s consistent between the two cases.

Plaxis3D model consistently predicts lower thrust forces compared to the field measurements. This
difference becomes more pronounced with increasing depth. For instance, at a depth of 4.5 m,
Plaxis3D model predicts a thrust force of approximately -115.88 kN, while the field measurement

reports a slightly higher thrust force of -120 kN. This suggests that the model tends to
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underestimate the lateral pressure on the culvert walls. As for the shallower layers up to
approximately 1.5 m, the Plaxis3D model and field measurements show reasonably good
agreement. However, as the depth increases beyond 1.5 m, the model begins to deviate

significantly from the field data, consistently producing lower thrust force values.

In the validation of crown deformation, both the field measurements and the Plaxis3D model
exhibit an expected pattern where deformation tends to increase as the depth below the surface
increases. However, when we closely examine the validation results, disparities in the magnitude
of deformation become evident between the field measurements and the Plaxis3D model. In most
instances, the model tends to slightly underestimate the amount of deformation when compared to
the actual field measurements. For instance, at a depth of 2.4 m, the field measurement records a
deformation of 51 mm, while the model predicts a slightly lower value of 49.65 mm. At a depth of
2.7 m, both the field measurements and the model measurements exhibit a reduction in
deformation. The field measurements decrease from 63 mm to 48 mm, while the model's
deformation values decrease from 62.63 mm to 47.68 mm. This discrepancy may be attributed to
the localized influence of concrete blocks in the field scenario, which is not completely replicated
in the model. The model attempts to emulate this influence using a line load, but it may not fully
capture the intricacies of the actual field conditions. Moving deeper to a depth of 3.9 m, both the
field measurement 78 mm and the model prediction 79.14 mm are remarkably similar in value.
This suggests that the model performs relatively well at this particular depth. In both cases, the
deformation tends to decrease due to the weight of the soil above the crown, with slightly larger

values observed in the numerical model compared to the field measurements.

The Plaxis3D model provides a reasonable approximation of the field measurements, especially at

greater depths e.g., 3.9 m. However, differences in magnitude persist, and the model's ability to
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capture localized effects, such as the presence of concrete blocks, remains a challenge. To improve
the model's accuracy, it may be necessary to refine the modeling assumptions and parameters,
taking into account specific site conditions, material properties, and the exact nature of the concrete
block's influence on deformation. Additionally, field measurements and model predictions can be
compared at more depths to gain a comprehensive understanding of the model's performance. In
essence, this model validation process serves as a cornerstone in ensuring the accuracy and
dependability of simulations in studying the behavior of culverts. It not only reaffirms the
robustness of the employed numerical model but also paves the way for comprehensive and
insightful investigations into the dynamic response of corrugated metal culverts, further enhancing

our understanding of their performance in real-world scenarios.

—a— Webb field measurment

- &= Plaxis Validation Model

Crown Vertical Deformation (mm)
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0 1 2 3 4 5
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Figure 3.5 Deformation-compaction curves of Webb field results and the developed
plaxis3D model.
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Figure 3.6 Hoop compression curves of Mark C. Webb field results and the developed
plaxis3D model.

3.6 Soil Cover Impact on Dynamic Train Loads Parametric Study

A considerable research gap exists in the current body of literature concerning the behavior of soil
metal bridges SMBs when exposed to high-speed trains, particularly those traveling at speeds of
up to 300 km/h. While previous studies have shed light on various aspects of SMB performance,
such as the influence of dynamic loading from passing trucks and the relationship between soil
cover depth and bridge deflection, these investigations have primarily focused on scenarios
involving road traffic and relatively lower speeds. For instance, Yeau et al.'s research in 2009
provided valuable insights into the behavior of SMBs when subjected to dynamic loading from
passing trucks. Their findings indicated that SMB deflection exhibited a non-linear decrease as the
depth of soil cover increased. Similarly, Beben's work in 2012 explored dynamic amplification

factors DAFs resulting from passing trucks, demonstrating that during dynamic loading
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conditions, SMBs experienced higher levels of displacements and strains compared to static
loading. Beben's (2014) field tests on a corrugated steel plate CSP railway culvert further
contributed to our understanding of SMB behavior, highlighting significant deformations at
specific locations on the culvert, notably at the crown and quarter points. Additionally, Flener's
research in 2004 emphasized the relationship between soil cover depth and bending moments due
to soil load, providing valuable insights into the structural response of SMBs. However, the critical
research gap pertains to the lack of comprehensive studies addressing how SMBs perform when
subjected to the high-speed forces generated by trains traveling at speeds exceeding 300 km/h.
This is a crucial area of investigation, especially as transportation infrastructure continues to

evolve.

In contrast to the conventional approach recommended by the 2003 Eurocode "Action on
Structures," which relies on a simplified factor-based method where static loads are adjusted using
factors based on a structure's shape and length to estimate dynamic effects, this research employs
a distinct and more advanced methodology. Specifically, the study takes advantage of Plaxis3D
dynamic analysis to model dynamic loads in a more comprehensive manner. The focal point of
this analysis is the CRH 380A, a high-speed train with a remarkable axle load of 150 tons and the
remarkable capability to attain speeds of up to 300 km/h. The CRH 380A is characterized by
specific dimensions, with the locomotive measuring 26.5 m in length and the coach measuring 25
m. The train's wheels possess a diameter of 0.86 m and are spaced with a wheelbase of 2.5 m.
Additionally, critical parameters such as the center distance between bogies within the same car,
measured at 17.5 m, and the center distance between bogies in adjacent cars, measured at 7.5 m,
have been meticulously determined. For visual reference and clarity, the profile of the CRH 380A

train is thoughtfully presented in Figure 3.7, allowing for a more comprehensive understanding of
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its dimensions and layout within the context of the dynamic analysis. This methodological
departure from the Eurocode's factor-based approach underscores the study's commitment to
precision and accuracy in assessing the intricate dynamics imposed by high-speed trains on
structures, yielding valuable insights into the structural response under these demanding

conditions.

Figure 3.7 CRH 380A profile.

3.6.1.1 Geometry, Mesh and Boundary Conditions

A comprehensive three-dimensional model has been developed and visually represented in a
schematic Figure 3.8. The new model shares similarities with its predecessor but incorporates
several additional elements to elevate its realism and precision. Notably, the newly introduced
components encompass the railway track, which comprises sleepers and rails. Sleepers have been

modeled using volumetric elements, while the rails are represented by plaxis3d beam elements.

The study involved the creation of a total of 15 distinct models, each varying in terms of the depth
of soil cover, specifically set at 2, 3, and 4 m. These models shared consistent dimensions, with
each one measuring 120 m in length, 30 m in width, and 30 m in height. To generate the mesh for
each model, a "very fine" global coarseness value was employed, with particular attention given
to refining the metal plates' mesh to better capture deformation. This refinement corresponded to
relative element size factors of 0.7 in the outer regions of the model and 0.5 near the Corrugated
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Metal Plate CMP. Notably, all meshes were automatically generated to ensure consistency and
efficiency in the analysis process. In terms of boundary conditions, the study-maintained default
settings throughout the analysis. These default conditions encompassed a free upper surface,
signifying the absence of constraints applied to the model's top. The sides were typically set to be
normally fixed, restricting lateral or horizontal movements, while the bottom was fully fixed,
disallowing any vertical movement. Furthermore, the interface between the soil and the Corrugated
Metal Plate (CMP) was meticulously modeled using interface elements. Interface elements are a
specialized type of finite element used to capture the behavior of contact surfaces between
materials with differing properties. In the context of this study, the corrugations of the metal plate
were represented by utilizing an equivalent plain plate with orthotropic material properties, a
pragmatic approach that effectively captures the structural intricacies without directly modeling

the corrugations themselves.
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Figure 3.8 Three-dimensional structural representation of plaxis3D model.

3.6.2 Soil And Material Properties
A series of deliberate modifications were executed on the soil parameters. These modifications
were undertaken with the specific objective of augmenting the overall tensile strength and rigidity

of both the backfill material and the overlying layers. The purpose of these alterations was to
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enhance the soil's load-bearing capacity, particularly in response to the substantial dynamic loads

imposed by passing trains.

Moreover, an additional layer of ballast material was introduced as part of our intervention. This
supplementary layer was positioned to function as a load-distribution mechanism, effectively
dissipating the substantial loads emanating from the railway track. This placement ensured the
uniform distribution of the loads imposed by the trains across the underlying soil matrix, thereby
mitigating the risk associated with localized stress concentrations and potential structural integrity
issues. A comprehensive delineation of the specific soil properties and parameters that constituted

the focal points of our investigation is presented in Table 3.3

Table 3.3 Soil Material Properties.

Properties Ballast Foundation soil Dense Unit
Soil Model Hs HSs HSs -
Drainage Type Drained Drained Drained -
Yunsat 21 22 22 kN /m3
Vsat 21 22 22 kN /m3
ELY 225.0e3 60e3 60e3 kN /m?
E'¢) 186.9¢3 60e3 60e3 kN /m?
ErS 450.0¢3 180e3 180e3 kN /m?
Vur 0.2 0.2 0.2 -
G - 121.2¢3 121.2¢3 kN /m?
Yor - 0.11e-3 0.11e-3 .
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Cref 10 0 0 kN /m?
@ phi 45 40 40 °
V psi 5 10 10 °

The rail was modeled with a beam element to simulate its behavior along a 160 m profile in the x-
direction. The rectangular cross-section of the beam element was chosen to match the properties
of a standard rail UIC 60, as presented in Table 3.4 To ensure a stable and secure connection
between the rail and the sleepers, each sleeper was connected to the rail with two rail clips with a
thickness of 30 cm. The standard sleeper was modeled as a volume element, and its properties
were assigned to accurately simulate its behavior in the model. A total of 266 sleepers were placed
in the model with a center-to-center distance of 60 cm to represent a realistic railway track system.
Figure 3.9 provides a visual representation of the model, showing the placement of the sleepers

and their connections to the rail.
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Figure 3.9 Visual representation of the rail track.

Table 3.4 Properties of a UIC 60 rail.

Parameter Rail Unit
Cross Section Area 7.7e-3 m?
Unit weight y 78 KN/m?3
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Young’s Modulus E 200e6 KN/m?3
Moment of inertia around the second axis I, 3.055e-6 m

Moment of inertia around the third axis I5 5.13e-6 m

3.7 Parametric Study Results

3.7.1 Crown Deformation

The study employed advanced numerical modeling techniques to simulate the behavior of soil-
metal bridges under varying conditions of soil cover depth and train speed. The numerical model
accurately represents the physical properties of the bridge and the surrounding soil, allowing for a
detailed analysis of deformations. Data collection involved assessing deformations at different soil
cover depths 2 m, 3 m, and 4 m and various train speeds 100 km/h and 300 km/h. The analysis
focused on the impact of these variables on bridge stability. The compelling relationship between
soil cover depth and bridge maximum crown deformations is shown in Figure 3.10. Meanwhile,
Figure 3.11 provides a detailed visual representation of the cross-sectional profile showcasing the
maximum deformations experienced by the metal bridge. This illustration pertains to a scenario in
which a train is traveling at a high speed of 300 km/h, and it explores the variations in deformations
across three distinct soil cover depths: 2 m, 3 m, and 4 m. Figures 13 and 14 present a three-
dimensional representation capturing the deformations that occur as a high-speed train, traveling
at 300 km/h over the metal bridge. These visual representations offer a valuable opportunity to
delve deeper into the dynamic response of the bridge to the train's motion. Within these
illustrations, we can distinctly observe the deformation process unfolding in perfect harmony with
the direction of the train's travel. In both scenarios, whether it's the 2 m or 4 m soil cover depth,

the bridge's response aligns seamlessly with the left-to-right motion of the train. A particularly

92



noteworthy observation pertains to the discrepancy in deformation between the two cases. In the
instance of the shallower 2 m soil cover depth, the deformation appears significantly more
pronounced. This disparity serves as a clear indicator of the deeper soil's remarkable capacity to

absorb and distribute the stress generated by the moving loads.

Considering the effect of traveling train speed on bridge deformation, a consistent trend emerges.
As the train speed increases, the bridge deformation also increases across all three soil cover
depths. This is evident in the data where the deformations consistently rise with higher speeds,
irrespective of the depth. For instance, at a depth of 2 m, deformations range from approximately
-1.01 mm at 100 km/h to -1.85 mm at 300 km/h, indicating an 83 % increase in deformation over
this speed range. Similarly, at 3 m depth, deformations vary from approximately -0.63 mm at 100
km/h to -0.99 mm at 300 km/h, with a change percentage of 57 %. Lastly, at a 4 m depth,
deformations span from approximately -0.42 mm at 100 km/h to -0.68 mm at 300 km/h, resulting

in a 62 % change.

Turning to the influence of soil cover depth, a distinct pattern emerges. Deeper soil cover depths
consistently exhibit reduced bridge deformations at all train speeds. This reduction is apparent as
we observe deformations decreasing as the depth increases, irrespective of the traveling speed. For
instance, at a depth of 2 m, deformations increase with speed, but at 3 m depth, deformations
decrease, and at 4 m depth, they decrease even further. This emphasizes the role of deeper soil
cover in mitigating bridge deformations, with the reduction being more pronounced as the depth

Increases.

The reduction in bridge deformations is non-linear with respect to soil cover depth. While deeper
depths are associated with reduced deformations, the rate of reduction diminishes as the depth

increases. This is indicated by the change percentages, which decrease as we move from 2 m to 4
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m depth. This non-linear behavior suggests that there may be an optimal depth at which further

increases in depth provide diminishing returns in terms of deformation reduction.
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Figure 3.10  Soil cover depth impact on the maximum crown deformation for various train
traveling speeds.

When the high-speed train travels across the soil-metal bridge, deformations occur in both the X-
direction and the Y-direction. The provided Figure 3.11 illustrates the original cross-sectional
coordinates that represent the initial profile of the bridge, while the newly deformed coordinates
are the alterations caused by the high-speed train's passage. The deformation is not uniform and
displays an asymmetry, which is characteristic of the bridge's response to the train's lateral forces.
To gain a deeper understanding of this behavior, we turn our attention to Figure 3.11 as a visual
representation of the original cross-sectional coordinates, effectively portraying the bridge's initial

profile before the high-speed train's passage. In contrast, the newly deformed coordinates depict

94



the changes that ensue due to the train's rapid transit. What becomes apparent upon closer
examination is that these deformations do not conform to a uniform pattern; rather, they exhibit a
distinctive asymmetry. This lack of uniformity is a defining characteristic of how the bridge reacts
to the lateral forces imparted upon it by the high-speed train. Expanding on these observations, it
becomes evident that both the X and Z direction deformations prominently feature this asymmetry,
with their behavior primarily dictated by the direction in which the train is traveling. A visual
representation, in the form of a graph, underscores the considerable influence of directionality on
these deformations. As the train advances from left to right, moving along the positive X-direction,
the bridge undergoes substantial alterations in shape. This transformation can be attributed to the
lateral forces generated by the high-speed train. These forces, acting perpendicular to the train's
forward motion. However, they also induce substantial structural responses within the bridge, most
notably materializing as the pronounced asymmetric deformations observed, particularly in the Z-

direction.

Figures 3.12 and 3.13 provide a three-dimensional visualization of the deformation cycles for two
contrasting scenarios: one with a train speed of 300 km/h over a 2 m soil cover depth and the other
with the same speed over a 4 m depth. These figures offer insights into the deformation patterns
exhibited by the arch metal bridge under these extreme conditions. Notably, the visual
representation highlights that the 2 m depth case demonstrates more pronounced deformations. In
both figures, it is evident that the deformations extend over a broader area of the arch metal bridge,
encompassing both the x and y directions. This observation underscores the significance of the 2
m depth scenario, where the deformations are not only more substantial but also influence a larger

portion of the bridge structure.
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Figure 3.11  Cross-sectional deformation of the Soil-Metal Bridge SMB at a speed of 300
km/h for soil cover depths of 2, 3, and 4 m with a scale magnitude of 1000.
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Figure 3.12 A three-dimensional representation capturing the SMB deformations cycle at
different time intervals as a high-speed train travel at 300 km/h over 2 m cover depth.
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Figure 3.13 A three-dimensional representation capturing the SMB deformations cycle at
different time intervals as a high-speed train travel at 300 km/h over 4 m cover depth.
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The connection between the deformation of the bridge crown and the passage of a train across a

soil-metal bridge is a dynamic process that unfolds progressively. This phenomenon is depicted in

Figures 3.14 to 3.18, illustrating the evolution of crown deformations as trains travel at speeds of

100, 150, 200, 250, and 300 km/h across soil cover depths of 2, 3, and 4 m.

This deformation pattern is intricately linked to the relative position of the train's axis concerning

the bridge's crown. The primary findings from the analysis can be summarized into five distinct

states for illustrative purposes, the analysis focuses on the case of a train traveling at 300 km/h

over a 2 m soil cover depth as outlined below:

Initial Stable State 0-0.06 seconds: At the beginning of the simulation, the crown
deformation remains relatively stable, with only minor fluctuations observed. This phase
corresponds to the period before the locomotive's axis approaches the crown.

Crown Deformation Onset 0.06-0.15 seconds: As the locomotive's axis gets closer to the
crown, the crown deformation starts to become more pronounced. The deformation
gradually increases in magnitude during this phase, reaching its maximum value when the
first axis is directly above the crown.

Peak Crown Deformation 0.15-0.39 seconds: The most significant crown deformation
occurs when the first axis is atop the crown, peaking at approximately -1.68 m. This stage
corresponds to the moment of maximum downward deformation of the crown due to the
concentrated load.

Recovery and Oscillation 0.39-1.74 seconds: Subsequently, as the first axis starts moving
away from the crown location, the crown deformation gradually decreases. However, it
does not return to its initial stable state. Instead, it exhibits a distinct oscillatory behavior

as subsequent coach axes approach and leave the crown location. This oscillation is a

99



characteristic response of the bridge to the sequential loading and unloading caused by the
moving train.

e Final Steady State 1.74 seconds onward: The crown deformation eventually stabilizes
after the last coach of the train has passed. The bridge settles into a new equilibrium, but

with a residual deformation compared to its initial state.

The higher the train speeds, the faster the coaches travel over the bridge. Consequently, the entire
crown deformation cycle occurs more rapidly for higher-speed trains. This leads to shorter

intervals between successive instances of maximum crown deformation.

Time (s)

Crown Deformation (mm)

——100 km/h (2 m) ——100km/h (3 m) ——100km/h (4 m)

Figure 3.14  Deformation of the crown over time as a result of a 100 km/h train crossing over
soil cover depths of 2, 3, and 4 m.
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Figure 3.15  Deformation of the crown over time as a result of a 150 km/h train crossing over
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soil cover depths of 2, 3, and 4 m.
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Figure 3.16  Deformation of the crown over time as a result of a 200 km/h train crossing over

soil cover depths of 2, 3, and 4 m.
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Figure 3.17
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Figure 3.18
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Deformation of the crown over time as a result of a 250 km/h train crossing over
soil cover depths of 2, 3, and 4 m.
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Deformation of the crown over time as a result of a 300 km/h train crossing over
soil cover depths of 2, 3, and 4 m.
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3.7.2 Thrust Force

To evaluate thrust forces, measurements were carried out in two scenarios: static conditions and
while high-speed trains were passing. The study included three different soil cover depths: 2, 3,
and 4 m. Thrust forces were systematically assessed across a speed range of 100 km/h to 300 km/h.
This thorough examination of thrust forces at different speeds and soil cover depths has unveiled

several significant trends and discoveries, as depicted in Fig 3.19.

The relationship between train speed and thrust forces predominantly follows a non linear trend,
signifying that thrust forces exhibit a consistent increase with higher speeds. This direct association
between speed and thrust forces implies that higher-speed trains impose greater stresses on the
bridge structure. This phenomenon is consistent across all examined soil cover depths.
Remarkably, even at a speed of 100 km/h, thrust forces are already elevated when compared to the
static scenario. This suggests that even moderately high speeds can introduce additional stress to
the bridge structure, emphasizing the dynamic nature of high-speed train loads. As the train's speed
escalates to 150 km/h, 200 km/h, and beyond, thrust forces exhibit a noticeable and sustained

upward trajectory.

Fig 3.20 presents a comparative analysis of the influence of dynamic loading on thrust forces at
various soil cover depths. The results demonstrate a notable disparity in thrust forces between a
depth of 2 meters and depths of 3 meters and 4 meters. Specifically, when subjected to dynamic
loading at a speed of 300 km/h, the thrust forces experienced at 3 and 4 m are approximately 59.5%
and 74% lower, respectively, compared to the forces observed at 2 m. This finding emphasizes
that shallower soil cover depths exhibit reduced efficacy in stress mitigation, making them less
preferable for environments with high-speed rail applications. A distinct threshold effect emerges,

resulting in a substantial and conspicuous surge in thrust forces, with this effect being particularly
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pronounced when considering a 2 m soil cover depth. Specifically, the transition from 250 km/h
to 300 km/h results in a remarkable increase of approximately 10.7 kN/m in thrust forces, which
stands in stark contrast to the mere 1.53 kN/m variation observed in the speed range from 100
km/h to 200 km/h. This discrepancy demonstrates a substantial 85.7 % decrease in variance

between these two speed intervals.
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Fig 3.19 The influence of different high-speed trains on thrust forces at soil cover depths of 2, 3,
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Fig 3.20 different high-speed trains dynamic effect on thrust forces at soil cover depths of 2, 3,
and 4 m.
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3.7.3 Bending Moment

This section presents analysis of a soil metal bridge's behavior concerning bending moments on
the crown at varying soil cover depths 2, 3, and 4 m and speeds ranging from 100 km/h to 300
km/h. One significant finding of this study is the identification of the maximum achievable bending
moment on the crown of the soil metal bridge, which registers at -10.20 kN.m. This value is
specifically observed during the contraction stages of the bridge's behavior, highlighting the
dynamic nature of bending moments experienced by the structure. It is worth noting that the change
bending moment induced by the passage of trains, specifically resulting from the axis traveling
over the bridge's crown, averages at a relatively small value of 0.06 kN-m. This value is considered
negligible in the context of the overall structural behavior. To visually represent these findings,
Figure 3.20 provides a graphical depiction of how different speeds impact the maximum bending
moments encountered by the soil metal bridge crown across various soil cover depths. The bending
moment diagram of the soil metal bridge, subjected to dynamic loading, closely mirrors a
consistent profile, with slight fluctuations in both the peak and trough values. Specifically, we are
focusing on the bending moment for the scenario involving a 300 km/h train speed and a 2 m soil
cover depth, as illustrated in Figure 3.21. This observation implies that, throughout the dynamic
loading event, the bridge's structural response maintains a generally similar pattern of bending

moments.

105



-5.65
-5.6
-5.55
-5.5
-5.45
-5.4
-5.35
-5.3
-5.25
-5.2

Bending Moments (KN.m)

Figure 3.19

Figure 3.20

Mol o

300 km/h 250km/h 200 km/h 150 km/h 100 km/h
B 2 Meter Cover W 3 Meter Cover ™ 4 Meter Cover

The influence of different high-speed trains on Bending Moment at soil cover
depths of 2, 3, and 4 m.

Bending moments M 5, (scaled up 0.500 times) (Time 0.09000 s)
Maximum value = 4.402 kN m/m

Minimum value = -5.437 kN m/m

Bending moment corresponding to 300 km/h traveling train speed with a soil
cover depth of 2 m.

106



One discernible trend in the analysis pertains to the influence of train speed on the bending moment
experienced at the crown of the structure. As the velocity of trains surges, there is a corresponding
increase in the magnitude of negative bending moments. This negative bending signifies a
downward or tension force exerted upon the structure. This behavior finds its roots in the dynamic
forces generated by high-speed trains. The acceleration to higher speeds prompts these trains to
impose greater dynamic loads upon both the track and the structures situated above or beneath the
track. Consequently, the dynamic forces contribute significantly to the augmentation of bending

moments.

Another aspect of the analysis is the effect of soil cover depth on the bending moment, when
evaluating various soil cover depths under identical speeds, a clear correlation emerges deeper soil
cover corresponds to elevated bending moments. This correlation can be attributed to the
mechanics of soil interaction. Deeper layers of soil provide enhanced resistance against the
downward forces induced by passing trains. Consequently, structures ensconced within deeper soil
cover contend with more substantial bending moments, as the soil adeptly opposes the applied

loads.

The sensitivity of bending moment to changes in train speed emerges as an intriguing facet of the
analysis. While there is a discernible shift in bending moment as speed varies, this shift transpires
at a gradual pace. In essence, minor fluctuations in train speed do not yield drastic alterations in
bending moment. Nonetheless, as train speed approaches the 300 km/h mark, a more pronounced
upswing in bending moment becomes apparent. Analogous to the sensitivity to speed, the
relationship between soil cover depth and bending moment displays gradual alterations.
Nevertheless, the consistency of the trend remains evident greater soil cover depth invariably

corresponds to higher bending moments. This constancy underscores the notion that structures
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ensconced within shallow soil cover are subject to comparatively lower bending forces, given the

lesser resistance posed by the shallower soil layers.

3.8 Conclusion

In this chapter, an orthodox exposition of the findings and insights arising from the analysis of
SMB behavior is reviewed. The exploration has encompassed a wide spectrum of conditions,
including variations in soil cover depths and the dynamic interplay of train speeds. Through this
examination, certain aspects of structural performance that offer practical guidance for the
meticulous design and evaluation of soil metal bridges within the context of high-speed train
transportation have been unveiled. The examination of soil-metal bridges has been comprehensive,
delving deep into their reactions when faced with the dynamic forces produced by high-speed
trains. Focus has been directed toward three critical aspects: crown deformation, thrust forces, and
bending moments. These specific inquiries have led to the revelation of fundamental insights
regarding the inherent structural integrity and vulnerabilities of these bridges when subjected to a

range of scenarios. Among the noteworthy findings that have surfaced are:

- The Influence of Soil Cover Depth: The analysis unmistakably revealed the paramount
importance of soil cover depth in mitigating deformations within soil-metal bridges.
Deeper soil cover, as demonstrated across a range of train speeds 100 km/h to 300 km/h,
consistently yielded decreased deformations.

- Train Speed and Deformations: Another observation from the study was the clear
correlation between train speed and deformations. At all tested soil cover depths, higher
train speeds led to more significant deformations. This phenomenon highlights the

importance of considering train speed in the design, maintenance, and safety assessments

108



of soil-metal bridges. As high-speed rail networks continue to expand globally, the
implications of this finding are substantial.

- Dynamic Crown Deformation Patterns: Delving deeper into the dynamics of
deformations during train passage, the crown deformation patterns in response to various
train speed over different soil cover depth is intricately linked to the position of the train's
axis. The crown deformation evolved from an initial stable state through peak deformation
and oscillations to a final steady state.

- Thrust Forces and Speed: The analysis of thrust forces under static and high-speed train
conditions further deepened in understanding of soil-metal bridge behavior, thrust forces
increase with higher train speeds, and this correlation is consistent across all soil cover
depths. The relationship between speed and thrust forces exhibits a non-linear pattern, with
trust forces increasing more rapidly as train speed increases. This non-linearity highlights
the heightened vulnerability of the bridge to higher-speed trains, especially in the case of a
shallow soil cover depth.

- Bending Moments and speed: Change in bending moments induced solely by the passage
of trains, particularly from the axis traveling over the bridge's crown, maintain a relatively
small average values deemed inconsequential within the broader structural context.
However, it's crucial to highlight that the primary focus regarding bending moments

pertains to those arising during the construction stage.

These findings, rooted in empirical analysis, hold implications for practical applications across
engineering, transportation, and infrastructure development. They underscore the importance of

planning and design in ensuring the safety and efficiency of high-speed train networks.
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CHAPTER 4 SOIL-STRUCTURE INTERACTION OF HIGH-SPEED
TRAINS OVER GEOCELL REINFORCED SOIL METAL BRIDGES

4.1 Introduction

The incorporation of geocells into Soil Metal Bridges (SMBs) introduces an innovative approach
poised to impact the transportation industry, offering enhanced performance and potential cost
savings. SMBs have demonstrated advantages, providing a blend of design flexibility, cost-
effectiveness, and performance compared to traditional bridges. Ranging from 3 to 15 meters in
length, these bridges are efficiently assembled using corrugated structural plates, making them a
preferred choice for various road and railway projects. Their combination of a thin shell structure

and engineered backfill grants flexibility and promises potential long-term cost benefits.

In recent times, geosynthetics have garnered attention as an effective tool for soil reinforcement,
with extensive research exploring their behavior. Geogrids, recognized for protecting buried pipes
and utilities, consistently exhibit notable reductions in deformation under cyclic loads, as
evidenced by studies conducted by researchers such as Davarci et al. (2014) and Ferreira et al.
(2015). These investigations have specifically highlighted the potential of geocells in the realm of
geosynthetic-reinforced soil, showcasing a promising synergy with SMBs that has the potential to
redefine construction standards and usher in a new era of transportation engineering marked by

superior performance and cost-effectiveness.

Geocells, constructed from three-dimensional panels using high-strength polymers like
polyethylene or polyolefin, have emerged as a transformative force, surpassing the performance
of alternative soil reinforcement methods. Studies by Kargar et al. (2016) and Zhang et al. (2018)
have underscored the reinforcement capabilities of geocells, forming interconnected cells that

effectively confine surrounding materials and prevent lateral soil spread under applied loads. This
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confinement transforms geocells into resilient mattresses, redistributing loads over a broader area.
Geocell reinforcement's efficacy depends on factors like geometric characteristics, material tensile
strength, subgrade and fill compaction, and soil cover thickness. Optimizing these parameters
enables geocells to maximize their potential, enhancing SMB performance by significantly

increasing bearing capacity and reducing settlements compared to unreinforced soil.

Geocells have demonstrated their effectiveness in a wide range of geotechnical applications,
encompassing embankments, foundations, retaining walls, and slopes. Through lateral
confinement, geocells enhance the subgrade's bearing capacity, minimize settlements beneath
footings and embankments, and bolster slopes against potential failure by curbing the lateral spread
of infill materials. The integration of geocell reinforcement with Soil Metal Bridges (SMBs) brings
forth a multitude of benefits. The enhanced bearing capacity, reduced settlements, and improved
stability provided by geocells significantly contribute to the overall construction of SMBs.
Moreover, geocells offer a cost-effective solution for optimizing SMBs performance, ensuring the
bridges' longevity and structural integrity under diverse loading conditions. The adaptability of
geocell-reinforced SMBs allows for efficient customization to meet specific project requirements,

establishing them as highly versatile components in road and railway infrastructure development.

4.2 Three-Dimensional Modeling in Analyzing Culvert Behavior

Analyzing and designing SMBs presents significant challenges due to their complex behavior
under various loading conditions. Traditional two-dimensional 2D models have limitations in
capturing the actual deformation responses of SMBs accurately. In this paper, three-dimensional
3D finite element FE modeling has been utilised to investigate the geocell reinforcement with an
aim to enhance the accuracy, load-carrying capacity, and stability of SMBs. Several relevant

studies have highlighted the importance of considering the 3D nature of SMBs and the potential
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benefits of geocells in improving their structural performance. For instance, El-Sawy (2003)
research demonstrates the significance of employing three-dimensional 3D modeling techniques
in analyzing the behavior of culverts under the influence of truckloads. The study uses 3D Finite
Element analyses to examine soil steel culverts. By considering two different soil modulus values
Es = 30 and 80 MPa and two culvert behaviors isotropic and orthotropic, El-Sawy's work
emphasizes the importance of 3D modeling in capturing the complexities of culvert response.
Through comparative assessments, the study reveals that 3D modeling offers a more accurate
representation of culvert behavior compared to traditional two-dimensional 2D approaches.
Specifically, the results highlight how 3D modeling accounts for the better modeling of orthotropic

culvert corrugated plates, leading to improved agreement with experimental data.

Sezen et al. 2008 conducted an extensive investigation into the field performance of four existing
pipe-arch culverts located beneath highways. Their research considered a range of crucial factors
such as backfill height, loading conditions, age of placement, and culvert geometry when selecting
the culverts for analysis. Through static and dynamic load tests, they explored the response of these
culverts to various conditions. The results revealed that the height of the backfill had a significant
influence on culvert response, with the largest deflections occurring at or near the crown and
shoulders of the culverts. Symmetrical deflection patterns were observed for symmetrical loading
around the longitudinal vertical plane through the crown. Dynamic loading produced deflections
approximately 10-20% smaller than static loading, and the speed of the test trucks had varying
effects on different culverts. Strain gauge measurements indicated that the crown of the culverts
experienced tension and compression resembling beam flexure during loading, with some
asymmetry attributed to culvert plate geometry and potential irregularities in soil pressure

distribution. Culvert deflections decreased nonlinearly with increasing soil backfill depth,
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highlighting that deflections and strains increased significantly when the backfill depth was less

than 0.9 m.

1.1 Effectiveness of Geocells

Geocell reinforcement has gained significant attention as an effective alternative for soil
stabilization and protection of underground utilities. There have been various studies that have
examined the effectiveness of geocells and compared their performance with other soil
reinforcement techniques. A study by Dash et al. (2004) showcased the remarkable load-carrying
capacity improvement offered by geocells. The researchers found that geocells increased the load
capacity of reinforced soil up to three times compared to unreinforced soil. Furthermore, Hegde et
al. (2015) investigated geocells as a soil reinforcement technique for protecting underground
utilities from cyclic loads and reported that geocells significantly reduced deformation and
provided improved protection for these utilities. Tafreshi et al. (2010) conducted a comparative
study between planar geotextiles and three-dimensional geotextiles. They concluded that geocell
reinforcement 1is stiffer, carries greater loading, and experiences less settlement than equivalent
planar reinforcement systems. The elastic modulus of the geocell was identified as a key factor
affecting the performance of geocell-reinforced sand by Pokharel et al. (2010). Additionally, Dash
(2010) explored the influence of soil relative density on the performance of geocell-reinforced
sand foundations and suggested higher soil compaction for effective utilization of geocell
reinforcement. Dash (2012) further emphasized the impact of geocell characteristics, such as
strength, stiffness, aperture size, and rib orientation, on the performance of reinforced sand
foundations. Neto et al. (2013) proposed an analytical approach to predict the bearing capacity of
geocell-reinforced soil, considering the geometric characteristics of geocell reinforcement.

Davarifard et al. (2015) presented a simplified method for predicting the load-settlement response
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of geocell-reinforced sand, incorporating the effects of soil and reinforcement stiffness. Figure 4.1
presents data on the bearing pressure-settlement of footings on both unreinforced and geocell-
reinforced beds with no embedment depth. This figure demonstrates that as the number of geocell

layers increases indicating a deeper reinforced zone, both stiffness and bearing pressure at a given

settlement level increase significantly.
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Figure 4.1 Variation of bearing pressure with footing settlement (Davarifard et al., 2015).

The data in Figure 4.2 also highlights that the benefits of geocell reinforcement become more
pronounced as the footing settlement increases. This improved performance is attributed to the
internal confinement provided by geocell reinforcement, which depends on factors such as the
tensile strength of the reinforcement, friction at the soil-reinforcement interface, and the confining

stress generated within the geocell pocket due to passive resistance offered by the 3D structure of

the geocell.
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Figure 4.2 Variation of bearing pressure number with various geocell layers count at
different values of settlement (Davarifard et al., 2015).

Laboratory tests have been instrumental in evaluating the improvement effect of geocell
reinforcements under vertical loading. Tafreshi et al. (2010) compared the bearing capacity
improvement between planar geotextiles and three-dimensional geotextiles, highlighting the
superior performance of geocell reinforcement. Pokharel et al. (2010) investigated the parameters
influencing the behavior of single geocell-reinforced soil under static loading and identified the
elastic modulus of the geocell as a significant factor. To further understand the behavior of geocell-
reinforced soil, large-scale triaxial tests using encased soil samples have been conducted. (Chen et
al. 2013; Khedkar et al., 2009; and Nair et al., 2015) reported that the shear strength of sand
increased due to induced apparent cohesion from confinement offered by geocells. Additionally,
Bathurst et al. (1993) and Rajagopal et al. (1999) observed an increase in apparent cohesion with

the strain at failure of the geocell and the diameter of the geocell pockets.
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Lekshmi (2016) conducted plate load tests under repeated loading to examine the effects of geocell
reinforcement in unpaved granular layers. The study compared the permanent deformation of
reinforced and unreinforced sections and observed that geocell reinforcement effectively reduced
permanent deformation compared to the unreinforced sections. It was noted that both reinforced
and unreinforced sections experienced an increase in total and permanent deformation with an
increase in the number of loading cycles. However, the rate of permanent deformation was higher
during the initial cycles and decreased as the number of cycles increased. Furthermore, the
permanent deformation per cycle was significantly higher in the unreinforced sections compared
to the reinforced sections. The study also revealed that the resilient deformation in the reinforced

sections was substantially lower than that in the unreinforced sections.

Lekshmi (2016) statistical analysis of the resilient deformation data showed that the mean value
of resilient deformation was higher in the unreinforced sections. Additionally, the coefficient of
variation of resilient deformation was higher in the unreinforced sections, indicating that the
resilient deformation in the unreinforced sections exhibited more deviation from the mean value
compared to the reinforced sections. Calculations of the resilient modulus demonstrated that the
reinforced sections had significantly higher resilient modulus values compared to the unreinforced
sections. This observation highlights the ability of geocell reinforcement to improve the resilient
response of soil metal bridges, thereby reducing deformation under cyclic loading. One important
finding from the Lekshmi (2016) study was that increasing the thickness of the reinforced section
resulted in a decrease in permanent deformation or rut depth. Rut depth reduction analyses
indicated that even 150 mm reinforced sections performed significantly better than their

unreinforced counterparts during the long-term operation of pavements. This reduction in rut depth
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not only enhances the structural integrity of the soil metal bridge but also offers potential savings

in aggregate materials, leading to a reduction in carbon footprint.

Mahgoub and El Naggar (2020) conducted a study to evaluate the advantages of a coupled stress-
bridging system utilizing Tire-Derived Aggregate TDA and geocells for buried metal culverts. The
objective was to investigate the interaction between the soil and structure while assessing the
system's performance in mitigating surface settlement and reducing culvert stresses. Six full-scale
tests were conducted, accompanied by the development of 3D finite-element models to analyze
the underlying mechanisms. Additionally, a comprehensive parametric study was undertaken to
examine the influence of various factors on the system's effectiveness. The findings yielded several
noteworthy conclusions. The results indicated a significant reduction in culvert stresses when TDA
was employed as a backfill material above the culverts. However, it was observed that punching
shear failure occurred in the top layer. In the initial test configuration, the inclusion of geocell
reinforcement resulted in an approximate 40% increase in the ultimate load capacity, effectively
preventing soil failure from spreading. The geocell layer acted as a stress-absorbing medium,
proficiently distributing tension forces and enhancing stress distribution beneath the loaded area.
The width of the geocell layer did not have a substantial impact on the performance, as long as it
exceeded 0.8 times the culvert diameter. Hence, it is recommended that the geocell layer should
be 0.5 m wider than the trench, covering the loaded area adequately. Optimum results were
obtained when the geocell layer was positioned directly beneath the loaded area, as deeper
placement led to noticeable increases in surface settlement. Increasing the number of geocell layers
exhibited a positive influence on the stiffness of the top granular layer, enhancing stress bridging
over the buried culvert and reducing surface settlement. Moreover, incorporating stiffer granular

materials in the top layer, in conjunction with TDA, significantly amplified the stress-arching
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mechanism over the culverts. Interestingly, in certain scenarios, the introduction of a geocell layer
with weaker materials produced comparable behavior to using stronger materials without a geocell
layer. The efficacy of geocell reinforcement varied depending on the depth of the culverts. Shallow
depths yielded substantial improvements in transferred pressure and surface settlement when
geocells were utilized. However, for backfill cover depths ranging from 2 times to 3 times the
culvert diameter, the enhancements resulting from geocell reinforcement were more moderate.
Furthermore, the impact of the geocell layer on system behavior was marginal when the culvert

placement depth exceeded 3 times the culvert diameter.

4.3 Numerical Modelling

4.3.1 Geocell Numerical Modelling

Geocell has been modeled as an equivalent material with greater cohesion than the surrounding
infill soil while matching the friction angle of the infill. This design is achieved through the
application of membrane stress within the geocell walls, which effectively confines soil particles,
resulting in an apparent increase in cohesion within the soil (Henkel and Gilbert, 1952). The
additional confining stress, denoted as Ags, is a fundamental factor in this modeling process. It is
described by Henkel and Gilbert (1952) and is determined by various parameters such as the
diameter D of the sample at a specific axial strain at soil failure ¢,, circumferential strain of soil
at failure &, the initial diameter of the geocell pocket D,, and finally, the modulus of the membrane
M. The modulus of the membrane is a key variable that can be obtained from load-strain curves
generated in wide-width tensile strength tests on geogrids. The geocell additional confining stress

equation by Henkel and Gilbert (1952) is given as:

Ao, = 21\256 1 _ 2M(1-,/1-¢4) (50)

- 1-g, Dpl—gq
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Bathurst and Karpurapu (1993) conducted triaxial compression tests on a single cell reinforced
granular soil sample to further validate the geocell's effects on soil behavior. They constructed a
Mohr circle for both reinforced and unreinforced soil and estimated apparent cohesion. The results
indicated that due to the confinement effect of the geocell, the cell pressure g; increased to g3+

A, and normal stress oy also increased to o7 .

More empirical research conducted by Rajagopal et al. (1999), where they performed triaxial tests
on various geocell-reinforced sand samples. Their findings offer valuable insights into the geocell's
impact on soil mechanics and cohesion. In their study, Rajagopal et al. (1999) investigated the
behavior of single-cell and multi-cell reinforced sand samples. They reached the conclusion that
the most accurate estimation of apparent cohesion was obtained when there were at least three
interconnected cells within the geocell structure. This suggests that the structural configuration of
the geocell, particularly the interconnections between cells, plays a crucial role in determining its
effectiveness in enhancing soil cohesion. Furthermore, Rajagopal et al. (1999) provided a specific

formula for calculating the apparent cohesion induced by the geocell layer as:

, =22l (51)

Where, K, represents the passive earth pressure coefficient, and Aos stands for the extra confining

stress generated by the geocell's membrane stress. To determine the cohesive strength of the
reinforced layer, the apparent cohesion induced by the geocell is combined with the native

cohesion of the infill soil.

The modeling of geocell behavior has evolved through analytical studies, as highlighted by
Mitchell et al. (1979). In their work, analytical solutions were developed to assess the load-carrying

capacity of base courses reinforced with grid cells like geocells. The analytical method considered
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various failure modes, including bearing capacity, bending, durability, excessive rutting, cell
penetration of subgrade, cell bursting, and cell wall buckling. This comprehensive approach aimed
to capture the diverse failure mechanisms that could occur in geocell-reinforced soil systems. One
of the challenges in geocell modeling, as pointed out by Mitchell et al. (1979), is the complex
structure of geocell itself and the stress-dependent nature of sand stiffness. These complexities
make it difficult to accurately estimate the modulus of geocell, a crucial parameter in modeling
geocell behavior. Latha (2000) contributed to geocell modeling by proposing an empirical relation
that establishes a connection between the modulus numbers of the soil. This empirical relation
likely aids in simplifying the estimation of soil properties within geocell-reinforced systems, where
Kr and Ke represent the modulus numbers of the geocell-soil composite and unreinforced soil,
respectively. The Young's modulus parameter Ke corresponds to the modulus number in the
hyperbolic model Duncan and Chang (1970), and M represents the tensile stiftness of the geocell

material. Latha (2000) equation is given as:
K, = K, + 200M°16 (52)

To express the Young's modulus of geocell-reinforced sand Ey, an empirical nonlinear equation
has been developed, as described by Latha (2000) and Rajagopal et al. (2001). This equation
considers the atmospheric pressure P,, the secant modulus of the geocell material M, confining
pressure a3, the Young's modulus parameter of unreinforced sand K,,, and the modulus exponent

of unreinforced soil n. This equation takes the form:

E, = P, (K, + 200M°16) (—)n (53)

03
Pa
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4.3.2 Numerical Modeling of Honeycomb Geocell

Numerical modeling of geocells has evolved significantly, from early 2D approaches to
sophisticated 3D simulations that account for the stress-dependent behavior of soil and the
complex geometry of geocells. Precise modeling of honeycomb geocells holds a central position
in comprehending the interaction of these structures with soil and other materials. Geocells are
three-dimensional structures, and their shape and curvature significantly influence their
mechanical behavior when subjected to various loads and environmental conditions. The first step
in modeling honeycomb geocells in Plaxis3D is to capture their actual shape. This is achieved by
digitizing photographs taken from the top of the geocell. The digitization process allows for the
extraction of the geocell's geometry, which can then be translated into a numerical model.
Additionally, the curvature of the geocell is represented by a sinusoidal curve. Once the digitization
is complete, AutoCAD is employed to create an accurate representation of each honeycomb
geocell as represented in Figure 37. The dimensions of the geocell are crucial, and in this case, the
model covers a total area of 15 x 9 m to match the real-life size required for the soil-metal bridge
application. The next step involves importing the AutoCAD-drafted geocell into Plaxis3D. The
geocell's geometry is represented in Plaxis3D as polycurves. geogrid elements are assigned to the
polycurves representing the geocell's geometry. This step is essential for defining the
reinforcement structure within the model. Geogrid elements are used to simulate the geocell's
interaction with the surrounding soil. To match the real-life honeycomb geocells, the imported

polycurves are extruded by 0.15 m in Plaxis3D.
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Figure 3 AutoCAD representation of Geocell drafting

This extrusion accurately represents the three-dimensional nature of geocells. To investigate the
mechanisms of interaction between the geocell reinforcement and surrounding soil, interface

elements are added. These elements correspond to pairs of nodes, aligning with soil element or
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Geogrid nodes. Properly defining the interface elements is essential for capturing the stress

distribution at the interfaces of different materials accurately.

4.4 Parametric Modeling and Conditions

In this extensive research undertaking, three distinct models have been crafted to explore the use
of geocell reinforcement in a challenging context. These models are specifically designed to
address the scenario of weak soil backfill beneath a high-speed train track where trains traverse at
speeds of up to 300 km/h. The core objective of this study is the thorough evaluation of the
structural stability of the soil-metal bridge SMB system under these demanding conditions. The
models are differentiated by their geocell configurations. The first model integrates a solitary
geocell layer positioned at a depth of 40 cm below the ballast layer. The second model incorporates
a dual layer geocell system with a 30 cm vertical gap between these two layers. A visual
representation of this geocell placement concerning the SMBs can be observed in Figure 4.3,

which illustrates the precise positioning of geocells in accordance with SMBs.

It's vital to underline that the boundary conditions and structural dimensions applied to the SMBs
in these models remain uniform and consistent. The importance of boundary conditions in the
analysis lies in their influence on the mesh generation and subsequent deformation capture. A "very
fine" global coarseness was applied to create meshes for each model, with specific emphasis on
refining the metal plates' mesh to accurately represent deformation. The mesh refinement, guided
by relative element size factors, ensured consistency and efficiency in the analysis process.
Regarding boundary conditions, default settings were maintained throughout, including a free
upper surface, fixed sides to restrict lateral movements, and a fully fixed bottom to prevent vertical
movement. The interface between the soil and the Corrugated Metal Plate (CMP) was intricately

modeled using specialized interface elements designed for capturing contact surface behavior
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between materials with differing properties. The use of weak soil as backfill in such a scenario is
not typically considered ideal for ensuring structural rigidity. This is particularly crucial when
high-speed trains are involved, as their passage exerts significant dynamic loads on the bridge and
its supporting soil. The presence of geocell reinforcement in this study is intriguing, as it seeks to
fully explore the potential and effectiveness of geocell technology in improving the performance

of the soil-bridge system under these challenging conditions.
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Figure 4.4 Geocell layout and positioning in accordance with SMBs

Table 4.1 Weak soil material properties

Properties Weak Soil Unit
Soil Model HSs -
Drainage Type Drained -
Yunsat 15 kN /m3
Vsat 15 kN /m?3
Ex 15¢3 kN /m?
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Erel 12¢3 kN /m?

oed

Er¢ 45¢3 kN /m?
Vyr 0.3 -

s - kN /m?
Yoz - -
m 0.5 -

Cref 0 kN /m?
@ phi 30 °
W psi 0 °

The effectiveness of geocell reinforcement is closely tied to various parameters, both related to the
soil and the geocell itself. These parameters are presented in detail in Table One, allowing for a
comprehensive understanding of how different soil and geocell characteristics impact the
performance of the models. Understanding these parameters is pivotal to comprehending the
outcomes of the study and to draw meaningful conclusions regarding the suitability of geocell
reinforcement in such scenarios. From a structural engineering perspective, this research not only
provides insights into the behavior of the soil-bridge system but also offers valuable data for
designing and optimizing railway infrastructure in regions where weak soil conditions are

prevalent.
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4.5 Results and Discussions

4.5.1 Crown Deformation

The multifaceted challenges contributing to geocell failure, such as soil conditions exceeding load-
bearing capacity, suboptimal design, and shear banding induction in soft soils, are further
emphasized when considering the impact of dynamic loads from high-speed trains. These loads
pose a substantial challenge, overwhelming the geocell's stabilization capacity and causing
localized deformation and stress concentration. The rapid and repetitive loading, not aligned with
the intended geocell function, underscores the imperative need for optimization in geocell design

based on specific soil conditions and loading requirements.

This need for optimization becomes particularly apparent when examining the deformation data
presented in Figure 4.3. The data illustrates a clear trend of increasing deformation over time in all
three cases. Initially t=0, no deformation is observed in any case, but as time progresses,
distinctions emerge. In the scenario without Geocell reinforcement, the deformation gradually
increases, reaching approximately -3.21 mm at t=1.26 seconds. In contrast, cases with Geocell
reinforcement, whether one or two layers, experience a significant upsurge in deformation, with

values of approximately -4.78 and -5.75 mm, respectively, at the same time point.

Analyzing the deformation data unveils a comprehensive perspective on how the presence of
Geocell reinforcement influences crown deformation during dynamic loading. Numerically, it is
evident that Geocell reinforcement leads to increased deformation compared to the scenario
without Geocell. For one Geocell layer, the maximum deformation is approximately 70.70%
higher than the no Geocell case, signifying a substantial increase. In the case of two Geocell layers,
the maximum deformation is approximately 79.12% higher than the no Geocell case, indicating

an even more significant increase in deformation. This linkage highlights the intricate relationship
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between geocell challenges and their tangible effects on deformation under dynamic loading

conditions.

Time (s)

Crown Deformation (mm)

No Geocell layers - 0ne Geocell Layer —Two GeoCell Layers

Figure 4.5 Crown Deformation over time for a traveling train speed of 300km/h

The anticipation that Geocell reinforcement would alleviate deformation has been contradicted by
the results. This unexpected outcome challenges the widely accepted belief that Geocell
reinforcement consistently diminishes deformation in soft soils subjected to high-speed train loads.
The observed behavior implies that the soft soil in these particular scenarios exhibits a high degree
of compressibility, rendering the Geocell structure ineffective in mitigating lateral displacement
and stress concentration induced by the dynamic train loads. In summary, the behavior of the three

cases can be summarized as follows:

No Geocell Reinforcement:

- The case without Geocell reinforcement exhibits consistently lower deformation values

compared to the cases with Geocell reinforcement at the early stages of the analysis.
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- Astime advances, the deformation in this case gradually increases, but it maintains a lower

rate of increase compared to the cases with Geocell reinforcement.

One Geocell Layer:

- Initially, the case with one Geocell layer shows the least deformation, signifying the early
effectiveness of Geocell reinforcement in restricting deformation.
- However, as time elapses, the deformation in this case surpasses that of the case with no

Geocell reinforcement, and the rate of increase in deformation is significant.

Two Geocell Layers:

- The case with two Geocell layers initially exhibits lower deformation than the case with
one Geocell layer, but higher deformation compared to the case with no Geocell
reinforcement.

- Similar to the case with one Geocell layer, the deformation increases significantly over

time, surpassing the case with no Geocell reinforcement.

The behavior of the Geocell reinforcement in response to the high-speed train loading can be
comprehensively analyzed by examining the deformations it experienced in all three directions: x,
y, and z. Figures 4.4 to 4.7 provide a visual representation of these deformations, offering insights
into the observed phenomena. It becomes evident that the region of deformations primarily occurs
in the z direction and is primarily concentrated beneath the ballast layer where the majority of soil
stress is concentrated. This observation implies that the Geocell structure became dislocated from

each other, ultimately leading to its failure in fulfilling its intended purpose.
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In examining the deformations in the z direction, it is clear that the Geocell reinforcement did not
function as expected. The Geocell structure should have effectively distributed the load and
mitigated deformations in this direction. However, the significant deformations concentrated
beneath the ballast layer indicate that the Geocell was unable to withstand the immense pressure
and lateral forces imposed by the high-speed train. As a result, the Geocell elements became
dislocated, and the soil beneath the ballast layer experienced substantial deformation. This
unexpected behavior challenges the conventional understanding of Geocell reinforcement, which
is generally regarded as a reliable method for limiting deformation in soft soils. Moreover, it is
crucial to note that the behavior of the Geocell reinforcement differed between the top and bottom
layers. The bottom layer of Geocell experienced comparatively less deformation, which is evident
in Figures 4.4 to 4.6. This variation in behavior was particularly noteworthy, as the conventional
expectation was that the Geocell structure, especially when applied in multiple layers, would

enhance its ability to reduce deformations on the sub-ballast mat SMB crown.

Initially, during the first 0.3 seconds of loading, the Geocell reinforcement in the bottom layer did
exhibit some success in limiting deformations on the SMB crown. However, as time progressed,
it became apparent that the accumulative vertical displacement led to increased vertical
deformation on the crown. This behavior can be attributed to Geocell’s inability to maintain its
intended structural integrity and effective load distribution over an extended duration. In essence,
the Geocell reinforcement, despite its initial promise, demonstrated an inability to withstand the
extreme pressures and lateral forces exerted by the high-speed train on the soft soil beneath the
ballast layer. This unexpected behavior has challenged the conventional wisdom that Geocell
reinforcement is universally effective in reducing deformation in such scenarios. The dislocation

of Geocell elements and the resulting concentration of deformations beneath the ballast layer
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suggest that the soil in this specific case exhibits high compressibility, making it highly susceptible

to deformation under dynamic train loads.

This unanticipated outcome calls for a reevaluation of Geocell reinforcement strategies in
scenarios involving soft soils and high-speed train loads. It highlights the need for a more
comprehensive understanding of soil behavior and the limitations of Geocell structures in specific
contexts. Additionally, it emphasizes the importance of considering the dynamic nature of loading,

which may have different effects compared to static loading conditions.
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Figure 4.6 Honeycomb Geocell top layer Z-direction deformations at 0.3 seconds
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Figure 4.7 Honeycomb Geocell bottom layer Z-direction deformations at 0.3 seconds
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Figure 4.8 Honeycomb Geocell top layer Z-direction deformations at 1.2 seconds
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Figure 4.9 Honeycomb Geocell bottom layer Z-direction deformations at 1.2 seconds

4.5.2 Crown Accelerations

4.5.2.1 Z-Direction Acceleration

The acceleration behavior of a soil-metal bridge crown during the passage of a high-speed train
operating at 300 km/h has been studied across three scenarios: No Geocell Layers, One Geocell
Layer, and Two Geocell Layers. This investigation provides valuable insights into the dynamic

behavior of the crown under varying levels of Geocell reinforcement.

The acceleration behavior in the absence of Geocell layers exhibits a diverse range of values.
Figure 4.8 presents a mix of positive and negative values, where negative values denote downward
acceleration, while positive values signify upward acceleration. During the passage of the train,
the acceleration values vary widely, ranging from a minimum of -13.972 m/s? to a maximum of

22.055 m/s?.
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In the presence of One Geocell Layer, the acceleration behavior continues to display a combination
of both positive and negative values. This indicates that the Geocell reinforcement does not
eliminate the dynamic forces acting on the crown. The acceleration values with One Geocell Layer
vary between -11.649 m/s> downward and 31.972 m/s®> upward. With the highest level of
reinforcement, Two Geocell Layers, the acceleration pattern remains diverse, with a mix of
positive and negative values. The acceleration values in this scenario range from -26.753 m/s?

downward to 32.741 m/s? upward.

Time (s)
0.6 0.75 0.9

Acceleration (m/5"2)

- No Geocell Layers - 0ne Geocell Layer —Two Geocell Layers

Figure 4.10  Crown Acceleration in Z-direction as a function of time for a traveling train speed
of 300km/h

In all three scenarios, the acceleration behavior is characterized by diverse values, indicating
significant variations in the forces acting on the bridge crown. This suggests that the Geocell

reinforcement, even with Two Geocell Layers, does not completely eliminate the dynamic forces.
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One notable observation is the presence of higher peak acceleration values in scenarios with
Geocell Layers. In the case of Two Geocell Layers, the maximum acceleration reaches 32.741

m/s?, which is notably higher than in the scenario with No Geocell Layers 22.055 m/s?.

The phenomenon of higher accelerations in reinforced cases with Geocells can be attributed to the
complex interplay of various factors. Geocells are engineered to confine and stabilize the soil,
which is an effective technique for mitigating deformations and improving load-bearing capacity
in geotechnical applications. However, in the context of soil-metal bridge crowns subjected to
high-speed train loads, the presence of Geocells can paradoxically lead to higher accelerations.
This seemingly counterintuitive effect can be explained through a detailed analysis of the
mechanics involved. Geocells serve as confinement structures that envelop the soil beneath them.
They are typically constructed using interconnected cells, forming a lattice-like framework. The
intention behind this is to confine the soil within the cells, effectively restraining its lateral
movement. This confinement restricts the lateral expansion of the soil, increasing the stress within
the confined region, particularly right above the crown. High-speed trains generate dynamic
effects, such as vibration and oscillation, in addition to static loads. The dynamic nature of these
effects can exacerbate stress concentration. When the train passes over the bridge, it generates
dynamic forces that act on the soil. The Geocells, while effective in stabilizing static loads, may
not be as effective in dealing with these dynamic forces. The soil may undergo oscillations and

vibrate within the confined region, amplifying the localized stress.

The confinement of the soil by Geocells can also lead to accumulated vertical displacement. As
the train passes, the soil compresses but cannot expand laterally due to Geocells. This cumulative
vertical displacement further contributes to stress concentration, as the soil cannot release the

dynamic load efficiently, leading to higher accelerations. In the absence of Geocells, the dynamic
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loads from a high-speed train are distributed more uniformly across the soil-metal bridge crown.
The soil can spread laterally, allowing for a broader distribution of these loads. However, the
introduction of Geocells interrupts this distribution. While Geocells effectively confine the soil
within their cells, the dynamic train loads cannot be evenly distributed across the entire bridge
crown. This results in a concentrated load on the area directly above the crown, leading to localized
stress concentration. The soil beneath the bridge crown has a certain degree of compressibility.
When subjected to dynamic loads, it undergoes deformation. The confinement imposed by
Geocells impedes this deformation, leading to the development of excess stresses within the soil.
The resistance to deformation provided by the Geocells means that the soil cannot dissipate the
dynamic load efficiently, and as a result, the stress is concentrated in a smaller area directly above

the crown.

4.5.2.2 X-Direction Acceleration

Unlike the z-direction deformations, which primarily focus on the vertical stability of the bridge,
geocell layers exhibit a distinct and positive influence on x-direction accelerations as shown in
Figure 4.9. Let's delve deeper into how geocell layers enhance these accelerations and contribute
to a more stable bridge structure. Geocell layers provide lateral confinement to the soil within the
bridge structure. This confinement serves to stabilize the soil, limiting its lateral movement. In the
absence of geocell layers, soil particles can shift and slide during the passage of a high-speed train,
leading to unpredictable and often detrimental variations in accelerations. With geocell layers in
place, the soil is effectively "held" in position, reducing its ability to move laterally. This enhanced
stability ensures that the bridge remains resilient against the lateral forces generated by the train's
motion. As a result, the bridge exhibits a more consistent and less erratic response in the x-

direction, reducing the likelihood of extreme accelerations.
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Figure 4.11  Crown Acceleration in X-direction as a function of time for a traveling train speed
of 300km/h

In this scenario, where no geocell layers are employed, the bridge experiences a wide spectrum of
acceleration. The maximum acceleration, observed at 3.76 m/s? at t=0.96 seconds, indicates a force
in the same direction as the train's movement. In contrast, the minimum acceleration stands at -
2.79 m/s* at t=0.39 seconds, signifying an opposing force, contrary to the train's motion.
Incorporating a single geocell layer, the bridge displays a pattern akin to the case without geocell
layers, albeit with notable distinctions. The maximum acceleration, recorded at 3.70 m/s* at t=1.08
seconds, is slightly lower, while the minimum acceleration is -2.68 m/s* at t=0.15 seconds. This
suggests that the introduction of a geocell layer has a positive impact on mitigating positive and
negative accelerations. In the third scenario, with two geocell layers, the bridge showcases

maximum and minimum accelerations. The maximum acceleration, at 2.43 m/s? at t=1.26 seconds,
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remains positive, while the minimum is -2.05 m/s? at t=0.72 seconds. The presence of two geocell

layers continues to provide stability to the bridge's acceleration behavior.

Comparing the case where single geocell layer is employed, to the case with no geocell layers,
notable differences in acceleration patterns in the x-direction become apparent. The maximum
acceleration experiences a marginal decrease, falling from 3.76 m/s? in to 3.70 m/s?, representing
a 1.59% reduction. This minor reduction suggests that the introduction of a single geocell layer
has a modest impact on mitigating the peak positive acceleration, contributing to a slightly more
stable bridge structure. On the other hand, the minimum acceleration exhibits a noteworthy
improvement, decreasing from -2.79 m/s? to -2.68 m/s?, marking a 3.94% rise. Overall, a single
geocell layer can lead to improvements in minimizing negative accelerations while modestly
affecting maximum accelerations, contributing to enhanced bridge stability. When comparing two
geocell layers performance, with no geocell layers, striking differences in x-direction acceleration
patterns emerge. The maximum acceleration experiences a significant decrease, declining from
3.76 m/s* to 2.43 m/s*, marking a substantial 35.64% reduction. Additionally, the minimum
acceleration in Case 3 exhibits a remarkable improvement, increasing from -2.79 m/s* to -2.05
m/s?, indicating a substantial 26.52% increase. This underscores that two geocell layers reduce
opposing forces acting against the train's motion, resulting in a bridge with more consistent and

less erratic acceleration behavior.

4.5.2.3 Y-Direction Acceleration

In the analysis of the impact of geocell layers on acceleration patterns during the passage of high-
speed trains, it becomes evident that these geosynthetic reinforcements enhance the stability of
soil-metal bridges When examining the acceleration values for different scenarios as represented

in Figure 4.10, the differences are striking. In the absence of geocell layers, the maximum
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acceleration reaches a substantial 13.31 m/s?, signifying a notable force acting on the bridge
structure. Additionally, the minimum acceleration dips to a significant -9.60 m/s? indicating

substantial uncontrolled soil movement.
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Figure 4.12  Crown Acceleration in Y-direction as a function of time for a traveling train speed
of 300km/h

However, when one geocell layer is introduced, we observe a reduction in the maximum
acceleration to 9.6203 m/s?. This reduction of approximately 27.6% signifies a crucial stabilization
effect. Meanwhile, the minimum acceleration, now at -7.2 m/s? also experiences a decrease,
highlighting the geocell's efficacy in restraining soil movement. The most striking results are
observed with two geocell layers. Here, the maximum acceleration further diminishes to 9.43 m/s?,
indicating a pivotal stabilizing effect provided by these geocells. Notably, the minimum
acceleration is -5.48 m/s?, reflecting a significant improvement compared to the case with no

geocell layers.
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To quantify the impact more precisely, the percentage reduction has been calculated in acceleration
values concerning the scenario without geocell layers. The percentages reveal the extent of
improvement. As for the one geocell layer, the maximum acceleration experiences a 27.6%
reduction, and the minimum acceleration is reduced by 24.6%. On the other hand, the two Geocell
Layers maximum acceleration sees a substantial 29.1% reduction, and the minimum acceleration

is reduced by an even more impressive 43.1%.

4.5.3 Thrust Force

The observed differences in the performance of geocell under compaction loading and dynamic
loading, particularly in the context of thrust forces on the crown of the soil-metal bridge during
the passage of a train at 300 km/h, provide valuable insights into the behavior of geocell layers in
mitigating these forces. The thrust forces, as indicated in the provided data, exhibit distinct patterns

and relationships in the three cases; no geocell layers, one geocell layer, and two geocell layers.

Firstly, the analysis as shown in Figure 4.11 illustrates a consistent decrease in thrust forces as the
number of geocell layers increases. This reduction is particularly noticeable in the initial thrust
forces recorded before train passage. Without any geocell layers, the initial thrust force is 224.08
KN/m. With one geocell layer, this force decreases to 200.04 KN/m, and with two geocell layers,
it further decreases to 198.45 KN/m. This trend aligns with expectations, as geocell layers are

known to enhance the load-bearing capacity of soils, specially in static loading.

To provide a more comprehensive understanding of the patterns and relationships, it's essential to
go through the time-dependent graph. Figure 4.11 includes thrust forces measured at different time
intervals as the train passes over the bridge. Analyzing the behavior of thrust forces over time can

shed light on the dynamic response of the geocell layers.
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The first pattern is that the thrust forces in all cases tend to increase over time. This can be
attributed to dynamic loading, as the train's passage generates cyclic loads that are transmitted to
the soil bridge. However, it's crucial to highlight that this increase is less pronounced in cases with
geocell layers. In the case with no geocell layers, the thrust force rises from -250.85 KN/m to -
259.94 KN/m over the 1.5-second observation period. With one geocell layer, the increase is from

-252.28 KN/m to -258.42 KN/m, and with two geocell layers, it rises from -246.52 KN/m to -

252.71 KN/m.
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While thrust forces do increase with time in all cases, the rate of increase is slower in the presence
of geocell layers. This reflects the ability of geocell layers to distribute and dissipate the dynamic
loads more effectively, reducing the immediate impact and long-term consequences on the soil
bridge. The extent of this reduction varies between cases with different numbers of geocell layers,
but the consistent trend is the reduction in thrust forces. Expressing the reduction in thrust forces

as percentages offers a more precise measurement of the improvement achieved with geocell
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layers. The percentages provide a clear indication of the relative decrease in thrust forces, allowing
for straightforward interpretation. In the case with one geocell layer, a reduction of approximately
0.58% indicates that the presence of a single geocell layer has a modest but discernible effect in
lowering thrust forces compared to the scenario with no geocell layer. Similarly, the larger
reduction of approximately 2.78% with two geocell layers signifies a more substantial
improvement. The maximum thrust force recorded in the no geocell layers case is -292.62 KN,
while in the two geocell layers case, it is -293.34 KN. This indicates that the presence of geocell
layers does not eliminate the possibility of high thrust forces, but it does limit their magnitude, as

the maximum thrust force is lower in cases with geocell layers.

Geocell layers provide enhanced confinement to the underlying soil. This confinement increases
the lateral restraint on soil particles, preventing them from shifting laterally during loading events.
In compaction loading, the applied forces are relatively static and distributed over a larger area,
allowing the geocell layers to effectively confine the soil, reducing lateral deformation. As a result,
thrust forces are mitigated, and the initial thrust is significantly reduced. The second reason for the
observed behavior lies in the frequency and cyclic nature of dynamic loading. When a train passes
over the bridge at high speeds, it generates a series of dynamic loading cycles that induce cyclic
stress and strain in both the soil and the geocell layers. This cyclic loading has a different impact

on geocell layers compared to the steady and gradual compaction forces.

Geocell layers are effective at resisting static loads and maintaining their integrity under such
conditions. However, the rapid and repetitive loading and unloading cycles during dynamic
loading can lead to material fatigue in the geocell structure. Over time, this fatigue can result in
reduced effectiveness in containing and distributing the loads, leading to increased thrust forces.

Additionally, dynamic loading may lead to localized deformation or displacement of the geocell
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layers, causing uneven stress distribution and varying thrust forces. The third key reason for the
observed behavior is the viscoelastic nature of geocell materials and their damping effect on
dynamic loads. Geocell layers are typically composed of materials with viscoelastic properties,
which means they exhibit a combination of elastic reversible and viscous irreversible behavior.
This viscoelasticity allows geocell layers to deform and recover under static loads, effectively
distributing the forces. However, under dynamic loading, the damping effect becomes more
prominent. As dynamic loads are applied to the geocell layers, the material undergoes repeated
deformation and recovery cycles. The viscous component of the geocell material dissipates a
portion of the dynamic energy, reducing the magnitude of the transmitted forces. While this
damping effect can be beneficial in mitigating the impact of dynamic loads, it also contributes to
the observed behavior of geocell layers performing better in compaction loading, where static

forces predominate.

4.6 Conclusion

This study aimed to scrutinize the intricate interaction between high-speed trains and soft soil,
specifically assessing the effectiveness of geocell reinforcement. The investigation focused on the
substantial forces and vibrations imposed on the ground as trains, traveling at speeds of 300 km/h.
A methodical examination was imperative to comprehend these dynamics thoroughly. Employing
a multifaceted approach, three models were explored: one lacking geocell reinforcement, one
strengthened with a single layer of Honeycomb-Geocell, and a third model fortified with two layers
of Honeycomb-Geocell. This approach served as our navigational guide through unexplored

scientific terrain.

The finding of the research was the unanticipated escalation in crown deformation upon the

introduction of geocell reinforcement. This deviation from conventional expectations challenged
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a well-established belief in civil engineering, where geocell reinforcement had been deemed a
dependable solution for mitigating deformation in soft soils subjected to dynamic loads. This
unexpected revelation prompted a deeper investigation into the underlying mechanisms
responsible for this counterintuitive phenomenon. The intricacies of understanding the dynamics
of high-speed trains on soft soil are intricately tied to the distinctive properties of these soils. Soft
soils, characterized by low shear strength and high compressibility, are particularly susceptible to
deformation under the influence of dynamic loads and vibrations. The inadequate shear strength
renders the soil incapable of effectively supporting the dynamic loads imposed by high-speed

trains, resulting in consequential ground movements and vibrations within the soft soil.

Geocell structures, designed to confine and stabilize the soil, are engineered to restrict lateral soil
movement and control deformation effectively. However, in this specific analysis, their limitations
came to the forefront. Instead of successfully containing the soil, the extreme compressibility of
the soft soil and the high dynamic loads generated by the trains exceeded the capacity of geocell
reinforcement. This scenario resulted in higher displacement and, paradoxically, exacerbated
deformation. The study uncovered a fundamental truth - geocell reinforcement is not a one-size-
fits-all solution. Instead, it must be judiciously applied, taking into account specific soil properties
and loading conditions. This newfound knowledge has implications that extend far beyond the
confines of the research, reshaping the way civil engineers approach soft soil dynamics. One of
the key insights unearthed was the phenomenon of stress concentration directly above the soft soil
crown. When geocell structures failed to confine the soil effectively, stress concentrated in this
area, culminating in higher deformation on the crown itself. The concentration of stress above the
soft soil crown was intricately associated with the structural failure of geocells, introducing an

additional layer of complexity to the entire scenario. This study emphasized the role of stress
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concentration as a contributing factor to the aggravation of deformation following the introduction

of geocell reinforcement.

The quantification of deformation data elucidated the magnitude of the unanticipated increase in
deformation upon the introduction of geocell reinforcement. The numerical analysis portrayed a
distinct scenario, where a single geocell layer yielded a maximum deformation approximately
70.71% higher than the scenario devoid of geocell. Augmenting the complexity, the inclusion of
two geocell layers further exacerbated the situation, resulting in a remarkable 79.12% increase in
deformation compared to the geocell-absent case. These quantitative findings accentuate the
profound implications derived from the research. The dislocation of geocell elements and the
concentration of deformations beneath the ballast layer challenged the conventional paradigm of

geocell reinforcement in mitigating deformation in soft soils subjected to dynamic train loads.

The culmination of the research necessitates a reassessment of geocell reinforcement strategies in
scenarios involving soft soils and high-speed train loads. The unforeseen consequence of geocell
reinforcement intensifying deformation underscores the imperative for a nuanced and context-
specific approach. The design parameters of geocells, encompassing cell size, height, and material
properties, must undergo optimization tailored to specific soil conditions and loading
requirements. The erstwhile universal approach is no longer defensible, and the findings
underscore the pivotal role of customization and precision. A crucial takeaway from our research
is the imperative to account for the dynamic nature of loading. Traditional geocell reinforcement
strategies have historically been conceived with static loads in mind. However, the introduction of
dynamic forces by high-speed trains injects a new stratum of complexity. The rapid motion,
vibrations, and ground movements induced by these trains engender a dynamic environment with

a profound impact on soft soil.
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CHAPTER 5 CONCLUSION

The role of soil cover depth in mitigating deformations within Soil-Metal Bridges (SMBs) has
been examined across various high-speed train velocities (100 km/h to 300 km/h). Deeper soil
cover consistently leads to reduced deformations, offering crucial insights for SMB design under
diverse conditions. The observed correlation between higher train speeds and increased
deformations emphasizes the need for meticulous consideration of train speed in SMB design,

particularly as global high-speed rail networks expand.

Exploring the dynamics of deformations during high-speed train passage, the study reveals
complex patterns of crown deformation responsive to varying train speeds and soil cover depths.
These patterns provide nuanced insights into the mechanical responses of SMBs to dynamic

loading, essential for predictive modeling and optimizing structural performance.

Shifting attention to geocell reinforcement in soft soil dynamics, the examination involves three
models: one without geocell reinforcement, one with a single layer, and another with two layers of
Honeycomb-Geocell. The unexpected revelation challenges prevailing beliefs as geocell

reinforcement unexpectedly exacerbates crown deformation.

Understanding high-speed train dynamics on soft soil is intricately linked to the distinctive
properties of these soils, characterized by low shear strength and high compressibility. Geocell
structures designed for soil confinement and stabilization exhibit limitations in this context,

resulting in increased displacement and exacerbated deformation.

The realization that geocell reinforcement is not a universally applicable solution emphasizes the

need for customization and precision in geocell design, reshaping the approach adopted by civil
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engineers in addressing the complexities of soft soil dynamics. Stress concentration directly above
the soft soil crown emerges as a contributing factor to the exacerbation of deformation following

geocell reinforcement.

Quantitative analysis underscores these findings, with a single geocell layer resulting in a
maximum deformation approximately 70.71% higher than scenarios without geocell. Introducing
two geocell layers further amplifies deformation by 79.12%, highlighting the profound

implications of this research.

In conclusion, these integrated findings contribute to a comprehensive understanding of the
challenges and dynamics inherent in SMBs subjected to high-speed train loads and the limitations
of geocell reinforcement in soft soil scenarios. They advocate for a paradigm shift in engineering
practices, urging a nuanced and bespoke approach for the resilient structural design and safety of

these critical infrastructures.
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