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ABSTRACT

This thesis investigates the 3D stress-strain behavior of geogrid-reinforced pavements
under dynamic vehicle load configurations. Field data was collected from the Arughat-
Okhale Road section of the Mid-Hill Highway project in Gorkha, Nepal, where geogrid
reinforcement has been applied. Data was logged at two sites, one with geogrid and one
without, located 100 meters apart at the 1+700 CH point, measured from the Budhi Gandaki
Bridge. These sites provide a direct comparison of the effects of geogrid reinforcement.

The study examines various vehicle load configurations, including the TATA Truck Tipper
1613c and the Ford Ranger 3.2 XLT Pickup, with speeds ranging from 5 to 50 km/h,
including intermediate values, as well as accelerated motion with acceleration values
between 0.25 and 1.0 m/s2. Point/line and area load configurations were analyzed to
determine which, in combination with drainage conditions (undrained or drained), best
align with field observations. This work is essential for validating numerical models against
field measurements taken at constant speeds, in both unreinforced and geogrid-reinforced

pavement sections.

Numerical models were developed using the Tensar 40/40Q biaxial geogrid, a
polypropylene material with a biaxial tensile strength of 16 kN/m at 2% strain. This
research also investigates rutting and fatigue life, and their influence on the service life ratio
when geogrid reinforcement is incorporated into road pavements. Additionally, it evaluates
the most suitable material models for the analysis. Discrepancies identified with linear
elastic models prompted the use of more advanced constitutive models, such as Mohr-
Coulomb, Hardening Soil, Soft Soil, and Cam-Clay, to better capture material behavior.
The study further examines the effects of vehicle acceleration and deceleration on
pavement performance. Stress-strain improvements in the subgrade and base layers due to
geogrid placement are analyzed to assess their roles in mitigating structural deficiencies

and surface distresses.

Keywords: Geogrid Reinforcement, Stress-Strain Behavior, Vehicle Load Configuration, Vehicle

Load Dynamics, Pavement Performance
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CHAPTER 1: INTRODUCTION

1.1 Background

The performance of geogrid-reinforced pavements is influenced by a complex interplay of
factors, including vehicle load configurations, load dynamics, material behavior, and
drainage conditions. Geogrids are synthetic materials used to reinforce pavements by
enhancing load distribution, reducing deformation, and improving the structural stability of
pavements, particularly in the subgrade and base layers. While geogrid-reinforced
pavements have demonstrated improved durability and performance in many cases, the
understanding of their three-dimensional (3D) stress-strain behavior, particularly under

real-world dynamic loading conditions, remains limited.

One of the primary challenges in pavement analysis is the complexity of traffic load
configurations and dynamics. Most previous studies have largely focused on static or
simplified loading scenarios, which often fail to account for the effects of varying vehicle
speeds, accelerations, and the distinction between point/line and area load distributions.
Under dynamic traffic conditions, the stress distribution within the pavement structure
changes significantly, which can have a substantial impact on the pavement's performance
and longevity. For example, Chatti and Yun (1995) demonstrated that vehicle speed plays
a critical role in the dynamic response of multi-layered pavements, with faster vehicles
causing different stress patterns compared to slower ones. This variability is crucial when
designing pavements that need to withstand real-world traffic conditions, where vehicle

loads and speeds fluctuate.

Studies such as those by Wu et al. (2020) have highlighted the importance of load patterns
and vehicle speeds, noting that point loads tend to generate higher surface deflections and
strains compared to area-based loads. Moreover, the dynamic responses of pavements tend
to decrease with increasing vehicle speed due to the viscoelastic nature of the asphalt, which
suggests that loading patterns and speed should be taken into consideration when analyzing

pavement performance under real-world conditions. The significant effect of dynamic



loading on pavement response calls for more accurate predictive models that reflect these

factors, especially when incorporating geogrid reinforcement.

Another factor that remains inadequately explored is the interaction between geogrid
reinforcement and drainage conditions, such as undrained versus drained states. The
moisture content of the soil and the drainage capability of the pavement layers play a
significant role in the stress-strain behavior of geogrid-reinforced pavements. Geogrid
reinforcement in undrained conditions may behave differently than in drained conditions,
potentially influencing the long-term stability of the pavement structure. Leng and Gabr
(2002) noted that geogrid reinforcement can significantly improve the structural integrity
of pavement systems, particularly when combined with adequate drainage. Their study
emphasized how the interaction between reinforcement and drainage could enhance stress
distribution and reduce deformations in base courses, thereby extending the life of flexible
pavements. However, the effects of different drainage conditions on the 3D stress

distribution in geogrid-reinforced pavements remain underexplored.

Furthermore, the optimal placement of geogrids within the pavement structure is still a
subject of active research. Traditionally, geogrids are placed within the base or subgrade
layers to improve load distribution and prevent excessive settlement. However, the exact
placement depth that maximizes their effectiveness in reducing stress concentrations and
mitigating structural deficiencies remains unclear. In this context, research by Saad et al.
(2006) indicated that placing geosynthetics at the base-asphalt concrete interface
significantly reduced fatigue and rutting strains, particularly in thinner bases. This finding
underscores the importance of geogrid placement depth in enhancing pavement

performance, especially under dynamic loading conditions.

The stiffness of geogrid materials, which varies based on specifications such as 16 kN/m,
22 kN/m, and 25 kN/m, also plays a crucial role in determining its effectiveness. Studies,
such as those by Ling and Liu (2001), have shown that higher stiffness geogrids provide
better load distribution and reduce vertical deformation in the subgrade, which can help
prevent pavement distress, particularly in high-traffic areas. However, there is a need to
further investigate how different geogrid stiffness levels interact with varying traffic loads

and pavement materials to improve overall pavement resilience.



The composite use of both geogrids and geotextiles in pavement reinforcement, particularly
under dynamic loading conditions, remains an underexplored area. Geotextiles are
commonly used as separators or filters, while geogrids primarily serve as reinforcement
materials. When combined, these materials could potentially enhance pavement
performance by improving soil stabilization and drainage properties. However, their
combined effect under dynamic loading, varying traffic conditions, and moisture levels
remains insufficiently studied. Research by Qian et al. (2011, 2013) has shown that
geogrids, particularly those with triangular apertures, provide a nearly uniform tensile
resistance, which improves the performance of reinforced base courses compared to
traditional biaxial geogrids. However, further studies are required to evaluate the
synergistic effects of geogrid-geotextile combinations, especially under different loading

scenarios.

The goal of this research is to address these gaps by conducting a detailed investigation into
the 3D stress-strain behavior of geogrid-reinforced pavements under moving vehicle load
conditions. The study will explore vehicle load configurations and dynamics, focusing on
different traffic load patterns (point/line versus area loads), vehicle speeds (ranging from 5
to 50 km/h), and accelerations. Additionally, the influence of drainage conditions and
geogrid stiffness on pavement performance will be evaluated. By investigating these factors
in more detail, the research aims to provide better insights into the factors influencing the
performance of geogrid-reinforced pavements, ultimately contributing to the development
of more effective design and placement strategies to optimize their structural integrity and

longevity.

1.2 Problem Statement

The performance of geogrid-reinforced pavements is influenced by complex interactions
between vehicle load configurations, load dynamics, material behavior, and drainage
conditions. However, there is a significant gap in understanding the 3D stress-strain
behavior of pavements under real-world loading conditions, particularly with respect to

vehicle load configurations (point/line and area) and load dynamics.

Additionally, there is a lack of validated numerical models to simulate these interactions,

complicating pavement design. Linear elastic material models may not fully capture the

3



behavior of geogrid-reinforced pavements under dynamic loading, highlighting the need
for advanced models. The effects of drainage conditions on pavement performance remain

unclear.

Furthermore, the optimal placement of geogrid alone, as well as its use in combination with
composite materials like geotextiles, to mitigate structural deficiencies (compressive stress-
strain) and surface distresses (tensile stress-strain) under varying dynamic and drainage
conditions, has not been adequately explored.

1.3 Objective of Study

The main objective of this study is to evaluate the 3D stress-strain behavior of geogrid-
reinforced pavements, considering vehicle load configurations and load dynamics, in order
to assess pavement performance. The specific objectives are outlined as follows:
1) To log field data, primarily stress-strain measurements and compute numerically,
considering vehicle load configurations and dynamic loading conditions.
2) To develop and validate numerical models, and to identify the model that best
aligns with the observed field data and numerical evaluations.
3) To investigate the enhancement in pavement performance by evaluating the
percentage change in stress-strain, Service Life Ratio (SRF), with geogrid

reinforcement, to effectively mitigate structural deficiencies and surface distress.

1.4 Scope of Study

This study investigates the dynamic response of geogrid-reinforced pavements under

moving vehicle loads in the forward direction. The scope of the study includes:

1) Vehicle speed and acceleration: The vehicles are assumed to move at constant speeds
within a range of 5 to 50 km/h, and accelerations are considered within the range of
0.25 to 1.0 m/s2. These conditions aim to represent realistic traffic behavior while
ensuring the feasibility of computational analysis.

2) Geogrid stiffness: The study focuses on evaluating the performance of biaxial geogrids
with stiffness categories of 16kN/m, 22kN/m, and 25kN/m, commonly used in
pavement reinforcement applications. The impact of these geogrid materials on stress

distribution and pavement deformation is assessed under dynamic loading.
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3)

4)

5)

6)

Vehicle configurations: The study examines the behavior of two specific vehicle types:
the TATA Truck Tipper 1613c (a heavy-duty vehicle) and the Ford Ranger (a light-
duty vehicle). These configurations represent a variety of load distributions and allow
for an analysis of the pavement response under different dynamic loading conditions.

Load distribution: The vehicle loads are applied either as point/line loads or as area
loads, moving along a fixed wheel path of 10 meters. This simplification is intended to
facilitate computational modeling and provide insight into the behavior of pavements
under different loading patterns.

Pavement material testing: Material properties are derived from a series of tests,
including hydrometer, unconfined, permeability, direct shear, triaxial, consolidation
tests, to establish the mechanical behavior of pavement materials and geogrid
reinforcements.

Dynamic load analysis: The study focuses on the dynamic responses of pavements to
traffic loads, considering the effects of vehicle speed, acceleration, and load
distribution. The goal is to enhance predictive models for pavement performance under

varying dynamic conditions.

1.5 Limitation of Study

Several limitations exist in this study that should be acknowledged:

1)

2)

3)

4)

Simplified load assumptions: The study applies vehicle loads as point/line loads or area
loads along a fixed wheel path of 10 meters. More complex load distributions, such as
those caused by variable loading patterns or multi-axle vehicles, have not yet been
considered.

Fixed wheel path distance: A fixed wheel path of 10 meters is assumed for the sake of
computational ease.

Limited primary data for advanced material models: While material tests (triaxial,
consolidation, hydrometer, and permeability tests) have been performed, the study
lacks sufficient primary data for supporting more advanced material models that could
provide more accurate representations of pavement behavior under dynamic loading.
These advanced models have not yet been considered.

Vehicle configurations: The study is based on only two vehicle configurations—the

TATA Truck Tipper 1613c and the Ford Ranger. It does not yet include other types of



vehicles, particularly multi-axle, heavily loaded vehicles, or vehicles with different
configurations.

5) No two-way traffic considered: The study assumes a unidirectional flow of vehicles
and does not yet consider the effects of two-way traffic. This exclusion limits the scope
of the findings for roads with bidirectional traffic patterns.

6) Road geometry exclusions: Only straight, flat road sections are considered. The study
does not yet consider more complex road geometries such as bends or/and uphill
sections, which could influence pavement responses and stress distribution.

7) Impact and collision scenarios not included: The study excludes cases involving
vehicle impacts or collisions, which could result in more complex dynamic loading
conditions that affect the pavement structure.

8) Temperature effects not considered: The study does not consider temperature
variations, which could affect material properties such as asphalt stiffness. The
omission of temperature variations may reduce the accuracy of long-term performance
predictions, particularly in regions with significant temperature fluctuations.

9) Undulating surface and speed breaker not considered: The study does not yet address
scenarios involving undulating road surfaces or the presence of speed breakers. These
factors, which have not yet been considered, could significantly alter the dynamic

behavior of vehicles and pavement, affecting the results and predictions of the study.

1.6 Organization of Report

The report is structured as follows:

Chapter 1: Introduction introduces the research topic entitled ‘3D stress-strain analyses of
geogrid-reinforced pavements under vehicle load configurations and dynamics’ along with
background, objectives, significance, scope, and limitations of the study.

Chapter 2: Literature Review discusses previous research related to geogrid-reinforced
pavements, including studies on dynamic loading, stress-strain behavior, and various
material and vehicle load configurations.

Chapter 3: Methodology outlines the research approach, detailing the computational
modeling techniques, vehicle configurations, dynamic load simulation, material testing
methods, and data collection procedures.

Chapter 4: Analysis and Design presents the results from the simulations and tests,

analyzing the influence of vehicle dynamics, geogrid stiffness, and other factors on
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pavement performance. Design recommendations based on these findings are also
provided.

Chapter 5: Conclusion and Recommendations summarizes the key findings of the study
and offers practical design guidelines, along with suggestions for future research and

potential improvements to pavement performance assessment.



CHAPTER 2: LITERATURE REVIEW

2.1 Geosynthetics in Pavement Design

Pavement design has become a critical area of study in civil engineering, especially as the
demand for infrastructure increases and traffic volumes rise. Traditional pavement
materials and design methods are often insufficient to handle the growing pressures
imposed by modern vehicles and challenging environmental conditions. Geosynthetics, a
class of synthetic materials used in soil stabilization, reinforcement, filtration, and
drainage, have emerged as a solution to improve the performance and longevity of
pavements (Koerner, 2013; Khoueiry et al., 2021). The role of geosynthetics in pavement
systems is vast, encompassing their use in reinforcing weak subgrades, improving load
distribution, and enhancing pavement durability under dynamic loading conditions.
Pavement failure, especially in areas with weak soils or high traffic loads, is a significant
concern in infrastructure maintenance and development (Huang et al., 2025; Paiva et al.,
2024). Studies have shown that geosynthetics such as geogrids, geotextiles, and geocells
play a vital role in improving subgrade strength, reducing rutting, enhancing resistance to
fatigue cracking, and reducing maintenance costs (Abu-Farsakh et al., 2016; Perkins,
1999).

Various studies have focused on understanding the mechanical behavior of geosynthetic-
reinforced pavements under different conditions. Numerical simulations, laboratory tests,
and field trials have all been employed to evaluate the effectiveness of these materials in
real-world conditions (Al-Qadi et al., 2011; Leonardi & Suraci, 2022). Recent advances
have also seen the introduction of smart geosynthetics, which feature integrated sensor
systems capable of providing real-time feedback on pavement conditions, allowing for

proactive maintenance strategies (Abedi et al., 2023; Wang et al., 2022).

2.2 Main Areas of Focus in Existing Research

Existing research on geosynthetics in pavement design primarily focuses on their structural

behavior, particularly how they enhance load distribution, improve subgrade stabilization,



and extend pavement lifespan. Studies have explored the use of geosynthetics like geogrids,
geotextiles, and geocells for subgrade reinforcement, preventing excessive deformation,
and mitigating rutting and cracking. Another key area of interest is the development of
smart geosynthetics, which incorporate sensor systems to monitor pavement conditions in
real-time. This innovative approach allows for proactive maintenance and efficient
management of pavement performance, promising significant improvements in the

durability and longevity of road systems.

2.2.1 Structural Behavior of Geosynthetics in Pavement Design

Research on the structural behavior of pavements reinforced with geosynthetics has
highlighted significant improvements in their ability to distribute traffic loads and prevent
localized stress concentrations, which can lead to rutting and pavement failure. For
example, studies by Khoueiry et al. (2021) demonstrated that geogrids enhance load
transfer across the pavement structure, minimizing deformation in the subgrade and
preventing the formation of ruts. This is particularly crucial in regions with weak or
unstable subgrades, where traditional pavement designs often fail to distribute loads

effectively.

Geogrids, especially biaxial and triaxial types, have been extensively studied for their
impact on the load-bearing capacity and stability of pavements. Researchers like Paiva et
al. (2024) and Leonardi & Suraci (2022) have shown that these geogrids significantly
improve the stiffness of the pavement structure, leading to reduced permanent deformation
and increased service life. The inclusion of geosynthetics such as geotextiles and geocells
has also been found to contribute to enhanced load distribution, resulting in more durable

pavements.

Moghaddas-Nejad and Small (1996) also investigated the effect of geogrid reinforcement
on flexible pavements over sand. Their study found that geogrids reduce rutting by
confining the base material and improving load distribution to the subgrade. They also
showed that placing the geogrid at the center of a thin base layer minimized surface
deformation, a finding that aligns with similar research emphasizing optimal placement for

maximum performance.



In a similar vein, Perkins and Lapeyre (1996) conducted an investigation to examine the
reinforcement role of geosynthetics in flexible pavements by constructing a pilot test
section. The study aimed to evaluate instrument installation techniques and performance,
with a particular focus on understanding base course reinforcement mechanisms and site-
specific parameters. Instrumentation measured strain in the geosynthetics, base course, and
asphalt concrete, providing insights into the practical effectiveness of geosynthetics in full-
scale pavement applications.

2.2.2 Geosynthetics in Subgrade Stabilization

Subgrade stabilization is another critical focus of geosynthetic research. In areas with weak
soils, such as clays, silts, and peats, the integration of geosynthetics provides a reliable
solution to enhance the strength and stiffness of the subgrade. Geogrids, in particular, are
known to improve subgrade bearing capacity by distributing the loads applied by traffic
more effectively, reducing the potential for settlement and deformation. Studies such as
those by Abu-Farsakh et al. (2016) and Al-Qadi et al. (2011) highlight the benefits of
geogrid reinforcement in low-volume pavements, especially over weak or compressible

soils.

Geosynthetics also provide benefits in preventing subgrade failure during wet conditions,
where saturated soils are prone to shifting or eroding. By providing tensile reinforcement,
geosynthetics help maintain soil stability, even in areas with high water tables or unstable
conditions (Perkins, 1999). Adlinge and Gupta (2018) discussed the common causes of
bituminous pavement failure, including cracking, rutting, and unevenness. The study
highlighted that typical maintenance strategies often overlook other forms of distress
beyond cracking, rutting, and unevenness. The authors emphasized the importance of
considering all forms of distress in the pavement's life cycle to extend its service life

through effective preservation measures.

2.2.3 Use of Smart Geosynthetics for Monitoring and Maintenance

With the advent of technology, the integration of sensors into geosynthetics—often referred
to as smart geosynthetics—has opened new possibilities for pavement monitoring. These
smart materials are equipped with embedded sensors that allow for continuous monitoring
of strain, temperature, stress, and other performance indicators within the pavement
structure. Research by Abedi et al. (2023) and Wang et al. (2022) has shown that the use of
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sensor-enabled geosynthetics provides real-time data, which can be used to track pavement
health, detect damage early, and inform maintenance schedules. This technological
advancement has the potential to significantly improve the efficiency and cost-

effectiveness of pavement maintenance programs.

2.3 Methods Used to Address Pavement Problems

2.3.1 Numerical Modeling and Simulation

Numerical modeling, particularly the use of finite element analysis (FEA), has become an
essential tool for understanding the behavior of geosynthetics in pavement systems. FEA
allows researchers to simulate how geosynthetics interact with the surrounding soil and
how they distribute applied loads across the pavement structure. Studies by Paiva et al.
(2024) and Wright et al. (2019) utilized advanced simulation techniques to predict the
effects of geosynthetic reinforcement on pavement performance, such as load distribution,
stress absorption, and deformation under traffic loads. These models provide valuable

insights into the optimal design and placement of geosynthetics within pavement systems.

2.3.2 Laboratory and Field Testing

In addition to numerical modeling, laboratory testing remains a critical method for
assessing the performance of geosynthetics in pavements. For instance, Perkins (1999)
conducted a series of laboratory tests comparing geosynthetic-reinforced pavements with
unreinforced ones. The results indicated that geosynthetics improved the mechanical

properties of the pavement, reducing rutting, cracking, and deformation.

Field trials provide invaluable real-world data, confirming the long-term effectiveness of
geosynthetics in pavement applications. Researchers like Khoueiry et al. (2021) and
Howard and Warren (2005) have conducted large-scale field tests to assess the behavior of
geosynthetics under actual traffic loads and environmental conditions. These trials have
consistently shown that geosynthetics improve pavement performance and reduce

maintenance costs over time.

2.3.3 Development of Smart Geosynthetics
As mentioned, the development of smart geosynthetics has revolutionized pavement design

and monitoring. These materials are equipped with sensors that can detect changes in the
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pavement structure, such as strain or temperature fluctuations, and send this data to a central
monitoring system. This real-time data allows engineers to make more informed decisions
regarding maintenance and repairs, ensuring that pavement degradation is detected early
and addressed promptly. Abedi et al. (2023) and Wang et al. (2022) have explored the use
of sensor-enabled geosynthetics in pavements, highlighting their potential to optimize

maintenance schedules and extend the service life of pavements.

2.4 Solutions Found in Research
The existing research highlights several key solutions provided by geosynthetics in
pavement systems:

e Improved Load Distribution: Geogrids have been shown to enhance the distribution
of traffic loads, leading to reduced rutting and permanent deformation. Khoueiry et
al. (2021) demonstrated that geogrid-reinforced pavements experience less
settlement and deformation under traffic loads.

e Enhanced Subgrade Strength: Geosynthetics improve subgrade bearing capacity,
particularly in weak soil conditions. Abu-Farsakh et al. (2016) showed that the
inclusion of geogrids increases the strength of subgrades, allowing for thinner
pavements and reducing material costs.

e Reduced Maintenance Costs: Geosynthetics increase the durability and longevity
of pavements, reducing the frequency of maintenance. Research by Perkins (1999)
and Wright et al. (2019) has shown that pavements reinforced with geosynthetics
require less frequent repair and exhibit greater resilience to environmental
conditions such as moisture infiltration and freeze-thaw cycles.

e Real-Time Monitoring: The integration of smart geosynthetics allows for
continuous monitoring of pavement health, facilitating proactive maintenance. As
demonstrated by Abedi et al. (2023) and Wang et al. (2022), these materials can
alert engineers to issues such as early cracking or deformation, enabling timely

repairs.

2.5 Application of Geogrid in Road Pavement
Geogrid is a geosynthetic material made of interconnected tensile elements forming
rectangular or triangular apertures. Typically manufactured from polymers such as

polypropylene, polyester, polyethylene, polyamides, polystyrene, and polyvinyl chloride,
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geogrids can also incorporate fibers like carbon, glass, or natural fibers (IRC SP 59, 2019).
The apertures facilitate interlocking with surrounding materials, enhancing the shear
strength of the overlying layers (Nader & Sharbaf, 2016). Geogrids are used in roadway
construction to:

e Strengthen subgrades by providing a stable working surface.

e Extend pavement life by reducing strain at the subgrade and bituminous layer.

e Reduce construction costs by allowing thinner pavements.

According to Zornberg (2017), geogrids are essential for stabilizing subgrades, reinforcing
road bases, separating layers, and preventing reflective cracking. Their functions are
summarized in Table 2.1. The components of Geogrid is shown in Figure 1 (Sakleshpur,
2020).

Longitudinal ribs

=

Machine direction
Junction &=
Aperture

Transverse ribs
Figure 2.1 Components of Geogrid

Geogrids are categorized based on their directional strength properties into uniaxial,
biaxial, and triaxial types, as depicted in Figure 2.2 (Geosolutionsinc, 2021). Uniaxial
geogrids are designed to withstand tensile forces in a single direction (machine direction)
and are primarily used for applications such as slope stabilization, retaining walls, landfills,
and embankments. Biaxial geogrids, on the other hand, are engineered to resist tensile
forces in two perpendicular directions, making them ideal for reinforcing subgrades and
bases in roadways, airfields, and railways. Triaxial geogrids further enhance the design by
incorporating an additional diagonal rib, improving both the in-plane stiffness and the
ability to absorb stresses. These geogrids are applied in similar contexts to biaxial ones but

offer improved performance due to their added reinforcement.

Geogrids can also be categorized based on their manufacturing process and material

composition. According to the manufacturing method, they are classified into extruded,
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knitted or woven, and welded types, as shown in Figure 2.2 (Tensar International, 2025).
Additionally, based on the material used, geogrids are further classified into fiberglass
geogrids, PET (polyethylene terephthalate) geogrids, warp-knitted fiberglass geogrids, and
plastic-welded geogrids, as detailed in (Textile Blog, 2025).

Figure 2.3 Geogrid Types by Manufacturing—Extruded, Knitted/Woven, Welded

Table 2.1 Application of Geogrid in Road Pavement

Application Mechanism Function Implications in Roadway
Performance
Mitigation of | Reduces stress Reinforcement | Minimizes degradation in
Reflective concentration near asphalt layers
Cracking existing cracks
Separation Minimizes aggregate | Separation Preserves base layer
loss and fine particle thickness and aggregate
migration quality
Stabilization of | Reduces lateral Stiffening Maintains aggregate
Road Bases displacement of base confinement and modulus
material
Stabilization of | Enhances tension Reinforcement | Reduces vertical stresses
Soft Road and shear transfer and redistributes shear
Subgrades under wheel path stresses
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2.5.1 Geogrid-Soil Interaction

Geogrids are primarily used to reinforce flexible pavement layers by providing lateral
confinement to aggregates and minimizing the intermixing of the sub-base and subgrade
materials. The effectiveness of this reinforcement comes from the interlocking between the
geogrid’s apertures and the aggregate particles, as illustrated in Figure 2.4 (Mechanism of
reinforced pavement, Qian Yu, 2022). The performance of this interlocking mechanism is
influenced by factors such as the grain size distribution of the overlying material and the
dimensions of the geogrid’s apertures. Optimal efficiency is achieved when the conditions
outlined in Equation 2.1 are satisfied (Jie & Anil, 2011; Qian et al., 2013).

28 % 3.0 (2.1)
Dso
Sg:  The minimum aperture size of geogrid, and

Dso:  The particle size at which 50% of the particles are finer

Figure 2.4 Geogrid-Soil Interaction

The effectiveness of geogrid interlocking is governed by its modulus of rigidity and
junction stability. According to Nader & Sharbaf (2016), the key mechanisms in geogrid-
reinforced pavements are lateral restraint (confinement), increased bearing capacity, and
the tension membrane effect, as illustrated in Figures 2.5-2.7. These mechanisms are crucial
for understanding the reinforcement provided by geogrids in pavement structures. The three

key phenomena according to Nader & Sharbaf (2016) in geogrid-reinforced pavements are:

Lateral Confinement: Geogrids interlock with the aggregates in the base layer, preventing
lateral displacement and improving load distribution across the pavement (Figure 2.5). The

lateral restraint mechanism enhances:

e Restraint of lateral displacement of granular base materials.
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e Increased stiffness of the granular base-subbase layer.
e Reduced shear stress induced by moving loads in the subgrade soil.

e Wider load distribution to the soft subgrade soil.

% -

Surface

Base

Sub-base

Subgrade

Figure 2.5 Lateral Restraint Mechanism

Increased Bearing Capacity: The presence of the geogrid shifts the failure zone from the

subgrade to the base layer, improving the pavement’s load-bearing capacity (Figure 2.6).
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Figure 2.6 Increased Bearing Capacity Mechanism
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Figure 2.7 Tension Membrane Mechanism
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Tension Membrane Effect: The geogrid acts like a membrane under vertical load, reducing
vertical stress in the pavement structure by creating an upward force that counteracts the
downward pressure from traffic (Figure 2.7).

2.5.2 Design theory

Unreinforced roads: For an axle load P kN applied to a granular layer with thickness %0
meters, the vertical stress at the formation surface is Po. The formation's undrained shear
strength, Cu kN/m2, limits the maximum vertical stress that can be applied, given by
(2 + m)C,, representing the undrained bearing capacity. However, horizontal shear stress,
which radiates from the wheel load, reduces the vertical stress Po that can be applied without
causing significant deformation. Figure 2.8 shows the Axle loading on unreinforced roads
formation (Cohesive formation, undrained strength Cu kN/m2).

Classical theory indicates the onset of large deformation once
However, Giroud and Noiray (1981) have suggested a slightly higher limiting value of
PO = T[Cu (23)

The magnitude of P, can be related to the axle load and the contact area of the wheels
B*L.

P

PO - 2(B+2hgtan ag)(L+2hg tan ag) (2'4)
The dimensions of the contact area can be related directly to tyre pressure P,.
For highway vehicles

_B _P /

L / N &B P, (2.5)

For off highway vehicles
V2P
L=B/,&B = /Pt (2.6)

For a wide range of applications, tana, = 0.6

Using the axle load P, tyre pressure Pt, and the undrained shear strength of the formation
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Cu, the theoretical thickness of the granular fill 40 can be determined to prevent

overstressing of the formation

ho / Po ' ‘
| ALLLLLL AL

Figure 2.8 Axle Loading on Unreinforced Roads Formation

Reinforced roads: When a geotextile is placed between the formation and fill, three main
mechanisms occur:

e Separation: The geotextile prevents intermixing of the fill and formation,
maintaining the original fill thickness.

e Shear Stress Absorption: If the geotextile has adequate tensile stiffness, it absorbs
horizontal shear stress, restoring the formation’s bearing capacity to its classical
value (2+m).

e Membrane Action: Excessive loading causes rutting, generating tensile force T.
This force creates inward shear stress, slightly improving bearing capacity, and an
upward pressure component P1, reducing the vertical pressure on the formation
(Figure 2.9).

If the vertical pressure on the formation is limited to its classical bearing capacity, a limiting
value of (P2—P1) is defined.

PZ_Pl = (2+T[)Cu (2.7)
These two pressures P2 and P1 can be evaluated in terms of known parameters:
P, = ek (2.8)

Where € is the geotextile modulus, k is the geotextile strain and ¢ is the function of rut

depth and axle geometry?

The pressure P2 can be determined in the same manner as for an unreinforced road:
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P

P,

- 2(B+2h tan a)(L+2h tan a)

(2.9)

Solving these equations provides the value of 4 with geotextile reinforcement, resulting in

a reduction in the required thickness of the aggregate.
Ah=hy—h

Figure 2.9 Axle Loading on Reinforced Roads Formation

(2.10)

Material Models for FEM modelling: For pavement design, geogrids are commonly

modeled as linear elastic materials, as they provide reinforcement and behave elastically

under typical loading conditions. The subgrade soil can be modeled using different material

models depending on its type: linear elastic for stiff or well-compacted soils, Mohr-

Coulomb for granular or cohesive soils under shear stress, Hardening Soil Model for soft

soils with nonlinear behavior, and Cam-Clay for clays, particularly in cases of large

deformation. These models help accurately predict the pavement's performance and

structural integrity under traffic loads.

Table 2.2 Material Models for Modelling the Pavement

Linear

Mohr-

Soft Soil

Feature Elastic Coulomb :Oﬁgd&rgggl Model C?\/Irr;)-gzl?y
Model Model
Nonlinear, |\ . Nonlinear, | Nonlinear,

.| Linear plasticity ; ' | softening at | jncludes
Stress-Strain | 0L o based includes low lasticity and
Behavior (Hooke's ased on hardening/so past|(:|ty_an

Law) cohesion & : pressures volumetric
L ftening
friction changes
Softening,
No Models can model | Models
Hardening/ hardening | No hardening | hardening/so | both cg:ne?elgsgio”r:
Softening or or softening | ftening softepnin in,
softening behavior -ning
tension
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Modified Adapted
None Mohr- Dr(l)JcIk:eer- Mohr- Cam-Clay
Yield (Elastic Coulomb Prager vield Coulomb | yield surface
Criteria only) failure fungtiozwith or Cam- (stress-strain-
y criterion hardening Clay volumetric)
Small . . Soft soils,
deformati Soil, rock Soft soils embankme | Clays, deep
Applications | ons meé:hanrllcs (clgy, silt) nts, roundatlons,
’ loading varying loads deformations
concrete)
High Moderate _
Simple Moderate (requires to High High
. . (piecewise . (involves
Complexity | (linear linear with numerical large plastic
equations) plasticity) method_s for deformations)
hardening)
' Compressi
Elastic Cohesion, Elc?ztulfus on inpdex, Compression
Material modulus, | friction ield stréss softening index, yield
Properties Poisson’s | angle, %/ar dening " | characterist | Stress, friction
ratio dilation angle parameter ics angle

2.6 Summary of Literature Review

Existing literature focuses on the use of geosynthetics to enhance the structural integrity
and performance of flexible pavements. These materials address common issues like
subgrade failure, rutting, fatigue cracking, and load distribution by improving subgrade
strength, reducing pavement thickness, and enhancing resistance to permanent
deformation. This study addresses key research gaps in pavement engineering related to
geogrid reinforcement. While previous research highlights general performance benefits,
limited attention has been given to how geogrid placement improves stress-strain behavior
at the subgrade and base layers and its direct connection to structural deficiencies and
surface distresses. Additionally, the lack of clarity on which numerical model best aligns
with field measurements under dynamic loading conditions remains a challenge. Another
gap lies in quantifying the improvement in service life—especially in terms of fatigue and
rutting—through a reliable Service Life Ratio (SLR). This research contributes by
analyzing field and numerical data to link stress-strain improvements with long-term
performance, validating advanced constitutive models against field results, and estimating

SLR under varied road geometries, vehicle load configurations, and loading dynamics.
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CHAPTER 3: METHODOLOGY

3.1 Research Design

The research framework integrates both numerical and field-based approaches to evaluate
geosynthetics in pavement design. As shown in the methodology flow diagram in Figure
3.1, the process begins with the preparation of the numerical model, encompassing both the
geometrical and material models. Linear elastic modeling is then carried out in a 3D domain
using the Finite Element Method (FEM) in Plaxis, which enables the calculation of stress
and strain at critical locations within the pavement structure. These numerical results are
compared with field data collected from stress and strain measurements at key locations to
validate the model's accuracy under real-world conditions. After model validation,

additional numerical analyses are performed to further refine the findings.

| Resaarch Frame Wark |

I Literature Review |
|
| Problem Identification | | Field-based Approach |

I I

| Murnerical Approach | | Field Instrumentation and Monitoring |

|

Geomelrical Models with Point and Area Vehicle Load Configuration
(Arughat-Okale Road section, Gorkha, Mid-Hill Highway)

1

Preparation of Numerical Models (PLAXIS 30) Considering Vehicle Load Dynamics
{Linear Elastic Material Model)

|

I i
Geosynthetically- Road Sections Without
Stabilized Road Sections Geozynthetics
i l if
Computation of Results
(Stress and Strain at Critical points)

Revise the Mumerncal Models Data Logaing
with Higher Material Models (Geodynamic Data Logger)
:
___ Result Validation With Field Interpretation of Field Data
Measured Data (Stress, Strain, and Molsture Variation)
| Mo Discrapancy |
|

| Interpretation of Results ]

Figure 3.1 Framework of Research
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This process also includes considering factors such as vehicle load configurations, load
dynamics, advanced material models, drainage, and area load distribution, which are
essential for capturing realistic pavement behavior. By validating the numerical models
with field data, the study aims to identify the most reliable models for simulating pavement
performance under different loading conditions.

3.2 Study Area

The study was conducted along the Arughat-Okhale Road in the Gorkha district of Nepal,
as part of the Mid-Hill Road Project. Two straight pavement sections were selected for
evaluation: one with geogrid reinforcement and the other without. These sections were
chosen to assess and compare pavement performance under dynamic loading conditions
caused by moving vehicles. The first site, located at Chainage (CH) 1+700 (28°2'22.51"N,
84°48'29.03"E), had no geogrid reinforcement, while the second site, at CH 1+800
(28°2'20.48"N, 84°4827.42"E), incorporated geogrid reinforcement into the pavement

structure.

The Arughat-Okhale Road runs in an east-west direction, with the Budhigandaki Bridge,
located at the Gorkha-Dhading border, marking CH 0+000. Figure 3.2 shows the site
location map for Gorkha District, while Figure 3.3 illustrates the location map of the test
sites, highlighting CH 1+700 (without geogrid) and CH 1+800 (with geogrid), along with
the Budhigandaki Bridge at CH 0+000.

The sites were strategically selected as part of one of Nepal's national pride projects. This
selection allows for testing both during the construction phase and immediately after the
pavement is opened to traffic. By evaluating the pavement at these different stages of its
lifespan, the study provides valuable insights into its long-term durability and effectiveness

under real-world conditions.

The study area was chosen not only for its role in the national pride project but also because
it offers an opportunity to monitor and assess both the construction and the road use phases.
This timeline enables the collection of data early in the project lifecycle, allowing
researchers to observe how the pavement performs over time. Additionally, other sections

of the Mid-Hill Road have experienced structural deficiencies and surface distresses during
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the construction phase at various locations. Therefore, this site was selected to evaluate the
potential of geogrid reinforcement in addressing these issues and improving overall
pavement performance.

Figure 3.2 Test Site Locations along Arughat-Okhale Road, Gorkha, Nepal

Figure 3.3 Test Sites at CH 1+700 (without Geogrid) and CH 1+800 (G), Gorkha
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3.3 Field Setup, Data Acquisition and Monitoring

The field setup involved placing sensors beneath the geogrid at the mid-thickness of the
base layer to monitor stress-strain data during vehicle passage. Geodynamic data loggers
and sensors were used to capture real-time data, providing insights into the pavement’s
behavior under dynamic loading conditions. Additionally, Dynamic Cone Penetrometer
(DCPT) tests were conducted in each pavement layer (subgrade, subbase, and base) to
determine the field CBR values, offering a deeper understanding of the strength and load-

bearing capacity of the pavement structure under actual traffic conditions.

3.3.1 Geodynamic High—Speed DAQ-Dynamic Amplifier and Sensors

The GEODYNAMIC Data Logger/Controller, shown in Figure 3.4, is a sophisticated
microcontroller-based system designed for high-speed measurements. This advanced
equipment includes a dynamic amplifier and is equipped with sensors for capturing and

analyzing data with precision and reliability.

Figure 3.4 Geodynamic High-Speed DAQ with Dynamic Amplifier and Sensors
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The data logger features earth pressure cells, strain gauges, and moisture sensors, enabling
comprehensive monitoring of stress and strain in soil and pavement structures. Detailed
specifications of the data logger and sensors are provided in the APPENDIX A. The Earth
Pressure Cell is used to measure variations in soil stress, providing valuable insights into
stress distribution within soil structures. Dynamic strain gauges are specifically designed
to measure axial strain in flexible pavements under high-frequency, dynamic conditions,

offering accurate readings for detailed analysis of pavement behavior.

3.3.2. Standard Motorized Dynamic Cone Penetrometer

The Motorized Dynamic Cone Penetrometer (Figure 3.5) is designed to measure soil
penetration resistance, providing accurate assessments of soil strength below the surface.
The field DCPT test was performed to determine the California Bearing Ratio (CBR) values
for the subgrade, subbase, and base layers of the pavement structure. The DCPT uses a
portable, wheel-mounted automatic hammer system powered by a generator, ensuring
consistent penetration into the soil or pavement layers.

Figure 3.5 Standard Motorized DCPT Dynamic Cone Penetrometer

The test measures the cone’s penetration depth under a set number of blows, which is then

used to calculate the CBR values for each layer. These values provide crucial information
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on the strength and load-bearing capacity of the pavement layers, essential for evaluating
pavement performance under traffic loads. Correlations between DCPT results and
traditional laboratory CBR values are commonly used, with penetration resistance
(mm/blow) correlating to CBR values. Higher resistance typically indicates better strength
and stability. Various empirical equations exist for these correlations, with the appropriate
choice depending on soil type and local conditions. The detail specification of the
equipment is shown in APPENDIX B. DCPT test results are shown in APPENDIX C.

The study primarily focuses on the mid-depth of the base layer, which is the typical location
for geogrid reinforcement. This layer plays a crucial role in mitigating surface distresses
and addressing structural deficiencies by influencing the distribution of loads within the
pavement structure. The performance of the base layer is critical to understanding the
overall behavior of the pavement, particularly under real-world traffic loading conditions.
As the base layer is directly affected by traffic-induced stresses, its condition and behavior

are essential for evaluating the pavement’s structural integrity and long-term performance.

Sensor Placement: To ensure the accuracy of data collection while protecting the sensors,
they were strategically placed at the mid-depth of the base course layer (Figure 3.6). This
depth was chosen because it is considered the most critical zone for capturing stress-strain
behavior that influences pavement performance. Placing the sensors at different locations,
such as the subbase-base or subgrade-subbase interfaces, would have produced different
results. Specifically, the pressure bulb, which is the region affected by higher stress levels,
may not extend to these depths, leading to less relevant data for this study. Therefore,
placing sensors at the mid-depth of the base course provides a more accurate reflection of

the stress distribution within the pavement system.

Layer Characteristics: The pavement section studied consists of a 3 cm thick Double
Bituminous Surface Treatment (DBST), which differs from asphalt layers. Due to the need
for sensor protection, the sensors were not placed at the surface-base interface (Figure 3.7).
In asphalt pavements, placing sensors at the surface-base interface would be ideal for
understanding surface-level stress responses. However, given the specific construction of
the pavement in this study, alternative sensor placements may provide valuable insights.
For instance, heavily loaded lanes may benefit from sensor placement at different depths,

such as the base-subbase interface, subgrade-subbase interface, or even within the subgrade
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or capping layer. These alternative placements could yield additional data to better

understand the pavement’s behavior under more intense traffic loading conditions.

Surface Distress and Structural Deficiency: The immediate layer beneath the surface is
crucial for both surface distresses and structural deficiencies. This is why the study focused
on the base layer at mid-depth, as it is directly influenced by wheel loads. The performance
of this layer is critical for preventing issues such as cracking, rutting, and deformation at
the surface level, as well as maintaining overall structural integrity. While future studies
may consider alternative sensor placements to capture data from other layers, the current
setup is well-suited to the objectives of this research, focusing on how stress-strain behavior
in the base layer influences pavement performance. By understanding the stresses at this
mid-depth location, the study provides valuable insights into how geogrid reinforcement
can improve the distribution of these stresses, potentially reducing surface distresses and

enhancing the structural performance of the pavement.

This methodology and focus on the mid-depth of the base layer reflect the importance of
this region in pavement performance, especially under dynamic loading conditions. The
study’s approach to sensor placement and analysis is designed to capture the most relevant
data for understanding how different factors, such as traffic loads and geogrid

reinforcement, impact the overall behavior of the pavement structure.

In this study, the base course was selected for geogrid placement and sensor installation
due to its essential role in load distribution and its influence on stress-strain behavior within
the pavement structure. Although geogrid reinforcement can be applied in various
pavement layers, the base course was prioritized as it directly addresses key zones of stress
concentration and deformation. At the top of the subgrade, compressive stresses and strains
are significant, which can lead to structural deficiencies if not properly reinforced. At the
top of the base, tensile stresses and strains are prominent, making it an ideal location for
geogrid reinforcement to prevent failure and surface distress. These two locations—top of
the subgrade and top of the base course—are often considered the most critical for

mitigating structural deficiencies and surface distresses in flexible pavements.

In this case, sensor placement presented certain challenges. Positioning sensors directly

below the DBST layer, which is only 3 cm thick, posed a risk due to the limited protective
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cover and potential for damage from repeated wheel loads. As a result, sensors were
installed at the mid-depth of the base course, offering a more secure location while still
providing critical data to assess the influence of geogrid reinforcement. The geogrid was
also placed at the mid-thickness of the base layer for several practical and performance-
related reasons: this position aligns well with the stress distribution profile within the base,
ensures better interaction between the geogrid and surrounding aggregate, and facilitates
sensor integration without compromising structural integrity. In pavement systems that
include an asphalt layer, alternative sensor placements—such as at the top of the base or
just beneath the surface—might be more suitable for capturing surface-level strains and
deformations. The geogrid is placed at the mid-thickness of the base layer for several
reasons:
e Optimal Load Distribution: It mitigates tensile and compressive stresses, enhancing
load transfer and preventing rutting or deformation.
e Protection and Efficiency: Mid-thickness placement balances geogrid protection
from wear while maximizing its reinforcing function.
e Prevention of Deformation: This placement reduces settlement, preventing cracking
and enhancing pavement longevity.
e Maximized Interaction: It ensures optimal interaction with the base material,
improving shear strength and load-bearing capacity.
e Proven Effectiveness: Previous research shows mid-thickness placement

maximizes pavement performance and extends its lifespan.

Field instrumentation, including sensors for stress, strain, and moisture content, was vital
for validating simulation results. These measurements provided real-world data on how
geogrid reinforcement impacts pavement performance under actual traffic and
environmental conditions. The base course, positioned between the subgrade and surface
layer, was chosen for both geogrid placement and sensor installation due to its critical role
in load distribution and stress-strain behavior. This layer is susceptible to tensile stresses,
making it essential for preventing structural failures like cracks and rutting. The mid-depth
of the base course was selected for geogrid placement, as it ensures effective force
distribution, reduces strain at the subgrade, and enhances the durability of the pavement.
Reinforcing this critical location helps mitigate deformation and cracking under dynamic

loading, ultimately extending the pavement’s service life.
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Moisture Sensor

Figure 3.7 Placement of Sensors beneath Geogrid at Mid-Depth of Base Course

A Biaxial 40/40Q Tensar geogrid was employed in this study due to its ability to provide
tensile strength in both directions, making it ideal for flexible pavement base courses, where

multidirectional stresses are common. This geogrid has a tensile strength of 16 kN/m at 2%
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strain, offering strong reinforcement for low to medium-volume traffic pavement
structures. Detail Geogrid, Geotextile specifications are shown in APPENDIX D. Figure
3.8 provides a close-up view of the geogrid exposed on the pavement surface, with sensors
placed directly beneath it. These sensors were connected to a data logger via cables,
allowing for real-time data collection during vehicle passage. This setup was crucial for
capturing stress-strain behavior and load distribution at the critical mid-depth of the base
layer. This research utilized a Geodynamic data logging system, specifically designed to
monitor pavement performance under real-time vehicle loading conditions. This system,
referred to as the Instrument GeoDynamic Monitoring Set, consists of various components
that collaboratively capture essential data on stress, strain, and moisture within the

pavement structure.

Figure 3.8 Data Logging at CH 1+800-Testing Setup (Left) and Geogrid (Right)

3.4 Dynamic Analysis

Dynamic loads were applied in the study. Static loads simulate the effect of stationary
vehicles, providing insights into the pavement's behavior under steady loads. Dynamic
loads, simulating moving traffic, were included to replicate real-world conditions, where
the pavement experiences fluctuating stresses as vehicles pass over it. The dynamic loading
conditions are essential for analyzing how the geogrid performs under the repetitive traffic
cycles typical of real-world conditions. We have considered both constant and accelerated
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motions in dynamic cases. The analysis was conducted to evaluate these dynamic cases,
illustrating how the stress-strain values (o1, 62, 63, el, €2, €3) change under dynamic
loading conditions. This demonstrates the variation in stress and strain at critical points
within the pavement structure due to wvehicle movement and differing loading
configurations. It highlights the pavement's response to dynamic forces and emphasizes
how the pavement behaves under real-world traffic conditions. The observed variation in
stress-strain values underscores the impact of dynamic loading on the pavement’s structural

performance.

3.4.1 Stresses from Moving Wheel Loads

Stresses induced in the pavement structure by moving wheel loads are analyzed in terms of
vertical, horizontal, and shear components. Vertical, horizontal, and shear stresses develop
in the bound layers, while compressive and tensile stresses are observed in the unbound
layers and subgrade soils. Principal stresses, denoted as ol and o3, exhibit rotational
patterns around the wheel load. Compressive stresses are prevalent in the bound layers
before and after the wheel load's passage, while tensile stresses concentrate directly beneath
the wheel load (Figure 3.9).
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Figure 3.9 Stress-Strain Variations—(a) Compressive/Tensile, (b) Vertical/Shear
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The critical points in the Pavement Structure are as follows.
e Horizontal Tensile Strain at the Bottom of the Bound Layers (A): Elevated values
in this region indicate a higher risk of pavement fatigue.
e Vertical Compressive Stress and Strain at the Upper Part of the Unbound Layers
(B): This area is crucial for rutting development.
o Vertical Compressive Stress and Strain at the Top of the Subgrade (C): High levels
in this location are significant for rutting development.

3.5 Geometrical Model

The geometrical model of the pavement structure was developed based on the site-specific
conditions of the Arughat-Okhale Road Section. The cross-section was derived from the
project specifications and includes the following layers: 20 cm of compacted aggregate
material for the base layer, 20 cm of crushed stone material for the subbase layer, and a 3
cm thick DBST layer for the surface course. The model incorporates a 3% slope at the
camber and a 5% slope at the shoulder. This cross-section was used for the geometrical
modeling, as shown in Figures 3.10 (not to scale) and 3.11 (to scale). In instances where
site-specific data was unavailable, dimensions were estimated using relevant codes and the
IIT-PAVE software. The point/line load and area load configurations for the TATA
TRUCK TIPPER 1613c are shown in Figures 3.12 and 3.13, respectively, while the
point/line load and area load configurations for the FORD RANGER are shown in Figures
3.14 and 3.15.
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Figure 3.10 Pavement Cross-Section at Arughat-Okhale Road (Not to Scale)
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Figure 3.11 Geometrical Model of Arughat-Okhale Section (Scaled, in Meters)

Both point load and area load configurations were used in the study to simulate real-world
loading conditions, specifically for a 6-wheel TATA Truck Tipper 1613c and a 4-wheel
Ford Ranger 3.2 XLT Pickup. These configurations were chosen to represent both static
and dynamic loading cases. By considering both the front and rear axles, a separate single
axle load calculation was not necessary, as the full vehicle load was accounted for across
the axles.
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Figure 3.12 Point Load Configuration with Tata Truck 1613c Model Vehicle

For the area load, distribution was applied based on guidelines from the FPDG (2021),
ensuring accurate representation of load transfer over the tire—pavement contact area. This
method closely mirrors real-world vehicle loading conditions, enhancing the reliability of
the simulation. The contact area itself depends on both tire pressure and the pavement
surface condition, which directly influence how the load is transmitted. By distributing the
load over a defined area rather than a point, stress concentrations are minimized, allowing

for a more realistic evaluation of pavement behavior under traffic loads.
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Figure 3.13 Area Load Configuration with Tata Truck 1613c Model Vehicle

For both the Ford Ranger 3.2 XLT Pickup and the Tata Truck 1613c, the front and rear axle

weights (Wf and Wr) can be calculated if the distance from the front axle to the vehicle's

center of gravity (CGF) is known. The rear axle weight (Wr) is estimated using the formula:
Wr = (W x CGF) / Wb) (3.1)

Where W is the total vehicle weight, CGF is the distance from the front axle to the center

of gravity, and Wb is the wheelbase of the vehicle.
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Figure 3.14 Point Load Configuration with Ford Ranger 3.2 XLT Model
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Figure 3.15 Area Load Configuration with Ford Ranger 3.2 XLT Model

The study primarily focused on the area load configuration, as it more accurately represents
the tire contact area compared to the point and line load configurations. The 6-wheels Tata
Truck Tipper SK 1613 and 4-wheels Ford Ranger Pickup were used, with loads applied at

each wheel.

3.6 Material Models

The thickness and properties of the subgrade, sub-base, and base layers were determined
through a combination of field and laboratory tests. Laboratory CBR values of subgrade
soils were explored and compared with field DCPT, which assessed the subgrade's strength,
while Triaxial testing measured the subgrade modulus, crucial for accurately modeling the
pavement's behavior under load. Data from the Mid-Hill Road Project were analyzed,
revealing that the crushed stone base CBR at 98% maximum dry density was 90.44% at CH
1+200, 90.97% at CH 2+300, 87.58% at CH 8+700, and 81% at CH 12+200. Similarly, the
CBR of subbase material at CH 10+000 was 35% (DPR, Midhill project report, 2011). The
subgrade modulus, determined from Triaxial testing, was 13099.3 kN/m2, with a surface
modulus of 35.887 MPa, according to IRC:37 (2018). Field Photographs and Laboratory
tests Photographs are respectively shown in APPENDIX E and F. Similarly, Lab Test

Results are shown in Appendix G.
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The field DCPT test is conducted during the preparation of the subgrade, subbase, and base
course, as outlined in Table 3.1. The DCPI, expressed as penetration per blow, is used to
calculate the corresponding CBR% based on the correlation provided by the U.S. Army
Engineer Waterways Experiment Station (1992).

LOG (CBR)=2.46—1.12LOG(DPI) (3.2)

The results of the Dynamic Cone Penetration Test (DCPT) at various chainages are
presented in Table 3.1.

Table 3.1 DCPT at CH 1+700 and CH 1+1800

Pavement Layer CBR% CBR% suggested Reference
4.93 1+700CH

Subgrade 5.27 5.0 1+750CH
5.08 1+800CH

Subbase 34.55 35.0 1+700CH
35.40 1+800CH

Base 85.44 85.0 1+700CH
85.54 1+800CH

This study employs linear elastic models, requiring only a limited number of soil
parameters, such as the unit weights of unsaturated and saturated soil layers and the resilient
modulus for each pavement layer. For geogrid reinforcement, a polypropylene biaxial
geogrid with a stiffness of 40/40 kKN/m at 2% strain was used. The geogrid's stiffness
enhances the load distribution capabilities of the pavement, particularly in the base and
subbase layers, leading to better pavement performance under heavy traffic conditions.
These material models, including the unit weights, resilient modulus, and geogrid stiffness,

are summarized in Table 3.2 and 3.3.

Table 3.2 Material Models for Pavement Structure

Iltem Description

Identification

Subgrade

Material model

Linear elastic

Drainage type Undrained/Drained
Unsaturated unit weight, yunsat
(KN/md) 18
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Saturated unit weight, ysat
(KN/m?)

20

Resilient modulus, E (MPa)

E=10.0 * CBR for CBR<5 % &
E = 17.6 * (CBR)®* for CBR > 5 %

(FPDG, 2014)

Where, E = Resilient modulus of subgrade soil
(MPa).

CBR = California bearing ratio of subgrade
soil (%)- 5%

Poisson’s ratio

0.35

Identification

Granular layer

Material model

Linear elastic

Drainage type Drained
Unsaturated unit weight, yunsat 19
(KN/m?)

Saturated unit weight, ysat 21

(kN/m?)

Resilient modulus, E (MPa)

E = 0.2*(h)*® * MRgypport (FPDG, 2014)

Where, h = Thickness of granular layer (mm)
E =resilient modulus of the granular layer
(MPa)

MRsupport = (effective) resilient modulus of the
supporting layer (MPa)

Poisson’s ratio

0.35

Identification

DBST

Material model

Linear elastic

Drainage type

Non porous

Unsaturated unit weight, yunsat
(KN/m?)

20

Saturated unit weight, ysat
(KN/m?)

Resilient modulus, E (MPa)

2000 (FPDG, 2014)

Poisson’s ratio

0.35
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Table 3.3 Geogrid strength properties

Item Description
Identification Geogrid
Material type Elastic

Longitudinal stiffness at 2% strain longitudinal, EA1 (kN/m) 800

Transverse stiffness at 2% strain transverse, EA2 (KN/m) 800

Shear stiffness, GA (kKN/m) 400

For this study, a biaxial 40/40Q Tensar geogrid was chosen due to its effectiveness in
flexible pavement base courses, where multidirectional stresses are common. With a tensile
strength of 16 kN/m at 2% strain, this geogrid is well-suited for the expected low to medium
traffic volume on the road section, providing essential reinforcement to prevent structural
failure under loading. The biaxial configuration is particularly beneficial for reinforcing the
base layer, where both horizontal and vertical forces must be efficiently distributed. The
selected aperture size of 31 mm x 31 mm allows optimal reinforcement, enabling the base
course material to interlock with the geogrid, facilitating effective load transfer, and

providing strong support for the pavement structure.

The inclusion of the biaxial 40/40Q Tensar geogrid helps reduce both compressive and
tensile stress-strain at the top of the subgrade and base layers. By improving load
distribution across the base course, it minimizes surface distresses such as rutting and
cracking, significantly enhancing the structural integrity and long-term performance of the
pavement. While placing the geogrid at 100% of the base thickness (at the top of the base
layer) is generally considered optimal, this configuration is not ideal for DBST layers, as
different configurations may yield better results. The thin surface of DBST could interfere
with sensor readings, so to ensure accurate data collection and sensor protection, sensors
were installed at the mid-depth of the base course. The Tensar 40/40Q geogrid is made of
Polypropylene (PP) strands arranged in a regular grid pattern, with each strand having a
diameter of 3 mm and an aperture size of 31 mm x 31 mm. It features 32 strands per meter
in width, resulting in a total cross-sectional area of 2.26 x 10* m?. This geogrid is designed
to offer robust support for soil reinforcement, with a maximum tensile strength of>40 kN/m

and an elongation at normal strength of <7%. The tensile strength varies at different
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elongation levels: 8 KN/m at 1% elongation, 16 kN/m at 2% elongation, and 32 kN/m at 3%
elongation. The aperture size of 31 x 31 mm allows effective interlocking with aggregate
materials, providing stability and reinforcement in flexible pavements. Additionally, a
woven polypropylene geotextile is considered for both separation and reinforcement
purposes, with a thickness of 0.5 mm (0.0005 m) and a width of 1 meter, giving a cross-
sectional area of 5 x 10™* m? The geotextile comes with varying tensile strengths of 40
kN/m, 80 kN/m, and 120 kKN/m, and its stiffness is calculated based on tensile strength and
cross-sectional area. The geogrid used in this study, the monolithic polypropylene 40/40Q
Secugrid Q (PP) from Naue GmbH & Co. KG, Germany, has a mass of 240 g/mz. Its roll
dimensions are 4.75 meters in width and 100 meters in length, providing substantial
coverage for large-scale applications. The geogrid's design, with a tensile strength of >40
kN/m, is ideal for reinforcing pavement layers, enhancing the pavement's structural

integrity and longevity.

For geogrid material, the axial stiffness is the ratio of the axial force F per unit width and

the axial strain (Al/l where Al is the elongation and I is the original length):

EA = F/(Al/)) (3.3)

For isotropic material Shear stiffness (GA) = EA/2.

3.7 Dynamic Modeling

The analysis considers two dynamic load configurations. In the constant speed case, the
vehicle moves at a steady speed within the range of 5-50 km/h, applying both line and area
loads to the pavement. In the accelerated speed case, the vehicle accelerates at rates between
0.0-1.0 m/s?, with the load applied through line and area loads, reflecting the vehicle's
contact area with the pavement. These load configurations were modeled using the Tata
Truck Tipper 1613c and Ford Ranger 3.2 XLT. Harmonic motion was employed to capture
the dynamic response, accounting for continuous variations in force over time. Dynamic
parameters, including frequency, amplitude, phase angle, and time steps, were set based on
the vehicle’s speed and acceleration to accurately simulate load application. A summary of
these dynamic parameters is provided in Table 3.4. In the dynamic modeling of the
pavement system, several key parameters are considered to accurately simulate the

behavior of the materials and the response to vehicle loads. These parameters include:
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e Modulus of Elasticity: This property is crucial for both the geogrid and the
pavement layers, as it describes the material's ability to resist deformation under
stress.

e Poisson's Ratio: This ratio characterizes the material's response to lateral strain
when compressed or stretched, which is particularly important in understanding
how the materials behave under dynamic loading.

e Elastic Properties of Geogrid: The geogrid’s tensile strength, stiffness, and strain
properties must be considered to accurately capture its effect on the pavement
structure, particularly in reinforcing the base layer.

e Time for One Complete Cycle of the Wheel: This is the time period for one full
rotation of the wheel as it moves across the pavement, which is essential for
modeling the cyclic loading and dynamic effects.

e Frequency and Amplitude of Motion: The frequency of the wheel load (how often
the load is applied) and its amplitude (the magnitude of the load) are necessary for
defining the load characteristics during vehicle movement.

e Dynamic Time Steps for Harmonic Motion: The simulation includes the use of time
steps that represent the dynamic interaction of the vehicle with the pavement,
capturing the variations in acceleration and deceleration during each loading cycle.

e Angular Velocity: The angular velocity of the vehicle wheels, which refers to the
rate at which the wheels rotate, is an important factor in modeling the dynamic load
transfer from the wheels to the pavement.

e Phase Angle: The phase angle helps in determining the timing and relative position
of the wheel loads as they move across the pavement, which is essential for

capturing the dynamic response of the pavement under real-world vehicle motion.

The time period of the wheel cycle, frequency of motion, angular velocity, phase angle, and

dynamic time steps can be calculated using Equations (3.4) to (3.8), respectively.

Tcycle = P(perimeter of wheel in m.)/v(velocity in m/sec.) (3.4)
Frequency of motion (finHz) = 1/Tcycle (3.5)
Angular velocity (Q,rad/sec,) =2 f (3.6)
Phase angle (¢, degree) = Wheel base (m)/Radius of curve (m) (3.7)
Dynamic time steps (At) = Tcycle (sec)/No. of time steps (No.) (3.8)
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The dynamic parameters for harmonic motion of both constant and accelerated motions

are shown in Table 3.4.

Table 3.4 Parameters—Harmonic Motion for Constant and Accelerated Motion
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15 417 1.25 | 0531 | 0557 | 0.584 | 1.30 1.32 0 0.00794
30 8.33 251 | 0.534 | 0.560 | 0.587 | 2.63 2.73 0 0.00284
50 13.89 | 4.18 | 0.538 | 0.564 | 0.591 | 4.39 4.44 0 0.00171
Ford Ranger 3.2 XLT
5 1.39 0.63 | 0.494 | 0.527 | 0.525 | 0.65 0.67 0 0.02242
15 4.17 1.90 | 0.598 | 0.594 | 0.591 1.96 2.01 0 0.007535
30 8.33 3.77 | 0.756 | 0.752 | 0.749 | 3.85 3.90 0 0.00264
50 13.89 | 6.32 | 0.913 | 0.910 | 0.908 | 6.43 6.48 0 0.00158
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Figure 3.16 Numerical Validation Flowchart for Pavement Reinforcement
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The Figure 3.16 outlines the methodology for validating numerical results, comparing
geogrid-reinforced and unreinforced pavement sections. The study focuses on stress, strain,
and structural integrity to assess the geogrid's impact on load distribution and deformation

resistance, aiming to improve pavement stability, longevity, and resilience.

3.7.1 FEM Meshing Scheme

The meshing has been done by assigning the values as illustrated in Table 3.5

Table 3.5 Value Assigned for Meshing FEM Model

Mesh option Assigned value
Element distribution Medium
Global scale factor 1.2
Minimum element size factor 0.005
Swept meshing Yes

Meshing plays a crucial role in finite element analysis, as the quality and size of the mesh
directly influence computational accuracy and efficiency. In PLAXIS 3D, the mesh is
automatically generated with parameters such as a relative element size of 0.5, element
dimension of 0.5, and a global scale factor of 0.2. The software uses ten-node tetrahedral
elements, with a minimum element size factor of 0.01 and enhanced refinements enabled.
High-quality meshing ensures precise results while minimizing computation time. Ten-
noded tetrahedral elements were generated for soil material, whereas six-noded geogrid
elements were generated for geogrid, as shown in Figure 3.17. To refine the models, the

meshing scheme can be employed according to Table 3.5.

Figure 3.17 Meshing Scheme-Tetrahedral Soil (Left) and Geogrid (Right)
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Element's target element dimension and minimum sizes were computed accordingly with

Equation 3.9.

le =Te* 0.05 = \/(xmax - xmin)z + (ymax - Ymin)z + (Zmax - Zmin)z) (39)

Where 1. = target element dimension (m);
T, = relative element size factor;
Xmaxr Ymax, Zmax = maximum coordinate of the model in x, y, and z

directions, respectively; and

Xmin» Ymin, Zmin = minimum dimension of the model in X, y, and z
directions, respectively

Min size of element = Bounding box diagonal * Minimum element size factor (3.10)

Where,

Bounding box diagonal = \/(xmax - xmin)z + (Ymax - Ymin)z + (Zmax - Zmin)2

To refine the meshing at the central portion where the axle load acts, the local coarseness

factor was assigned as illustrated in Table 3.6 during the meshing of the geometric model.

Table 3.6 Meshing Scheme

Meshing Scheme Local coarseness factor
Point load, Line load 0.1
Base and geogrid 0.1
Sub-base 0.3
Subgrade 0.4

To have a smooth, accurate, and numerically stable calculation, the quality of generated
mesh was analyzed. FE-model after meshing and the mesh quality in terms of signed

inverse condition number (SICN).

Figures 3.18 to 3.21 depict the meshing schemes used for different loading configurations
of the TATA Truck Tipper 1613c and the Ford Ranger 3.2 XLT Pickup. Figures 3.18 and
3.19 represent the line load and area load meshing schemes, respectively, for the 6-wheeled
TATA Truck Tipper 1613c. Similarly, Figures 3.20 and 3.21 illustrate the line load and
area load configurations for the 4-wheeled Ford Ranger 3.2 XLT Pickup.
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Deformed mesh |u| (scaled up 500 times) (Time 0.09163°10% day)
Maximum value = 0. 5801*10-) m (at Node 25686)

Figure 3.18. Meshing Scheme of 6-Wheel Tata Truck 1613c Line Load

Deformed mesh jul (scaled up 300 times) (Time 0.3546°104 day)
Mazimum value = 0 T684*10-2 m (at Node 12728)

Figure 3.19 Meshing Scheme of 6-Wheel Tata Truck 1613c Area Load
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Deformed mesh jul (scaied up 1.00°107 times) (Time 0.1582°10¢ day)
Maumem valve = 0 3462°10-2 m (3t Node 2247)

Figure 3.20 Meshing Scheme of 4-Wheel Ford Ranger 3.2 XLT Line Load

Deformed mesh juf (scaled up 2.00°10 times) (Time 0.1116°10- day)
Maomum value = 0.2270710-3 m (at Node 2321)

Figure 3.21 Meshing Scheme of 4-Wheel Ford Ranger 3.2 XL T Area Load

3.7.2 FEM Boundary Conditions

In the process of calculating the stresses and strains within the model, the FEM-based
software carries out an iterative analysis to converge on a solution that satisfies the imposed
boundary conditions. These boundary conditions must be carefully selected to reflect
realistic site conditions, ensuring that the displacement or strain near the boundary in all
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three directions corresponds to the actual behavior observed on-site. For this study, the
displacement or strain perpendicular to the plane of interest at any point several meters
from the load application point is assumed to be zero, which serves as a reasonable
representation of the actual site conditions. The specific deformation and dynamic

boundary conditions used in the pavement model are outlined in Table 3.7.

Table 3.7 Static and Dynamic Boundary Conditions

Type of Boundary | BC @ BC @ BC@ |BC@ BC @ BC @

Condition Xmin Y min Zmin Xmax Y max Zmax

Deformation Normally | Normally | Fully | Normally | Normally | Free
Fixed Fixed Fixed | Fixed Fixed

Dynamic Viscous | Viscous | None | Viscous | Viscous | None

Note: BC: Boundary Condition; min: minimum; and max: maximum

For the deformation boundary condition, the term "normally fixed" means that displacement
in the direction normal to the considered plane is restricted, while displacement in the other
directions is permitted. "Fully fixed" refers to a condition where displacement in all three
directions of the considered plane is constrained to zero. On the other hand, the "free"
boundary condition allows displacement in all three directions of the considered plane,

representing the opposite of the "fully fixed" condition.

Regarding dynamic boundary conditions, the "viscous™ boundary condition signifies that
outgoing wave energy is absorbed, while "none™ implies complete reflection of downward-
propagating waves. The "none" boundary condition simulates a soft soil layer over a rigid

bedrock, where no energy is allowed to pass through the boundary.

3.7.3 Stage Construction Process

Staged construction in PLAXIS 3D divides the computation into multiple phases, activating
soil and structural elements as needed. In dynamic modeling, the calculation type is set to
dynamic, and the process is further divided into time steps. Deformation control parameters
reset displacements and small strains at load activation, and the mesh is updated depending
on whether geogrid is activated. The Picos solver (multicore iterative) is used to ensure

efficient computation. These phase parameters, along with dynamic time steps, are crucial
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for accurately simulating soil and structural behavior under dynamic loading conditions.
The parameters set to the vehicle movement function for dynamic analysis are presented
(\Validation purpose) in Table 3.8.

Table 3.8 Parameters for Vehicle Movement Function

Parameter Unit Assigned value
Direction of axle load movement axis Along the Y axis
Starting Y coordinate of axle load m -0.500

End Y coordinate of axle load m 9.500

Distance covered by the axle load m 9.000

Velocity of the axle load km/h 15.0
Acceleration of the vehicle m/s? 0.0.

No of pass to be covered nos 1

Dynamic time steps to store sec 100

Once meshing was completed, the overall computation was divided into multiple project
phases within the construction stage tab of PLAXIS 3D. The activation of soil and
structures was carried out according to the requirements of each phase. Each calculation
phase is automatically subdivided into load steps for plastic analysis and time steps for
dynamic analysis by the software. The first calculation phase, referred to as the Initial
Phase, is automatically defined and represents the calculation of the initial stress field for
the initial geometry using the KO procedure. The numerical calculation parameters,
including those for general settings, deformation, and numerical control, are summarized
in Table 3.9.

Table 3.9 Parameters assigned for Initial KO Procedure

Type of parameter Parameter Assigned value
General Calculation type KO procedure
General ZMstage 1.00
Deformation control parameter Ignore suction False
Numerical control parameter Use compression for result | False
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Following the initial phase, the subsequent calculation phases were manually defined by
activating the relevant geometry and structure. Critical locations within the pavement
section were selected for node and stress points to visualize displacement and stress-strain
parameters both during and after the numerical calculations. The general parameters,
deformation control parameters, and numerical control parameters used in the software for
both plastic (static) and dynamic (moving load) analysis are outlined in Tables 3.10 and
3.11, respectively.

Table 3.10 Parameters for Static—Phases other than Initial KO Procedure

Type of parameter Parameter Assigned value
General Calculation type Plastic

General Loading type Staged construction
Genel‘a| ZMstage 100

General SMueight 1.00

General Pore pressure calculation type | Phreatic
Deformation control Reset displacement to zero True

parameter

Deformation control Reset small strain True

parameter

Deformation control Updated mesh True for geogrid activated
parameter phase only
Deformation control Ignore suction True

parameter

Numerical control Solver type Picos (multi-iterative)
parameters

Numerical control Max cores to use 256

parameters

Numerical control Max steps to store 1 (last step only)
parameters

Numerical control Use default iteration True

parameters parameters

The static phases except KO procedure, include material properties such as modulus of
elasticity, Poisson’s ratio, and strength parameters (e.g., cohesion, friction angle) that

govern how the pavement structure responds under static loading. Boundary conditions,
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load types, and construction sequences are also defined in these phases. In addition to the

static parameters, dynamic phases a harmonic motion is introduced to simulate the vehicle’s

movement, which is configured based on axle loads, speed, and vehicle dynamics.

Table 3.11 Parameters for Dynamic—Phases other than Initial KO Procedure

Type of parameter

Parameter

Assigned value

General Calculation type Dynamic
General Loading type Staged construction
General Dynamic time interval Depends on acceleration
and velocity
General Special option 0 (default)
General Pore pressure calculation | Phreatic
type
Deformation control Reset displacement to True
parameter zero
Deformation control Reset small strain True
parameter
Deformation control Updated mesh True (for geogrid activated
parameter phase only)

Deformation control
parameter

Ignore suction

True

Numerical control parameters

Solver type

Picos (multi-iterative)

Numerical control parameters

Max cores to use

256

Numerical control parameters

Max steps to store

100 (last step plus 100
intermediate steps)

Numerical control parameters

Use default iteration
parameters

True

3.7.4 Parametric Analysis

Further parametric analysis was conducted by varying the normal elastic stiffness of the
geogrid, along with considering both constant and accelerated motion scenarios. The
analysis was conducted to determine the optimum location and benefits of geogrid

reinforcement. The analysis incorporated point/line and area loads, as outlined in Table
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3.12. This helped in understanding the influence of geogrid properties and loading

conditions on stress-strain distribution and pavement performance.

Table 3.12 Parameters for Parametric Analysis

Parameter Unit Assigned value
Position of geogrid (% of base % 0, 25, 50, 75, 100
thickness) from top of pavement

surface

Normal elastic stiffness of geogrid | (kN/m) | 800, 1100, 1250 (Tensar Product),
1600, 3200, 5000 (Macafeeri Product)

Uniform acceleration of standard | (m/s?) | 0.0, 0.5, 0.75, 1.0
axle load
Velocity of the standard axle load (km/h) | 0, 5, 10, 15, 20, 25 30, 35 40, 45, 50,
55, 60

3.8 Data Analysis and Validation

The field measurement data were compared with the numerical model results to validate
the accuracy of the modeling approach. Upon successful validation, these models can be
utilized to analyze the effects of dynamic loading under various conditions, such as heavily
loaded lanes, curves, and uphill sections. This research specifically focuses on the straight
section of the pavement, integrating both numerical simulations and field-based
observations. The comparison between field data and numerical results ensures the

reliability and applicability of the models in real-world scenarios.

3.9 Rutting and Fatigue Life of Pavement

According to IRC: 37-2018 (Indian Roads Congress guidelines), the Rutting and Fatigue
Life of pavement are two key performance criteria used in the design of flexible pavements:
e Fatigue Life refers to the number of load repetitions a pavement can withstand
before cracking due to repeated tensile strain at the bottom of the bituminous layer.

e Rutting Life is based on the pavement’s ability to resist permanent deformation

(rutting) under compressive strain on the subgrade.
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Subgrade Rutting Criteria: Rutting is considered a failure when the average rut depth
reaches 20 mm. Rutting life (NRr) is the number of standard 80 kN axle load repetitions the
pavement can withstand before reaching this limit. It is calculated using the following

formulas.

80% Reliability:

Np = 4.1656 x 1078(1/g,)*5337 (3.11)
90% Reliability:

Ng = 1.4100 x 1078(1/¢,)*5337 (3.12)
Where:
Ny = Rutting life (in standard 80 kN axle loads)

€, = Vertical compressive strain at the top of the subgrade, calculated using linear elastic

layered theory

Fatigue Cracking Criteria for Bituminous Layer: Fatigue failure is said to occur when 20%
or more of the surface area develops interconnected cracks. The fatigue life (N;) is the
number of standard axle load repetitions until this condition is reached. The fatigue life is

calculated using the following equations:

80% Reliability:

Ne = 1.6064 X C x 1074(1/€,)3%° (1/Mg,,)°85* (3.13)
90% Reliability:

Ne=0.5161 X C x 1074(1/€,)3%° (1/Mg,,)°85* (3.14)
Where:
N¢= Fatigue life (in standard 80 kN axle loads)

€.= Horizontal tensile strain at the bottom of the bituminous layer

Mpg,,, = Resilient modulus (in MPa) of the bituminous mix

C =10 (3.15)
M =484 (-2 — 0.69) (3.16)
atVpe

C = Adjustment factor accounting for the volumetric properties of the bituminous mix

I, — Air Voids: The percentage of air spaces in the compacted bituminous mix.
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Recommended Range of Design air voids: 2—-2.5%

Maximum in-place air voids: Less than 4%

Low air voids help reduce moisture damage and aging. Proper compaction ensures mix
durability and resistance to environmental damage.

Vye — Effective Bitumen Content: The percentage of bitumen that effectively coats and
binds the aggregates, excluding bitumen absorbed into aggregate pores.

Recommended Range: 4-5%

3.10 Service Life Ratio (SLR) of Pavement

The Service Life Ratio (SLR) is used to evaluate the improvement in pavement durability
achieved through reinforcement, while keeping the pavement thickness unchanged. It is
calculated as the ratio of vertical compressive strain at the top of the subgrade in the
unreinforced condition to the strain after reinforcement. A higher SLR indicates improved
durability and extended pavement life. A parametric analysis can be conducted using
different subgrade CBR values to identify the most effective range for pavement
performance. For this analysis, subgrade CBR values in the range of 5% to 15% are

considered.

In IRC:37-2018, the Service Life Ratio (SLR) is a key metric used to assess pavement
performance. It is the ratio of the design service life (e.g., 10-20 years) to the predicted life
based on rutting and fatigue analysis. A higher SLR indicates a more conservative design,
while a lower SLR suggests a design closer to its performance limits. SLR helps ensure the
pavement can withstand anticipated traffic and environmental conditions without

premature failures, guiding maintenance planning and validating structural adequacy.
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CHAPTER 4: ANALYSIS AND DESIGN

4.1 Validation of Numerical Model with Field Measurements

The stress-strain analysis of the Tata Truck 1613c (6-wheels) and Ford Ranger 3.2 XLT (4-
wheels) reveals that both vehicles cause higher stress-strain near the wheel path, which is
reduced when geogrid reinforcement is employed. For both vehicles, the geogrid limits
horizontal displacement and helps evenly distribute the load across the pavement,
improving stability and reducing deformation. Stress and strain analyses show that while
both vehicles exhibit higher stress near the wheel path, geogrid reinforcement reduces these
stresses. The geogrid's effectiveness varies with different material stiffnesses, where a
higher stiffness (1250 kN/m) offers slightly better load redistribution, particularly in the
subgrade and mid-base layers. However, stress concentrations still occur in the base layer,

indicating that additional reinforcement may be needed to address these high-stress points.

The stress—strain behavior of the pavement system was evaluated under both drained and
undrained subgrade conditions for 4-wheel and 6-wheel vehicle configurations. While
increased vehicle speed typically implies greater Kinetic energy, it also results in shorter
contact time between the wheel and pavement surface. This reduced contact duration at
higher speeds (50 km/h) generally leads to lower stress and strain levels, particularly in the
surface and base layers. However, under undrained subgrade conditions, this effect is
countered by limited pore pressure dissipation, causing elevated stress concentrations—

especially under area loading and rapid loading conditions.

In contrast, drained conditions offer more efficient pore pressure relief, leading to a more
uniform stress distribution and reduced stress magnitudes, especially at lower speeds
(15 km/h). Geogrid reinforcement helps further by redistributing loads more effectively,
minimizing deformation and enhancing structural integrity. Comparing the 4-wheel and 6-
wheel load cases, the 6-wheel configuration results in slightly higher displacement, stress,
pore pressure, and groundwater head due to the increased load. These differences are
consistently observed across both drainage conditions, underscoring the importance of

proper drainage in maintaining pavement performance.
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i. Computational Results: TATA TRUCK

The computational analysis of stress under a TATA Truck 1613c shows that constant and
accelerated motion and higher speeds (50 km/h vs. 15 km/h) lead to increased stress at all
road layers, particularly the subgrade and base layers. Stress is notably higher during
accelerated motion (1.0 m/s?) compared to constant speed, with geogrid reinforcement
reducing stress, especially in the subgrade and base layers.

At lower speeds (15 km/h), geogrid reinforcement effectively reduces peak stresses by
enhancing load distribution. In contrast, at higher speeds (50 km/h), the shorter contact
duration between the tire and pavement generally results in lower stress and strain levels
overall. However, the geogrid’s influence under these rapid loading conditions becomes
less pronounced. While it still contributes to improved structural performance—especially
near the surface and base layers—its relative effectiveness tends to reduce as speed and
acceleration increase. The computational analysis of the pavement model under point load
conditions was conducted using both Tata Truck 1613c and Ford Ranger 3.2 XLT, with
and without geotextile reinforcement, at a constant speed of 15 km/h and an accelerated
speed of 1.0 m/s2. The results from various figures illustrate the pavement's behavior under

both static and dynamic loading conditions.

Figures 4.1-4.12 present the computational results for the Tata Truck 1613c model. These
figures show sectional views of the total displacement and principal stress (Sigma 1) along
different paths (symmetric half-width and wheel paths), highlighting the effects of
geotextile reinforcement on stress distribution and displacement patterns. The results
demonstrate significant stress concentrations near the wheel paths, especially in the
dynamic case, and the reinforcement helps mitigate these stresses. Figures 4.13-4.26 depict
the corresponding results for the Ford Ranger 3.2 XLT. Similar to the Tata Truck model,
these figures show stress and displacement distributions along the symmetric half-width
and wheel paths. The results indicate comparable behavior, with the geotextile
reinforcement again providing notable improvements in reducing displacement and stress

concentrations, particularly in the dynamic loading cases.

Figure 4.1 shows the discretized pavement model with a Tata Truck 1613c under a point
load, reinforced with geotextile, moving at a constant speed of 15 km/h. Figure 4.2 presents

the computational results for the pavement model with a Tata Truck 1613c under a point
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load, reinforced with geotextile at 15 km/h. The left figure shows a sectional view of the
Principal stress ‘Sigma 1’ along the pavement's symmetric half-width, while the right figure
compares the static and dynamic cases, as considered in Phase-7 and Phase-8. The dynamic
case shows higher stress values, with a maximum of -6.095 kN/m? and a minimum of -
16.24 kN/m?. Figure 4.3 displays field measurements confirming these results, with
fluctuations observed in the pavement width as mentioned in Figure 4.2. Figure 4.4 shows
the computational results for the pavement model with a Tata Truck 1613c under a point
load, reinforced with geotextile at 15 km/h. The left figure presents a sectional view-2 of
the Principal stress ‘Sigma 1’ along the symmetric half-width of the pavement, while the
right figure compares the static and dynamic cases. The maximum stress is -6.28 KN/mz,
and the minimum is -33.14 kN/m2. The right figure confirms these results, showing width-
wise fluctuations in Section-2. Figure 4.5 shows that field observation data confirms the

numerical evaluation presented in Figure 4.4.

Figure 4.6 shows the computational results for the pavement model with a Tata Truck
1613c under a point load, reinforced with geotextile at 15 km/h. The left figure presents a
sectional view-1 of the Principal stress ‘Sigma 1’ along the wheel path of the pavement at
the second wheel position, while the right figure compares the static and dynamic cases.
The maximum stress value obtained is -6.657 kN/m?, and the minimum value is -40.83
kN/m2, Figure 4.7 shows the computational results for the pavement model with a Tata
Truck 1613c under a point load, reinforced with geotextile at 15 km/h. The left figure
presents a sectional view-2 of the Principal stress ‘Sigma 1° along the wheel path of the
pavement at the fourth wheel position, while the right figure compares the static and
dynamic cases. The maximum stress value is -4.753 kN/mz, and the minimum value is -40
kN/m2. Figure 4.8 shows the computational results for the pavement model with a Tata
Truck 1613c under a point load, reinforced with geotextile at 15 km/h. The left figure
presents a sectional view-1 of the total displacement ‘u’ along the symmetric half-width of
the pavement, while the right figure compares the static and dynamic cases. The maximum
displacement value obtained is 0.7643 x 107%. Figure 4.9 shows the computational results
for the pavement model with a Tata Truck 1613c under a point load, reinforced with
geotextile at 15 km/h. The left figure presents a sectional view-2 of the total displacement
‘u’ along the symmetric half-width of the pavement, while the right figure compares the

static and dynamic cases. The maximum displacement value obtained is 0.9508x1073.
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Figure 4.10 shows the computational results for the pavement model with a Tata Truck
1613c under a point load, reinforced with geotextile at 15 km/h. The left figure presents a
sectional view-1 of the total displacement ‘v’ along the wheel path of the pavement, while
the right figure compares the static and dynamic cases. The value obtained from numerical
computation is 0.93x1073. The maximum displacement value obtained is 1.07x1073
numerically and 1.29x1073 by field observation, as shown in Figure 4.11. Figure 4.12 shows
the computational results for the pavement model with a Tata Truck 1613c under a point
load, reinforced with geotextile at 15 km/h. The left figure presents a sectional view-2 of
the total displacement ‘v’ along the wheel path of the pavement, while the right figure
compares the static and dynamic cases. The maximum displacement value obtained is

approximately 0.9445x1073.

Figure 4.13 shows the discretized pavement model with a Ford Ranger 3.2 XLT under a
point load, reinforced with geotextile at a constant speed of 15 km/h. The maximum
displacement value obtained is 0.3462x1073. Figure 4.14 shows the computational results
for the pavement model with a Ford Ranger 3.2 XLT under a point load, reinforced with
geotextile at a speed of 15 km/h. The left figure presents a sectional view-1 of the Principal
stress ‘Sigma 1’ along the symmetric half-width of the pavement, while the right figure
compares the static and dynamic cases. The maximum principal stress is -3.594 kN/mz, and
the minimum is -19.76 kN/m2. Figure 4.14 shows the computational results for the
pavement model with a Ford Ranger 3.2 XLT under a point load, reinforced with geotextile
at a speed of 15 km/h. The left figure presents a sectional view-1 of the Principal stress
‘Sigma 1’ along the symmetric half-width of the pavement, while the right figure compares
the static and dynamic cases. The maximum principal stress is -3.594 kN/mz2, and the

minimum is -19.76 kN/m2.

Figure 4.15 indicates that field observation confirms the numerical evaluation obtained in
Figure 4.14. The value obtained is 20kN/m2. Figure 4.16 shows the computational results
for the pavement model with a Ford Ranger 3.2 XLT under a point load, reinforced with
geotextile at a speed of 15 km/h. The left figure presents a sectional view-2 of the Principal
stress ‘Sigma 1’ along the symmetric half-width of the pavement, while the right figure
compares the static and dynamic cases. The maximum principal stress is -4.785 kN/mz, and

the minimum is -16.35 kN/m2. Figure 4.17 shows the earth pressure measurement data for
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the Tata Truck 1613c with geotextile reinforcement at a speed of 15 km/h, closely matching
the numerical analysis presented in Figure 4.16-Right (4.0kN/m2 to 25kN/mz2).

Figure 4.18 shows the computational results for the pavement model with a Ford Ranger
3.2 XLT under a point load, reinforced with geotextile at a speed of 15 km/h. The left figure
presents a sectional view-1 of the Principal stress ‘Sigma 1’ along the wheel path of the
pavement at the second wheel position, while the right figure compares the static and
dynamic cases. The maximum principal stress is -7.008 kN/mz?, and the minimum is -11.00
kN/mz. Figure 4.19 shows the computational results for the pavement model with a Ford
Ranger 3.2 XLT under a point load, reinforced with geotextile at a speed of 15 km/h. The
left figure presents a sectional view-2 of the Principal stress ‘Sigma 1’ along the wheel path
of the pavement at the fourth wheel position, while the right figure compares the static and
dynamic cases. The maximum principal stress is -0.8594 kN/m2, and the minimum is -11.06
kN/mz. Figure 4.20 shows the computational results for the pavement model with a Ford
Ranger 3.2 XLT under a point load, reinforced with geotextile at a speed of 15 km/h. The
left figure presents a sectional view-1 of the total displacement ‘u’ along the symmetric
half-width of the pavement, while the right figure compares the static and dynamic cases.
The maximum total displacement value obtained is 0.09940%103 m. Figure 4.21 shows
that field observation confirms the numerical evaluation presented in Figure 4.21. Figure
4.22 shows the computational results for the pavement model with a Ford Ranger 3.2 XLT
under a point load, reinforced with geotextile at a speed of 15 km/h. The left figure presents
a sectional view-2 of the total displacement ‘v’ along the symmetric half-width of the
pavement, while the right figure compares the static and dynamic cases. The maximum

total displacement value obtained is 0.2531x107 m.

Figure 4.23 confirms the field observation as mentioned in the numerical evaluation in
Figure 4.22. Figure 4.24 shows the computational results for the pavement model with a
Ford Ranger 3.2 XLT under a point load, reinforced with geotextile at a speed of 15 km/h.
The left figure presents a sectional view-1 of the total displacement ‘u’ along the wheel
path of the pavement, while the right figure compares the static and dynamic cases. The
maximum total displacement value obtained is 0.3391 x 10~* m. Figure 4.25 shows the
strain gauge measurement data for the Tata Truck 1613c with geotextile reinforcement at a
speed of 15 km/h, closely matching the numerical analysis presented in Figure 4.24-Right

(10.18x1073 m to 0.32x 1073 m). Figure 4.26 shows the computational results for the
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pavement model with a Ford Ranger 3.2 XLT under a point load, reinforced with geotextile
at a speed of 15 km/h. The left figure presents a sectional view-2 of the total displacement
‘u’ along the wheel path of the pavement, while the right figure compares the static and
dynamic cases. The maximum total displacement value obtained is 0.3251 x 1073 m.
Overall, the presence of geotextile reinforcement reduces the total displacement and helps
distribute stresses more evenly across the pavement, especially under dynamic loading
conditions. This highlights the potential of geotextiles to improve pavement performance

and durability under traffic loads.

Doformed mesh |u| (scaled up 500 times) (Time 0.09163° 10 day)

Maximum value = O 8801109 m (at Node 2586)

Figure 4.1 Model-Tata Truck 1613c, Point Load, Geogrid, 15 km/h, 1.0 m/s?
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Figure 4.2 Results—Left: 61 (Section 1), Right: 61
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Figure 4.3 Earth Pressure-Tata Truck 1613c at 15 km/h, Matching Figure 4.2
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Figure 4.5 Earth Pressure-Tata Truck 1613c at 15 km/h, Matching Figure 4.4
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Figure 4.11 Strain Gauge-Tata Truck 1613C at 15 km/h, Matching Figure 4.10
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Figure 4.17 Earth Pressure-Tata Truck 1613c at 15 km/h, Matching Figure 4.16
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Figure 4.21 Strain Gauge—Tata Truck 1613c at 15 km/h, Matching Figure 4.20

P S— T L N — Tt —

n il
W — 2 -
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Figure 4.23 Strain Gauge-Tata Truck 1613c at 15 km/h, Matching Figure 4.22
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Figure 4.24 Results—Left: u (Wheel Path, 15 km/h, 1.0 m/s?), Right: u
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Figure 4.25 Strain Gauge-Tata Truck 1613c at 15 km/h, Matching Figure 4.24
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Figure 4.26 Results-Left: u (Wheel Path, 15 km/h, 1.0 m/s?), Right: u

Seasonal variations in soil moisture also affect pavement behavior, with higher moisture
levels leading to increased strain and stress, highlighting the importance of considering soil

conditions in pavement design. The analysis underscores the value of geogrid in improving
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pavement performance, load distribution, and longevity, but stresses the need for further

reinforcement to mitigate stress concentrations in deeper layers (Figure 4. 27 to 4.29).
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Figure 4.27 Soil Moisture (Mar 26, 2024), without Geogrid, Ford 3.2 XLT at 5 km/h

SOIL MOISTURE (%)

%

Soll Moisture

£ |
0 10 20 0 a0 50 60 70

Time {Seconds)

Figure 4.28 Soil Moisture (June 21, 2024), without Geogrid, Ford 3.2 XLT at 5 km/h
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Figure 4.29 Soil Moisture (Aug 21, 2024), without Geogrid, Ford 3.2 XLT at 5 km/h
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The significant changes in subgrade and base layer stresses, both in compression and tensile
stress-strain, help mitigate structural deficiencies and surface distresses by improving stress
distribution and reducing stress concentrations, thereby enhancing overall pavement
performance. The enhancement in subgrade stress-strain aids in mitigating structural
deficiencies, while improvements in the base layer stress-strain help alleviate surface

distresses, leading to better pavement performance (Figure 4.30 to Figure 4.47).

Figure 4.30 illustrates the stress at the subgrade under a point load from a Tata Truck 1613c
in the transverse direction of the road, moving at a constant speed of 15 km/h, both with
and without geogrid reinforcement. The analysis shows that the percentage change in stress
due to the presence of geogrid reinforcement ranges from 3.85% to 8.73%, indicating a

noticeable reduction in stress when the reinforcement is applied.

Stress at Subgrade- Trans. Dir.-2
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Figure 4.30 Subgrade Stress (Truck 1613c, 15 km/h), T-2, with/without Geogrid

Figure 4.31 illustrates the stress at the mid-base under a point load froma Tata Truck 1613c
in the transverse direction of the road, both with and without geogrid reinforcement, at a
speed of 15 km/h and an accelerated speed of 1.0 m/s2. The percentage reduction in stress
due to the geogrid reinforcement ranges from 6.66% to 40.15%, highlighting the
effectiveness of the reinforcement in reducing stress levels. Figure 4.32 shows the stress at

the pavement layers under a point load from a Tata Truck 1613c in the longitudinal
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direction of the road, both with and without geogrid reinforcement, at a speed of 15 km/h
and an accelerated speed of 1.0 m/s2. The percentage change in stress ranges from 3% to

27%, reflecting the variation in stress levels due to the applied conditions.

Stress at Mid-base- Trans. Dir.-1
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Figure 4.31 Mid-Base Stress (Truck, 15 km/h, 1.0 m/s?), T-1, with/without Geogrid
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Figure 4.32 Pavement Stress (Truck, 15 km/h, 1.0 m/s?), L-2, with/without Geogrid

Figure 4.33 shows the stress at the base layer under an area load from a Tata Truck 1613c
in the transverse direction of the road, both with and without geogrid reinforcement, at a
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speed of 15 km/h and an accelerated speed of 1.0 m/s2. The percentage reduction in stress

ranges from 7.19% to 8.50%, indicating a moderate reduction in stress levels due to the

presence of geogrid reinforcement. Figure 4.34 illustrates the stress at the base layer of a

road under

an area load from a Tata Truck 1613c, considering the longitudinal direction-2

of the road, with speeds of 15 km/h and an acceleration of 1.0 m/s2. The analysis shows

that the presence of geogrid reinforcement results in a stress reduction ranging from 4.31%

to 12.44%,

indicating that the geogrid improves the load distribution and helps reduce stress

concentrations at the base layer.
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Figure 4.34 Mid-Base Stress (Truck, 50 km/h, 1.0 m/s?), T-1, with/without Geogrid
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Figure 4.35 shows the stress at the mid-base layer of a road under a point load from a Tata
Truck 1613c, applied in the transverse direction-1 of the road. The analysis is conducted at
a speed of 50 km/h with an acceleration of 1.0 m/s2. The results indicate that with geogrid
reinforcement, the stress is reduced by 6.91% to 21.85%, suggesting that the geogrid
effectively distributes the load and decreases stress concentrations at the mid-base layer.

Stress at Mid-base, Trans. Dir.-1
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Figure 4.35 Base Stress (Truck, 50 km/h, 1.0 m/s?), L-2, with/without Geogrid

Figure 4.36 shows the stress at the base layer of a road under an area load from a Tata Truck
1613c, applied in the transverse direction-1 of the road. The analysis is performed at a speed
of 50 km/h with an acceleration of 1.0 m/s2. The results indicate that with geogrid
reinforcement, the stress is reduced by 13.21% to 19.49%, demonstrating the geogrid’s
effectiveness in improving load distribution and significantly reducing stress

concentrations at the base layer.

Figure 4.37 shows the stress at the surface layer of a road under an area load from a Tata
Truck 1613c, applied in the transverse direction-1 of the road. The analysis is performed at
a speed of 50 km/h with an acceleration of 1.0 m/s2. The results demonstrate that with
geogrid reinforcement, the stress is reduced by 7.42% to 32.67%, indicating that the geogrid
significantly enhances load distribution and substantially reduces stress concentrations at

the surface layer, improving the road's overall durability.
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Figure 4.36 Base Stress (Truck, 50 km/h, 1.0 m/s?), T-2, with/without Geogrid
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Figure 4.37 Surface Stress (Truck, 50 km/h, 1.0 m/s?), T-2, with/without Geogrid

Figure 4.38 shows the stress at the surface layer of a road under an area load from a Taya
Truck 1613c, applied in the longitudinal direction-1 of the road. The analysis is performed
at a speed of 50 km/h with an acceleration of 1.0 m/s2. The results indicate that with geogrid

reinforcement, the stress is reduced by 7.92% to 10.93%, suggesting that the geogrid helps
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in improving load distribution and reducing stress concentrations at the surface layer,

thereby enhancing the road's performance and longevity.
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Figure 4.38 Mid-Base Stress (Ford, 15 km/h, 1.0 m/s?), T-2, with/without Geogrid

ii. Computational Results: FORD RANGER 3.2 XLT

The computational analysis of the Ford Ranger 3.2 XLT reveals that accelerated motion
(1.0 m/s?) increases stress at the mid-base layer compared to constant speed, with higher
stress observed at both 15 km/h and 50 km/h under acceleration. The presence of geogrid
reinforcement reduces stress, particularly at lower speeds (15 km/h), but its effectiveness
diminishes as speed increases, with notable stress remaining at higher speeds (50 km/h).
The results indicate that while geogrid reinforcement helps mitigate stress, its impact is less
significant under higher speeds and acceleration. Thus, additional measures may be needed
to enhance road durability under such dynamic loading conditions (Figure 4.39 to Figure
4.42).

Figure 4.39 shows the stress at the mid-base of a road under a point load from a Ford Ranger
3.2 XLT, applied in the transverse direction-2 of the road. The analysis is conducted at a
speed of 15 km/h with an acceleration of 1.0 m/s2. The results indicate that with geogrid
reinforcement, the stress is reduced by 5.59% to 12.53%, demonstrating the geogrid’s
effectiveness in improving load distribution and reducing stress concentrations at the mid-

base layer. Figure 4.40 shows the stress at the mid-base of a road under a point load from
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a Ford Ranger 3.2 XLT, applied in the longitudinal direction-2 of the road. The analysis is
performed at a speed of 15 km/h with an acceleration of 1.0 m/s2. The results indicate that
with geogrid reinforcement, the stress is reduced by 8.32% to 20.50%, highlighting the
geogrid's role in improving load distribution and reducing stress concentrations at the mid-
base layer, thus enhancing the structural integrity of the road. Figure 4.41 shows the stress
at the mid-base of a road under a point load from a Ford Ranger 3.2 XLT, applied in the
transverse direction-2 of the road. The analysis is conducted at a speed of 50 km/h with an
acceleration of 1.0 m/s2. The results indicate that with geogrid reinforcement, the stress is
reduced by 10.45% to 14.54%, demonstrating the geogrid's effectiveness in improving load
distribution and reducing stress concentrations at the mid-base layer.
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Figure 4.39 Mid-Base Stress (Ford, 15 km/h, 1.0 m/s?), L-2, with/without Geogrid
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Figure 4.40 Mid-Base Stress (Ford, 50 km/h, 1.0 m/s?), T-2, with/without Geogrid
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Figure 4.41 Mid-Base Stress (Ford, 50 km/h, 1.0 m/s?), L-2, with/without Geogrid
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Figure 4.42 o: Stress at Mid-base (Truck, 50 km/h, 1.0 m/s?), T-1, without Geogrid

Figure 4.42 shows the stress at the mid-base of a road under a point load from a Ford Ranger
3.2 XLT, applied in the longitudinal direction-2 of the road. The analysis is conducted at a
speed of 50 km/h with an acceleration of 1.0 m/s2. The results indicate that with geogrid
reinforcement, the stress is reduced by 8.97% to 12.54%, highlighting the geogrid's role in

improving load distribution and reducing stress concentrations at the mid-base layer,

thereby enhancing the road's structural performance.
4.2 Modeling with Higher Material Models

This modeling is conducted specifically for the subgrade soil layers, while the remaining

pavement layers are kept consistent across all cases. Field data were recorded at a speed of
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15 km/h for both the TATA Truck 1613c and the Ford Ranger 3.2 XLT, and the analysis
further explores potential variations at higher speeds. The table below presents the principal
stress (o1 in kN/m?) and total displacement (u in meters) obtained from various material
models: Linear Elastic, Mohr-Coulomb, Hardening Soil, Soft Soil, and Modified Cam-
Clay.

The material models aligned with field measurements were identified using data from the
TATA Truck 1613c and the Ford Ranger 3.2 XLT, both moving at a constant speed of 15
km/h. Two criteria were evaluated: stress and deformation. Under the stress criterion, all
material models—except the modified Cam-Clay model—produced results closely
matching field observations. The percentage differences in stress compared to field data are
as follows: Linear Elastic — 10%, Mohr-Coulomb — 6.93%, Hardening Soil — 12.3%, Soft
Soil — 0.91%, and Cam-Clay — 18.51%. Among these, the Soft Soil model showed the best
agreement with field data, although the Linear Elastic, Mohr-Coulomb, and Hardening Soil

models are also reasonably applicable (Table 4.1).

Considering the deformation criterion, the Hardening Soil model shows the closest
agreement with field measurements, with a difference of just 1.08%. In comparison, the
differences for other models are: Linear Elastic — 27%, Mohr-Coulomb — 43.67%, Soft Soil
— 16.27%, and Cam-Clay — 187%. However, all models except the Cam-Clay model are
reasonably applicable to field conditions. In summary, the Linear Elastic, Mohr-Coulomb,
Hardening Soil, and Soft Soil models can be used with confidence. Among them, the
Hardening Soil and Soft Soil models show the best alignment with field data based on both

stress and deformation criteria.

Table 4.1 Material Model(s) aligned with Field Measurements

Field Field | Linear Mohr- Hardening | Soft Soil | Modified
Measurement | Measu | Elastic Coulomb | Soil Cam-

vs Numerical | rement Clay
Stress 30.00 |33.00 32.08 33.70 29.73 24.45
(kN/m2), - % (10%) | (6.93%) |(12.3%) |(0.9%) | (18.5%)
difference ' ' ' '
Displacement | 0.0012 | 0.0009303 | 0.0007266 | 0.001276 | 0.00108 | 0.003705
(m), % 0 0, 0, 0, 0,
difference. 9 (27.88%) | (43.67%) | (1.08%) (16.27%) | (187%)
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The stress distribution at the mid-base under point loads from both the Tata Truck 1613c
and Ford Ranger 3.2 XLT was analyzed for various road directions (transverse and
longitudinal) at a speed of 50 km/h and an acceleration of 1.0 m/s?, with and without
geogrid reinforcement. Without geogrid reinforcement, significant stress concentrations
were observed, particularly in the transverse direction and longitudinal direction-2, with
Sigma 1 stresses being the highest. However, when geogrid reinforcement was applied,
stress levels were significantly reduced, especially in the transverse direction-1 and
transverse direction-2, indicating better load distribution and less concentration of stress.
The Ford Ranger 3.2 XLT exhibited similar stress patterns, with Sigma 1 stresses being the
highest, but the effect of geogrid reinforcement was slightly less pronounced compared to
the Tata Truck 1613c, likely due to the difference in vehicle load and dynamics. Overall,
geogrid reinforcement effectively mitigates stress concentrations, enhancing the durability
of road structures under heavy load conditions (Figure 4.43 to Figure 4.5).
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Figure 4.43 o1 Stress at Mid-base (Truck, 50 km/h, 1.0 m/s?), L-2, without Geogrid

Figure 4.43 presents the stress (Sigma 1) at the mid-base under a point load from a Tata
Truck 1613c in the transverse direction-1 of the road, without geogrid reinforcement, at a
speed of 50 km/h and an accelerated speed of 1.0 m/s2. The percentage change in stress
compared to the Linear Elastic (LE) model is as follows: 105.57% for the Mohr-Coulomb
(MC) model, 150.40% for the Hardening Soil (HC) model, 143.46% for the Soft Soil (SS)
model, and 268.86% for the Modified Cam-Clay (MCC) model. The results show that the

HC and SS models yield similar stress values, indicating compatibility, and are closer to
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the MC model, whereas the MCC model shows a much higher increase in stress compared
to the LE model. This suggests that the MC, HC, and SS models provide comparable stress
distributions, while the MCC model significantly deviates from the LE model. Figure 4.44
shows the stress (Sigma 1) at the mid-base under a point load from a Tata Truck 1613c in
the longitudinal direction-2 of the road, without geogrid reinforcement, at a speed of 50
km/h and an accelerated speed of 1.0 m/s2. Although there is a significant difference in
stress compared to the Linear Elastic (LE) model, the four material models—Mohr-
Coulomb (MC), Hardening Soil (HC), Soft Soil (SS), and Modified Cam-Clay (MCC)—
are compatible with each other. There is no significant change in the percentage of stress
between the models, indicating that the models exhibit similar behavior in terms of stress
distribution, even though they differ from the LE model.
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Figure 4.44 6. Stress at Mid—base (Truck, 50 km/h, 1.0 m/s?), T-2, with Geogrid

Figure 4.45 shows the stress (Sigma 1) at the mid-base under the point load from a Tata
Truck 1613c in the transverse direction-2 on the road with geogrid reinforcement, at a speed
of 50 km/h and an acceleration of 1.0 m/s2. The percentage reductions in stress are as
follows: Mohr-Columb (MC) 0.64%, Hardening Soil (HS) 4.26%, Soft Soil (SS) 1.86%,
and Modified Cam-Clay (MCC) 60.19%. When compared to the Linear Elastic (LE)
method, the MC method shows the smallest reduction in stress, while HS, SS, and MCC
exhibit larger reductions. The MCC method shows the most significant deviation,

indicating a larger difference in stress response under the given loading scenario.
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Stress at Mid-base- Trans. Dir.-2, With Geogrid
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Figure 4.45 o: Stress at Mid—base (Truck, 50 km/h, 1.0 m/s?), L-2, with Geogrid

Figure 4.46 shows the stress (Sigma 2) at the mid-base under the point load from a Tata
Truck 1613c in the longitudinal direction-2 on the road with geogrid reinforcement, at a
speed of 50 km/h and an acceleration of 1.0 m/s2. The percentage changes in stress are as
follows: Mohr-Columb (MC) 2.73%, Hardening Soil (HS) 13.75%, Soft Soil (SS) 11.04%,
and Modified Cam-Clay (MCC) 18.15%. When compared to the Linear Elastic (LE)
method, the MC method shows the closest result. However, HS, SS, and MCC are not much

different from each other but are closer to each other than to the MC or LE methods.
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Figure 4.47 shows the stress (Sigma 1) at the mid-base under the point load from a Ford
Ranger 3.2 XLT in the transverse direction-1 on the road without geogrid reinforcement, at
a speed of 50 km/h and an acceleration of 1.0 m/s2. The percentage changes in stress are as
follows: Mohr-Columb (MC) 0.11%, Hardening Soil (HS) 6.54%, Soft Soil (SS) 4.74%,
and Modified Cam-Clay (MCC) 26.04%. When compared to the Linear Elastic (LE)
method, the MC method shows the smallest reduction in stress. The HS, SS, and MCC
methods are not much different from each other, with MCC showing a larger reduction, but

they are still closer in comparison.
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Figure 4.47 o5 Stress at Mid—base (Ford, 50 km/h, 1.0 m/s?), T-2, without Geogrid

Figure 4.48 illustrates the stress (Sigma 3) at the mid-base layer under a point load from a
Ford Ranger 3.2 XLT traveling in the transverse direction-2, without geogrid
reinforcement, at a speed of 50 km/h and an acceleration of 1.0 m/s®.. The percentage
differences in stress, relative to the Linear Elastic (LE) model, are as follows: Mohr-
Coulomb (MC) 0.04%, Hardening Soil (HS) 2.98%, Soft Soil (SS) 3.15%, and Modified
Cam-Clay (MCC) 17.96%. Among these, the MC model shows the closest agreement with
LE, indicating minimal variation. The HS and SS models exhibit similar results with
slightly higher stress values, while the MCC model shows a significantly larger deviation,

suggesting a considerable difference in its stress prediction compared to the other models.
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These results emphasize the relative consistency of MC, HS, and SS models in representing
realistic pavement responses under dynamic conditions. The notable deviation of the MCC

model indicates its limited suitability for mid-base layer stress evaluation in this context.
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Figure 4.48 o1 Stress at Mid—base (Ford, 50 km/h, 1.0 m/s?), L-2, without Geogrid
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Figure 4.49 o: Stress at Mid-base (Ford, 50 km/h, 1.0 m/s?), T-1, without Geogrid

Figure 4.49 shows the stress (Sigma 1) at the mid-base under the point load from a Ford
Ranger 3.2 XLT in the longitudinal direction-2 on the road without geogrid reinforcement,

at a speed of 50 km/h and an acceleration of 1.0 m/s2. The percentage changes in stress are
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as follows: Mohr-Columb (MC) 0.03%, Hardening Soil (HS) 0.09%, Soft Soil (SS) 0.15%,
and Modified Cam-Clay (MCC) 4.23%. When compared to the Linear Elastic (LE) method,
all methods (MC, HS, SS, and MCC) show relatively close results, with the changes in
stress being similar across the different models, though MCC shows a slightly larger

deviation.

Figure 4.50 shows the stress (Sigma 1) at the mid-base under the point load from a Ford
Ranger 3.2 XLT in the transverse direction-1 on the road without geogrid reinforcement, at
a speed of 50 km/h and an acceleration of 1.0 m/s2. The percentage changes in stress are as
follows: Mohr-Columb (MC) 0.32%, Hardening Soil (HS) 32.67%, Soft Soil (SS) 32.22%,
and Modified Cam-Clay (MCC) 63.21%. When compared to the Linear Elastic (LE)
method, the MC method shows the smallest change in stress, while the results for HS and
SS are quite close to each other. MCC shows the largest deviation, indicating a significantly

higher increase in stress compared to the other methods.
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Figure 4.50 o: Stress at Mid-base (Ford, 50 km/h, 1.0 m/s?), L-1, without Geogrid

Figure 4.51 shows the stress (Sigma 1) at the mid-base under the point load from a Ford
Ranger 3.2 XLT in the longitudinal direction-1 on the road without geogrid reinforcement,
at a speed of 50 km/h and an acceleration of 1.0 m/s2. The percentage changes in stress are
as follows: Mohr-Columb (MC) 0.03%, Hardening Soil (HS) 0.09%, Soft Soil (SS) 0.15%,
and Modified Cam-Clay (MCC) 4.18%. When compared to the Linear Elastic (LE) method,
all methods (MC, HS, SS, and MCC) show relatively small changes in stress, with MC and
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HS exhibiting very similar results. The differences across all methods are minimal, with

MCC showing a slightly larger deviation but still relatively close.

Stress at Mid-base- Long. Dir.-2
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Figure 4.51 Stress at Mid—base (Truck, 50 km/h, 1.0 m/s?), T-1, with Geogrid

4.3 Acceleartion vs Deaccelertaion modelling

In the analysis of acceleration vs. deceleration with geogrid reinforcement, the stress at the
mid-base under a point load from a Tata Truck 1613c was evaluated in two directions.
Figure 4.81 shows the stress in the transverse direction-1 of the road, while Figure 4.82
focuses on the longitudinal direction-2. Both figures present the results at a speed of 50

km/h with an acceleration of 1.0 m/s2.

The results indicate that the geogrid reinforcement plays a crucial role in mitigating stress
concentrations under acceleration, as the stresses are notably reduced compared to
scenarios without geogrid reinforcement. In both directions, the application of geogrid
significantly improves stress distribution, preventing high stress accumulation at the mid-
base. This demonstrates that geogrid reinforcement helps to better manage dynamic loading
conditions, especially during acceleration, by spreading out the forces more effectively
(Figure 4.52 and Figure 4.53).
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Figure 4.52 Stress at Mid—base (Truck, 50 km/h, 1.0 m/s?), L-2, with Geogrid
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Figure 4.53 SLR vs CBR % at Mid-base (Truck, 50 km/h, 1.0 m/s?), with/without
Geogrid

Figure 4.52 shows the stress at the mid-base under the point load from a Tata Truck 1613c
in the transverse direction-1 on the road with geogrid reinforcement, at a speed of 50 km/h
and an acceleration of 1.0 m/s2. The percentage reduction in stress due to acceleration and
deceleration for Sigma-1, Sigma-2, and Sigma-3 are respectively: 6.91, 11.82, and 30.94.
Figure 4.53 shows the stress at the mid-base under the point load from a Tata Truck 1613c
in the longitudinal direction-2 on the road with geogrid reinforcement, at a speed of 50

km/h and an acceleration of 1.0 m/s2. The percentage reduction in stress due to acceleration
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and deceleration for Sigma-1, Sigma-2, and Sigma-3 are respectively: 7.76, 16.53, and
17.85. The notation A and DA respectively indicates acceleration and de-acceleration.

4.4 Percentage Changes in Stress-strain for Pavement Mitigation

Based on the data from the field measurements and numerical computations, the geogrid
significantly reduced both stress and displacement in the mid-base layer, particularly under
dynamic loading conditions. In both static and dynamic cases, the geogrid consistently
showed a decrease in displacement and stress compared to conditions without geogrid. For
example, under static conditions, the Ford Ranger showed a displacement reduction of -
1.74% (field) and -1.94% (numerical), and the Tata Truck Tipper showed reductions of -
1.73% (field) and -2.70% (numerical). When subjected to dynamic conditions at 50 km/h,
the displacement reduction increased to -3.30% (field) and -3.15% (numerical) for the Ford
Ranger, and -3.85% (field) and -4.15% (numerical) for the Tata Truck Tipper. These
improvements in stress and displacement highlight the geogrid’s role in mitigating
structural deficiencies and surface distresses by enhancing pavement stability under various
loading conditions. The results show that geogrid reinforcement significantly improves
pavement performance, with more pronounced effects observed at higher vehicle speeds
and under dynamic loading conditions (Table 4.2-4.6). The detailed sheets of stress points

and computational results are provided in Appendix H.

Table 4.2 Field Measurement Summary (Mid-base Layer)

Condition Compressive | Tensile Stress | Compressive | Tensile
Stress (%) (%) Strain (%) Strain (%)

Geogrid (vs. No -9.38% -10.71% -10.45% 4.30%

Geogrid)

6-wheel Load (vs. 7% 6.50% 5% 5.70%

4-wheel)

Undrained vs 5% 4% 4.50% 5%

Drained

Point Load vs Area | 12.50% 10% 10% 9.50%

Load
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Table 4.3 Numerical Computation Summary (Mid-base Layer)

Condition Compressive | Tensile Stress | Compressive Tensile Strain
Stress (%) (%) Strain (%) (%)

Geogrid (vs. No | -11.43% -9.09% -13.23% 5.50%

Geogrid)

6-wheel Load 8% 7% 6% 6.30%

(vs. 4-wheel)

Undrained vs 6% -10% 6.50% 5.30%

Drained

Point Load vs 15% 12% 13% 11%

Area Load

Table 4.4 Comparison of Field and Numerical Stress (Mid-base Layer)

Compressive Stress (%)

Tensile Stress (%) (Field -

Condition (Field - Numerical) Numerical)
' ' (-9.38% - (-11.43%)) = (-10.71% - (-9.09%)) = -
Geogrid (vs. No Geogrid) 2.05% 1.62%

6-wheel Load (vs. 4-wheel)

(7% - 8%) = -1%

(6.50% - 7%) = -0.50%

Undrained vs Drained

(5% - 6%) = -1%

(4% - (-10%)) = 14%

Point Load vs Area Load

(12.50% - 15%) = -2.50%

(10% - 12%) = -2%

Table 4.5 Comparison of Field and Numerical Strain (Mid-base Layer)

Condition

Compressive Strain (%)
(Field - Numerical)

Tensile Strain (%) (Field -
Numerical)

Geogrid (vs. No Geogrid)

(-10.45% - (-13.23%)) =
2.78%

(4.30% - 4.30%) = 0%

6-wheel Load (vs. 4-wheel)

(5% - 6%) = -1%

(5.70% - 6%) = -0.30%

Undrained vs Drained

(4.50% - 6.50%) = 2%

(5% - 6%) = -1%

Point Load vs Area Load

(10% - 13%) = -3%

(9.50% - 13%) = -3.50%

Table 4.6 Summary of Percentage Change in Stress and Deformation

Vehicle Load Type Speed Strain Stress Field/
Type (km/h) Change (%) | Change (%) | Numerical
Ford Point Load | Static -1.74% -0.47% Field /
Ranger (Field), - (Field), - Numerical
1.94% 0.80%
(Numerical) | (Numerical)
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Tata Truck | Point Load | Static -1.73% -1.25% Field /
Tipper (Field), - (Field), - Numerical
2.70% 1.26%
(Numerical) | (Numerical)
Ford Point Load | 15 km/h -2.25% -1.60% Field /
Ranger (Field), - (Field), - Numerical
2.15% 1.50%
(Numerical) | (Numerical)
Tata Truck | Point Load | 15 km/h -2.58% -1.88% Field /
Tipper (Field), - (Field), - Numerical
2.77% 2.00%
(Numerical) | (Numerical)
Note:

Plus (+) means increase (stress or displacement is higher).

Minus (-) means decrease (stress or displacement is lower).
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Figure 4.54 61 Variation (Transverse & Longitudinal, with Geogrid)

Figures 4.54 and 4.55 show the variation of principal stress (c1) in both transverse and
longitudinal directions for cases without and with geogrid reinforcement, respectively. In
the absence of geogrid, the stress at higher speeds is observed to be lower. However, in the
geogrid-reinforced case, the stress values exhibit both higher and lower extremes. This
variation may be attributed to the membrane effect of the geogrid, which influences the

stress distribution within the pavement structure.
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4.5 Rutting and Fatigue Life of Pavements, and Service Life Ratio
The rutting and fatigue life of pavement has been evaluated by considering various factors
and relationships as outlined in IRC: 37-2018. The results indicate a significant
improvement in both rutting and fatigue life with the inclusion of geogrid reinforcement.
For the analysis, a 20 mm rutting criterion was initially adopted based on linear elastic
modeling using IITPAVE software. Similarly, fatigue failure was considered to occur when
20% of the pavement area developed interconnected cracks. Both performance criteria
showed noticeable enhancement with the use of geogrids. The Pavement rutting and fatigue
analysis is done and correlate this with service life ratio (SLR)
e Rutting Life: Rutting is primarily a serviceability issue caused by plastic
deformation in the subgrade, sub-base, or asphalt layer. For pavements designed for
5 MSA and a 10-year design life, rutting is generally expected to remain within
acceptable limits (typically <20 mm) during the first 4-6 years, depending on
asphalt mix design, construction quality, and environmental conditions. According
to IRC:37-2018, rutting failure may begin around 40-60% of the pavement life in
medium MSA roads, particularly in cases of poor compaction or weak subgrade
conditions (i.e., low CBR values). Figure 4.56 illustrates the variation in rutting life
with respect to subgrade CBR values ranging from 5-15%, for both unreinforced
and reinforced pavements. As shown in Figure 4.58, rutting failure is more critical

at lower CBR percentages.
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Fatigue Life: Fatigue cracking occurs due to repetitive tensile strain at the bottom
of the asphalt layer. For a 10-year, 5 MSA design, fatigue failure typically becomes
critical during years 6-10. It depends on factors such as asphalt layer thickness and
annual traffic loading. The AASHTO Pavement Design Guide (1993) and IRC:37-
2018 provide fatigue life equations based on tensile strain and cumulative load
repetitions. The variation in fatigue life with respect to subgrade CBR values
ranging from 5-15% is shown in Figure 4.57. As indicated in Figure 4.59, fatigue

failure tends to be more critical at higher CBR percentages.
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Figure 4.57 Fatigue Life vs. Subgrade CBR%
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Service Life Ratio (SLR}-Rutting Criteria

v

Figure 4.58 SLR vs. Subgrade CBR% (Rutting Criteria)

Service Life Ratio (SLR)-Fatigue Criteria

Figure 4.59 SLR vs. Subgrade CBR% (Fatigue Criteria)

The Service Life Ratio (SLR) evaluates the improvement in pavement durability by
comparing performance before and after reinforcement, based on empirical relationships
for rutting and fatigue failure criteria, while maintaining consistent pavement thickness. It
is calculated as the ratio of vertical compressive strain at the top of the subgrade in the
unreinforced state to that after reinforcement, indicating the extent of durability
enhancement. Key Findings are as follows:

e SLRandCBR: AsCBR increases, SLR decreases, showing geogrid reinforcement's

effectiveness in pavements with weaker subgrades.
e SLR and Traffic Load: SLR increases with higher traffic loads, highlighting

geogrid reinforcement's ability to enhance durability under increased traffic.
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CHAPTER 5: CONCLUSION AND RECOMMENDATION

5.1 Conclusion

This study examined the effectiveness of the Biaxial 40/40Q Tensar geogrid (k=800 kN/m)

in improving pavement performance, particularly in enhancing stress and deformation

distribution across various pavement layers. A comprehensive analysis of both field

measurements and numerical computations under different loading conditions (static and

dynamic) revealed several important conclusions:

Geogrid reinforcement significantly enhanced pavement performance by reducing
stress concentrations and deformation in both base and subgrade layers under static
and dynamic loading. Numerical and field results were closely aligned, with slight
over-predictions of stress reductions by 0.5-3.3%. In comparison of field vs
numerical results at constant speed (15 km/h), stress was 30.00 kN/m? (field) vs
33.00 KN/m?2 (numerical), showing a 10% difference. Displacement was 0.00129 m
(field) vs 0.0009303 m (numerical), showing a 27.88% difference. Area load cases
provided more even stress distribution than point loads. Pavement response varied
with speed: at 50 km/h, the contact time was shorter, resulting in lower stress and
deformation, though the geogrid’s membrane effect altered this load distribution.
Seasonal moisture fluctuations increased subgrade stress by up to 15.8% (field) and
14.5% (numerical), but geogrid remained effective in reducing stress even in wet
conditions. These findings emphasize the geogrid's role in improving pavement
durability across varying load types, speeds, and field scenarios.

Model validation using both stress and deformation criteria demonstrated strong
agreement with field data for subgrade soil. Based on stress prediction, the Soft Soil
model performed best (0.91% deviation), while for deformation, the Hardening Soil
model was most accurate (1.08% deviation). When considering both criteria
together, these two models showed the closest alignment with field results. The
Linear Elastic model, though simpler, also provided reasonably close results (10%
stress, 27% deformation) and is considered equally applicable for general analysis.
The Mohr-Coulomb model showed moderate agreement (6.93% stress, 43.67%

deformation), whereas the Cam-Clay model exhibited significant deviations (18.5%
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stress, 187% deformation), making it less suitable. Notably, all models effectively
captured pavement behavior under both acceleration and deceleration conditions.
This evaluation was conducted specifically for the subgrade soil layer

Geogrid reinforcement substantially improved the fatigue and rutting life of
pavements, especially in subgrades with low CBR values (5-9%), where structural
support is most critical. In such cases, pavement life extended by 1 to 2 years on
average compared to unreinforced sections. Although benefits were also noted in
higher CBR subgrades (10-15%), the gains were relatively less due to the stronger
inherent support. Service Life Ratio (SLR) analysis showed that rutting failure
dominates at low CBR, whereas fatigue failure becomes critical at higher CBR.
These findings emphasize that CBR-based pavement design, when combined with

geogrid reinforcement, leads to longer-lasting and more resilient road structures.

5.2 Recommendation

Based on the study, the following recommendations for optimizing geogrid use in pavement

design are:

It is important to account for stress distributions from multi-axle and two-way
vehicles, particularly in high-traffic areas, to enhance pavement performance.

The use of geogrids with higher stiffness could help in reducing peak stresses,
thereby improving durability under dynamic loading conditions.

Seasonal moisture changes should be factored in, and incorporating soil-moisture
models could help in addressing variations in subgrade stiffness.

Long-term monitoring of geogrid performance would provide valuable insights,

allowing for further refinement of pavement designs under diverse conditions.
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APPENDIX A: GeoDynamic Data Logger and Sensors

with Working Procedure

Table Al Details of Dynamic Data Logging system

S.N. | Equipment Name Specifications
1 | High speed Data No. of Analog Input channel: 16
Acquisition system _
16 channels (GEO Analog output: +10 VDC Voltage from DC output

Dynamic Data- amplifier through BNC connector

Logger/Controller) | DAQ type: 32-bit architecture
including . .
GEODYNAMIC Data sampling rate: 1 to 1000 SPS (Samples per sec.)
Amplifier for DAQ | No. of Digital Input channel: 4 no.

No. of Digital Output channel: 4 no.

System resolution [bits]: 24-bit On PC

Display: On PC

Safety features: Audio visual identity

Data export facility: Excel / ASCII format
Measurement accuracy: £0.2% *1-digit Class A
Balance: Auto balancing with start command
Calibration: Through PC using software

Conversion time; <lms/channel

Mode of operation: Peak Hold or Normal Mode (Actual
Values)

Data Logging Modes: Record continuously at set
Logging Interval, or manual through button

Power supply: 200 to 250VAC + 10%, 50 Hz.

PC Interface: USB

Weight [kg]: ~5

Enclosure: Rust free Metal

Operating temperature: -40°C to 60°C. (-40°F to 140°F)

Operating humidity: 90% relative humidity (non-
condensing)
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Input connection: Removable Connector

2 | Earth Pressure Cell | Range: Up to 20 MPa
(The strain type

mini-earth pressure
cell/gauge) Insulation Resistance: >200 (M Q)

Resistance: 350 ()

Bridge: Full
Resolution: <0.1 %F-S
Over Load: 120%

Size Dia.: 28mm,
Height: 11mm

Operational Temperature Range: -25 to 60 °C

3 | Strain Gauge Input Resistance: 350Q Nominal
Embedment Output Resistance: 350Q Nominal

Sensitivity at 1000 pe: ~1.3mV/V Nominal
Excitation: 2-5 VDC

Operating Temperature Range: -34° to 200° C

Lead Wire: #22 AWG Truck-Weight Lead Wire

4 | Capacitive Soil Output: Analog

Moisture Sensor Operating Voltage: 3.3 ~5.5VDC
Output Voltage: 0 ~ 3.0vDC
Operating Current: 5SmA

WORKING PROCUDURE

Field Instrumentation and Monitoring Procedure Using GeoDynamic Data Logger

and sensors

Preparation and Setup:

Ensure all sensors (Earth Pressure, Strain Gauge, and Moisture Sensors) are calibrated.
Identify the critical position within the pavement structure for sensor placement, ensuring

it captures relevant data from both geosynthetic-reinforced and non-reinforced sections.
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Installation of Sensors:

Earth Pressure Cell: Install at the selected position beneath the pavement surface, typically

in the subgrade layer, to measure vertical stresses due to vehicle load.

Strain Gauge: Embed the strain gauge within the base or subgrade layer at the same location

to measure tensile strain resulting from traffic.

Moisture Sensor: Place in the subgrade layer to monitor any changes in moisture content.
GeoDynamic Data Logger Setup:

Connect all sensors to the GeoDynamic Data Logger using armored cables.

Set up the logger to capture real-time data during vehicle movement over the sensor
position, with a sampling rate adjusted to project needs (typically between 1 and 1000
samples per second). It depends on the type of data logger.

Monitoring Procedure:

Record short-term data during vehicle movement to capture immediate changes in pressure,

strain, and moisture at the selected position.

For long-term monitoring, configure the system to log data periodically (e.g., hourly or

daily) to assess changes in pavement behavior over time.
Data Logging:

The GeoDynamic system logs earth pressure, strain, and moisture data from the sensor

positions. The focus is on capturing the dynamic responses under vehicle loads.
Data Export and Analysis:
Export the logged data in Excel or ASCII format for analysis.

Compare the data from the geosynthetic-reinforced section with that from the non-

reinforced section to evaluate performance.
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APPENDIX B: Dynamic Cone Penetration Test (DCPT)

Specifications and Working Procedure

Table B1 Details of Subgrade penetrometer (DCPT)

S.N. | Equipment Name Specifications
1 | Dynamic Cone Customized support: OEM, ODM, OBM
Penetration Test _ .
(DCPT) for Power: Electronic
Subgrade Hammer weight: 9kg
Assessment

Free fall height: 600+5/510+£5mm adjustable
Standard motor DCP _
DYNAMIC CONE Standard: AS1289.6.3.2

PENETROMETER | product name: Standard motor DCP DYNAMIC CONE
PENETROMETER

Penetration rod: dia.16mm

Single package size: 100X100X180 cm
Single gross weight: 150.000 kg

Package Type: packages suitable for export
(Penetration rod: 10 Pcs

DCP cone: 1 Pcs

Perth penetrometer tip: 1 pcs

Spare flexible shaft: 1 pcs

Spanner: 2 pcs

Manual rod extractor: 1 set)

WORKING PROCUDURE
Equipment Setup:
The DCPT apparatus consists of a steel cone, penetration rod, and hammer.

The steel cone should have a standard 60-degree tip angle with a base diameter of 20 mm.
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The hammer weighs 9 kg (as per AS1289.6.3.2 standard), with a free-fall height adjustable
between 600£5 mm and 5105 mm.

The penetration rod has a diameter of 16 mm.
Ensure all equipment, including the rod extractor and spare parts, is properly assembled.
Test Location:

Choose an appropriate test location on the subgrade, ensuring it represents the overall
condition of the area.

Clear the test area of any loose material or debris to provide a clean surface for the cone to
penetrate.

Initial Preparation:

Place the penetration rod vertically, and insert the cone into the subgrade surface until the

cone's base is flush with the ground.
Ensure that the setup is stable to begin accurate data collection from the start.
Penetration Process:

Drop the hammer from the fixed height (600 mm, adjustable within the specified limits)

repeatedly to drive the cone into the subgrade.

Record the number of hammer blows required to achieve each 100 mm penetration

increment.

Continue the test until you reach the desired depth, typically 800 mm, or until refusal (when

penetration slows or halts).
Data Recording:
Record the number of blows required for each 100 mm of penetration.

For instance, log the blow counts for penetration depths of 200 mm, 200 mm, 300 mm, etc.,

until the target depth or refusal is reached.
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Data Analysis:
Calculate the penetration rate (mm per blow) for every 100 mm increment.

Correlate the penetration resistance (number of blows) to the California Bearing Ratio

(CBR) using established empirical relationships.
Result Interpretation:

The higher the number of blows per 100 mm of penetration, the stronger the subgrade,

which correlates to a higher CBR value.

CBR values can be plotted against depth to analyze the variation of subgrade strength across
the test depth.

The results are averaged or interpolated to determine the representative CBR value for the

subgrade.
Reporting and Usage:
Report the CBR values obtained at various depths.

Use these values to inform pavement design decisions, ensuring appropriate pavement layer

thickness based on the subgrade's strength.
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APPENDIX C: Dynamic Cone Penetration Test (DCPT)

Results

Table C1 DCPT results at Subgrade Layer for CH 1+700

3| 23 |2_ol£<5/£5 |8 g |s 2
o Em [2SS|E2E EEE| BE | xfslS =
5| 25 (282|228 28E| BE | QLR & z
o S o e ® o 509 SIS S S @) O o
p oz O o 0o o Z
0 0 30 0 0 0 0 0
5 5 26.2 3.8 190 190 38 5
5 10 22.1 7.9 395 205 41 4.5
5 15 18.3 11.7 585 190 38 5 Average
5 20 15.2 14.8 740 155 31 6.2 CBR=4.93%
5 25 11.3 18.7 935 195 39 4.8 '
5 30 7.4 22.6 1130 195 39 4.8
5 35 3 27 1350 220 44 4.2
5 40 3 27 1350 0 0 0

Table C2 DCPT results at Subgrade layer for 1+750CH
E’ -GEJE’ g .o 2 CE 2 -5 -5 E < L
m | Em 2%cS|E2E EEE EE|Eds5| S =
5| g5 288|228 E3E|BE BLR|G >
(@) S o e ©® o 597 S| 55 S o O o
=2 oz (@) ol O a Z
0 0 30 0 0 0 0 0
5 5 27.5 2.5 125 125 25 7.9
5 10 23.5 6.5 325 200 40 4.6
5 15 19.2 10.8 540 215 43 4.3 Average
5 20 13.5 16.5 825 285 57 3.2 CBR=5.27%
5 25 9.1 20.9 1045 220 44 4.2 '
5 30 6.3 23.7 1185 140 28 6.9
5 35 3 27 1350 165 33 5.8
5 40 3 27 1350 0 0 0

112




Table C3 DCPT results at Subgrade layer for 1+800CH

3183 |2 _| 25|85 |5 SR P
m| Em 23S E3E| EEE| EE | a5 S =
5| 5 |285 E2Z|ESE| 2E |\ QLRE R | 5
o S o e ® o 507 S 55 S @) Sl O x
Zz | Oz O a|0oa o Z
0 0 30 0 0 0 0 0
5 5 27.1 2.9 145 145 29 6.62
5 10 24.2 5.8 290 145 29 6.62
5 15 19.4 10.6 530 240 48 3.78
5 20 13.6 16.4 820 290 58 3.06 | Average
5 25 9.5 20.5 1025 205 41 454 | CBR=5.
5 30 6.2 23.8 1190 165 33 577 | 08%
5 35 3.1 26.9 1345 0 0 0
Table C4 DCPT results at Subbase layer for 1+750CH (Mid-point of Sensors
installation)
% = % [ — S c _5 2 .5 .5 E =< @
D | ED | 225 E3E|SEEE| EE(j5a S| T 5
5 85 |82 EzE|EEE|SE|BLRE|G S
(@) S o Ia) ® o 57 S| 35 S =] S0 &
pzd oz @) o| O o =
0 0 20 0 0 0 0 0
5 5 18.2 1.8 90 90 18 10.07
5 10 16.2 3.8 190 100 20 17.02
10 20 13.7 6.3 315 125 12.5 26.38
10 30 12 8 400 85 8.5 21.95
10 40 10 10 500 100 10 21.95 | Average
10 50 8 12 600 100 10 47.54 | CBR=34
10 60 7 13 650 50 5 4754 | .55%
10 70 6 14 700 50 5 47.54
10 80 5 15 750 50 5 47.54
10 90 4 16 800 50 5 84.48
10 | 100 3.4 16.6 830 30 3 10.07
10 | 110 3.4 16.6 830 0 0 0
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Table C5 DCPT results at Base layer for 1+7500CH (Mid-point of Sensors

installation)
2| 283 |e2 2525 |5 3 oz o 2
® | Sm | 28S|E3E|EEE|EE 58528 :
5| 25 |S8E| 228 28E|BE|BRLRE & 5
o S o | A "o 505 55 o o gl O &
=z oz O ol O o \Z/
0 0 20 0 0 0 0 0
10 10 18.8 1.2 60 60 6 38.66
10 20 17.9 2.1 105 45 5 53.52
10 30 17 3 150 45 4.5 53.52
10 40 16.3 3.7 185 35 5 70.84
10 50 15.6 4.4 220 35 4 70.84
10 60 14.9 5.1 255 35 2.5 70.84 Averag
10 70 14.3 5.7 285 30 2.5 84.52 e
10 80 13.8 6.2 310 25 3.5 103.27 CBR=8
10 [ 90 133 | 67 335 25 2.5 103.27 | ¢ 440
10 100 12.8 7.2 360 25 3 103.27
10 110 12.4 7.6 380 20 15 133.51
10 120 12.5 7.5 375 0 0 0
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APPENDIX D: Geogrid & Geotextile Specifications

Woven Geotextile

This is a woven polypropylene geotextile containing heavy woven flat tape yarns and will

meet the following Minimum Average Roll VValues (MARV) when tested in accordance

with the methods listed below. The geotextile is resistant to ultraviolet degradation and to

biological and chemical environments normally found in soils.

It conforms to the property values listed below1 and is subject to internal ‘Manufacturing

Quality Control” (MQC) tests that meets the requirements set forth by AASHTO M288

(Geotextile Specification For Highway Application).

Table D1 Woven (Stabilization) Geotextile (Maccaferri, 2025)

PROPERTY4 TEST UNITS MINIMUM AVERAGE
PROCEDURE ROLL VALUES
(MARV)2
Mechanical
Grab Tensile ASTM D 4632 Ib (kN) 315 (1.400)
Grab Elongation | ASTM D 4632 % 15
Trapezoidal Tear | ASTM D 4533 Ib (kN) 115 (0.512)
Puncture (CBR) | ASTM D 6241 Ib (kN) 900 (4.005)
Endurance
UV Resistance ASTM D 4355 % Retained @ | 70
500 hrs.
Hydraulic
Permittivity ASTM D 4491 sec—1 0.05
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Flow Rate ASTM D 4491 gpm/ft2 4 (163)
(Ipm/m2)
Apparent ASTM D 4751 US Sieve 40 (0.425)
Opening Size (mm)
(AOS)3
Packaging (Typical)
Roll Width Measured ft (m) 12.5(3.81) /15 (4.57)/
17.5 (5.33)
Roll Length Measured ft (m) 360 (109.73) / 432
(131.67)/
300 (91.5) / 360 (109.73) /
258 (78.6) / 309 (94.18)
Roll Area Measured yd2 (m2) 500 (418) / 600 (501)
Roll Weight Calculated Ib (kg) 245 (111) / 270 (123)

Notes:

1. Values shown are in weaker principal direction. ‘Minimum Average Roll Values’
(MARV) are calculated as the typical minus two (2) standard deviations. Statistically, it
yields a 97.7% degree of confidence that any sample taken from quality assurance testing

will exceed the value reported.
2. AOS (ASTM D 4751) is a “‘Maximum Opening Diameter Value’

3. Mullen Burst ASTM D 3786 and Puncture ASTM D 4833 have been removed. Neither
test method is recognized by AASHTO M288. CBR Puncture ASTM D 6241 has
replaced D4833, under AASHTO M288. Mullen Burst is not recognized by ASTMD35

committee on Geosynthetics.

Non-woven Geotextile
Geotextiles are mechanically bonded nonwovens from 100% ultra violet stabilized

Polypropylene. They are characterized by a high resistance to installation damage, high
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water permeability, resistance to ultraviolet degradation and to biological and chemical

environments normally found in soils.

Table D2 Non-woven (Stabilization) Geotextile (Maccaferri, 2025)
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Permittivity
STMD
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Table D3 Geogrid specification (PP-type)

Geogrid
Secugrid® Q (PP)

Product description:
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APPENDIX E: Field Photographs

Figure E2 Field data logging setup: At 1+700CH; At 1+800CH
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APPENDIX F: Lab Photographs

Figure F1 CBR Sample Test Setup for Soil Samples Collected from 1+700CH and
1+800CH

Figure F2 CBR Sample Preparation: Sample Preparation in CBR Mound (Left
Figure); Placement of Sample for 72 Hours of Saturation Prior to Testing (Right
Figure)
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Figure F3 Triaxial Test of Soil Samples Taken from 1+700CH and 1+800CH:
Overall Setup (Left Figure); Placement of Soil Sample from 1+700CH (Right
Figure)

Figure F4 Consolidation Test of Soil Samples Taken from 1+700CH and 1+800CH:
Overall Setup (Left Figure); Placement of Soil Samples from 1+700CH and
1+800CH (Right Figure)
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Figure F5 Unconfined Compression Test of Remolded Soil Samples Taken from
1+700CH and 1+800CH: Sample Extraction (Left Figure); Test Setup (Right
Figure); Remolded Soil Samples (Bottom Middle Figure)
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Figure F6 Direct Shear Tests of Soil Samples Taken from 1+700CH and 1+800CH:
Overall Test Setup (Left Figure); Sample Preparation (Right Figure)
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Figure F7 Hydrometer Test: Measurement taken (Left Figure); Sample Preparation
(Right Figure)

Figure F8 Sieve Analysis: Mechanical shaking (Left Figure); Sample Preparation
(Right Figure)
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Figure F9 Specific Gravity Test: Sample Preparation (Left Figure); Dry in Sand
Bath (Right Figure)
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Figure F10 Casagrande Tests for LL and PL Tests: LL test (Left Figure); Soil
sample preparation (Right Figure)

Figure F11 Constant Head Permeability Test: Taking test results Left Figure);
Overall Test Setup (Right Figure)
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Deformation (increasing)

APPENDIX G: Typical Lab Test Results

Consolidation Test Results (Sample 1)

Pre Consolidation Pressure

1.65
=
©
[
- \.
.(;3
1.40
1.00 10.00 100.00 1000.00
Pressure (kpa)
Chart Cv for (320) kPa
3,600
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3,560
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Tl o
3,520 I
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Vtimes, t
Cv for 320 kPa
T90 0.848
t90 9
Hdr 0.9909
Cv 0.09251518 cm2/min
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Deformation (increasing)
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Max. Shear Stress (kg/cm2)

Max. Shear Stress (kg/cm2)
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Direct Shear Test-1 (1+700CH)

Direct Shear Test
(c=0.09kg/cm2 & phi=28.07 degrees)

Max. Normal Stress (kg/cm2)

Soil Type: Sandy clay, silty sand

Direct Shear Test-1 (1+800CH)

Direct Shear Test
(c=0.11kg/cm2 & phi=26.57 degrees)

Max. Normal Stress (kg/cm2)

Soil Type: Sandy clay, silty sand
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APPENDIX H: Typical Stress Point Data Sets

(Different than Nodal Points)

SP DATA SET 1: 1%-wheel position of 6-wheels considering Area load at v=15 speed
and a=1.0m/sec2 (UNDRAINED AND DRAINED) at Subgrade

1) Deformed Mesh
UNDRAINED CASE
Max Value = 0.1065 m (At Node 25503)
DRAINED CASE
Max Value=0.1080 m (At Node 25503)
2) Total Displacement (u)
UNDRAINED CASE
Max Value = 0.1065m (Element 23774 at Node 25503)
DRAINED CASE
Max Value= 0.1080 m (Element 23774 at Node 25503)
3) Quality SICN
UNDRAINED CASE
Max Value = 0.9975 (Element 31905)
Min Value = 0.1629 (Element 16959)
DRAINED CASE
Max Value = 0.9975 (Element 31905)
Min Value = 0.1629 (Element 16959)
4) Cartesian Effective Stress sigma xx
UNDRAINED CASE
Max Value = 1095 KN/m2 (Element 39615 at Node 1037)
Min Value = -1154 kN/m2 (Element 40037 at Node 119)
DRAINED CASE
Max Value = 1096 KN/m2 (Element 39615 at Node 1037)
Min Value = -1155 kN/m2 (Element 40037 at Node 119)
5) Cartesian Effective Stress sigma yy
UNDRAINED CASE
Max Value = 383.3 kN/m2 (Element 39615 at Node 1037)
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Min Value = -507.5 kN/m2 (Element 40037 at Node 119)

DRAINED CASE

Max Value = 383.7 kN/m2 (Element 39615 at Node 1037)

Min Value = -507.9 kN/m2 (Element 40037 at Node 119)
6) Cartesian Effective Stress sigma zz

UNDRAINED CASE

Max Value = 169.1 KN/m2 (Element 22253 at Node 6462)

Min Value = - 355.0 kN/m2 (Element 35822 at Node 435)

DRAINED CASE

Max Value = 170.4 kN/m2 (Element 22253 at Node 6462)

Min Value = - 356.0 kN/m2 (Element 35822 at Node 435)
7) Active Pore Pressure

UNDRAINED CASE

Max Value = 0.000 kN/m2 (Element 21135 at Node 7418)

Min Value = -41.95 kN/m2 (Element 51408 at Node 2045)

DRAINED CASE

Max Value = 0.000 kN/m2 (Element 21135 at Node 7418)

Min Value = - 30.00 kN/m2 (Element 51408 at Node 2045)
8) Excess Pore Pressure

UNDRAINED CASE

Max Value = 0.000 kN/m2 (Element 21135 at Node 7418)

Min Value = - 39.05 kN/m2 (Element 57244 at Node 241)

DRAINED CASE

Uniform Value of 0.000kN/m2
9) Ground Water Head

UNDRAINED CASE

Max Value = 3.905 m (Element 57244 at Node 241)

Min Value = 0.000 m (Element 44730 at Node 164)

DRAINED CASE

Max Value= 0.5550 m (Element 22553 at Node 1509)

Min Value = -0.07818 *10-6 m (Element 51450 at Node 2028)
10) Pore-pressure Ratio Ru

UNDRAINED CASE

Max Value = 46.08 m (Element 55608 at Node 149)
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Min Value = 0.000 (Element 1 at Node 39716)

DRAINED CASE

Uniform Value of 0.000kN/m2
11) Pore Water Pressure P water

UNDRAINED CASE

Max Value = 0.000 kN/m2 (Element 21135 at Node 7418)

Max Value = -41.95 kN/m2 (Element 51408 at Node 2045)

DRAINED CASE

Max Value = 0.000 kN/m2 (Element 21135 at Node 7418)

Max Value = -30.00 kN/m2 (Element 51408 at Node 2045)
12) Total Cartesian Strain Vxy

UNDRAINED CASE

Max Value = 0.6985 *10-3 (Element 36818 at Node 8330)

Min Value = -1.165*10-3 (Element 34286 at Node 62664)

DRAINED CASE

Max Value = 0.7016*10-3 (Element 19002 at Node 83003)

Min Value = -1.153*10-3 (Element 34286 at Node 62664)
13) Total Cartesian Strain Vyz

UNDRAINED CASE

Max Value = 0.8790 *10-3 (Element 34544 at Node 8310)

Min Value = -0.8217*10-3 (Element 40881 at Node 16115)

DRAINED CASE

Max Value = 0.8701*10-3 (Element 34544 at Node 8310)

Min Value = -0.8264*10-3 (Element 40881 at Node 16115)
14) Total Cartesian Strain Vzx

UNDRAINED CASE

Max Value = 0.01006 (Element 46786 at Node 349)

Min Value = -5.989 *10-3 (Element 21722 at Node 50830)

DRAINED CASE

Max Value = 9.922*10-3 (Element 46786 at Node 349)

Min Value = -6.053*10-3 (Element 21722 at Node 50830)
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SP DATA SET 2: 6 wheel surface load 50 speed (UNDRAINED AND DRAINED)
Subgrade

1) Deformed Mesh
UNDRAINED CASE
Max Value = 0.1065 m (at Node 25503)
DRAINED CASE
Max Value= 0.06247 m (at Node 9149)
2) Total Displacement (u)
UNDRAINED CASE
Max Value = 0.1065m (Element 23774 at Node 25503)
DRAINED CASE
Max Value= 0.06247 m (Element 24304 at Node 9149)
3) Quality SICN
UNDRAINED CASE
Max Value = 0.9975 (Element 31905)
Min Value = 0.1629 (Element 16959)
DRAINED CASE
Max Value = 0.9975 (Element 31905)
Min Value = 0.1629 (Element 16959)
4) Cartesian Effective Stress sigma xx
UNDRAINED CASE
Max Value = 1095 kKN/m2 (Element 39615 at Node 1037)
Min Value = -1154 kN/m2 (Element 40037 at Node 119)
DRAINED CASE
Max Value = 3541 kN/m2 (Element 12028 at Node 33222)
Min Value = -4188 kN/m2 (Element 3208 at Node 45193)
5) Cartesian Effective Stress sigma yy
UNDRAINED CASE
Max Value = 383.3 kKN/m2 (Element 39615 at Node 1037)
Min Value = -507.5 kN/m2 (Element 40037 at Node 119)
DRAINED CASE
Max Value = 942.2 kN/m2 (Element 10496 at Node 33970)
Min Value = -2981 kN/m2 (Element 4777 at Node 45195)
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6)

7)

8)

9)

Cartesian Effective Stress sigma zz

UNDRAINED CASE

Max Value = 169.1 kN/m2 (Element 22253 at Node 6462)
Min Value = - 355.0 kN/m2 (Element 35822 at Node 435)
DRAINED CASE

Max Value = 502.4 kN/m2 (Element 40463 at Node 25131)
Min Value = - 1070 kN/m2 (Element 6926 at Node 45185)
Active Pore Pressure

UNDRAINED CASE

Max Value = 0.000 kN/m2 (Element 21135 at Node 7418)
Min Value = -41.95 kN/m2 (Element 51408 at Node 2045)
DRAINED CASE

Max Value = 0.000 kN/m2 (Element 21135 at Node 7418)
Min Value = - 30.00 kN/m2 (Element 51408 at Node 2045)
Excess Pore Pressure

UNDRAINED CASE

Max Value = 0.000 kN/m2 (Element 21135 at Node 7418)
Min Value = - 39.05 kN/m2 (Element 57244 at Node 241)
DRAINED CASE

Uniform Value of 0.000kN/m2

Ground Water Head

UNDRAINED CASE

Max Value = 3.905 m (Element 57244 at Node 241)

Min Value = 0.000 m (Element 44730 at Node 164)
DRAINED CASE

Max Value= 0.5550 m (Element 25002 at Node 1641)

Min Value = -3.153 *10-3 m (Element 54726 at Node 182)

10) Pore Pressure Ratio Ru

UNDRAINED CASE

Max Value = 46.08 m (Element 55608 at Node 149)
Min Value = 0.000 (Element 1 at Node 39716)
DRAINED CASE

Uniform Value of 0.000KN/m2

11) Pore -water Pressure
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UNDRAINED CASE

Max Value = 0.000 kN/m2 (Element 21135 at Node 7418)

Max Value = -41.95 kN/m2 (Element 51408 at Node 2045)

DRAINED CASE

Max Value = 0.000 kN/m2 (Element 21135 at Node 7418)

Max Value = -30.00 kN/m2 (Element 51408 at Node 2045)
12) Total Cartesian Strain Vxy

UNDRAINED CASE

Max Value = 0.6985 *10-3 (Element 36818 at Node 8330)

Min Value = -1.165*10-3 (Element 34286 at Node 62664)

DRAINED CASE

Max Value = 3.927*10-3 (Element 35238 at Node 7602)

Min Value = -5.896 *10-3 (Element 21248 at Node 7529)
13) Total Cartesian Strain Vyz

UNDRAINED CASE

Max Value = 0.8790 *10-3 (Element 34544 at Node 8310)

Min Value = -0.8217*10-3 (Element 40881 at Node 16115)

DRAINED CASE

Max Value = 5.597 *10-3 (Element 24205 at Node 17454)

Min Value = -3.945*10-3 (Element 38292 at Node 24932)
14) Total Cartesian Strain Vzx

UNDRAINED CASE

Max Value = 0.01006 (Element 46786 at Node 349)

Min Value = -5.989 *10-3 (Element 21722 at Node 50830)

DRAINED CASE

Max Value = 0.01406 (Element 46747 at Node 6287)

Min Value = -7.230*10-3 (Element 23731 at Node 1661)

SP DATA SET 3: 4 wheel surface load 15 speed (UNDRAINED AND DRAINED)
Subgrade

1) Deformed Mesh
UNDRAINED CASE
Max Value = 2.520*%10-3m (At Node 45451)
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DRAINED CASE

Max Value= 2.520%10-3m (At Node 45451)

2) Total Displacement (u)

UNDRAINED CASE

Max Value = 2.520*10-3m (Element 1186 at Node 45451)
DRAINED CASE

Max Value= 2.520*10-3m (Element 1186 at Node 45451)
3) 6) Quality SICN

UNDRAINED CASE

Max Value = 0.9953 (Element 29363)

Min Value = 0.1539 (Element 40444)

DRAINED CASE

Max Value = 0.9953 (Element 29363)

Min Value = 0.1539 (Element 40444)

4) Cartesian Effective Stress sigma xx

UNDRAINED CASE

Max Value = 1104 kN/m2 (Element 28970 at Node 988)
Min Value = -1345 KN/m2 (Element 14695 at Node 45463)
DRAINED CASE

Max Value = 1106 kN/m2 (Element 28970 at Node 988)
Min Value = -1346 KN/m2 (Element 14695 at Node 45463)
5) Cartesian Effective Stress sigma yy

UNDRAINED CASE

Max Value = 402.4 KN/m2 (Element 28970 at Node 988)
Min Value = -1077 kN/m2 (Element 1186 at Node 45451)
DRAINED CASE

Max Value = 402.8 KN/m2 (Element 28970 at Node 988)
Min Value = - 1077 kN/m2 (Element 1186 at Node 45451)
6) Cartesian Effective Stress sigma zz

UNDRAINED CASE

Max Value = 296.5 kN/m2 (Element 35606 at Node 25357)
Min Value = - 504.4 kN/m2 (Element 1186 at Node 45451)
DRAINED CASE

Max Value = 297.2 kN/m2 (Element 35606 at Node 25357)
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Min Value = - 504.4 kN/m2 (Element 1186 at Node 45451)
7) Active Pore Pressure

UNDRAINED CASE

Max Value = 0.000 KN/m2 (Element 21233 at Node 7423)
Min Value = - 42.49 kN/m2 (Element 51732 at Node 30037)
DRAINED CASE

Max Value = 0.000 KN/m2 (Element 21233 at Node 7423)
Min Value = - 30.00 kN/m2 (Element 51722 at Node 2027)
8) Excess Pore Pressure

UNDRAINED CASE

Max Value = 0.000 KN/m2 (Element 21233 at Node 7423)
Min Value = - 42.49 kN/m2 (Element 51732 at Node 30037)
DRAINED CASE

Uniform Value of 0.000kN/m2

9) Ground Water Head

UNDRAINED CASE

Max Value = 3.902 m (Element 57558 at Node 233)

Min Value = -0.2142*10-3 m (Element 45855 at Node 3849)
DRAINED CASE

Max Value= 0.5550 m (Element 27202 at Node 1530)

Min Value = -0.2380 *10-3 m (Element 55053 at Node 3849)
10) Pore Pressure Ratio Ru

UNDRAINED CASE

Max Value = 62.99 m (Element 55082At Node 159)

Min Value = 0.000 (Element 1 at Node 39188)

DRAINED CASE

Uniform Value of 0.000kN/m2

11) Pore-water Pressure P water

UNDRAINED CASE

Max Value = 0.000 kN/m2 (Element 21233 at Node 7423)
Max Value = -42.49 kN/m2 (Element 51732 at Node 30037)
DRAINED CASE

Max Value = 0.000 kN/m2 (Element 21233 at Node 7423)
Max Value = -30.00 kN/m2 (Element 51722 at Node 2027)
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12) Total Cartesian Strain Vxy

UNDRAINED CASE

Max Value = 0.6828*10-3 (Element 36278 at Node 8209)
Min Value = -0.7118*10-3 (Element 24682 at Node 24799)
DRAINED CASE

Max Value = 0.6831*10-3 (Element 36278 at Node 8209)
Min Value = -0.7120*10-3 (Element 24682 at Node 24799)
13) Total Cartesian Strain Vyz

UNDRAINED CASE

Max Value = 2.204 *10-3 (Element 28592 at Node 17420)
Min Value = -2.411*10-3 (Element 25760 at Node 18054)
DRAINED CASE

Max Value = 2.192*10-3 (Element 28592 at Node 17420)
Min Value = -2.411*10-3 (Element 25760 at Node 18054)
14) Total Cartesian Strain Vzx

UNDRAINED CASE

Max Value = 2.678*10-3 (Element 26790 at Node 16830)
Min Value = -2.381*10-3 (Element 23540 at Node 22188)
DRAINED CASE

Max Value = 2.678*10-3 (Element 26790 at Node 16830)
Min Value = -2.381*10-3 (Element 23540 at Node 22188)

SP DATA SET 4: 4 wheel surface load 50 speed (UNDRAINED AND DRAINED)
Subgrade

1) Deformed Mesh

UNDRAINED CASE

Max Value = 2.520*10-3m (at Node 45451)

DRAINED CASE

Max Value= 2.520*10-3m (at Node 45451)

2) Total Displacement (u)

UNDRAINED CASE

Max Value = 2.520*%10-3m (Element 1186 at Node 45451)
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DRAINED CASE

Max Value= 2.520*10-3m (Element 1186 at Node 45451)
3) Quality SICN

UNDRAINED CASE

Max Value = 0.9953 (Element 29363)

Min Value = 0.1539 (Element 40444)

DRAINED CASE

Max Value = 0.9953 (Element 29363)

Min Value = 0.1539 (Element 40444)

4) Cartesian Effective Stress sigma xx

UNDRAINED CASE

Max Value = 1104 kN/m2 (Element 28970 at Node 988)
Min Value = -1345 kN/m2 (Element 14695 at Node 45463)
DRAINED CASE

Max Value = 1106 kN/m2 (Element 28970 at Node 988)
Min Value = -1346 KN/m2 (Element 14695 at Node 45463)
5) Cartesian Effective Stress sigma yy

UNDRAINED CASE

Max Value = 402.4 KN/m2 (Element 28970 at Node 988)
Min Value = -1077 kN/m2 (Element 1186 at Node 45451)
DRAINED CASE

Max Value = 402.8 KN/m2 (Element 28970 at Node 988)
Min Value = - 1077 kN/m2 (Element 1186 at Node 45451)
6) Cartesian Effective Stress sigma zz

UNDRAINED CASE

Max Value = 296.5 KN/m2 (Element 35606 at Node 25357)
Min Value = - 504.4 kN/m2 (Element 1186 at Node 45451)
DRAINED CASE

Max Value = 297.2 KN/m2 (Element 35606 at Node 25357)
Min Value = - 504.4 kN/m2 (Element 1186 at Node 45451)
7) Active Pore Pressure

UNDRAINED CASE

Max Value = 0.000 kN/m2 (Element 21233 at Node 7423)
Min Value = - 42.49 kN/m2 (Element 51732 at Node 30037)
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DRAINED CASE

Max Value = 0.000 KN/m2 (Element 21233 at Node 7423)
Min Value = - 30.00 kN/m2 (Element 51722 at Node 2027)
8) Excess Pore Pressure

UNDRAINED CASE

Max Value = 0.000 KN/m2 (Element 21233 at Node 7423)
Min Value = - 39.02 kN/m2 (Element 57558 at Node 233)
DRAINED CASE

Uniform Value of 0.000kN/m2

9) Ground Water Head

UNDRAINED CASE

Max Value = 3.902 m (Element 57558 at Node 233)

Min Value = -0.2142*10-3 m (Element 45855 at Node 3849)
DRAINED CASE

Max Value= 0.5550 m (Element 27202 at Node 1530)

Min Value = -0.2380 *10-3 m (Element 55053 at Node 3849)
10) Pore Pressure Ratio Ru

UNDRAINED CASE

Max Value = 62.99 m (Element 55082At Node 159)

Min Value = 0.000 (Element 1 at Node 39188)

DRAINED CASE

Uniform Value of 0.000KN/m2

11) Pore-water Pressure P water

UNDRAINED CASE

Max Value = 0.000 KN/m2 (Element 21233 at Node 7423)
Max Value = -42.49 kN/m2 (Element 51732 at Node 30037)
DRAINED CASE

Max Value = 0.000 kKN/m2 (Element 21233 at Node 7423)
Max Value = -30.00 kN/m2 (Element 51722 at Node 2027)
12) Total Cartesian Strain Vxy

UNDRAINED CASE

Max Value = 0.6828*10-3 (Element 36278 at Node 8209)
Min Value = -0.7118*10-3 (Element 24682 at Node 24799)
DRAINED CASE
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Max Value = 0.6831*10-3 (Element 36278 at Node 8209)
Min Value = -0.7120*10-3 (Element 24682 at Node 24799)
13) Total Cartesian Strain Vyz

UNDRAINED CASE

Max Value = 2.204 *10-3 (Element 28592 at Node 17420)
Min Value = -2.411*10-3 (Element 25760 at Node 18054)
DRAINED CASE

Max Value = 2.192*10-3 (Element 28592 at Node 17420)
Min Value = -2.411*10-3 (Element 25760 at Node 18054)
14) Total Cartesian Strain Vzx

UNDRAINED CASE

Max Value = 2.678*10-3 (Element 26790 at Node 16830)
Min Value = -2.381*10-3 (Element 23540 at Node 22188)
DRAINED CASE

Max Value = 2.678*10-3 (Element 26790 at Node 16830)
Min Value = -2.381*10-3 (Element 23540 at Node 22188)
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APPENDIX I: Measurement of TATA TRUCK
TIPPER 1613c

Figure I11. Weighing TATA TRUCK 1613¢ (Empty Weight: 7745KG)

Figure 12. Weighing Ticket of TATA TRUCK 1613c (Empty Weight: 7745KG)
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Figure 13. Measurement of TATA TRUCK 1613c

TATA TRUCK TIPPER 1613c 2018 Model

Wheel base=3.625m

Front=1.964m & Rare Axle=2.15m

Wheel Diameter=1.05m (Measured & Calculated from Tire size)
Contact Area=0.3 (wheel path)*0.2(Tire width), etc.)

Front and Rear Tire Size 10.00 x 20 -16 PR Diagonal Ply

Max. Speed=93km/h

Verified the data with Sipradi Traders Company web site

FORD RANGER 3.2 XLT (4*4) 2021 Model

Wheel base=3.220m

Empty Weight=2230KG

Front & Rare Axle: 1.570m

Wheel Diameter=0.763m (Calculated from Tire Size)
Front and Rare Tire size: 265/65 R17

Max. Speed=175km/h

Taken the data from FORD RANGER Company web site
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APPENDIX J: Higher Material Models

Table J1 Material models for Mohr-Coulomb (MC)

Item Description
Identification Subgrade

Material model Mohr-Coulomb (MC)
Drainage type Undrained-A/Drained
Unsaturated unit weight, yunsat 18

(KN/m?)

Saturated unit weight, ysat 20

(KN/m?)

Initial void Ratio, €init 1.635

Modulus of Elasticity, E (MPa) E=10.0 * CBR for CBR<5 % &

E =17.6 * (CBR)*®* for CBR>5%

(FPDG, 2014)

Where, E= Resilient modulus of subgrade soil
(MPa).

CBR = California bearing ratio of subgrade

soil (%)- 5%

Poisson’s ratio, v 0.35
Cohesion (kPa) 9
Friction (Degrees) 28.07
Dilation Angle (Degrees), ¥ 0
Soil Type Clay
<2um% 10
21m-50um% 13
50pm-2mm% 17

Flow Parameter

144



Horizontal Permeability X-
dir. Kx m/day

Horizontal Permeability Y-dir
Ky m/day

Vertical Permeability Kz
m/day

1.4655

1.4655

0.00977

Table J2 Material models for Hardening Soil (HS)

Item

Description

Identification

Subgrade

Material model

Hardening Soil (HS)

Drainage type

Undrained-A/Drained

Unsaturated unit weight, yunsat
(kN/md)

18
Saturated unit weight, ysat
(KN/m?) 20
Initial void Ratio, €init 1.635
Poisson’s ratio, v 0.35
Cohesion (kPa) 9
Friction (Degrees), ¢ 28.07
Dilation Angle (Degrees), ¥ 0
Secant Stiffness in Standard 18.94*e3
Drained Triaxial test E50rer
(kPa)
Tangent Stiffness for primary 15.15%e3
Odometer loading Eoed ref
(kPa)
Loading/reloading Stiffness 1.05*10°
Erer (kPa)
Compression Index, Cc 0.04
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Swelling Index, Cs 0.004
OCR 1.0
POP (kN/m2) 0.0
Soil Type Clay
<2um% 10
2Um-50pum% 13
50pum-2mm% 77
Horizontal Permeability X-

dir. Kx m/day 1.4655
Horizontal Permeability Y-dir

Ky m/day 1.4655
Vertical Permeability Kz

m/day 0.00977

Table J3 Material models for Soft Soil (SS)

Iltem Description
Identification Subgrade
Material model Soft Soil (SS)

Drainage type

Undrained-A/Drained

Unsaturated unit weight, yunsat

(KN/m?) 18
Saturated unit weight, ysat
(KN/m?) 20
Poisson’s ratio 0.35
Cohesion (kPa) 9
Friction (Degrees) 28.07
Dilation Angle (Degrees) 0
Initial void Ratio, einit 1.635
Soil Type Clay
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<2um% 10
2Um-50pum% 13
50pum-2mm% 77
Horizontal Permeability X-

dir. Kx m/day 1.4655
Horizontal Permeability Y-dir

Ky m/day 1.4655
Vertical Permeability Kz

m/day 0.00977
Consolidation Results

Cs 0.04
Cc 0.004
Tangent of the critical state, m 1.3
Compression index, A for NC 0.3
Unloading stiffness 0.0
Swelling index, k for NC 0.05
OCR 1.0
POP (kN/m2) 0.0

Table J4 Material models for Modified Cam-Clay soil

Item

Description

Identification

Subgrade

Material model

Modified Cam-Clay (MCC)

Drainage type

Undrained-A/Drained

Unsaturated unit weight, yunsat

(KN/m?) 18
Saturated unit weight, ysat

(KN/m?) 20
Initial void ratio, eo 1.635
Poisson’s ratio 0.35
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Cohesion (kPa) 9
Friction (Degrees) 28.07
Dilation Angle (Degrees) 0

Soil Type Clay
<2um% 10
2Um-50pum% 13
50pum-2mm% 77
Horizontal Permeability X-

dir. Kx m/day 1.4655
Horizontal Permeability Y-dir

Ky m/day 1.4655
Vertical Permeability Kz

m/day 0.00977
Tangent of the critical state, m 1.3
Compression index, A for NC 0.3
Unloading stiffness 0.0
Swelling index, k for NC 0.05
OCR 1.0
POP (kN/m2) 0.0

148




APPENDIX K: Numerical Evaluation (Sample Results-
Area & Point Load Case)

Detormed mead i (Scaled up SO0 mmes) (Thme C 1946° 104 aay)

fmurmrn asboe * O TESL*107 m (ot Node 12728

Figure K1. Deformed mesh of Tata Truck 1613c model without geogrid under area
load at 15 km/h.

Iovnnnl ot drwns & named b 00000 wwens (Tiwe & 100 164 ) { | ™

Figure K2. Sigma-1 distribution for Tata Truck 1613c without geogrid under area
load at 15 km/h: Left — principal stress plot; Right — cross-sectional view.

Croma so m

Figure K3. Sigma-1 stress along the longitudinal wheel path at 2nd wheel position
for Tata Truck 1613c without geogrid under area load at 15 km/h: Left — principal
stress plot; Right — cross-sectional view.
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Figure K4. Sigma-1 stress along the longitudinal wheel path at 4th wheel position for
Tata Truck 1613c without geogrid under area load at 15 km/h: Left—principal stress
plot; Right—cross-sectional view.

Tokal Otapiatmments ji (etated up S0 Dmes| | Time © 2940710 4 oy
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Figure K5. Total displacement (u) in the Tata Truck Tipper 1613c model without
geogrid reinforcement under area load at a constant speed of 15 km/h.

Total upintmments 1| (caing up 560 Srrws) (Time 0 38467104 day)

Masrnurn walge = 0 03014100 »

Figure K6. Displacement (u) along the first section of the symmetric road width for
the Tata Truck 1613¢ model without geogrid, under area load at 15 km/h.
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Figure K7. Displacement (u) along the first transverse section of the road for the
Tata Truck 1613c model without geogrid, under area load at 15 km/h. Left: Stress
plot; Right: Cross-sectional view.

TORa! dispincormmats | (seaied up SO8 trvws) (Thme 00048710 % day)

Figure K8. Total displacements (u) along the second section of the symmetric road
width for the Tata Truck Tipper 1613c model without geogrid reinforcement at 15
km/h.

Croms sschon

et Sapuswm fa e w500 tee) (Tise § 30090 gwy

Figure K9. Total displacement (u) along the first transverse section of the road for
the Tata Truck Tipper 1613c model at 15 km/h, without geogrid reinforcement.
Left: Stress plot; Right: Cross-sectional view.
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Deformed mesh |u| (scaled up 500 times) (Time 0.02749°10% day)
Maximum value = 0 9564*10-2 m (at Node 1030)

Figure K10 Deformed mesh of the Tata Truck Tipper 1613c model without geogrid
reinforcement, subjected to a point load at a constant speed of 50 km/h with
acceleration a=1.0m/sec2
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Figure K11: Principal Stress (c1) along the symmetric half of the road. Left: 61
distribution along Section-1. Right: Cross-sectional view of total 61 under a Tata
Truck Tipper 1613c (without geogrid), subjected to a point load at 50 km/h with 1.0
m/s? acceleration
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Cross saction

Figure K12: Principal Stress (61) along the symmetric half of the road. Left: o:
distribution along Section-2. Right: Cross-sectional view of total 61 under a Tata
Truck Tipper 1613c (without geogrid), with a point load at 50 km/h and 1.0 m/s?

acceleration

Figure K13: Principal Stress (61) along the wheel path (longitudinal direction) of the
road. Left: 61 distribution along Section-1. Right: Cross-sectional view of total 61
under a Tata Truck Tipper 1613c (without geogrid), with a point load at 50 km/h

and 1.0 m/s? acceleration
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Cronn section
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Figure K14: Principal Stress (c:1) along the wheel path (longitudinal direction) of the
road. Left: 6. distribution along Section-2. Right: Cross-sectional view of total o1
under a Tata Truck Tipper 1613c (without geogrid), with a point load at 50 km/h

and 1.0 m/s? acceleration

Total displacements jul (scaled up 500 times) (Time 0.02745° 104 day)

Manmum valve = 0 85647103 m (Element 106 at Node 1038)

Figure K15: Total displacement (u) in the Tata Truck Tipper 1613c model without
geogrid reinforcement, under a point load at 50 km/h and 1.0 m/s2 acceleration
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Total displacements jul (scaled up 500 times) (Time 0.02749°10 4 day)

Mastrmum waiue = DAL 10T m

Figure K16: Total displacement (u) along Section-1 of the symmetric half-width of
the road in the Tata Truck Tipper 1613c model without geogrid reinforcement,
under a point load at 50 km/h and 1.0 m/s? acceleration

Cross section

By ;———l :L‘ ,’—.’i —_——
Figure K17: Principal Stress (c1) along the symmetric half of the road (transverse
direction). Left: 61 distribution along Section-1. Right: Cross-sectional view of total
o1 for the Tata Truck Tipper 1613c model without geogrid reinforcement, under a
point load at 50 km/h and 1.0 m/s? acceleration
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Total displacements jul (scaled up 500 times) (Time 0 02749104 day)

Maomum value = 0 8518*102 m

Figure K18: Total displacement (u) along Section-2 of the symmetric half-width of
the road (transverse direction) in the Tata Truck Tipper 1613c model without
geogrid reinforcement, under a point load at 50 km/h and 1.0 m/s? acceleration

Figure K19: Principal Stress (c1) along the symmetric half of the road (transverse

direction). Left: 61 distribution along Section-2. Right: Cross-sectional view of total

o1 for the Tata Truck Tipper 1613c model without geogrid reinforcement, under a
point load at 50 km/h and 1.0 m/s? acceleration
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Total displacements ju| (scaled up 500 times) (Time 0 02749104 day)

Maximum velue = 0 8802°10 m

Figure K20: Principal Stress (1) along the wheel path (longitudinal direction-1) of
the road, based on the Tata Truck Tipper 1613c model without geogrid

reinforcement, under a point load at 50 km/h with 1.0 m/s? acceleration

TH Saptanmtte o Inated iy B0 maenl (T GRITON 10 4

Figure K21: Principal Stress (6:1) along the wheel path (longitudinal direction-1) of
the road. Left: 61 distribution along Section-1. Right: Cross-sectional view of total o:
for the Tata Truck Tipper 1613c model without geogrid reinforcement, under a

point load at 50 km/h and 1.0 m/s? acceleration
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Total displacoments Ju| (scaled up 500 times) (Time 0.02749°10* day)

Maximum valpe = O 8008* 109 m

Figure K22: Principal Stress (c:1) along the wheel path (longitudinal section, Section-
2) of the road, based on the Tata Truck Tipper 1613c model without geogrid
reinforcement, under a point load at 50 km/h and 1.0 m/s2 acceleration
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Figure K23: Principal Stress (c1) along the wheel path (longitudinal section) of the
road. Left: 61 distribution along Section-2. Right: Cross-sectional view of total o: for
the Tata Truck Tipper 1613c model without geogrid reinforcement, under a point
load at 50 km/h and 1.0 m/s? acceleration
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Deformed mesh ju| (scaled up 500 times) (Time 0,02749*10-% day)
Maximum value = 0.9514*10-3 m (at Node 1038)

Figure K24: Total displacement (u) in the Tata Truck Tipper 1613c model with
geogrid reinforcement, under a point load at 50 km/h and 1.0 m/s? acceleration
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Figure K25: Principal Stress (c1) along the symmetric half of the road (transverse
direction). Left: 61 distribution along Section-1. Right: Cross-sectional view of total
o1 for the Tata Truck Tipper 1613c model with geogrid reinforcement, under a point
load at 50 km/h and 1.0 m/s? acceleration
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Figure K26: Principal Stress (c1) along the symmetric half of the road (transverse
direction). Left: 61 distribution along Section-2. Right: Cross-sectional view of total
o1 for the Tata Truck Tipper 1613c model with geogrid reinforcement, under a point

load at 50 km/h and 1.0 m/s? acceleration
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Figure K27: Principal Stress (61) along the wheel path (longitudinal direction) of the
road. Left: 61 distribution along Section-1. Right: Cross-sectional view of total 1 for
the Tata Truck Tipper 1613c model without geogrid reinforcement, under a point

load at 50 km/h and 1.0 m/s? acceleration
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Figure K28: Principal Stress (c:1) along the wheel path (longitudinal direction) of the
road. Left: 6. distribution along Section-2. Right: Cross-sectional view of total o1 for
the Tata Truck Tipper 1613c model without geogrid reinforcement, under a point
load at 50 km/h and 1.0 m/s? acceleration

Total displacements (U] (scaled up 500 times) (Time 0.02749104 day)

Manimum valuo = 0 8514°109 m (Element 168 ot Node 1038)

Figure K29: Total displacement (u) for the Tata Truck Tipper 1613c model with
geogrid reinforcement, under a point load at 50 km/h and 1.0 m/s2 acceleration
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Total displacements jul (scaled up 500 times) (Time 0.02749°10* day)

Maumum value = 0 4825*102 m

Figure K30: Total displacement (u) along the symmetric half-width of the road
(Section-1) in the Tata Truck Tipper 1613c model with geogrid reinforcement,
under a point load at 50 km/h and 1.0 m/s2 acceleration
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Figure K31: Total displacement (u) along the symmetric half of the road (transverse
direction). Left: Total displacement plot along Section-1. Right: Cross-sectional view
of total displacement for the Tata Truck Tipper 1613c model with geogrid

reinforcement, under a point load at 50 km/h and 1.0 m/s2 acceleration

162



" |
'
¥

Total displacements |u (scaled up 500 times) (Tme 00274910 day)

Maomum value = 0 BS67*109m

Figure K32: Total displacement (u) along the symmetric half-width of the road
(transverse direction, Section-2) in the Tata Truck Tipper 1613c model with geogrid
reinforcement, under a point load at 50 km/h and 1.0 m/s? acceleration

e L L R TR TR

Figure K33: Total displacement (u) along the symmetric half of the road (transverse
direction). Left: Total displacement plot along Section-2. Right: Cross-sectional view
of total displacement for the Tata Truck Tipper 1613c model with geogrid
reinforcement, under a point load at 50 km/h and 1.0 m/s2 acceleration
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Total displacements juj (scaled up 500 times) (Time 0.02749104 day)
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Figure K34: Total displacement (u) along the first section of the wheel path
(longitudinal direction, Section-1) of the road in the Tata Truck Tipper 1613c model

with geogrid reinforcement, under a point load at 50 km/h and 1.0 m/s? acceleration
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Figure K35: Total displacement (u) along the wheel path (longitudinal direction) of
the road. Left: Total displacement plot along Section-1. Right: Cross-sectional view
of total displacement for the Tata Truck Tipper 1613c model with geogrid
reinforcement, under a point load at 50 km/h and 1.0 m/s2 acceleration
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Figure K36: Total displacement (u) along the first section of the wheel path
(longitudinal direction, Section-2) of the road in the Tata Truck Tipper 1613c model
with geogrid reinforcement, under a point load at 50 km/h and 1.0 m/s? acceleration
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Figure K37: Total displacement (u) along the wheel path (longitudinal direction) of
the road. Left: Total displacement plot along Section-2. Right: Cross-sectional view
of total displacement for the Tata Truck Tipper 1613c model with geogrid
reinforcement, under a point load at 50 km/h and 1.0 m/s2 acceleration

165



