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ABSTRACT

Present thesis employs a stress and strain based Mechanistic-Empirical principles to
estimate the optimal thickness of compacted subgrade on top of a weak natural subgrade
to enhance subgrade strength under specific axle load repetitions. Yoder and Witczak's
CBR-depth relationship determines allowed vertical stress, while the IRC-37:2018
specifies vertical compressive strain on the natural subgrade. The findings indicate that
the thickness of the compacted subgrade increases with increase in axle load repetitions
and decrease in natural subgrade strength. In both the approaches, the increase in
compacted subgrade thickness is significant up to 50 msa load repetitions, beyond
which it becomes less significant. Moreover, a comparative analysis of stress and strain-
based methods highlight that the strain-based criteria yields thicker compacted subgrade

than stress-based methods.

Furthermore, the study includes determination of compacted subgrade thickness and
effective CBR of the soil subgrade in a two-layered system using layer transformation
theory and Boussinesq' method. It has been assumed that the summation of deflection of
natural and compacted subgrade in a layered system under a wheel load is the total
deflection in a two layered subgrade system. In present model, an equivalent
homogeneous subgrade has been considered which will produce the same deflection of
two layered subgrade system. The findings reveal substantial variations in the thickness
of compacted subgrade up to a CBR of 20% for borrowed soil, beyond which the
variations are less significant. In this context, recommendation for selection of a

specified thickness of 500 mm compacted subgrade by IRC/MORD may be revisited.

A stress based Mechanistic —Empirical technique has been proposed in present thesis to
formulate a design approach for determination of unbound granular layer thickness for
low volume road pavement considering the pavement as three layered system. In a
three-layer pavement system, vertical compressive stress at the interface of granular
unbound layers has been determined using Boussinesq's equation. It has been found
that, the results of proposed model shows good convergence with existing design
guidelines. In present analysis, a concentration factor has been used in a model for
determination of vertical stress in a layered system to design a low volume road
pavement. The proposed model shows good correlation between pavement thickness
and CBR which matches closely with other design approaches.
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One of the objectives of present study is to develop a suitable optimization approach for
determination of bituminous and granular layer thickness to withstand required axle
load repetitions. The analytical approach for determination of pavement thickness
proposed in this study is based on the influence of different pavement layer thicknesses
on allowable radial tensile strain and vertical compressive strain at different layer
interface. The flexible pavement section in present study has been modelled as a three-
layered system, with the binder base (bituminous layer) on top, followed by the granular
layer, which rests on soil subgrade as its foundation. Odemark’s method has been used
to transform the three-layered system into a homogeneous one. The radial tensile strain
at the bottom of the bituminous layer and the vertical compressive strain on the top of
the subgrade were estimated by Boussinesq's theory. The strain value thus obtaned has
been made equal to the allowable strain from IRC:37-2018 to determine the thickness
of constituent pavement layer thickness for anticipated axle load repetitions. It has been
found that the variation of granular layer thickness is more sensitive than the bituminous
layer thickness on pavement performance in terms of rutting. The deflection values for
the optimized pavement section using present method has been compared with the
deflection obtained using the IITPAVE and KENPAVE which exhibits reasonable

good convergence.

In present study, a Mechanistic-Empirical model of the strain-based design for perpetual
road pavement has been proposed. In this analysis , the perpetual pavement has been
primarily characterised as a three layered bituminous pavement that can withstand a
minimum design traffic of 300 msa or thickness corresponding to a fatigue strain of 80
e or the rutting strain of 200 pe. It has been observed that the thickness of the binder
base required to withstand fatigue is generally more than that required to withstand
rutting under a specified axle load repetition. The performance of perpetual pavement
was found to be governed by its failure under fatigue. The modified fatigue and rutting
strain for perpetual road pavement design have been obtained as 95 pe and 185 pe

respectively.

A Mechanistic-Empirical apprpoach has been proposed to determine bituminous
overlay thickness on the top of an existing flexible road pavement by limiting the
vertical interface stress at pavement -overlay interface . In prsent analysis, a new
overlay with old pavement has been considered as a two-layered system. The modulus
of existing pavement has been estimated based on surface deflection on existing road
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pavement. The vertical stress at pavement-overlay interface due to wheel load has been
determined using Boussinesq's theory after the required transformation of the layered

system by Odemark’s method.

The vertical stress thus obtained has been made equal to allowable vertical stress found
from Danish and Huang's empirical correlation to estimate the overlay thickness for
different axle load and pavement deflection. Comprative results between two stress
based methods and the Asphalt Institute method have been found reasonably close.
Base layer Index as a measure of the curvature of overlay under wheel load has also
been considered as a performance criterion. In this backdrop, comparative analysis of
Base layer index as obtained from overlay thickness with stress-based and deflection-
based criteria has been presented in this study. It has been found that the overlay
thickness estimated using the stress-based methods are reliable and safe against
cracking. Sensitivity analysis of data used in present analysis shows that the modulus of

the bituminous layer as most sensitive parameter in comparison to axle load repetition.

Furthermore, the overlay thickness has also been obtained by limiting vertical interface
deflection for different axle loads repetitions and compared with the thickness of
overlay estimated using the Asphalt Institute (Al) method. Convergence in the rate of
change of overlay thickness with deflection proves the sensitivity of pavement
deflection on overlay thickness is comparable between two deflection-based methods. In
this study, the effect of overloading has also been analysed in terms of increased wheel
load on overlay thickness. The reduced service life of overlay due to overloading has
been estimated by back-calculation of vertical interface deflection. It has been found
that, when the pavement is badly damaged with higher deflection, the reduction in

overlay life for both in high and low-volume roads are comparable and significant.

An attempt has also been made in this study to develop a method for predicting the
residual life of flexible pavement using surface deflection as a design parameter. The
pavement structure has been considered as a three-layered system with bituminious
binder base, granular unbound layers and subgrade soil. Relationships between surface
deflection, pavement subgrade CBR, and axle load repetitions has been used to calculate

residual life and determine terminal surface deflection.

The outcome of this study establishes significant correlations between surface
deflection, pavement subgrade CBR and axle load repetitions. The correlations have
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been used to estimate the residual life of pavement based on its surface deflection. The
model presented in present analysis may also be used to estimate the terminal surface

deflection of pavement beyond which the need of repair becomes urgent.

Finally, the study also combines PYTHON, MATHEMATICA, and JAVA to develop
algorithms to create Graphical User Interfaces (GUIs). These developed GUI provides a

reliable and user friendly platform for design of flexible road pavement and overlay.

Keywords: Compacted subgrade, natural subgrade, binder base, California Bearing
Ratio , Boussinesq’s, Mechanistic-Empirical, interface stress, Odemark’s Method,
Boussinesq, fatigue, rutting, perpetual pavement, overlay thickness, Interface-

deflection, Base layer index , residual life.
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1.1 Introduction

The interconnected network of expressways and highways that link cities
and support economic interchange are essential to a nation's infrastructure. One
of the most significant infrastructural elements influencing production and
economic activity is believed to be transportation. Despite the lack of land, the
need for paved roads is rising significantly to alleviate the need for basic
transportation and to boost economic activity. Therefore, there is a lot of
pressure to invest in the transportation industry. However, according to many
Empirical design guidelines, estimation of optimum pavement section is not
acceptable as it is difficult to evaluate and fails to examine the intricate
interactions of the materials in the various layers. Through the use of finite
elements [9] and Mechanistic-Empirical [26, 27-32,135,149-151, 44-47]
fundamental analysis, an affordable and effective pavement system can be
constructed.

The behavior of a flexible pavement may be considered as a homogenous
half-space [34] to describe it in the simplest possible terms. The extent and
depth of a half-space are both limitless, and the top plane is where the loads are
applied. An elastic half-space was/is subjected to a concentrated load according
to the original Boussinesq’s [34] theory. It is possible to combine the stresses,
strains, and deflections caused by a concentrated load to find those caused by a
circular loaded area. Boussinesq’s [34] solutions received a lot of attention prior
to Burmister's [37-41] invention of layer-based theory since they were the only
ones accessible. If the theory is used, stresses, strains, and deflections of all
pavement layers can be estimated.

With the advancement of our understanding of building materials,
techniques, and equipment, pavement design is continually changing. The
conventional empirical method for designing pavements has changed to a more
mechanistic approach, leading to the global adoption of the Mechanistic-
Empirical [26, 27-32,135,149-151, 44-47] methodology. The goal of this
innovative strategy is to reduce stress, strain, and deflection in the different
pavement structure layers, which are arranged from top to bottom in decreasing

order of elastic modulus. As the pavement's foundation, the subgrade is essential
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to the structure's overall stability since it carries weight and transfers load stress
to the underlying soil.

Enhancing the strength of other pavement layers, including the granular
base, sub base, binder base, and wearing course, which can be reinforced by
adding more overlay thickness, is not the same as improving the subgrade. Over
the course of the pavement's service life, strengthening the subgrade after it has
been laid becomes quite difficult. Rutting is one of the most frequent reasons in
which bituminous pavement fails. It usually happens as a consequence of soft
subgrade failure, but it can also happen as a result of binder base failure from
high axle loads and elevated tire pressure.

Although there are ways to limit rutting [26, 27-32,135,149-151, 44-47],
by applying bituminous layers that are resistant to rutting, these approaches can
be expensive over the course of the pavement's life. As a result, during the first
stages of construction, it is essential to determine the type and strength of the
natural subgrade and to put strengthening measures in place. The most common
method is to add a thick compacted subgrade [31-32,145-146] on the top of
comparatively soft natural subgrade to increase the strength of the composite
subgrade. To resist excessive deflection of granular sub-base during construction
phase, the subgrade strength must be increased to withstand pavement
deterioration under static and dynamic traffic pressures,.

Stronger subgrades minimize the need for thick pavement crusts, which
lowers construction costs. Increased natural subgrade strength can be achieved
in highway construction by a number of methods which have been investigated
earlier and are frequently utilized, such as soil stabilization using additives,
admixtures, and fibers, geotextiles, and sand drains. The use of a compacted
subgrade [31-32] layer on top of a poor natural subgrade has been recommended
in different Indian guidelines for flexible pavement design in order to improve
subgrade strength and decrease pavement thickness.

The failure of bituminous road pavement is primarily influenced by
subgrade failure, which is the softest and weakest layer in a multi-layer
pavement system. Damage to any constituent layer increases vertical stress,
strain, and deflection on the natural subgrade, which acts as the pavement
foundation. Therefore, subgrade strength [145-146] is crucial to ensure the

durability of the road pavement since there is limited opportunity for subgrade
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repair or strengthening once the pavement is constructed. For roads built on poor
subgrade, subgrade improvement has become a major concern during the pre-
construction phase. The most common method of subgrade improvement
involves placing suitable soil from a borrow pit on top of the natural subgrade
and compacting it to the desired density and depth.

The pavement's resistance to rutting is improved by this compacted
subgrade depth, which also reduces the requirement for thicker pavement layers,
thereby reducing project costs. The California Bearing Ratio (CBR) of the two-
layered system, also known as effective CBR (CBRefr), [145-146] has been
determined in this work using a Mechanistic - Empirical approach. CBRegs is
dependent on the thickness of the compacted subgrade and the CBR values of
the borrowed soil and natural subgrade.

Over the past ten years, India's economy has become one of the fastest-
growing in the world. Its economic policy is currently focused on increasing
employment possibilities through direct and indirect means, such as by
developing its road network to improve surface connectivity. With a population
of over 1.4 billion people, India has launched the Pradhan Mantri Gram Sarak
Yojana (PMGSY) [86], a comprehensive plan for rural road connectivity, with
the goal of connecting every village in the country by roads in all weather
conditions. Approximately two thirds of India's total road length is comprised of
this rural road network.

Nonetheless, the majority of these rural roads are categorized as low
volume roads, and depending on the amount of traffic they actually receive over
the course of their service life, they can be upgraded to level like Other District
Roads (ODR) or Major District Roads (MDR). In India, a road is considered low
volume if it carries less than 450 commercial vehicles per day or has design
traffic of less than two million standard axles (msa) during its service life.

India boasts the second-longest total road network in the world, but the
quality of its road surfaces has caused several questions on its durability. About
33% of India’'s road network is made up of unsurfaced roads, which urgently
need to be repaired and upgraded in order to make those safe and functional.

Utilizing waste materials and locally accessible resources are becoming
more and more important in the effort to promote sustainable road construction.

India produces 960 million tons of solid waste a year as a result of industrial,
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mining, municipal, agricultural, and other processes producing byproducts.
Inorganic elements from the mining and industrial sectors, such as blast furnace
slag, building and demolition waste, and mill tailings, which can be utilized as
sub-base or granular base in road pavement to utilize around 30% of this waste.
Furthermore, elements that can be employed as fillers in bituminous mixtures or
for soil stabilization include fly ash, rice husk ash, cement kiln dust, and marble
dust. The cost of building a pavement can be reduced by using alternative
resources, such as waste materials, in the base and sub-base layers, particularly
for unbound granular materials in low volume roads. In this background, design
method has been developed to estimate the layer thickness of low volume roads.

For a country like India, which struggles to link its vast and isolated
areas, the early deterioration of bituminous road pavements is a serious problem.
The majority of India's vast road network which handles largely both freight and
passenger traffic is made up of flexible pavements. Therefore, keeping these
pavements durable it is essential to lower total maintenance expenses. In this
regard, developing a trustworthy technique for determining the thickness of the
different layers in a multilayered bituminous road is crucial. Reliability analysis
[56-57,73] of the methodology is also crucial for developing pavements
resistant to cracking as well as rutting. It is important to remember that although
bituminous layers (which are used as wearing courses or binder) can be readily
replaced by adding an overlay to an already-existing road, whereas it is much
more difficult to enhance the mechanical strength and thickness of the granular
layer once the road has been built to the full depth of granular layers and is in
use.

In light of this, the current study aims to establish a methodology for
estimating the thickness of the granular and bituminous layers in a flexible road
pavement using a mechanistic-empirical approach. In this context, Odemark'’s
method [52,126,181], also referred as the method of equivalent thickness (MET)
[52,126,181], is presented as an transformation technique for design of
pavement thickness in a three-layer conventional flexible pavement. It is
important to note that the idea of perpetual pavement has emerged as a result of
notable rise in traffic volume, unforeseen axle loads, and the expanding need for
freight lanes. Currently, the process of designing a flexible pavement usually

entails considering the pavement structure as a multi-layered system. Flexible
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pavement design started with a two-layered system assumption and developed
into a more intricate multi-layered design approach over time. The pavement's
design is mainly dependent on the methodology that is selected and the
boundary conditions those are considered in the design.

Perpetual pavements [147,149,152,154,156,157,158,165,171-172] is
essentially made of an impermeable, wear and rut resistant top layer of asphalt, a
base layer that is durable and fatigue-resistant, and an intermediate layer which
is also rut resistance and have the property of resistance against moisture
susceptibility. It is occasionally required to restrict strain distribution and
optimize fatigue ratios in design in order to prevent fatigue cracking from the
bottom up.

Although a number of endurance limits for perpetual pavements have
been proposed, none have been established with high degree of reliability. Based
on laboratory testing, Monismith and McLean established a Fatigue Endurance
Limit (FEL) [135,147,149,152,154,156,157,158,165,171-172] value in the range
of 70 to 100 ue for most perpetual pavement designs. This value has since been
proposed by the National Center for Asphalt Technology (NCAT)
[135,147,149,152,154,156,157,158,165,171-172] for these designs. However,
based on data from various pavement sections in use, some researchers have
proposed that the Fatigue Resistance Layer (FRL) [135, 147, 149, 152, 154, 156,
157,158,165,171-172] can sustain up to 150 pe, depending on the type of
bituminous mixture used. One of the major portion of the present study is
focused on developing a Mechanistic-Empirical flexible pavement design
method based on the MET [52,126,181] methodology in light of the background
information provided. This approach provides a straightforward and useful
pavement design option.

The necessity of restoring road and airport pavements has grown
dramatically over time. Over the past 20 years, road connection has become
increasingly important in India when it comes to infrastructure development.
The demand for pavement repairs has increased as a result of the road network's
expansion, particularly in light of the unanticipated effects of climate change and
high traffic volumes that have negatively impacted the service life of road

pavements. As a result, pavement needs maintenance and scheduling of repairs
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with appropriate materials, which have taken precedence in pavement
maintenance plans.

In this ambit an effective and useful overlay design is essential to
improve the serviceability and usability of road pavements. Based on stress,
strain, or deflection criteria [10,137,151], overlay design can include expected
axle load repetitions during the pavement's service life. Many researchers have
used empirical, mechanistic, and Mechanistic-Empirical approaches [26, 27-
32,135,149-151, 44-47] to estimate the thickness of bituminous overlay for
damaged flexible road pavement. Present study considers a mechanistic-
empirical approach to design bituminous overlay thickness based on interface
deflection as a design criterion.

Applying an overlay [10,137-151] on top of an existing bituminous layer
is the most sustainable method of pavement rehabilitation in the modern world.
The modulus of the various pavement layers, Poisson’s ratio, the thickness of
the constituent layers, and the anticipated volume of traffic are some of the
factors that affect the thickness of the overlay.

The semi-empirical and semi-mechanistic approach have been used in
present overlay design approaches, such as the Asphalt Institute (Al) method
[10], can occasionally lead to premature failure or over estimated pavement
thickness, which is economically unfeasible. Thus, the goal of this study is to
add some value to the existing overlay design methodology while offering a
thorough and critical comparison with the popular Al approach.

An essential part of managing and maintaining infrastructure is to
estimate the pavement's residual life. When deciding whether and how to replace
or repair deteriorated road surfaces, the remaining service life information (RSL)
[20, 26, 58, 64,69,155] assists the engineers and transportation authorities in
making well-informed judgments. Surface deflection analysis, especially when
using Odemark’s [126] method is a useful technique for determination of how
long a pavement will be functional for use. In general, there are three RSL
estimation procedures: namely, functional failure, structural failure and
combination of both [188]. Deflection testing has become a commonly used
technique for assessing the structural strength of pavements. The deflection as a
reaction to a known load applied at the pavement surface is measured using

current deflection testing equipment. Surface-deflection testing is widely
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acknowledged by highway agencies as a routine procedure because of its rapid
and reliable results, while processing of deflection data remains an area of
ongoing study.

The structural assessment gives a variety of information on how
pavements should behave. However, due to the costs of data collection and
analysis, many agencies do not currently analyze structural capacity at the
network level of pavement management, though it is required to be done
frequently at the project level. In this backdrop, analytical method of estimation
of remaining service life of bituminous road pavement can be an effective
approach in pavement management system.

Futuristic Flexible Pavement (FFP) [86] is now considered necessary for
maximizing soil strength through comprehensive and effective technology,
eliminating re-work during rehabilitation, improving overall performance,
reducing pavement composition for cost savings, decreasing aggregate
consumption, lowering bitumen burning to reduce Greenhouse Gas (GHG)
emissions, and enhancing overall cost-effectiveness, durability, and
environmental sustainability. In that backdrop, the broad objectives of present
study may partially supplement the need of FFP.

1.2 Broad objective of the study

The main objective of this study is to formulate a Mechanistic-Empirical
approach for the estimation of compacted subgrade, pavement thickness for low,
high volume and perpetual road pavement, Moreover the thickness of
bituminous overlay and remaining life assessment of road pavements have also
been included as the objective of study. The study includes use of vertical
interface stress, strain and deflection as design criteria using method of

equivalent thickness.

1.3 Scope of work
o Transformation of a multi layered pavement system into a homogenous
system using Odemark’s (MET) method.
o Determination of vertical compressive stress and strain using

Boussinesq's method.
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o Determination of allowable vertical compressive stress using correlation
from Huang and Ullidtz and consideration of regional factor as per
Alaska Flexible Pavement Design guidelines.

o Determination of fatigue strain, rutting strain, modulus of sub base, and
base as per the criteria outlined in IRC: 37-2018.

o Determination of the concentration factor variation considering different
elastic moduli of pavement materials.

o Determination of the depth and effective CBR of the borrow material
using a deflection-based approach.

o Estimation of constituent layer thickness of a perpetual road pavement as
specified using provisions of IRC: 37-2018.

o Determination of BLI value for comparison with stress-based and
deflection-based (Al) overlay design methods.

o Estimation of elastic modulus of the existing pavement using a
deflection-based approach.

o Determination of interface deflection for the purpose of designing an
overlay design on an existing pavement.

o Estimation of total deflection in a three-layer flexible pavement using
Odemark's—Boussinesq's approach.

o Validation of results obtained from stress, strain, and deflection-based
methods using IITPAVE.

o Developing Graphical User Interface (GUI) for all algorithms adopted in
the study.

1.4 Organization of dissertation

This dissertation is divided into eight chapters. Chapter 1 covers a brief
introduction, including problem statement, study objectives, and outline of the
dissertation. Chapter 2 includes determination of compacted subgrade thickness.
Chapter 3 includes design of low volume rural road pavement with unbound
materials. Chapter 4 includes optimization of bituminous pavement thickness
using strain based design criteria by Odemark’s approach. Chapter 5 includes

Mechanistic- Empirical design of perpetual road pavement using strain based
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design approach. Chapter 6 covers mechanistic empirical design of bituminous
overlay. Chapter 7 includes prediction of residual life of pavement by surface

deflection using method of equivalent thickness. Chapter 8 includes conclusions
and future scope of work.
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2.1 Introduction

The approach of pavement design conceptually dynamic and is changing
with the advancement of knowledge in construction material, methodology and
equipment. Empirical approach of pavement design has been changed in
association with Mechanistic approach to evolve the Mechanistic — Empirical
[26, 27-32,135,149-151, 44-47] approach, which is now being widely practiced
worldwide. The basic mechanism of design of pavement thickness is based on
the concept of limiting the stress, strain and deflection of constituents paving
layers. Such layers are arranged in order of decreasing magnitude of elastic
modulus from top to bottom. Subgrade is the foundation of pavement structure
and therefore stability of pavement structure largely depends on the performance
of the foundation on which it is supposed to transfer the load to the soil.

Improvement of subgrade is qualitatively different from the approach of
improvement of strength of other paving layers. The paving layers include
granular base and sub base, binder base and wearing course which are frequently
strengthened by putting additional thickness of overlay. But once the pavement
is laid on subgrade, it becomes very difficult to strengthen the subgrade during
the service life of pavement. The most frequent types of failure in Bituminous
pavement failure is in the form of rutting caused by failure of soft subgrade.
However, rutting may also be caused due to failure of binder base due to higher
axle load with increased tyre pressure.

The repair to prevent rutting by rut resistant bituminous layer is done but
that is expensive in terms of life cycle cost of pavement. Therefore, it is
important to study the type and strength of natural subgrade and to decide upon
the strengthening measures at initial stage of construction. The most widely used
method in this context is to put compacted subgrade with adequate thickness to
achieve a better strength of composite subgrade with a stiffer layer on top,
followed by the soft natural subgrade . The strength of the subgrade need to be
increased to withstand excessive deflection of granular subbase which may
cause pavement deterioration under static and dynamic stresses generated by
traffic.

The better is the strength of subgrade, the requirement of pavement crust

becomes less which results saving in cost of construction. Keeping this in view,
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improvement of natural subgrade by various techniques including soil
stabilization by adding different additives, admixtures and fibres, use of
geotextiles, use of sand drains etc. have already been explored by the engineers
and used frequently in highway construction. The guidelines for the design of
flexible pavements in India, has also recommended the provision of using
compacted subgrade layer on the top of weak natural subgrade to increase
subgrade strength to reduce the pavement thickness.

The failure of bituminous road pavement is largely guided by the failure
of subgrade, which is the softest as well as weakest layer in a multi-layer
pavement system. Damage in any of the constituent layers in a flexible
pavement increases the vertical stress, strain, or deflection on the top of the
natural subgrade, which acts as foundation of the pavement structure. The most
popular method of strength improvement of subgrade is to place a suitable type
of soil from a borrow pit on the top of the natural subgrade and to compact it
with the required target density and depth. The depth of compacted subgrade,
thus prepared, primarily increases the durability of the road against rutting and
on the other hand the increased CBR of compacted subgrade reduces the
requirement of pavement layer thickness, thereby reducing the project cost. In
the present study, a Mechanistic-Empirical [26, 27-32,135,149-151, 44-47]
approach has been developed to determine the CBR of the two-layered system
often known as effective CBR (CBReff) [145,146] which depends on the
thickness of compacted subgrade and CBR of both natural subgrade and

borrowed soil.

2.2 Literature review

Nataatmadja et al. (2019) [121] proposed a study on the performance of
soil subgrade under the traffic condition. The study focused on the fact that good
subgrade can prevent premature failures of the pavement during the service life
of the pavement. Odemark’s layer transformation has been used to transform a
multi-layered system in to homogenous one with or without any layer correction
factor. The study focuses on a two-layered subgrade which consists of a
relatively thick layer as capping on top of an semi-infinite layer. Aust Road

sublayer analysis has been used in the study. This paper also explores various
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techniques for determining the effective subgrade CBR to be used in designing
flexible pavements. It compares results from different methods like the Odemark
Transformation Method and multi-layered elastic analyses, proposing a new
validated approach based on the performance of typical pavement structures.
The study concludes that without the usual correction factor in Odemark’s
method, the study underestimates the necessary thickness of the capping layer if

anisotropy and nonlinearity is considered.

Biswas et al. (2019) [33] proposed a methodology to evaluate the
optimum thickness of compacted subgrade in a two layered system using
Mechanistic-Empirical design approach. The study calculates the allowable
vertical stress on the compacted subgrade based on CBR-depth relationships and
axle load specifications. Additionally, it evaluates the vertical compressive strain
on the natural subgrade according to rutting criteria. By transforming the two-
layered system into a homogeneous one, the study applies mechanistic
formulations to determine the compacted subgrade thickness needed to
withstand design load repetitions while limiting vertical compressive strain on
the natural subgrade. The study also finds that the thickness of compacted
subgrade required to achieve the specified CBR over weak natural subgrade
varies significantly depending on the ratio of elastic modulus in the two-layered
system. Results suggest revisiting the concept of effective CBR and fixed

thickness provisions in existing specifications for rural roads.

Tarefder et al. (2008, 2012) [172,173] analyzed the impact of a weak
subgrade with varying strength and stiffness on pavement design and
performance. The subgrade's strength and stiffness were represented by its soil
resistance R-value, evaluated using data from US 550, a rural highway in
Northwest New Mexico. Calculated subgrade R-values were compared to those
used in the actual design of US 550. Pavement design simulations were
conducted using the Mechanistic-Empirical Pavement Design Guide (MEPDG)
and elastic analysis. The MEPDG simulations indicated potential failure of the
existing design due to top-down longitudinal cracking, consistent with field
observations. Top-down cracking was found to be less affected by subgrade
strength, while rutting was sensitive to low R-values or weak subgrade. An R-

value of 17 was identified as a threshold for distinguishing good subgrade from
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poor, based on resistance to rutting and roughness degradation. Elastic analysis
showed that increasing subgrade R-values could significantly reduce
compressive strain at the subgrade surface. Subgrade treatment effectively
reduced stress and strain in weak subgrade. This study provides valuable
insights for designing and predicting the performance of pavements built on
weak subgrade.

Putri et al. (2017) [139] proposed a study to introduces a method for
determining pavement thickness based on establishing a threshold stress. This
approach aims to keep the maximum deviator stress caused by traffic loads on
the subgrade below a critical threshold by providing an appropriate pavement
layer thickness. Its goal is to maintain stable subgrade deformation behavior
under repeated loads, thus minimizing plastic deformation. Unlike existing
methods, this approach is versatile, suitable for various soil types, surface
conditions, and base qualities. It allows for the separate consideration and
assessment of surface and base qualities, facilitating straightforward
determination. The paper proposes a simple laboratory test procedure for quickly
assessing the subgrade soil's threshold stress and provides a systematic
formation design flowchart along with a practical example. Emphasis is placed
on the importance of drainage conditions for the method's success. The
effectiveness of the design approach is demonstrated through observations of
actual formation performance under repeated loadings.

IRC:37-2018 [51] IRC:37-2018 is a comprehensive guideline provided
by the Indian Roads Congress (IRC) regarding the design of flexible pavements.
It offers detailed insights into the various aspects of flexible pavement design,
catering to the diverse conditions encountered in India's road network. The
document covers the design methodology, materials selection, construction
techniques, and maintenance considerations for flexible pavements. It
emphasizes the importance of considering factors such as traffic volume, climate
conditions, subgrade strength, and pavement layer properties to ensure long-
lasting and cost-effective road infrastructure. IRC:37-2018 outlines the design
process, which typically involves determining the traffic loads, estimating the
pavement's structural capacity, and selecting appropriate pavement layers and

thicknesses. It provides equations, charts, and tables to aid engineers in these
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calculations, taking into account factors like vehicle types, axle loads, and
design life. Moreover, the guideline discusses the selection and characterization
of materials such as aggregates, bitumen, and additives, emphasizing their
suitability for the specific traffic and environmental conditions. It also covers
construction techniques, quality control measures, and guidelines for pavement
maintenance to ensure durability and performance over the pavement's design
life. In summary, IRC:37-2018 serves as a valuable resource for engineers,
contractors, and policymakers involved in the design, construction, and
maintenance of flexible pavements in India, offering a comprehensive
framework to ensure the quality, safety, and sustainability of road infrastructure.
Additionally the guideline for design of bituminous road pavement, recommends
at least 500 mm thickness as compacted sub grade on the top of weak natural
subgrade. But the guideline does not recommend any correlation with axle load
repetition and thickness of the compacted sub grade. The respective code
proposed certain equations for subgrade CBR with modulus and also for traffic
load repetitions with different strains generated within different layer interfaces.
These empirical strain equations can be used to generate Mechanistic-Empirical
pavement design models.

Reddy et al. (1993, 2001) [145,146] analyzed that the subgrade for
flexible pavement can be defined as a combination of two layers. The upper
layer is compacted and having higher stiffness placed on relatively weak soil
making total thickness of 500mm in cutting or embankment. The study
concludes that for the design of flexible pavement composite strength of the
subgrade which is the combined strength of borrow as well as natural soil must
take in to consideration. The study also concludes that design CBR of subgrade
is very low as compared to borrow material and only CBR of borrow must alone
not taken in to consideration for pavement design.

C.A.Booth (2022) [16] investigated that the pavement failures attributed
to low California bearing ratio (CBR) and high swelling potential. The study
explores the use of sustainable waste materials like brick dust waste (BDW),
ground granulated blast furnace slag (GGBS), recycled plastic (RP), and
recycled glass (RG) as partial replacements for cement and lime in treating clay.

Road pavement design was carried out using the Design Manual for Road and
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Bridges (DMRB) to evaluate treated clay's performance with different CBR
values. Failure analysis of road pavements supported by eco-friendly treated
clay was conducted to understand defect formation. The study calculated the
embodied carbon of treated clay and performed a life cycle cost analysis
(LCCA) comparing flexible pavements with treated clay to those with imported
materials. Results showed significant improvements in CBR values and
reductions in swelling, leading to thinner pavements and reduced stress, thereby
enhancing resistance to fatigue, rutting, and permanent deformation. Eco-
friendly treated clay exhibited low embodied carbon and lower life cycle costs
compared to imported materials. The study concludes that using waste materials
in road construction can reduce carbon emissions and construction costs,
benefiting owners and operators by saving money compared to removing and

replacing clay with imported materials.

A. Gediket et al. (2020) [15] illustrated that the majority of global
highways feature flexible pavements composed of multiple layers, including
asphaltic and granular, over a foundational layer known as the subgrade. A
structurally sound subgrade is crucial for withstanding construction stresses and
preventing later deformations under traffic loads. Weak subgrades can be
reinforced with modifications like a capping layer to reduce stress on the
pavement. This study aims to enhance understanding of optimal pavement
functionality by examining key design parameters such as material properties,
layer count, and thickness. Using KENLAYER software, design of flexible
pavements based on specific Equivalent Single Axle Load (ESAL)
requirements. Cost-effectiveness was also considered in selecting the best-
performing composition. Results suggest that pavements utilizing high modulus
asphalt are ideal for subgrades with CBR of at least 3%, while weaker subgrades
benefit from a capping layer to meet high ESAL application designs.

Mishra, D., et al. (2019) [141] described that pavement construction
becomes very much expensive when the pavement builds on weak soil. The
choice and application of pavement rehabilitation methods often rely on data
regarding the pavement's functional and structural condition. Agencies
commonly conduct visual distress surveys and Falling Weight Deflectometer

(FWD) testing as part of pavement preservation programs. While back
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calculating layer moduli from FWD data is standard, it requires accurate layer
thickness estimates, which can be challenging to obtain without coring, a time-
consuming process. To address this, Boise State University's ongoing research
proposes using Deflection Basin Parameters (DBPs) derived from FWD tests to
infer individual layer conditions, offering an alternative to traditional methods.
Through Finite-Element Modeling, the study verified the adequacy of DBPs by
assigning typical modulus values to layers and calculating corresponding DBPs,
which mostly aligned with literature ranges. Subsequently, four pavement
sections in ldaho were assessed using this approach, and the results compared
favorably with visual distress assessments. This research suggests DBPs as

viable alternatives for network-level pavement condition evaluation.

M. John. N (2015) [119] mentioned that the subgrade acts as a load-
bearing layer of the entire pavement system. Models are generated to evaluate
the structural contribution of the subgrade layer and also the effective layer
thickness. The study further concludes that the performance of pavement
structure is highly dependent on the stiffness and thickness of the subgrade and
accordingly the traffic should also be categorized based on the geotechnical

properties of the subgrade.

M. Nazari et al. (2012) [115] investigated a study on a two layered
system based on CBR test. Seventy-two CBR tests were conducted on two-
layered samples, including both unreinforced and reinforced configurations.
These samples consisted of a sand base layer over a cohesive soil subgrade
layer. Three reinforcement scenarios were examined: unreinforced, reinforced
with nonwoven geotextile, and reinforced with geogrid, with four different
compaction moisture contents (CMC) for the subgrade layers. CBR tests were
carried out on sand base layers of varying thicknesses under soaked and
unsoaked conditions. The results revealed that the critical thickness of the sand
layer depended on the strength of the subgrade clayey soil, influenced by
compaction moisture and soaking conditions. Threshold thicknesses were
observed in certain samples: those with 8%, 12%, and 16% CMC in unsoaked
conditions, and those with 8% and 12% CMC in soaked conditions. However, in

some cases, the critical thickness for the sand base layer was not evident.
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El-Badway et al. (2011) [60] proposed a study for a two layered flexible
pavement system. Flexible pavement has been considered a complex multi-layer
system of structure with varying layer modulus and poisson’s ratio. Odemark’s
layer transformation has been applied for transformation of this multi layered
complex system in to simple one layer system for stress and strain. The study
showed that the correction factor in Odemark’s method is a function of several
parameters of the layers such as layer thickness, modular ratio. Study also
showed that good relationship can be established between vertical stress
obtained using Odemark’s method and layer elastic analysis for correction factor
of 0.8 and 0.9. Finally the study concludes that the correction factor is not

constant but varies according with the depth of pavement.

J.Mukabi (2016) [118] suggested that he subgrade serves as the
foundational ground for the pavement and is crucial for its overall performance.
However, existing models do not accurately quantify the structural thickness and
stiffness that contribute effectively to the pavement's performance. This paper
proposes models to precisely delineate the structural contribution of the
subgrade layer and determine the necessary effective layer thickness. It further
analyzes the impact of subgrade stiffness and structural layer thickness on
various geotechnical engineering aspects, particularly concerning optimal base-
subbase layer stiffness and thickness. The practical demonstration of how the
effective performance of pavement structures depends on subgrade stiffness and

structural layer thickness is also presented.

M.Zhang et al. (2020) [194] mentioned that determination of
appropriate pavement layer thickness is crucial for pavement design, especially
in areas with poor soil foundations where effective subgrade treatment enhances
durability. However, finding the optimal thickness for subgrade treatment poses
challenges for designers. A thicker treatment increases project costs
significantly, while a thinner treatment may not improve pavement structure
mechanics significantly. This study utilized the finite-element method to analyze
real field pavement mechanical responses with subgrade treatments at varying
depths. By employing orthogonal design and gray relational theory, it analyzed
design indicators to optimize pavement structure for an expressway. Results

revealed that subgrade treatment depth significantly affects stresses in asphalt
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pavement structures and bottom tensile strains of asphalt layers. Hence, for a
cost-effective solution with equal structural strength, using a reasonable depth
for cement-treated subgrade instead of increasing asphalt layer thickness is
preferable.

M.Alzaim et al. (2020) [14] mentioned that most highways worldwide
feature flexible pavements comprised of multiple layers, including asphaltic and
granular, over a subgrade foundation. A satisfactory bearing capacity in the
subgrade is crucial to mitigate immediate construction stresses and later
deformations under traffic loads. If the subgrade is weak, modifications like a
capping layer can support the flexible pavement, reducing stress. This study
aims to enhance understanding of optimal pavement functionality by examining
key design parameters: material properties, layer count, and thickness,
considering financial aspects. Using KENLAYER software, flexible pavement
designs were aligned with specific Equivalent Single Axle Load (ESAL) targets.
Results revealed that for high ESAL applications, pavements with high modulus
asphalt are suitable for subgrades with CBR of at least 3%, while weaker
subgrades benefit from a capping layer. Cost-effectiveness was considered in

selecting the most suitable designs.

2.3  Determination of compacted subgrade thickness based on subgrade

deflection

The most popular method of strengthening of subgrade is to place
suitable type of soil from borrow pit on the top of natural subgrade and to
compact it with required depth and density. The depth of compacted subgrade,
thus prepared, primarily increases the durability of road against rutting and on
the other hand the increased CBR of compacted subgrade reduces the

requirement of pavement layer thickness, thereby reducing the project cost.

2.3.1 Objective

The objective of the present study is to formulate a Mechanistic-
Empirical approach for the estimation of compacted subgrade thickness on the
top of weak natural subgrade which may require to resist failure of pavement
under rutting. The thickness of compacted subgrade thus obtained may be used
to recommend an effective CBR in a two layered system of soil subgrade based
on layer deflection.
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2.3.2 Methodology

In this study compacted subgrade with specified thickness on top of
natural subgrade has been considered as a two layered system as shown in
Figure 2.1. The thickness of compacted subgrade has been determined in this
chapter is based on layer deflection in a two layered system. The top layer in
such a system consists of compacted subgrade soil with higher CBR collected
from borrow pit followed by the weak natural subgrade. Present guidelines of
bituminous pavement design advocates the use of effective CBR of subgrade
when compacted subgrade is used for improvement of subgrade. Therefore,
effective CBR may be used for the estimation of pavement thickness needs to be
determined suitably which characterizes the strength of two different layers of
subgrade in a multi-layered pavement system. In this backdrop, it has been
proposed in this study to estimate the deflection of compacted and natural
subgrade under a standard wheel load. In order to determine the deflection of
compacted and natural subgrade using Boussinesq’s [34] equation, it is
necessary to transform the two-layered system into a homogeneous layer using
Odemark’s[52,126,170] method, which has been illustrated below.

prass

hl Compacted subarade
Ei;, vy

Natural Subgrade

Figure.2.1: Two-layer system with compacted subgrade on natural

subgrade
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2.3.3 Odemark’s Method

In this method, a two-layered system with compacted subgrade on top
with thickness hi, followed by the natural subgrade may be transformed into a
homogeneous half-space for application of Boussinesq’s[34] equation to
determine the vertical stress, strain, or deflection at the required depth.
Transformation of a two-layered system into a homogeneous system can be done
by Odemark’s [126] method with a concept of equivalent layer thickness (he)
which has been shown in Figure 2.2.

Odemark'’s [126] method is based on the assumption that the stresses and
strains below a layer depend on the stiffness of that layer only. If the thickness,
modulus, and Poisson's ratio of a layer are changed, but the stiffness remains
unchanged, the stresses and strains below the layer should also remain
unchanged.

So, the two-layer system with a modulus of top layer (E1) with thickness
h: and Poisson ratio vi when rests on bottom layer with a modulus of (Ez) and
Poisson ratio v2, may be represented by an equivalent thickness (he) as shown in

Equation 2.1.

_ 3 |E1(1-v22)
h. = fh; /—Ez(l—vlz) (2.1)
Where, f is the Odemark’s [126] correction factor, which depends on the
type of layer interface and varies between 0.8-1.0. In present analysis, the value
of Odemark’s [126] correction factor has been considered as 0.9.
If the Poison’s ratios of the layers are assumed approximately the same

for the two layers under consideration, the equivalent thickness corresponding to

the two-layered system may be expressed as

h, = 0.9 hf\/% (2.2)
2

The deflection at a depth (z) for a circular load of radius ‘a', with load
intensity 'q', Modulus 'E™ and Poisson's ratio "v" in a homogeneous section may

be expressed as [34,181] as shown in
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h1, E1, v1 z
3/ 1
:> zZ = eq =fh1 E_Z, E2,V2

E2, v2

Figure 2.2 Transformation of a two-layered system by Odemark’s approach

2.3.4 Model for estimation of effective subgrade CBR

In this chapter a mathematical model with two layered system of soil
subgrade has been presented which consists a top layer of compacted subgrade
with higher resilient modulus followed by the natural subgrade with lower
resilient modulus. So, it is pertinent to mention that the equivalent modulus of
such two layered systems will largely depend on the moduli of respective layers
in a layered system as well as the thickness of the compacted subgrade. In this
study, it has been assumed that the summation of deflection of natural and
compacted subgrade in a layered system under a wheel load is the total
deflection in a two layered subgrade system. In present model, an equivalent
homogeneous subgrade has been considered which will produce the same
deflection of two layered subgrade system. The modulus of such homogeneous
system has been derived by transformation of two-layered systems which
produces the same deflection of layered subgrade system and has been defined
as equivalent modulus in this analysis. The concept of equivalent modulus thus
explained in the present analysis for estimation of compacted subgrade thickness
has been used for determination of effective CBR, which has been explained in
subsequent paragraphs in this chapter.

In order to calculate the deflection following input parameters have been

used in Equation 2.3.
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[ ( 1
5, =121 —v) - !;22 +(1-2v1 |1+ (3)2 -2 Ll (2.3)
B R (12 { }JJ

A wheel load (P) of 40 kN with tyre pressure (q) 0.56 MPa with contact
radius (a) = 150.8 mm and the Poisson’s ratio (v) = 0.40 ,have been
considered in present analysis for both the layers of subgrade.

However, for calculation of deflection of compacted subgrade (&;),

z= hand E = E., have been substituted in Equation 2.3 to get
Equation 2.4.

( A
S = “;V)qalzu V) — J—l —+(1- ZV){ h“ }L
" (e} '

Where, hes = Thickness of compacted subgrade (mm), Ecs = Modulus of

(2.4)

L

compacted subgrade (MPa).

Similarly, for estimation of the deflection of natural subgrade (&y;) ,
z= heq = 0. 9hcs3/ECS , E=E,, has been substituted in

Equation 2.3 to obtain equation 2.5.

[

__ (@+v)qa
In—

(2.5)

P - 22+(1—2v){ 1+(hfzq)2_%}
=

Where Ens = modulus of natural subgrade (MPa)

Therefore total deflection in subgrade may be considered as a summation of
deflection of compacted subgrade in Equation 2.4 and natural subgrade in
Equation 2.5.

So, total deflection in subgrade (8) = &0 (2.6)

It has to be noted that the top layer with compacted subgrade layerwith
higher CBR rests on the natural subgrade which is semi-infinite in nature with
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comparatively lower CBR. In such two-layered system, the equivalent modulus
of a homogeneous system may be obtained from Equation 2.7 [37-41].

_ 2(1-v?)qa
Eeff - 6] + 6]1 (2'7)

In this study, the effective CBR has been estimated from effective
modulus of two different subgrade layers as obtained from Equation 2.7. The
effective layer modulus thus obtained (Eer ) has been used for estimation of
effective CBR (CBResf ) by back calculation using the empirical correlations as
shown in Equations 2.8 and 2.9 ( IRC:37-2018) [51].

Eefr = 17.6(CBRgp)** (2.8)
Eefr = 10(CBRefr) (2.9)

In present model, the effective CBR has been considered as an input
parameter for the estimation of compacted subgrade layer thickness where other
input variables are the CBR of compacted and natural subgrade. Therefore,
when the CBR of borrowed soil for compacted subgrade and the CBR of in situ
natural subgrade are known, the thickness of compacted subgrade may be
determined using present analytical approach to achieve an effective CBR of
layered subgrade for design of pavement. The flow diagram of the adopted

methodology has been shown in Figure 2.3.
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Determination of deflection based compacted subgrade
thickness

l

CBR of natural and compacted
subgrade as input parameter

Transformation of layered system in to a homogenous
system using Odemark’s method

A\ 4

Estimation of deflection under wheel load on
compacted subgrade (61) and natural subgrade (o)

1 A\
Deflection in a homogenous system

Total subgrade deflection 6= 3+ 5= 1.5qa
Eeyy

! !

A 4

1.5qa
Eepr = ©)

\ /
Eess = 10(CBR)
Eys = 17.6(CBR)%*

OUTPUT
The thickness of compacted subgrade with required effective CBR

Figure 2.3 Flow diagram for determination of deflection based effective subgrade
CBR and compacted subgrade thickness.
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2.3.5 Results and Discussion

The effective CBR is an important parameter for characterization of
subgrade when subgrade improvement is done by placing compacted borrowed
soil over natural subgrade from the borrow pit. Increase in effective CBR
improves significantly the service life of flexible pavement against rutting and
therefore, it is important to study the influence of factors which may affect the
effective CBR as design parameter. Moreover, it is also important to identify the
most sensitive parameter out of various other factors which may influence the
effective CBR of a layered subgrade. In present chapter, depth of compacted
subgrade has been determined using natural subgrade CBR and compacted
subgrade CBR as input variable with a target of achieving an effective CBR of
compacted subgrade using borrowed soil. The natural subgrade CBR between 2-
7% has been considered in present analysis whereas the borrowed soil CBR for
compacted subgrade has been considered between 5-30%.In this study , natural
subgrade CBR values has been considered in lower range which characterizes
the strength of comparatively weak subgrade But , the strength of borrowed soil
CBR for compacted subgrade has been considered relatively in a higher range
which is needed for strength improvement of weak subgrade .In this context , it
is relevant to mention that if the insitu subgrade CBR is less than 5%, IRC-37-
2018 [51] recommends for subgrade improvement by placing borrowed soil on
the top of weak natural subgrade.

In this backdrop, the effective CBR of subgrade has been considered in
present study from 5- 15 %. It is to be noted that the thickness design of
bituminous road pavement is now based on the effective CBR of the subgrade
when the natural subgrade requires to be strengthened by compacted subgrade.
Variation of thickness of compacted subgrade with effective CBR obtained from
present analysis using the present model have been presented in this chapter
from Figure 2.4 to Figure 2.19 and inTable 2.1 to Table 2.6 (Appendix 1A). It
has been observed that the thickness of compacted subgrade decreases sharply
with increase in CBR of borrowed soil. However, such rate of change of
compacted subgrade thickness varies with the variation in effective CBR, the

CBR of borrowed soil and natural subgrade. Moreover, such a change in
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thickness of the compacted subgrade becomes significant when the requirement
for effective CBR is higher.

In this study effective CBR between 5-10% has been characterized as
lower range and whereas 10-15% has been considered as higher range of
effective CBR. It has been observed in present analysis that the rate of change of
thickness of compacted subgrade is significant up to 20% CBR of borrow
materials when effective CBR lies in lower range. Moreover, the thickness
change of compacted subgrade becomes less significant beyond the threshold of
20% CBR of borrow materials. However, the same was found to vary
significantly up toa CBR of 30% when effective CBR lies in higher range. The
requirement of compacted subgrade thickness becomes higher with a borrow
material of comparatively lower CBR. But when the borrow material strength is
higher with higher CBR value, the thickness of compacted subgrade becomes
less. Moreover, the variation of compacted subgrade thickness was also found to
vary with natural subgrade strength. However, the effect of variation of natural
subgrade CBR on compacted subgrade thickness is less sensitive than the
variation of CBR of borrow material. In present analysis MATHEMATICA
programming language has been used to solve all the equations.

2500

Effective subgrade CBR

2000
5% 6% 7%
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0
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CBR of borrow material (%)

Figure 2.4: Variation of compacted subgrade thickness with change in CBR of

borrow material for natural subgarde CBR of 2%

26



Chapter 2: Determination of compacted subgrade thickness

4500

Effective subgrade CBR

w B
[ o
o o
o o

3000 —0—8% —8—9% —80—10%

2500

2000

1500

1000

500

Comapcted subgrade thickness (mm)

0 10 20 30 40 50 60
CBR of borrow material (%)

Figure 2.5: Variation of compacted subgrade thickness with change in CBR of
borrow material for natural subgarde CBR of 2%
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Figure 2.6: Variation of compacted subgrade thickness with change in CBR of

borrow material for natural subgarde CBR of 2%
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Figure 2.7: Variation of compacted subgrade thickness with change in CBR of

borrow material for natural subgarde CBR of 3%
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Figure 2.8: Variation of compacted subgrade thickness with change in CBR of
borrow material for natural subgrade CBR of 3%
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Figure 2.9: Variation of compacted subgrade thickness with change in CBR of

borrow material for natural subgrade CBR of 3%
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Figure 2.10: Variation of compacted subgrade thickness with change in CBR of
borrow material for natural subgrade CBR of 4%

29



Chapter 2: Determination of compacted subgrade thickness

2000

=
[e]
o
o

Effective subgrade CBR
1600

1400 —0—8% —8—9% —0—10%
1200
1000
800
600
400

200

Compacted subgrade thickness (mm)

0 10 20 30 40 50 60
CBR of borrow material (%0)

Figure 2. 11: Variation of compacted subgrade thickness with change in CBR of

borrow material for natural subgrade CBR of 4%
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Figure 2.12: Variation of compacted subgrade thickness with change in CBR of
borrow material for natural subgrade CBR of 4%
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Figure 2.13: Variation of compacted subgrade thickness with change in CBR of
borrow material for natural subgrade CBR of 5%
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Figure 2.14: Variation of compacted subgrade thickness with change in CBR of

borrow material for natural subgrade CBR of 5%
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Figure 2.15: Variation of compacted subgrade thickness with change in CBR of

borrow material for natural subgrade CBR of 5%
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Figure 2.16: Variation of compacted subgrade thickness with change in CBR of
borrow material for natural subgrade CBR of 6%
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Figure 2.17: Variation of compacted subgrade thickness with change in CBR of

borrow material for natural subgrade CBR of 6%
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Figure 2.18: Variation of compacted subgrade thickness with change in CBR of

borrow material for natural subgrade CBR of 7%
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Figure 2.19: Variation of compacted subgrade thickness with change in CBR of
borrow material for natural subgrade CBR of 7%

2.3.6 Validation of proposed model

For validation of test results, the analysis presented in IRC-37-2012 has
been considered in the present study. The natural CBR of soil in the IRC-37-
2012 [48] ranges between 1.5% to 7%whereas the CBR of borrowed soil has
been considered from 7% to 50%. The effective CBR recommended in IRC: 37-
2012 [48] has been estimated considering a thickness of 500 mm of compacted
subgrade The effective CBR of subgrade in a two-layered system obtained using
present method with similar variables of IRC: 37-2012 [48] corresponding to
natural subgrade CBR between 1.5% to 7% have been presented in Figure 2.20
to Figure 2.21 and in Table 2.7 to Table 2.8 ( Appendix 1A).It has been found
that the effective CBR data obtained using present method matches closely with
IRC-37-2012 [48] data. However, it is relevant to mention that the results
obtained from IRC-37-2012 [48] are based on the output of ELAYER [145]
computer program used by the researchers in IIT Kharagpur. The program is
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based on Burmister's [37-41] analysis with a layered system having a rough
interface. But, the present analysis is based on a linear elastic theory using the
method of equivalent thickness. Therefore, convergence of output data in terms
of effective CBR justifies the acceptability of the proposed methodology
presented in this chapter.

However, in future, the effective CBRvalue may be estimated using
strain and stress based approach where the vertical compressive strain and stress
on top of the subgrade may be considered as design parameter. The strain and
stress based method in such cases may include the number of standard axle load
repetitions which the improved subgrade can withstand before it fails under
rutting.

1800 4 . IRC method (IRC: 37-2012)

1600 . — Present method » 2.5%

14.00 -
12.00 1.5%
10.00 -

8.00

6.00 -

4.00 1 Natural subgrade CBR 1.5%, 2% and 2.5%

2-00 T T T T T 1
0 10 20 30 40 50 60

Borrow material CBR (%0)

Figure 2.20: Comparison of Effective Subgrade CBR obtained using present

method and IRC: 37-2012.
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Figure 2.21: Comparison of effective subgrade CBR obtained using present

method and IRC: 37-2012
2.3.7 Concluding remarks

Effective CBR can be estimated based on the fixed thickness of
compacted borrow materials that are placed on the natural subgrade. However,
the present method for estimation of compacted subgrade thickness may be used
to achieve a required effective CBR of subgrade for the design of flexible road
pavement. In this method, natural subgrade CBR, compacted soil subgrade
CBR, and effective CBR are used as input variables while the compacted
subgrade thickness becomes output. It is relevant to mention that when the
natural subgrade CBR is less than 5%, the subgrade improvement becomes
essential to make the pavement durable with a higher service life against rutting.
It has been found from the present study that the thickness of compacted
subgrade largely varies up to 20% CBR of borrowed soil , beyond which the
variations are not significant In future, efforts are needed to estimate the

effective subgrade CBR considering the service life of the pavement.
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2.4 Determination of compacted subgrade thickness using vertical

compressive strain as design parameter.

Often weak natural subgrade is strengthened by placing borrowed soil on
top of it for formation of compacted subgrade. Strengthening of weak subgrade
improves the service life of bituminous road pavement by reducing the

probability of failure of pavement under rutting.
2.4.1 Objective

The objective of present study has been considered to formulate a
Mechanistic - Empirical design approach for estimation of compacted subgrade

thickness based on vertical compressive strain on top of natural subgrade.
2.4.2 Method of analysis

In order to estimate the allowable vertical stress on top of compacted
subgrade, primarily the CBR — depth relationship of flexible pavement design as
per ICAO method was considered. The method suggests an Equation 2.10 for
determination of ACN value of an aircraft which has been considered in present

analysis.

t __«j [81CBR pn (2.10)
Where P = Load of a single wheel in (Ib)

p= Tyre pressure in (Ib/in?) and t = thickness of pavement (inches).

p
< 2a ;;i
] Pavement
8 1CBR pm
@
or = 0.025 * CBR Subgrade

Figure 2.22: Two layer pavement with subgrade
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Therefore the effect of wheel load on surface may be determined as
vertical interface stress on top of subgrade, which has been determined in
present analysis using Boussinesq’s Equation. In Boussinesq’s equation the
vertical stress at depth (z) for a wheel load intensity (q) with a circular radius ‘a’
may be expressed in Equation 2.11.Therefore, the thickness of pavement
determined from Equation 2.10 for a known subgrade CBR, wheel load and tyre
pressure may be used in Boussinesq’s Equation 2.11 for estimation of vertical

stress on top of subgrade.

0, =ql———3 (2.11)

The interface vertical stress on subgrade thus obtained has been

considered as permissible stress on subgrade (of) in present chapter. The
correlation between permissible stress (o) and subgrade CBR has been

established from Equation 2.11 for a wheel load 12566 Ib and tyre pressure 181

psi and contact radius of 4.7 inch , Which is shown in Equation 2.12.

or = 0.025 CBR (2.12)

Where o, = permissible stress on subgrade in MPa

In present analysis the permissible stress on subgrade has been estimated
considering 10% CBR value for lower subgrade range. In such case the
allowable load on compacted subgrade has been calculated using 0.25 MPa,
using Equation 2.12. However where the compacted subgrade CBR is
comparatively higher than allowable load intensity has been estimated
considering a CBR of 15% using Equation 2.12, which results an allowable
stress of 0.375 MPa for estimation of compacted subgrade thickness.

In present analysis lower compacted CBR includes subgrade with CBR
less than 10% whereas the higher CBR group means when the compacted CBR
of subgrade is increase 10%.

In the present study for the estimation of compacted subgrade thickness ,

the system has been considered as two layer system with , the top consists of
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borrow material with higher subgrade CBR followed by natural subgrade with
lower CBR and has been shown in Figure 2.23 . The elastic modulus of both
natural and compacted subgrade may be estimated from the relationship

developed by Powell et al [135] as given in Equation 2.8and2.90f the previous
section

Compacted subgrade (E)

Natural Subgrade (E,;)

Figure 2.23: Two layered system with natural and compacted subgrade.

—

3|E
eql fhcs E_

a

E,s (Homogeneous)

2
|
|
|

i 1 41%1078\4.5337

Figure 2.24: Transformation of two layered system into a homogeneous medium.

The permissible stress thus obtained from Equation.2.12 has been
considered to act on the top of the compacted subgrade in the form of a circular
flexible uniformly distributed load with same diameter as that of wheel load on
surface . The vertical compressive strain (€,,) on the top of the natural subgrade

has been determined using theory of elasticity as proposed by Boussinesq’s [34]
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and is shown in Equation 2.13. It is known that the vertical compressive strain
on top of subgrade relates the pavement failure under rutting. Therefore the
vertical compressive strain which may likely to occur on top of natural subgrade
should always be less than the permissible vertical strain corresponding to a
specified axle load repetitions to be safe under rutting.

Therefore, to reduce the vertical compressive strain on weak natural
subgrade with lower elastic modulus (E,s), compacted subgrade with
appropriate thickness would require with higher elastic modulus (E_;) to limit

the strain at layer interface, in a two layered system.

e, = (1J;v)q { ljz)z}g —(1-2v) ﬁ -1 (2.13)
However, in present analysis the subgrade is a two layered system. Therefore,
Odemarks method has been used in present section to transform the two layered
system in to a homogeneous system. The equivalent thickness of the
transformed section may be expressed as (heqt) and has been shown in Equation
2.14. The term heq in place of ‘z’ has further been used in present analysis in
Equation 2.13 with Ens (modulus of natural subgrade) and Ecs (modulus of

compacted subgrade).

heql = 0.9 hQ/Eﬁ (2.14)

However, the permissible vertical compressive strain on natural subgrade
for specified standard axle load repetitions has been obtained from Equation
2.15 and has been used in Equation 2.13 to determine the required equivalent
depth as shown in Equation 2.14.

N = 1.41 x 1078 (1)4'5337

€y

(2.15)

In the present analysis, the natural CBR of weak subgrade has been considered
between 2% to 7.0%, whereas the compacted subgrade CBR has been
considered from 8.0% to 15%. The flow diagram of the adopted methodology
has been shown in Figure 2.25.
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Determination of strain based compacted subgrade thickness

l

INPUT
CBR of Natural and Compacted subgrade,
Axle load repetition, allowable stress on subgrade

l

Application of Odemark’s transformation technique for two layered subgrade

Y

v

Allowable vertical strain on Strain com!outation.by
subarade as per IRC: 37-2018 Boussinesq’s Equation.

l l

A4

Determination of compacted subgrade thickness

A4

Validation of computed thickness with IITPAVE

Figure 2.25: Flow diagram of adopted strain based methodology for estimation of
compacted subgrade thickness
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2.4.3 Results and Discussion

The methodology proposed in present study can be characterized as an
analytical approach of soil improvement technique. The thickness of compacted
subgrade has been so designed, can achieve the target CBR on the top of weak
natural subgrade which rests below the granular subbase layer. The ranges of
CBR of compacted subgrade chosen in the present analysis were between 8% to
15%. However, design load intensity on natural subgrade of 0.25 MPa and 0.375
MPa has been considered in the present analysis.

The thickness of compacted subgrade thus obtained corresponding to
different natural subgrade and for different axle load repetitions are presented in
Figure 2.26 to Figure 2.43 and Table 2.9 to Table 2.20 (Appendix 1B)
considering load intensity of 0.25 Mpa and 0.375 MPa. It is relevant to note that,
the failure of natural subgrade in terms of vertical strain changes with axle load
repetitions on pavement. Therefore the design of compacted subgrade should
also be based on expected axle load repetitions during the service life of
pavement. In this context, analysis has been made in present study to establish
correlation between thickness of compacted subgrade and axle load repetitions
when placed over weak subgrade. The results obtained from present analysis
show that the thickness of compacted subgrade reduces if the CBR of natural
subgrade increases for a specific axle load repetition and vice versa. The reason
of such result is obvious because the increased strength of natural CBR as
foundation of the pavement would require less thickness of compacted subgrade
if axle load repetition remains unchanged. It has been found from present
analysis that the thickness of compacted subgrade increases with the increase in
axle load repetitions where the CBR of both natural and compacted subgrade
remains unaltered. It is relevant to note that the rate of change of thickness of
compacted subgrade becomes significant up to a load repetition of 50 msa,
beyond which the rate of such changes becomes less. It has been observed that,
for weak subgrade with subgrade CBR of 2%, the compacted subgrade thickness
increases 63% when the axle load repetition changes from 2msa to 150 msa.
However such increase in thickness does not change much with the change in
compacted subgrade CBR. Similarly for natural subgrade with higher CBR (7%)

the increase of compacted subgrade thickness for 2 to 150 msa was found as

42



Chapter 2: Determination of compacted subgrade thickness

71%.1n this backdrop, the effect of axle load repetitions on failure of compacted
subgrade has to be understood in terms of failure under rutting. Ministry of
Rural Development (MORD) specification for rural roads has defined the
subgrade as top 300mm part of embankment just beneath the pavement crust.
However, IRC:37-2018 [51], the guidelines for the design of flexible pavements
in India recommends the thickness of compacted layer of subgrade as 500 mm
immediately below the bottom of the pavement structure as a measure of
subgrade improvement if the natural subgrade is weak in terms of its CBR. In
this backdrop, the findings of the present study reveal that a finite thickness of
compacted subgrade as recommended in IRC: 37-2018 [51] or in MORD
specification may be under or over designed, resulting unsafe or uneconomic

pavement.
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Figure 2.26: Variation of compacted subgrade thickness with axle load repetitions

for 2% CBR of natural subgrade with 0.25 MPa contact pressure
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Figure 2.27: Variation of compacted subgrade thickness with axle load repetitions

for 2% CBR of natural subgrade with 0.25 MPa contact pressure
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Figure 2.28: Variation of compacted subgrade thickness with axle load repetitions
for 3% CBR of natural subgrade with 0.25 MPa contact pressure
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Figure 2.29: Variation of compacted subgrade thickness with axle load repetitions
for 3% CBR of natural subgrade with 0.25 MPa contact pressure
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Figure 2.30: Variation of compacted subgrade thickness with axle load repetitions
for 4% CBR of natural subgrade with 0.25 MPa contact pressure
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Figure 2.31: Variation of compacted subgrade thickness with axle load repetitions
for 4% CBR of natural subgrade with 0.25 MPa contact pressure
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Figure 2.32: Variation of compacted subgrade thickness with axle load repetitions
for 5% CBR of natural subgrade with 0.25 MPa contact pressure
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Figure 2.33: Variation of compacted subgrade thickness with axle load repetitions
for 6% CBR of natural subgrade with 0.25 MPa contact pressure
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Figure 2.34: Variation of compacted subgrade thickness with axle load repetitions
for 7% CBR of natural subgrade with 0.25 MPa contact pressure
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Figure 2.35: Variation of compacted subgrade thickness with axle load repetitions

for 2% CBR of natural subgrade with 0.375 MPa contact pressure
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Figure 2.36: Variation of compacted subgrade thickness with axle load repetitions

for 2% CBR of natural subgrade with 0.375 MPa contact pressure
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Figure 2.37: Variation of compacted subgrade thickness with axle load repetitions

for 3% CBR of natural subgrade with 0.375 MPa contact pressure
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Figure 2.38 : Variation of compacted subgrade thickness with axle load repetitions

for 3% CBR of natural subgrade with 0.375 MPa contact pressure
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Figure 2.39: Variation of compacted subgrade thickness with axle load repetitions

for 4% CBR of natural subgrade with 0.375 MPa contact pressure
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Figure 2.40: Variation of compacted subgrade thickness with axle load repetitions
for 4% CBR of natural subgrade with 0.375 MPa contact pressure
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Figure 2.41: Variation of compacted subgrade thickness with axle load repetitions
for 5% CBR of natural subgrade with 0.375 MPa contact pressure
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Figure 2.42: Variation of compacted subgrade thickness with axle load repetitions
for 6% CBR of natural subgrade with 0.375 MPa contact pressure
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Figure 2.43: Variation of compacted subgrade thickness with axle load repetitions
for 6% CBR of natural subgrade with 0.375 MPa contact pressure

2.4.4 Validation of Model: strain based approach

In this section attempts have also been made to compare the findings of
present method with the thickness obtained using IITPAVE [51] software used
for estimation of bituminous thickness in India. The thickness thus obtained has
been presented in Figure 2.44 to Figure 2.55 and Table 2.21 to Table 2.26. It
has been found from comparative study that the thickness obtained from present
analysis are reasonably close to the results of ITPAVE [51] .In ITPAVE [51],
the two layered subgrade with respective modulus of natural and compacted
subgrade has been used as input parameters. The allowable vertical compressive
strain on top of natural subgrade corresponding to a specified axle load
repetition has been used for estimation of compacted subgrade thickness. The
allowable vertical strain on top of natural subgrade has been considered from
rutting criteria as laid in IRC: 37-2018[51].

The thickness of compacted subgrade thus obtained using IITPAVE [51]
has been compared with the findings obtained using present methodology.
However it is to be noted that IITPAVE [51] solution is based on elastic layer
theory of pavement, where the present method uses method of equivalent

thickness for estimation of layer thicknesses.
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Figure 2.44: Comparison of variation of compacted subgrade thickness with axle

load repetition for 2% CBR of natural subgrade with 0.25 MPa contact pressure
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Figure 2.45: Comparison of variation of compacted subgrade thickness with axle

load repetition for 2% CBR of natural subgrade with 0.25 MPa contact pressure
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Figure 2.46: Comparison of variation of compacted subgrade thickness with axle

load repetition for 5% CBR of natural subgrade with 0.25 MPa contact pressure
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Figure 2.47 : Comparison of variation of compacted subgrade thickness with axle

load repetition for 5% CBR of natural subgrade with 0.25 MPa contact pressure
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Figure 2.50: Comparison of variation of compacted subgrade thickness with axle
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Figure 2.51: Comparison of Variation of compacted subgrade thickness with axle

load repetition for 2% CBR of natural subgrade with 0.375 MPa contact pressure

56



Chapter 2: Determination of compacted subgrade thickness

1000 -
E 900 -
e
g
< 800 -
2
S
[<5]
8 700 -
|
g
3 Compacted subgrade CBR
o 600 -
2
&
o3 10% Present study
€ 500 -
© 10% IITPAVE

400 T T T T T T T T T 1

0 15 30 45 60 75 90 105 120 135 150

Axle load repetitions (msa)

Figure 2.52: Comparison of variation of compacted subgrade thickness with axle

load repetitions for 5% CBR of natural subgrade with 0.375 MPa contact pressure
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Figure 2.53 : Comparison of variation of compacted subgrade thickness with axle
load repetitions for 5% CBR of natural subgrade with 0.375 MPa contact pressure
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Figure 2.54: Comparison of variation of compacted subgrade thickness with axle

load repetitions for 7% CBR of natural subgrade with 0.375 MPa contact pressure
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Figure 2.55: Comparison of variation of compacted subgrade thickness with axle
load repetitions for 7% CBR of natural subgrade with 0.375 MPa contact pressure
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2.4.5 Concluding remarks

The Mechanistic - Empirical approach used in present analytical study
has been used to determine the compacted subgrade thickness on the top of a
weak natural subgrade as a measure of ground improvement for specified axle
load repetitions. It has been found that the thickness of compacted subgrade
increases with the increase in axle load and decrease in strength of natural
subgrade. If axle load varies from 2 msa to 150 msa for a specific natural
subgrade CBR, percentage of variation in thickness remains almost unaltered
though the CBR of compacted subgrade may vary from 5% to 15%. It has also
been found that provision of considering 500 mm thickness of compacted
subgrade as recommended in IRC: 37-2018 [51] or in MORD specification will
result either an under designed or over designed section, causing unsafe or
uneconomic pavement in terms of rutting failure. In this backdrop, present
analytical approach may be used to estimate the thickness of compacted

subgrade.

2.5  Determination of compacted subgrade thickness using stress based

approach

Compacted subgrade over weak natural subgrade is placed as a measure of
ground improvement. The stress due to wheel load on pavement surface gets
distributed along the depth of pavement depending on the layer modulus of
constituent layers in a pavement system. The failure of natural subgrade is
characterized by the vertical compressive strain on the top of the subgrade
corresponding to standard axle load repetitions. Therefore, thickness of the
compacted subgrade should be selected with such an approach so that it can
protect the failure of natural subgrade under rutting from anticipated axle load
repetitions on pavement. In this context, attempts are made in this study to
establish correlation between compacted layer thickness with strength of natural
subgrade and anticipated axle load repetitions using Mechanistic - Empirical
approach.

The compacted subgrade on top of natural subgrade is provided to reduce
the effect of wheel load stress on pavement on natural subgrade so that the

pavement does not fail under rutting.
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2.5.1 Objective

The objective of present study has been considered to formulate a stress
based Mechanistic-Empirical approach for determination of compacted subgrade
thickness to withstand a specified number of standard axle load repetitions
during its service life.

2.5.2 Proposed stress based model

In Present analysis compacted subgrade with higher CBR on the top of
natural subgrade with lower CBR has been considered as a two layered system

in the present analysis and shown in Figure 2.56.

q

“— 2a

I
cs | Compacted subgrade (E)

laz

Natural Subgrade (E,s)E,, v,

Figure 2.56: Two layered system with natural and compacted subgrade

E,s (Homogeneous)

_(7.199*10—8153-583)3.734
= o

S

Figure 2.57: Transformation of two layered system into homogeneous system
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The allowable vertical stress on top of natural subgrade may be determined by
Huang [87-90] from AASTHO [1-4] equation and shell [164] design criteria and
are as following

Ng = 7.199 x 107> x ¢, 3734 x E3°83 (2.16)

Where Ng = Number of stress repetition to limit permanent deformation in
natural subgrade

o, = Vertical compressive stress on the surface of the subgrade (Kg/cm?).

E = Elastic Modulus of natural subgrade (Kg/cm2).

However the permissible stress on the top of compacted subgrade has
been determined from the formulation of Yoder and Witczak [191-193] of CBR-
depth relationship as shown in Equation 2.12.

Therefore, to reduce the vertical compressive stress on weak natural
subgrade with lower elastic modulus (E,s), compacted subgrade with
appropriate thickness would require with higher elastic modulus (E_;) to limit
the stress up to layer interface, in a two layered system.However, in present
analysis the subgrade is a two layered system. Therefore Odemarks method has
also been used in present section to transform the two layered system in to a
homogeneous system. The Boussinesq’s equation for determination of vertical
stress in a homogeneous medium as shown in Equation 2.11 has been used in
present analysis.

The transformed thickness hegz may be obtained using the principle of

Odemarks method which has been shown in Equation 2.17.

heqz = 0.9 hcjfs—z (2.17)

The elastic moduli of compacted subgrade and natural subgrade have
been determined using the empirical relationship expressed in Equation 2.8 and

Equation 2.9.

The equivalent thickness of the transformed section of two layered subgrade
system may be expressed as (heqz) as in Equation 2.17. The term heg2 in place of
‘z’ in Boussinesq’s [34] Equation 2.11 has been used in present analysis for
estimation of vertical interface stress on top of natural subgrade which has been

shown in Equation 2.18.
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(2.18)

Allowable stress on natural subgrade as shown in Equation 2.16 has been
used in Equation 2.18 to get equivalent depth (heq2). The depth thus obtained
from Equation 2.18 is the equivalent depth of soil mass corresponding to
different modulus ratio. The depth of compacted subgrade thickness (hcs) is back
calculated using Equation 2.17. The thickness of compacted subgrade on top of
natural subgrade thus obtained for various axle load repetitions. The flow

diagram of the adopted methodology has also been shown in Figure 2.58.

2.5.3 Results and Discussion

The methodology proposed in this study can be considered as an
analytical approach of soil improvement technique. The natural subgrade CBR
has been considered in this analysis between 2% to 7%. The thickness of
compacted subgrade has been determined to achieve the target CBR on the top
of soft natural subgrade. The CBR of compacted subgrade considered in the
present analysis ranged between 5% to 20%.

The thickness of compacted subgrade thus obtained for different natural
subgrade and for different axle load repetitions are presented in Figure 2.59 to
Figure 2.76. The limiting vertical stress on compacted subgrade against rutting
depends on its elastic modulus and axle load repetitions. Therefore, the effect of
load repetitions on performance of compacted subgrade in terms of its variation
in thickness has also been shown in the Table 2.27 to Table 2.38 (Appendix 1C)
for load intensity of 0.25 MPa and 0.375 MPa on top of subgrade. The results
obtained from present analysis show that the thickness of compacted subgrade
reduces if the CBR of natural subgrade increases for a specific axle load
repetitions and vice versa. Moreover, the thickness of compacted subgrade was
found to increase with the increase in axle load repetitions and vice versa. It is
relevant to note that the rate of change of thickness becomes significant up to a
load repetition of 50 msa. But such change in thickness becomes less significant

between a load range of 50-150 msa.

62



Chapter 2: Determination of compacted subgrade thickness

Determination of stress based compacted subgrade thickness

Y
INPUT
CBR of Natural and Compacted subgrade, Axle load repetition,
permissible stress on subgrade

A 4

Application of Odemark’s transformation technique

v \4

Allowable vertical stress on Wheel load stress using Boussinesq’s
subgrade from Huang’ Equation and CBR-Depth relation from
criteria Yoder and Witczak correlation

A 4

Determination of compacted subgrade thickness

A 4

Validation of computed thickness with ITPAVE

Figure 2.58 Flow diagram of adopted stress based methodology for estimation of

compacted subgrade thickness
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It has also been observed that for weak subgrade with natural subgrade
CBR of 2%, the compacted subgrade thickness increases 84%, when the axle
load repetitions changes from 2 to 150 msa. However such increase in thickness
has not been found significant with the change in compacted subgrade CBR.

Similarly, for natural subgrade with higher CBR (7%), the increase of
compacted subgrade thickness from 2 msa top 150 msa was found as 98%.

In present analysis, the compacted subgrade thickness was found to vary
with axle load repetitions, CBR of natural subgrade and CBR of borrow
materials. Therefore, consideration of a fixed compacted subgrade thickness
irrespective of axle load repetitions is too approximate. Therefore, the
recommendation of MORD for compacted subgrade thickness in rural road as
300mm and for other highways as 500mm requires revision. In this backdrop,
present analysis may be considered as an effective approach for estimation of
compacted subgrade thickness.

A comparative analysis has also been carried out between compacted
subgrade thickness obtained from strain and stress based approach. The
thickness of compacted subgrade obtained from two different models considered
natural subgrade range between 2% to 7% and axle load repetitions between 2-
150 msa which are presented in Figure 2.74 to Figure 2.91 & Table 2.39 to
Table 2.46 (Appendix 1C) considering load intensity of 0.25 MPa and 0.375
MPa.

It has been observed from Table 2.27 to Table 2.52 (Appendix 1C) that
the thickness of compacted subgrade increases with the increase in axle load
repetitions. However, the rate of increase of compacted subgrade thickness is
significant up to 50 msa beyond which the rate of increase becomes less
significant.

The trend of increase in compacted subgrade thickness with axle load
repetitions was found similar in both strain and stress based approach.
Moreover, it has been observed that the thickness of compacted subgrade
reduces when strength of borrow material increases for a specific axle load
repetitions.

It has been observed that the thickness of compacted subgrade obtained
from strain based criteria is more than the stress based criteria. In this analysis,

for a load of 2 msa and an assumed contact pressure of 0.25 MPa, the average
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increase in compacted subgrade thickness using strain based method was 36%
for different natural subgrade and borrows materials. However, with the increase
in axle load repetitions the difference in compacted subgrade thickness reduces
considerably. It had been found that such differences in compact subgrade
thickness reduce to 19% when the load repetions are 150 msa.

Similarly, for contact pressure of 0.375 MPa, for lower axle load
repetitions (2msa) the average difference between stress and strain based
subgrade thickness has been found as 34% whereas the same for 150 msa load

has been found as 18%.
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Figure 2.59: Variation of compacted subgrade thickness with axle load repetitions
for 2% CBR of natural subgrade with 0.25 MPa contact pressure

65



Chapter 2: Determination of compacted subgrade thickness

(o))
(V]
o

D
o
o

o = °
. - =
. =

Ul
a
o
\
\
@
\

500 PRl

450 e Compacted subgrade CBR

400 L
/ 12% =— = 15%

w

a

o
)

Compaced subgrade thickness (mm)

w
o
o

N
(]
o

0 15 30 45 60 75 90 105 120 135 150
Axle load repetitions (msa)

Figure 2.60: Variation of compacted subgrade thickness with axle load repetitions
for 2% CBR of natural subgrade with 0.25 MPa contact pressure
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Figure 2.61: Variation of compacted subgrade thickness with axle load repetitions
for 3% CBR of natural subgrade with 0.25 MPa contact pressure
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Figure 2.62: Variation of compacted subgrade thickness with axle load repetitions
for 3% CBR of natural subgrade with 0.25 MPa contact pressure

~
o
o

[e)]
ul
o

- -
- -
=
- -
- -
-

o)
o
S
\
\
\

550 -
500 s~

450 »

400 | ® Compacted subgrade CBR
~- & -5% 8% 10%

Compacted subgrade thickness (mm)
&
o
o
\

w
o
o

N
(€]
o

0 15 30 45 60 75 90 105 120 135 150
Axle load repetitions (msa)

Figure 2.63: Variation of compacted subgrade thickness with axle load repetitions
for 4% CBR of natural subgrade with 0.25 MPa contact pressure
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Figure 2.64: Variation of compacted subgrade thickness with axle load repetitions
for 4% CBR of natural subgrade with 0.25 MPa contact pressure
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Figure 2.65: Variation of compacted subgrade thickness with axle load repetitions
for 5% CBR of natural subgrade with 0.25 MPa contact pressure
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Figure 2.66: Variation of compacted subgrade thickness with axle load repetitions
for 6% CBR of natural subgrade with 0.25 MPa contact pressure
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Figure 2.67: Variation of compacted subgrade thickness with axle load repetitions
for 7% CBR of natural subgrade with 0.25 MPa contact pressure
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Figure 2.68: Variation of compacted subgrade thickness with axle load repetitions
for 2% CBR of natural subgrade with 0.375 MPa contact pressure

800

~
vl
o

00 | e
650 .-

600 .o

550 2

22 Compacted subgrade CBR

500 «
/ 12% - ®- 15%

Compacted subgrade thickness (mm)
&
o
~e
\

N
o
o
[ S

w
(%4
o

0 15 30 45 60 75 90 105 120 135 150
Axle load repetitions (msa)
Figure 2.69: Variation of compacted subgrade thickness with axle load repetitions
for 2% CBR of natural subgrade with 0.375 MPa contact pressure
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Figure 2.70: Variation of compacted subgrade thickness with axle load repetitions
for 3% CBR of natural subgrade with 0.375 MPa contact pressure
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Figure 2.71: Variation of compacted subgrade thickness with axle load repetitions
for 3% CBR of natural subgrade with 0.375 MPa contact pressure
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Figure2.72: Variation of compacted subgrade thickness with axle load repetitions
for 4% CBR of natural subgrade with 0.375 MPa contact pressure
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Figure 2.73: Variation of compacted subgrade thickness with axle load repetitions
for 4% CBR of natural subgrade with 0.375 MPa contact pressure
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Figure 2.74: Variation of compacted subgrade thickness with axle load repetitions
for 5% CBR of natural subgrade with 0.375 MPa contact pressure
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Figure 2.75: Variation of compacted subgrade thickness with axle load repetitions
for 6% CBR of natural subgrade with 0.375 MPa contact pressure
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Figure 2.76: Variation of compacted subgrade thickness with axle load repetitions
for 7% CBR of natural subgrade with 0.375 MPa contact pressure
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Figure 2.77: Variation of compacted subgrade thickness with axle load repetitions
for 2% CBR of natural subgrade based on stress and strain based approach with
0.25 MPa contact pressure
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Figure 2.78: Variation of compacted subgrade thickness with axle load repetitions
for 2% CBR of natural subgrade based on stress and strain based approach with
0.25 MPa contact pressure
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Figure 2.79: Variation of compacted subgrade thickness with axle load repetitions
for 2% CBR of natural subgrade based on stress and strain based approach with
0.25 MPa contact pressure
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Figure 2.80: Variation of compacted subgrade thickness with axle load repetitions
for 5% CBR of natural subgrade based on stress and strain based approach with
0.25 MPa contact pressure
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Figure 2.81: Variation of compacted subgrade thickness with axle load repetitions
for 5% CBR of natural subgrade based on stress and strain based approach with
0.25 MPa contact pressure
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Figure 2.82: Variation of compacted subgrade thickness with axle load repetitions
for 5% CBR of natural subgrade based on stress and strain based approach with
0.25 MPa contact pressure
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Figure 2.83: Variation of compacted subgrade thickness with axle load repetitions
for 7% CBR of natural subgrade based on stress and strain based approach with
0.25 MPa contact pressure
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Figure 2.84: Variation of compacted subgrade thickness with axle load repetitions
for 7% CBR of natural subgrade based on stress and strain based approach with
0.25 MPa contact pressure

D
o
o

w1
vl
o

(€]
o
o

450

400

350

w
o
o

Compacted subgrade CBR

15% strain 15% stress

Compacted subgrade thickness (mm)
&
o

N
o
o

0 15 30 45 60 75 90 105 120 135 150
Axle load repetitions (msa)

Figure 2.85: Variation of compacted subgrade thickness with axle load repetitions
for 7% CBR of natural subgrade based on stress and strain based approach with
0.25 MPa contact pressure
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Figure 2.86: Variation of compacted subgrade thickness with axle load repetitions
for 2% CBR of natural subgrade based on stress and strain based approach with
0.375 MPa contact pressure
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Figure 2.87: Variation of compacted subgrade thickness with axle load repetitions
for 2% CBR of natural subgrade based on stress and strain based approach with
0.375 MPa contact pressure
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Figure 2.88: Variation of compacted subgrade thickness with axle load repetitions
for 2% CBR of natural subgrade based on stress and strain based approach with
0.375 MPa contact pressure
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Figure 2.89: Variation of compacted subgrade thickness with axle load repetitions
for 5% CBR of natural subgrade based on stress and strain based approach with
0.375 MPa contact pressure
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Figure 2.90: Variation of compacted subgrade thickness with axle load repetitions
for 5% CBR of natural subgrade based on stress and strain based approach with
0.375 MPa contact pressure
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Figure 2.91: Variation of compacted subgrade thickness with axle load repetitions

for 5% CBR of natural subgrade based on stress and strain based approach with
0.375 MPa contact pressure
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Figure 2.92: Variation of compacted subgrade thickness with axle load repetitions
for 7% CBR of natural subgrade based on stress and strain based approach with
0.375 MPa contact pressure
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Figure 2.93: Variation of compacted subgrade thickness with axle load repetitions
for 7% CBR of natural subgrade based on stress and strain based approach with
0.375 MPa contact pressure
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Figure 2.94: Variation of compacted subgrade thickness with axle load repetitions
for 7% CBR of natural subgrade based on stress and strain based approach with
0.375 MPa contact pressure

2.5.4 Validation of Model: stress based approach

The comparison of test results obtained from the present analysis has
been made with the results obtained using ITPAVE [51] and presented in
Figure 2.96 to Figure 2.107 and Table 2.47 to 2.52 (Appendix 1C). The
guideline of flexible pavement design IRC37:2018 [51] is based on ITPAVE
[51] software which considers a Mechanistic-Empirical approach and linear
behavior of paving materials. In IITPAVE [51], the two layered subgrade with
respective modulus of natural and compacted subgrade has been used in present
validation. The allowable vertical compressive stress on top of natural subgrade
corresponding to a specified axle load repetition has been used for determination
of compacted subgrade thickness. The allowable vertical stress on top of natural
subgrade has been considered from Huang's correlation. The compacted
subgrade thickness thus obtained from IITPAVE [51] and present stress based
analysis was found reasonably close which in other way justifies the reliability

of present method of analysis.
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Figure 2.95: Comparison of variation of compacted subgrade thickness with axle
load repetitions for 2% CBR of natural subgrade with 0.25 MPa contact pressure
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Figure 2.96: Comparison of variation of compacted subgrade thickness with
axle load repetitions for 2% CBR of natural subgrade with 0.25 MPa contact

pressure
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Figure 2.97: Comparison of variation of compacted subgrade thickness with
axle load repetitions for 5% CBR of natural subgrade with 0.25 MPa contact
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Figure 2.98: Comparison of variation of compacted subgrade thickness with
axle load repetitions for 5% CBR of natural subgrade with 0.25 MPa contact

pressure
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Figure 2.99: Comparison of variation of compacted subgrade thickness with
axle load repetitions for 7% CBR of natural subgrade with 0.25 MPa contact
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Figure 2.100: Comparison of variation of compacted subgrade thickness with
axle load repetitions for 7% CBR of natural subgrade with 0.25 MPa contact

pressure
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Figure 2.101: Comparison of variation of compacted subgrade thickness with

axle load repetitions for 2% CBR of natural subgrade with 0.375 MPa contact

pressure
1200 -
1000 -
800 -
600 -

Compacted subgrade CBR
400 1 8% Present study 8% IITPAVE
200 T T T T T T T T T 1
0 15 30 45 60 75 90 105 120 135 150
Axis Title

Figure 2.102:Comparison of variation of compacted subgrade thickness with
axle load repetitions for 2% CBR of natural subgrade with 0.375 MPa contact

pressure
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Figure 2.103: Comparison of variation of compacted subgrade thickness with
axle load repetitions for 5% CBR of natural subgrade with 0.375 MPa contact
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Figure 2.104: Comparison of variation of compacted subgrade thickness with
axle load repetitions for 5% CBR of natural subgrade with 0.375 MPa contact

pressure
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Figure 2.105: Comparison of variation of compacted subgrade thickness with
axle load repetitions for 7% CBR of natural subgrade with 0.375 MPa contact
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Figure 2.106: Comparison of variation of compacted subgrade thickness with
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2.5.5 Concluding remarks

Effect of load repetitions on subgrade performance is important for
estimation of service life of pavement against rutting. In this context, the
thickness of compacted subgrade has been determined in this section using a
Mechanistic-Empirical stress based approach which includes axle load repetition
as an input variable. In present section, it has been found that the compacted
subgrade thickness obtained from strain based criteria is more than the stress
based approach. It has also been found that the increase of thickness of
compacted subgrade is significant of upto 50 msa load repetitions beyond which
it becomes less significant. In this context, recommendation for selection of a
specified thickness of compacted subgrade by IRC/MORD may be revisited.
Finally an effective Graphical user Interface (GUI) has been developed based on
methodology as described in the respective sections of the chapter, using

PYTHON and JAVA, to make it more convenient for practicing engineers.
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Chapter 3: Design of low volume rural road pavement with unbound materials

3.1 Introduction

India has emerged as one of the fastest growing economy in world in last
decade. Presently, emphasis has been laid in its economic policy, to create
better employment opportunity of direct and direct employment by enhancing its
road network in order to reduce the gap of surface connectivity. India being one
of the largest country with huge population, has adopted the plan of extensive
rural road connection named as Pradhan Mantri Gram SadakYojna (PMGSY)
with every village in the country by all weathered road. The length of such rural
road network is about two third of India’s total road length. However, most of
the rural road section in India presently may be considered as low volume road
which may further be upgraded to suitable level such as Other District road
(ODR) or Major District Road (MDR) based on the actual traffic attracted in a
given route during the service life of such roads. Low volume roads in India has
been classified as the road sections which carry less than 450 commercial [49-
50] vehicle per day or the road sections with design traffic during the service
period as 2 msa or less [49-50].

Though in terms of gross road length, India ranks second in the global
order but the riding quality on such road raises serious question about the
durability of road pavement in India. Especially 33% of total road length in India
is unsurfaced road which requires primary attention for repair and up gradation
to make those functionally adequate and safe.

In order to achieve the path of sustainability in road construction,
application of waste material and locally available resources has gained
importance in recent times. Presently in India, annual solid production has
reached 960 million ton generated as byproduct during industrial, mining,
municipal, agricultural and other process. Out of this total waste nearly 30%
consists of inorganic waste of industrial and mining sector, Blast furnace slag,
construction and demolition material and mill tailing etc. which may be used as
granular base or sub-base in road pavement section. Whereas Fly ash, Rice
husks ash, Cement kilns dust; marble dust etc. may be used for soil stabilization
or as filler in bituminous mix. Use of alternative materials in base and subbase
including waste materials reduces the cost significantly in pavement

construction with unbound granular base and sub-base.
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Keeping this in view, application of alternative materials including
waste in low volume rural road construction can be made with suitable design
approach. In this context, efforts are to be made to develop suitable pavement
design models of low volume road pavements without any use of bituminous

binder base.

3.2 Literature review

Sahis et al. (2016) [27] formulated a method to optimize the construction
cost of low volume road pavements through a Mechanistic-Empirical design
approach, utilizing unbound granular materials. The study emphasized that
enhancing the sub-grade and sub-base of road pavements can be achieved by
incorporating a suitable mix of alluvial soil with appropriate admixtures. The
pavement design methodology proposed here aims to restrict the vertical
compressive stress at the interface of the granular unbound base and sub-base
layers within a three-layer pavement structure. This formulation is based on the
AASHO road test and involves reducing the Present Serviceability Index (PSI)
by 2.0-2.5. The Odemark’s approach is utilized to transform the multilayered
system into a semi-infinite half space, enabling the use of Boussinesq's equation
to determine stress and strains for determining the required pavement thickness.
The results obtained through this approach are compared with relevant
international studies, suggesting their potential for designing low volume rural
roads using unbound granular materials with a higher degree of reliability.

El-Oshawa et al. (2020) [59] reported that road networks in Egypt
mostly designed by AASHTO-1993 guidelines for flexible pavement system,
where the resilient modulus (MR) of unbound materials like granular
base/subbase and subgrade soils plays a crucial role. However, the California
Bearing Ratio (CBR) test is primarily used in Egypt for quality control and
material characterization due to its simplicity. The study conducted to assess
various unbound materials used in Egyptian pavement projects, considering MR,
CBR, and other material properties. The research also investigates the impact of
aggregate gradation on MR and proposes a model to predict MR based on
material properties. The study finally verifies the MR-CBR relationship in the
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Egyptian Code of Practice and calibrates the model accordingly, providing
rational MR estimates for local materials.

Chen et al. (2020)[44] studied the effect of permanent strain occurred in
the granular layer of pavement system due to repetitive cyclic loading, which is
a major concern for highway design throughout the globe. The study mentioned
that two factors such as permanent strain and layer modulus are important design
factor for the granular layer in road pavement and railway. Different models
were generated to evaluate the permanent settlement of subgrade. Both static and
cyclic stress within the subgrade were evaluated considering Boussinesq’s
(1885) strip loading on top of subgrade.

Shoos et al. (2020) [153] analyzed a two layered flexible pavement
system for the design of low volume pavement. The study also defined low
volume road as particular section of roads where a considerable depth of
granular layer placed on top of natural soil with or without any bitumen binder
on top. Among all the failures of pavement rutting was considered as a major
mode of distress in this particular types of pavement. The study reveals that the
effects of Poisson’s ratio on unbound granular layers are very insignificant. The
interface stresses and deflection are major pavement responses used in the
design. This responses depends on the ratio of modulus of top layer with
modulus of supporting layer. It was also observed that layer thickness and the
ratio of layer modulus increases then interface stress decreases.

Al-Ameri et al. (2019) [96] formulated different models to evaluate the
effect of permanent deformation on unbound granular layer. The models were
generated applying empirical regression analysis and its validation has been
done using repeated load tri-axial test for different load cycles.. The thicknesses
and the quality of the granular layer plays a vital role to stop permanent
deformation of the pavement. Stresses due to repetitive loading were used to
determine the performance prediction model for permanent deformation of
unbound granular layer.

Saride et al. (2019) [158] studied the performance of multilayer flexible
pavement in terms of failure due to rutting and fatigue is mostly governed by the
thickness of the respective layers and its resilient modulus. The study includes
determination of strain related to fatigue and rutting, considering the pavement
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as a multilayer elastic system. It was found that minimum subgrade CBR of 3%
yields better pavement performance against rutting.

IRC: 37-2018 [51] focused on the design of flexible multi layered road
pavement in India. The low volume pavement may be designed on the basis of
rutting criteria as binder base is not usually applied on pavement crust, therefore
low volume road pavement using vertical compressive strain based criteria with
different level of reliability may be taken on the basis of recommendation under
the respective code. Use of Locally available marginal/road building
material/Industrial Waste/Municipal Solid Waste landfill for Road construction
have been recommended. A minimum of 5% Effective CBR of subgrade has
been adopted for Road pavement design Moreover, cement treated base and
subbase to enhance the strength and SAAMI layer as crack relief layer has also
been introduced in IRC:37-2018.

Gonzalez et al. (2018) [74] investigated strain data to characterize the
unbound granular material to prove that as long as the vertical strain is in elastic
zone, no permanent deformation can occur, but when the strain reaches the
plastic zone, rutting failure of the pavement happened, that is why suitable
thickness and suitable quality of unbound material is highly needed for low
volume roads. Findings showed significant anisotropy in the horizontal plane of
the road, with estimates of resilient modulus and Poisson’s ratio derived from
field strains differing from laboratory tests. This suggests the need for improved
replication of real conditions in laboratory testing. A model was developed to
estimate road material distress, indicating that using laboratory strains for
calculations may overestimate material performance, potentially leading to
unnecessary road overdesign. Overall, the study suggests that in-situ strain
measurements in LVRs provide realistic data for material characterization,
aiding in long-term structural design improvement, though further field research
is warranted.

Zheng et al. (2018) [189] developed few models for evaluating stress
path inside the unbound granular layer for multilayer flexible pavement system.
This study focuses on understanding how unbound granular materials (UGMSs)
behave under repeated stress in pavement design. It presents results from
laboratory tests where different stress paths were applied to two common

UGMs, using both constant and changing confining pressures. The goal was to
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examine how these materials deform under conditions similar to those
experienced by moving wheel loads. The study derived a stable rate of plastic
strain accumulation during the secondary stage of deformation, which is crucial
for understanding long-term deformation behavior. Mechanistic models were
developed based on these findings to predict how UGMs accumulate plastic
strain over time, considering different stress paths. These insights can aid in
accurately assessing the permanent deformation of UGMs under moving wheel
loads, helping to evaluate their suitability for use in pavement foundations.

Erlingsson et al. (2017) [65] investigated the performance of thin
asphalt layer thicknesses and properties of UGM (unbound granular layer) in
stopping the failure phenomena of the pavement. The study focuses on two key
properties of UGMs: resilient and permanent deformation. It discusses models to
capture stress dependency, including the universal model and Bishop's effective
stress approach for high fine content materials. The study shows that the
compressive strain on the top of subgrade due to the vertical stress on the
pavement and the shear stress on the vicinity of the wheels can cause severe
failure in terms of rutting, which emphasizes the importance of proper
characterization of those materials in term of strength.

Biswas et al. (2016) [30,31] proposed a study where suitable thickness
of unbound granular layers such as base and subbase was designed using the
vertical interface stress. The study considered the pavement as a three layer
flexible unbound granular system with serviceability loss of 2.0-2.5. It was
observed that the thickness of unbound granular sub base layer is more
appropriate for subgrade CBR of 4% and the effective thickness of subbase is
150mm, above which it becomes insignificant.

Rahman et al. (2015) [143] Suggested that to reliably foresee how
unbound granular materials (UGM) deform over time in pavement structures, it's
crucial to assess the material properties of constitutive models through a multi-
stage loading (MS) method. This study examined the forecast of permanent
strain buildup in UGM using various existing models, expanded with a time-
hardening approach, based on MS repeated load tri-axial tests (RLTTs). The
study reported that only the underneath unbound granular layers such as base
and sub-base, act as major load distributing layers. Permanent strain which is

generated within these layers are very much crucial from rutting consideration of
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pavement when large load repetitions are occurred. It was also mentioned that
from design perspective both material quality and thickness of layers are
important which provide strength and durability of pavement by enhancing its
service life.

Pratibha et al. (2015) [133] mentioned that layer modulus is an
important parameter for design of a flexible pavement system. Most of the wheel
load that are coming on the pavement surface, majorly carrying by the
underneath unbound granular layers, keeping that on mind the prediction of
stress -strain behavior for that particular layer is very crucial . Both static and
cyclic loading are used to evaluate the resilient property of the unbound granular
material .and at the end it was concluded that permanent strain that accumulate
into the unbound granular layers can predict its stress-strain response effectively.

IRC: SP: 72-2015 [49] provides a standard guideline to design a low
volume pavement as per Indian scenario. IRC: SP: 72-2015 stands as a
significant document within the corpus of IRC publications, addressing specific
guidelines and standards for the design and construction of flexible pavements in
India. This elaborate note aims to dissect and elucidate the key aspects of IRC:
SP: 72-2015, highlighting its importance, contents, and implications in the realm
of road engineering and infrastructure development. The document encompasses
various facets of flexible pavement engineering, including material selection,
structural design, construction techniques, quality control, and maintenance
practices. IRC: SP: 72-2015 holds immense significance for various stakeholders
involved in the planning, design, construction, and maintenance of road
infrastructure in India. For engineers and consultants, it serves as a
comprehensive reference document for ensuring the structural integrity, safety,
and longevity of flexible pavements. Government agencies and regulatory
bodies utilize the guidelines outlined in IRC: SP: 72-2015 to formulate
standards, specifications, and contractual provisions for road projects.
Contractors and construction firms adhere to these guidelines to deliver high-
quality, resilient pavements that meet the expectations of clients and users. The
thickness of gravel/aggregate-surface roads (unpaved roads) has been based on
loss of serviceability criteria which is limited to 2.0 at terminal stage from 4..0,
just at opening the traffic serviceability index indicating the requirement of

rehabilitation. As per the Code, the reliability criteria of 50% have been
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considered to design the pavement thickness. The CBR values of the
corresponding layers such as natural subgrade, modified subgrade, subbase and
base course has also been mentioned in this code. A readily available template
can be used for validation purpose to develop any alternative method.

Gupta et al. (2014) [76] proposed a methodology for design of low
volume road, based on permanent deformation that occurs within the underneath
granular layer. Rutting is considered as a main mode of failure for this types of
pavement system where very thin asphalt layer may be present may be not at the
top most surface. To address this, the study advocates for an analytical rather
than empirical approach. It involved conducting full-scale in situ tests on twenty
LVR sections in West Uttar Pradesh and Uttarakhand over four years to account
for weather and seasonal effects on rutting. The properties of the pavement
material were then analyzed using the finite element method to calculate failure
stresses and strains, forming the basis for a Mechanistic-Empirical design
approach. Ultimately, the proposed method offers a simpler framework for LVR
pavement design procedures. Charts were developed for the thickness of
pavement layers and the optimum thickness of base is taken 150mm for
subgrade modulus from (20-150) MPa.

Bagui et al. (2012) [19] proposed a study on low volume road network
in India. Results are generated to visualize the points of accumulation of
different strains within the pavement system. The study concluded that, among
the generated strains only vertical compressive strain that acts on top of natural
soil layer is important for determination of unbound granular layer thickness,
which mostly affects the rutting failure of the pavement.

Gupta et al. (2011) [77] presented a methodology on pavement
deterioration and maintenance model, where the study used ANN(artificial
neural network) for the generation of pavement deterioration model, with input
parameter such as traffic loading, pavement age, soil CBR, and output parameter
such as deflection, riding quality and roughness. In Uttarakhand and Uttar
Pradesh, India, 18 low volume pavement sections were monitored for two years,
using statistical analysis and Artificial Neural Networks (ANN) to develop these
models. The best fit model, determined by statistical performance indicators and
logical relationships, utilizes polynomial equations. Validation via paired t-tests
is performed. The study suggested a Maintenance Priority Index (MPI)
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incorporating deflection, riding quality, and traffic which helps prioritize
maintenance tasks.

Dawson et al. (2009)[54] mentioned a study where it was observed that
the vertical compressive stress generated on top of natural soil layer was used to
evaluate the stress-strain behavior of low volume road system. The proposed
approach identifies the causes of rutting and suggests straightforward methods
for assessing materials, suitable for local engineers with limited resources. The
study also introduces an advanced testing and analytical method involving
repeated load tri-axial testing and finite element analysis, which helps develop a
stress-based design approach. This design method relies on simple stress
analysis, aided by charts and computer-based computations, and utilizes easily

accessible material evaluation techniques.

3.2.1 Design of low volume rural road pavement using Danish stress based

approach

Presently low volume rural road (LVR) constitutes an integral
component of the total road network in India. In this point of time, new
construction and up gradation of such roads would require suitable design and
construction approach with alternative materials for optimization of huge project
cost. In this context, present section deals with determination of pavement
thickness with unbound granular materials for low volumes rural roads based on
AASHTO [1,2,3] recommendation using Odemark’s [126] approach.

3.2.2 Objective

The objective of present study is to formulate a mechanistic- empirical
design approach to estimate the thickness of constituent layers a three layered

pavement by limiting vertical compressive stress on top of subgrade.

3.2.3 Proposed method of pavement design

In the present analysis, the pavement has been considered as three layer
system as shown in Figure 3.1. The top layer consists of compacted granular
base with elastic modulus (E1). The intermediate layer is a granular sub-base

with elastic modulus (E>) resting on sub-grade soil with a modulus of (Ez3).
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g = 0.56MPa
v Y VY
hy Ey v Granular base
h: Ez v, Granular subbase
Esvs Subgrade

Figure 3.1: Typical structure of three layered flexible pavement section

Various research works [46-51] have been made for design of Flexible
pavements which recommends the vertical compressive strain on the top of sub-
grade or radial tensile strain at the bottom of bituminous layer as design criteria.
Moreover, stress based or deflection based design criteria [87-90] have also been
evolved. Each of these methods recommends limiting the stress, strain or
deflection in different layer interface to determine the constituent layer thickness
with required modulus in a pavement. Indian experience with gravel roads with

different unbound materials are limited.

However, present method can be characterised as a stress based method
which considers the permissible vertical compressive stress [139] on top of
subgrade as a design parameter. The low volume road section in this analysis has
been designed on the basis of rutting failure only because no bituminous binder
base considered in present model. However, vertical compressive stress on
subgrade can be estimated using Danish criteria [181] as shown in Equation

3.1which takes into account material properties, traffic and environment factors.

Gyper= 0.164 X (%)a x ()" (MPa) 3.1)

160
Where, o =1.16, if E <160 MPa, else a. = 1.0,

N is the number of standard axle load repetitions,
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R is the regional factor which has been considered as 2.75 in Indian context and
E is the Modulus of subgrade material (MPa).

However, in order to determine the vertical stress on top of subgrade necessary
layer transformations has been made using Odemark’s [126] method. The depth
from top of pavement to the top of subgrade has been determined using
Odemark’s [126] method in the following section.

3.2.4 Transformation of three layered system by Odemark’s method

The basic principle of transformation of two layer system recommended
by Denmark [126] can be used further for transformation of multilayer system in
to a homogeneous medium by successive transformation. Such transformation
of layers by Odemark’s [126] method is necessary to use Boussinesq’s [34]
theory for determination of vertical stress at sub-base subgrade layer interface.
In this section, transformation of three layer system has been explained in
Figure.3.2 by successive transformation of pavement layers starting from
granular base to subgrade. In present analysis, the top two layers with
respective elastic modulus of E; and E, has primarily been transformed by an
equivalent thickness of heq1 as shown in Figure 3(b) having an elastic modulus
of Ez. Similarly, transformation of two layers with elastic modulus of E; and Es
have been made further by an equivalent thickness of heq> with an elastic
modulus of Es, which characterizes a homogeneous system as shown in Figure
3(c).

—‘r_
h
A P h.eqj E, v,
h, V1 .
E; v
4 — X —_-— > N 3 V3
h, Ey vy h, E;, v,
Eg,'Vg Eg,vg Eg,v?,
Figure 3(a) Figure 3(b) Figure 3(c)

Figure 3.2: Successive transformation of a three layered system using Odemark’s

method
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The equivalent thickness of heg2 thus explained may be determined using

Equation 3.2 below.

hegz = f1 (“hi/i:: + hz) X 3\/5:2 (3.2)

Substituting E,= 0.2 h,*** E; (MPa) (3.3)
Where hy = Thickness of granular sub-base (mm). Equation 3.2 can be

expressed as

E 3 [0.2h,°*°E
heqz = f (fhf/m + hz) x | (3.4)

Where f is Odemark’s [126] correction factor for granular base- subbase
interface and f1 is the Odemark’s [126] correction factor for granular subbase-
subgrade interface. In present analysis, both f and f: have been considered as
0.80 as recommended by Sherif et al 2011[60]. Flow diagram of the adopted
methodology for estimation of low volume pavement thickness using Danish

stress based methodology has been shown in Figure 3.3.
3.2.5 Determination of vertical stress on top of subgrade

The vertical stress at a depth (z) under anuniformly distributed circular
load with contact radius (a) can be determined using Boussinesq’s [34] Equation
3.5.

0, =q [1 - (ﬁf] (3.5)

So, the vertical stress on top of subgrade may be determined by using
Boussinesq’s [34] Equation where the term ‘z’ needs to be substituted by hegp.
Therefore by substituting heqz as ‘z’ in Equation 3.5, the following

Equation 3.6 may be established

3
o, =q|1— | —2ez_ (3.6)
/a2+heq22
By solving Equation 3.6 and Equation 3.1, the thickness of pavement
base (h1), subbase (h2) can be determined for specified axle load repetitions and
subgrade strength. In present analysis, initially the thickness of subbase has been
assumed and corresponding base thickness has been estimated using proposed
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methodology. Pavement base thickness thus obtained using present method has
been presented in Table 3.1 and Table 3.2 (Appendix 3A) with different input
parameters as described below.

3.2.6 Input parameters

For determination of pavement thickness, the radius of the contact
between the tyre and pavement has been considered as 150 mm, which carries an
uniformly distributed load of 0.56 MPa [46-51] on the top of pavement surface
and shown in Figure 3.1.

The minimum recommended elastic modulus (E1) of unbound granular
base layer has been considered as equivalent to 100% CBR. However, the
elastic modulus of granular sub-base layer has been estimated in present analysis
using the sub base thickness and subgrade CBR as input parameter as shown in
Equation 3.3. Unbound Granular Subbase thickness of 100 mm and 150 mm has
been considered in the present analysis. The elastic modulus of granular subbase
(E2) has been obtained using Equation 3.3.

The axle load repetitions has been considered in present section from
20000-10,00,000 ESAL.

However, for estimation of subgrade modulus the following equations
have been used in present analysis.

E3- 10 CBR (MPa) if CBR < 5% (3.7)
=17.6 (CBR)*®* (MPa) if CBR>5% (3.8)
Where (Ez3) is the Elastic Modulus of subgrade.

3.2.7 Results and Discussion

Rural roads designed for cumulative ESAL repetitions more than 1,
00,000 with unbound granular bases which comprise conventional Water Bound
Macadam (WBM), Wet Mix Macadam (WMM) or Crusher run Macadam Base
(CRMB) are used in India. For Rural roads for cumulative axle load repetitions
less than 1, 00,000 ESAL, Gravel road is recommended except for a very poor
subgrade. In this backdrop, design load as ESAL repetitions from 20000 to
1000000 has been considered in the present study. The result obtained using
present approach has been compared with the results from other relevant
guidelines. In present study, variation of sub-grade CBR from 2-10% has been

considered for determination of granular base thickness.
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Design of Low Volume Rural Road Pavement using Danish
stress based approach

\4
INPUT

Subbase thickness, Elastic modulus of base, subbase and
subgrade, Tyre pressure, Axle Load repetitions,

Application of Odemark’s
transformation technique

A 4

Allowable vertical stress on Determination of vertical
subgrade from Ullidtz stress on subgrade using
criteria Boussinesq’s theory.

A 4

Determination of pavement base layer thickness

v

Validation of computed thickness with different
standard practice

Figure 3.3: Flow diagram of the adopted methodology for estimation of low volume
pavement thickness using Danish stress based methodology.

103



Chapter 3: Design of low volume rural road pavement with unbound materials

Table 3.1 and Table 3.2 (Appendix 3A) show the comparison between
pavement thickness determined by present analytical approach and the result of
IRC: SP:72-2007 [49-50] , the guideline in India for design of low volume rural
road pavement with gravel/aggregate surface and flexible pavements as paved
road. The pavement design presented in IRC: SP: 72-2007 [49-50] for both
gravel and flexible pavements are performance based low volume road design as
brought out in AASHTO [1, 2, 3] guide for design of pavement structures. The
serviceability rating as per PMGSY [86] operation manual has been adopted in
the guideline with a terminal serviceability index of 2.0. It is relevant to
mention that the Equation 3.1 which has been used in the present analysis is also
based on AASHTO [1,2,3] road test and relates a decrease of pavement
serviceability index to 2.0 -2.5 as terminal value. In this backdrop, comparison
of result using present approach and IRC: SP: 72 — 2007 [49-50] may be
considered significant and meaningful. It is evident from the data that, the
thickness obtained using present approach is reasonably close with
recommended thickness in IRC:SP-72-2007 [49-50] up to 450000 ESAL.
However, for higher loads, the required pavement thickness is less in present
approach with respect to of IRC: SP:72-2007[49-50] . It is important to note that
increase in sub-base thickness of 50mm may result decrease of total pavement
thickness of 25mm, which has a direct impact on project cost. However,
maximum thickness of granular sub-base having CBR between 20 -30% may be

considered as 150mm for low volume roads.

3.2.8 Validation of test results

The thickness of pavement thus obtained has also been compared with
Kentucky’s [95] design curves for flexible pavement in Figure 3.4. In
Kentucky’s [95] empirical design approach, for conversion of wheel load from
5000 Ib to 9000 Ib, an equivalent load factor of 16 has been used to simulate the
effect of 4100 kg wheel load. Figure 3.4 also compares results obtained
fromIRC:37-2001 [95] , the Mechanistic — Empirical [26,27,135,149-151,44-47]
strain based design guideline of flexible pavement in India and the results of
stress based mechanistic analysis of Biswas (2005) [28] . It is relevant to

mention that the results used in Figure 3.4 can be characterized as a mix of
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results obtained from mechanistic, empirical and Mechanistic-Empirical
approach. Comparison of those results shows that the finding of present study is
in good agreement with other relevant findings in different ranges of soil
subgrade strength.
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Figure 3.4: Comparison of pavement thickness obtained from different approaches

3.2.9 Concluding remarks

Proposed model of stress based pavement design shows comparable
results with other relevant findings which include strain based design criteria.
Convergence was found between the results obtained from Mechanistic;
Empirical and Mechanistic-Empirical approach is a significant aspect of present
study. It is also evident from this study, that the variation of pavement thickness
on soft soil is more sensitive than hard soil. Thickness of pavement using
alternative granular base with different elastic modulus may also be obtained

using proposed method of pavement design.
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3.3  Design of low volume flexible road pavement using concentration

factor in a layered system

An appropriate design methodology needs to be developed to make in
service and new road pavements more durable. The large volumes of unsurfaced
road in India are primarily the rural roads with comparatively low volume
traffic. Such pavement generally can be characterized as two layered system
with unbound granular base and sub base course resting on subgrade soil. If the
stresses in the subgrade, the half space, due to the wheel load are too high, a
stiffer top layer is needed to reduce the stresses. Such a system with a stiffer
layer on top on a softer half space, is characterized a two layer system Thin
bituminous surfacing are often provided on the top of such road pavement to
ensure a better riding quality but without having any function to withstand stress,
strain or deflection due to wheel load. In view of these, present study is aimed to
find out a design methodology for low volume rural road sections with unbound

materials on virgin subgrade using Mechanistic-Empirical design approach.

3.3.1 Objective

The objective of present study is to formulate a Mechanistic - Empirical
approach to determine the thickness of unbound granular low volume road
pavement using concentration factor in Boussinesq’s theory for estimation of

vertical stress in a layered system.

3.3.2 Proposed method of pavement design

Design of low volume flexible pavement with unbound granular base can
be made with stress based design approach. Vertical compressive stress on top
subgrade has been considered as failure criteria in present method of flexible
pavement design. In present study the pavement has been considered as a two
layered system as shown in Figure 3.5.However, in present analysis failure of
subgrade only under rutting has been considered as the design criteria for a two
layered pavement with unbound granular materials. The allowable stress on top
of the subgrade to limit rutting has been considered as design input from

Huang’s mechanistic- empirical design approach.
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q = 0.56 MPa

b

hy E{, vy Pavement

E,, v, Subgrade

Figure 3.5: Typical structure of a two layered flexible pavement

3.3.2.1 Stress distribution in a layered System

Estimation of vertical stress by Boussinesq’s [34] theory can be made if
the medium is homogeneous. But in present section, the pavement has been
modeled as two layered system. In this backdrop, determination of vertical stress
in a two layered system has been done using the concept of concentration factor
in Boussinesq’s [34] equation. Therefore, in present analysis modified
Boussinesq’s [34] equation has been considered for estimation of vertical stress
at a depth ‘z’under a circular load as shown in Equation 3.9. In Equation 3.9 a
new parameter (n), termed as concentration factor [191-193] has been used
which depends on ratio of elastic modulus of pavement (E1) and subgrade (E2).
The ratio thus used in present analysis has been termed as modulus ratio.

, n

Where ‘a’ is the contact radius between tire and pavement.

The Equation 3.9 may also be expressed in the following form for ease of

analysis.

o, =ql-——— (3.10)
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The thickness of pavement in this work has been expressed in the form
of a non-dimensional parameter (z/a). The modulus ratio for a two layered
system may be determined in following manner.

Eq

Modulus ratio (MR) = = Where E1 = pavement modulus using unbound
2

granular materials and Ez = subgrade modulus.

In this study, the CBR of unbound granular material has been considered
as 100% and corresponding elastic modulus has been estimated using Equation
3.8.

Therefore,  Ei=17.6 (100)%% = 335.36 MPa

Similarly, the elastic modulus (E2) may be estimated using Equation 3.7
and Equation 3.8 for different subgrade CBR.

The correlation between concentration factor and modulus ratio was
developed by Biswas (2005 [28] and Purakayastha (2022) [138], which has been
used in present analysis as shown in Equation 3.11.
n=3.3394x (Mg)~0-5384 (3.11)

The vertical stress using modified Boussinesq’s [34] equation may be
obtained using a known value of concentration factor which correlates the
modulus ratio in a two layered system. Flow diagram of the adopted
methodology based on stress based method using concentration factor has been

shown in Figure 3.6.

3.3.2.2 Allowable vertical stress on subgrade

The allowable vertical stress on subgrade depends on the number of load
repetitions and subgrade property. Based on the shell design-criteria [45,164]
and ASSHTO (AASHTO, 1986, 1993) [1, 2, 3] equation, Huang et al. (1984a)
[87-90] developed the following relationship.

Ns = 7.199 x 1056, 373,358 (3.12)

E2 = Elastic modulus of subgrade in (kg/cm?),

o, = Vertical compressive stress on the top of the subgrade in (kg/cm?).

Ns= Number of cumulative standard axle load repetitions

108



Chapter 3: Design of low volume rural road pavement with unbound materials

Now by solving Equation 3.10 and 3.12, the thickness of pavement (z/a)
has been determined in present analysis for different subgrade strength (E2) and

wheel load repetitions (Ns).

3.3.3 Results and Discussion

Design of low volume pavement guidelines in India are performance
based, as brought in the AASTHO [1, 2, 3] guideline for design of pavement
structure. In this backdrop, design load range of 1-20 msa and the range of
subgrade strength from 2-10% CBR have been considered in present study for
estimation of pavement thickness and comparative analysis.

The modulus ratio has been determined as the ratio of modulus of
elasticity of pavement and subgrade for different subgrade CBR. Values of
modulus ratio thus obtained have been used to find out the values of
concentration factor for different subgrade strengths. It has been found from
present study that the pavement thickness increases with decrease in subgrade
strength and increase in axle load repetitions, which is most logical in flexible
pavement design.

The thickness of pavement expressed in this study is in a non-
dimensional form (z/a) obtained by solving Equation. 3.10 and 3.12 for different
axle load repetitions (Ns) with different subgrade CBR. The variation of
pavement thickness (z/a) thus obtained for different axle load repetitions and
subgrade strength have been presented in Figure.3.7 and Figure.3.8.

The thickness of pavement obtained in this study has been compared
with Kentucky design curves for flexible pavements and has been presented in
Table 3.3 (Appendix 3A). In order to transform the wheel load of 5000 Ib to
9000 Ib, an equivalent wheel load factor of 16 has been used in Kentucky’s [95]
correlation. Such conversion is important as the dual wheel load of 9000 Ib or
4100 kg represents a 8200 kg standard axle load in the present analysis. Beside
this, comparison of thickness of pavement obtained in this work has also been
made with the results of Corps of Engineers (HRB, 1956 and U.S. Army Corps
of Engineers, 1961) [183] corresponding to 9000 Ib wheel load and presented in
Table 3.4 (Appendix 3A).
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Design of Low Volume Rural Road pavement with unbound
granular material using concentration factor in Boussinesq’s theory.

A 4
INPUT
Elastic modulus of unbound granular layer and subgrade, tire
pressure, wheel load, axle load repetitions

A 4

Allowable vertical stress on subgrade Determination of vertical stress using
using Huang correlation concentration factor
in Boussinesa’s equation

Determination of thickness (z/a) for different CBR and
axle load repetitions

Determination of thickness of base layer

Validation of computed thickness with different standard
practice

Figure 3.6: Flow diagram of the adopted methodology based on stress based
method using concentration factor.
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It is evident from comparative study that, with higher axle load
repetitions and lower subgrade CBR, Kentucky result matches closely to the
findings of present work. Similarly, with smaller load repetitions but with higher
subgrade strength, Kentucky [95] results are comparable with present findings.
Such nature of convergence of results indicate that, linear elastic failure may be
a major trend in unbound paving materials, where failure in either way is
controlled by subgrade strength or the magnitude of load repetitions.

It is relevant to mention that the findings from empirical approach have
been found to be close with Mechanistic — Empirical design, where the linear
elastic behavior of paving materials is considered. Moreover, the comparison of
results of Corps of Engineers and Wyoming design chart [75,182,183] with the
present work show, that the stress based model appears to be quite reasonable
for design of low volume roads, with comparatively lower axle load repetitions.
The thickness of pavement corresponding to CBR 4% to 5% shows reasonably

good correlation obtained by different approaches.
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Figure 3.7: Variation of pavement thickness (z/a) with axle load repetitions for
different subgrade CBR
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Figure 3.8: Variation of pavement thickness (z/a) with axle load repetitions for
different subgrade CBR

The thickness of flexible pavement obtained from present analysis has
been compared with the recommended thickness of pavement as laid down in
IRC: SP 72-2007 [49-50]. The primary objective of this study is to develop a
design methodology for low volume road pavement, therefore the pavement
thickness for subgrade CBR ranging from 2-6% for 1 msa load has been
considered in present section for comparative analysis and has been presented in
Table 3.5 (Appendix 3A). It is evident from the analysis that the pavement
thickness obtained using present method is comparable and marginally less than
the thickness recommended in IRC: SP 72-2007 [49-50].

3.3.4 Concluding remarks

It can be concluded from present study that the Mechanistic- Empirical
stress based design approach is reliable for estimation of pavement thickness for
low volume flexible road pavements considering the pavement as a two layered
system. Inclusion of allowable stress as failure parameter in present analysis
makes the solution more realistic. Application of concentration factor for
determination of vertical stress using modified Boussinesq’s [34] equation is an

useful tool not only in a two layered system but also in a multilayered system.
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Pavement thickness obtained using present analytical approach is close to the
thickness obtained by other researchers in the relevant field. Therefore,
thickness of pavement using alternative granular base with different elastic
modulus may be obtained using proposed method of pavement design. The
thickness of pavement between CBR 4% to 5% shows reasonably good
correlation with results obtained from other empirical and Mechanistic -

Empirical approaches.
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Chapter 4: Optimization of bituminous pavement thickness using strain based design criteria

4.1 Introduction

The approach of pavement design conceptually dynamic and is changing
with the advancement of knowledge in construction material, methodology and
equipment. Empirical approach of pavement design has been changed in
association with mechanistic approach to evolve the Mechanistic — Empirical
Zapproach, which is now being widely practiced worldwide. The basic
mechanism of design of thickness is based on the concept of limiting the stress,
strain and deflection of constituents paving layers. Such layers are arranged in
order of decreasing magnitude of elastic modulus from top to bottom. Subgrade
is the foundation of pavement structure and therefore durability of pavement
structure largely depends on the performance of the foundation on which it is

supposed to transfer the load to the soil.

Premature failure of bituminous road pavement is a major concern in
developing country like India due to lack of connectivity with remotest part of
the geographically large country. Most of the roads in India are flexible
pavement which carry lion’s share of cargo and passenger traffic. Therefore the
durability of pavement becomes important to reduce the life cycle cost of the
pavement. In this context, formulation of reliable method for estimation of crust
thickness of multilayered bituminous road is of primary importance. The
reliability of the method of pavement design is important to predict required
thickness of constituent layers in a pavement which can protect it from the
failure under rutting as well as cracking. However, it is relevant to mention that
the bituminous layer as binder or wearing course can be replaced easily by
putting overlay on top of an existing road but the inadequacy in terms of
thickness and strength of granular layers cannot easily be corrected after the
construction of full depth pavement during its service life . Keeping this in
view, present analysis, deals with formulation of a methodology based on
mechanistic-empirical approach to determine the thickness of bituminous and
granular layers in a flexible road pavement .In this backdrop, present study deals
with development of an optimization method of thickness design for a three-
layered conventional flexible pavement using Odemark’s [126] method often
known as method of equivalent thickness (MET) [52,60].
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4.2 Literature review

Ghanizadeh (2016) [71] proposed an optimization framework aimed at
determining the ideal setup and thickness of various pavement layers, aligning
with the Iran Highway Asphalt Paving Code Number 234 (IHAP Code 234). By
employing this optimization model, the paper establishes the optimal thickness
for pavement layers on secondary rural roads, major rural roads, and freeways,
referencing pricing data from Iran's 2015 "Basic Price List for Road, Runway
and Railway." Additionally, the study develops charts to guide the determination
of optimal pavement layer thickness, accounting for road classification, design
traffic, and subgrade resilience modulus. Notably, the analysis reveals that under
the 2015 material price conditions, the utilization of asphalt-treated layers in
pavement structures lacks cost-effectiveness. Furthermore, it indicates that as the
subgrade soil strength increases, it becomes feasible to eliminate the subbase
layer from the optimal pavement structure.

Saridee et al. (2019) [158] developed a RBDO framework to assess a
four-layered flexible pavement system, emphasizing optimal design considering
fatigue and rutting performance while accounting for variability in design
variables. The study highlights the significance of bituminous layer thickness
and resilient modulus in fatigue failure, contrasting with their lesser impact on
rutting. It suggests adopting a 95% reliability against both fatigue and rutting
failures for pavement systems. A comparison between conventional and
reliability-based methods indicates an overestimation of reliability levels by
10% — 40% in the conventional approach due to neglecting variability in
independent layer modulus.

Rajbongshi et al. (2005) [144] presented a typical asphalt pavement
design method based on the mechanistic-empirical approach which recommends
multiple design alternatives for a given set of input values. Proposed method
emphasizes the cost as well as the reliability levels of different design
alternatives are different. A simple methodology has been suggested in this
study to assist a pavement designer in selecting an optimal pavement design
thickness which is cost effective and higher degree of reliability of pavement
design. Design charts have been developed to illustrate the superiority of

proposed methodology as an improvement over the deterministic design.
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Maji et al. (2008) [111] proposed a simulation and analytical based
methodology on variability of pavement design input parameters with different
reliability level for various failure definitions of a given pavement. The primary
objective of the study was to find out the reliability for a given pavement design
method as well as to design a pavement with a given reliability level. The study
has considered all the possible variations in input parameters for comparison
between simulation and FOSM (First Order Reliability Method) method. A
sensitivity study has been carried out with different design parameters on
pavement reliability which emphasizes the thickness of bituminous surface layer
to influence mostly the reliability. Finally considering different reliability level
pavement design charts have also been presented.

Xiao-yan LI et al. [189] reported that the sensitivity analysis of
performance for flexible pavement is crucial for optimizing design and
performance evaluation. This research analyzed traffic and material parameters
using MEPDG method, using computer-aided engineering simulation techniques
such as LHS and multiple regression analysis. The single factorial sensitivity
analysis method was used to calculate sensitivity and validate the results. Traffic
parameters, such as Two-way AADT, Dual tire spacing, and Vehicle operational
speed, were found to be more significant. The largest effects on rutting were due
to Air Void--2, Air Void--1, Poisson' Ratio--1, and Poisson' Ratio--2, while
cracking was affected by Air Void--1, Poisson' Ratio--1, and Efficient Binder
Content--1.

Peddinti et al.(2017) [130] examined the efficacy of reliability-based
design optimization techniques in flexible pavement design, utilizing suitable
probability density functions (PDFs) for design parameters. The goal was to
optimize the reliability index. The study revealed that PDFs might not be
universally applicable, especially when dealing with high variability in data,
such as that arising from the use of different materials in a multilayered system.
Traditional distribution patterns may not adequately analyze such variability.
Furthermore, the research found that the choice of PDF significantly impacts the
reliability indices for fatigue and rutting failure modes. Consequently, the study
suggests selecting PDFs based on thorough statistical analysis.

Tsiknas, A. et al. (2018) [179] carried out a study to propose a cost
optimal design method by comparing Asphalt Institute method, British method
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and Egnatia Odos (EO) methods. The design parameters considered in this
study include traffic volume, subgrade soil strength and air temperature. From
the study, the Al method was found to offer the lowest-cost design solution
whereas British design method shows cost effective solution for comparatively
heavy traffic loads with a poor subgrade soil. However, road with heavy traffic
and good-quality subgrade, the EO method produced the lowest cost.

Narasimha al. (2001) [120] developed an optimization technique was
devised to identify the most efficient flexible pavement section, considering both
structural integrity and cost-effectiveness. This was achieved through the
utilization of elastic layered analysis principles, facilitated by the software
FPAVE. Two methods, direct search and gradient, were employed to refine the
pavement design. Computer codes were created to calculate the optimal
combination of thickness, streamlining the process and rendering traditional
methods, such as manual iterative search and pavement design charts, obsolete.

Paola DallaValle et al. (2018) [52] presented a sensitivity analysis
comparing asphalt and subgrade strains from the method of equivalent
thicknesses (MET) with those calculated using BISAR software. Prediction of
the values of strain (as well as life) calculated with BISAR from those obtained
with the MET methodology is done using linear regression analysis. The
analysis showed acceptable predictions for subgrade strains, but significant
differences greater than +10% exist for asphalt strains. An alternative model is
proposed to improve MET methodology results for 3-layer pavement structures,
providing a simple and efficient method for practical purposes like Pavement
Management Systems and pavement deterioration simulations.

Qadir et al (2018) [140] Investigated and compared the performance of
polymer-modified asphalt (PMA), polypropylene (PP)-fiber-modified, and neat
asphalt mixes, on their rutting behavior and life cycle costs [18]. The study
suggested that although the initial cost of other mixes is higher than the
conventional asphalt mix. But considering the life cycle cost, the PMA mixes
can be a better choice to limit rutting on the pavement. Moreover, a linear
regression model was developed to depict the rutting behavior with temperature
and polymer type.

L. Mu-yu et al (2003) [117] proposed a model based on these factors is
established, using genetic algorithms (GAs) as an intelligent method. This
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research presents a new idea and technique for asphalt pavement structure
optimization, analyzing rutting and cracking causes and control methods. The
practical model is established, and case studies show that GAs have strong
searching ability, good efficiency, and precision compared to other techniques
like random test and complex search methods. Further studies on rutting
prediction and cracking estimation are needed to meet the development of this
research.

K. A. Abaza et al (2003) [8] developed a new approach for designing
flexible pavements focusing on anticipated pavement performance and its life-
cycle cost. The future pavement condition, initial construction cost and
maintenance and added user costs is affected by pavement performance, defined
using the initial and terminal serviceability indices. This approach is applied to
the AASHTO design method, which considers pavement life-cycle disutility, the
ratio of pavement life-cycle cost to pavement performance. The optimum design
is associated with the minimum terminal serviceability index value, which
replaces the general AASHTO design index recommendations of 2.0 and 2.5 for
minor and major roads, respectively. The performance curve is generated using
an incremental solution of the AASHTO basic design equation, indicating that
pavements should be designed for higher terminal serviceability index values
than currently recommended.

M. Sanchez-Silvaet al (2005) [156] presented a model for optimizing
flexible asphalt pavement structures, considering fatigue damage and granular
material degradation caused by repetitive loading cycles. Mechanical
considerations are combined with construction and rehabilitation costs, as well
as financial factors like discount rates. An illustrative example has been selected
to demonstrates that reliability-based design optimization (RBDO) combined
with a long-term maintenance policy produces appropriate integral designs.The
proposed procedure offers advantages in predicting pavement deterioration and
maintenance.

Sahis et al. (2021) [27] proposed a Mechanistic-Empirical method to
determine the optimum thickness of bituminous and granular layer using Rutting
and fatigue as model of failure for pavement. The study is focused on a three
layered flexible pavement system. Vertical compressive strain and radial tensile

strain in a three layered pavement system was considered for estimation of
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optimum layer thicknesses. The study reveals that typical combination of
bituminous and granular layer thickness is possible to safeguard the pavement
against rutting and fatigue. The deflection of the pavement which predicts its
performance was obtained by proposed method which shows good convergence
against deflection from IITPAVE and KENPAVE.

Ghosh et al (2005) [73] developed a computational schemes for
deterministic and probabilistic analyses of flexible pavement, including their
FORTRAN codes. The deterministic analysis is based on the Mechanistic-
Empirical (M-E) approach, as recommended in IRC: 37-2001. The developed
computer program can check allowable fatigue and rutting strains for a given
pavement section and develop a flexible pavement design chart for Subgrade,
traffic, and Annual Average Pavement Temperature (AAPT) data. The
probabilistic computation scheme uses the Mean-value First Order Second
Moment (MFOSM) method of reliability analysis, while all basic system
parameters are random variables. It has been observed that the design of a
section based on deterministic basis could be quite misleading on applying
program “FPAVE REL” A sensitivity analysis was conducted to investigate the
effects of variation of system parameters on the probability of failure for a given
pavement section. The probability of failure is highly sensitive to the regression
coefficients of the fatigue and rutting equations recommended in IRC: 37-2001.

Mansour Tohidi et al (2021) [177] developed an appropriate pavement
thickness design with minimum possible cost is required since road pavements
consume a significant portion of the financial resources of construction costs.
This study compares the effectiveness of genetic algorithm and particle swarm
optimization in determining the optimal pavement thickness design for road
pavements. The software for implementing these algorithms and the simulation-
optimization model were developed. Nine completed projects in Khuzestan,
Southwestern Iran, were evaluated using the manual design approach of
consulting engineers. The results showed that GA and PSO reduced design costs
by 9-26.5% and 5-25%, respectively, compared to manual design. GA
outperformed PSO by 1-5.5% in cost savings.

A. Pryke et al (2006) [136] analysed that as the existing methods do not
explicitly include optimization processes, allowing for different criteria and

objectives the study proposed a prototype system that optimizes an analytical
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pavement design procedure using a genetic algorithm. This approach is flexible
and can be used for any computerized pavement design method. The results are
comparable to those from a well-known method, making it suitable for any type
of road pavement and incorporating more complex optimization procedures.
Amakye et al (2022) [15] revealed that the thickness of road pavement
and the depth of construction play pivotal roles in determining road construction
expenses. To mitigate these costs, it is imperative to enhance the engineering
properties of subgrades, such as the California bearing ratio (CBR). This
investigation focused on optimizing road pavement thickness and construction
depth based on CBR values. Incorporating expansive subgrades treated with 8%
lime and 20% cement enhanced their engineering properties, rendering them
suitable for road construction. The study scrutinized the characteristics, mineral
structure, Atterberg limit, compaction, CBR, swell, and micro structural
properties of expansive subgrades. The findings indicated a correlation between
an increase in CBR value and a reduction in pavement thickness and
construction depth. The treated samples exhibited CBR values exceeding 2%,
thus rendering them viable for road construction. Moreover, a decrease in swell
potential of up to 0.04% was observed for the treated expansive subgrade. In
conclusion, augmenting subgrade materials and employing cement and lime as
binders can effectively diminish pavement thickness and construction depth.
Deepthi et al (2023) [56] demonstrated that the reliability-based designs
have gained acceptance in the pavement engineering community for sustainable
and long-lasting structures. A reliability Based Design Optimization (RBDO)
approach is formulated to design cost-effective flexible pavements in the
presence of uncertainties. This study considers two meta-modeling approaches:
the second-order adaptive Response Surface Model (RSM) and the adaptive
Polynomial-Chaos based Kriging (PC-Kriging) meta-model. The study also
highlights the need for adaptive meta-modeling techniques in reliability-based
pavement structures, quantifying epistemic uncertainty. The model uncertainty
was found to be around 1% for three-layer sections and below 2.5% for four-
layer pavements. The SRBDO approach is also proposed to address the
correlation between pavement failure modes and design the optimum
combination of pavement layer thicknesses and moduli to meet target levels of

reliability. The methodology integrates economic analysis of various pavement
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design alternatives with the Mechanistic-Empirical procedure in a system
reliability framework. Finally, the validation of the methodology is confirmed
through crude Monte Carlo simulations to ensure that target system reliability

levels align with established literature bounds.

4.3 Objective

In this backdrop , present study deals with development of an
optimization method for estimation of thickness in a three layer conventional

flexible pavement using method of equivalent thickness (MET) [52,60].

4.3.1  Formulation of the present model

q
A
h 2a T Bituminous layer
! Ey,ve A
yy «——> & —
h, Eyv; ¢, Unbound granular
layer
A 4 i
E;v; B Subgrade soil

Figure 4.0 Typical flexible pavement section in a three-layer system.

In this study, the pavement system has been characterized as a three
layered system. The top layer consist of bituminous layer with thickness h; and
resilient modulus Ei, resting on a granular layer with thickness h, and elastic
modulus of Ez, which has been shown in Figure 4.0. The pavement crust in the
form of bituminous layer and the granular layer rest on a subgrade which is the
foundation of the pavement, with an elastic modulus of E3

In this section , the elastic modulus of granular layer (E2) has been
obtained using Equation 4.1 as recommended by Powell et al [131] whereas the
elastic modulus (Es) of subgrade soil has been estimated using in Equation 4.2
and Equation 4.3 [131,154]

E2 = 0.2 x (h2)**E3 (MPa) 4.1)

Where h, = thickness of granular layer in mm.
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E3 =10 CBR (MPa) for CBR < 5%. (4.2)
Es = 17.6 (CBR) %% (MPa) if CBR > 5% (4.3)
Where, CBR is the California bearing ratio of subgrade.

In this study, a tyre pressure (q) of 0.56 MPa has been assumed to act on
circular area of diameter (2a) as 310 mm for a dual wheel load of 40 kN.

The thickness of bituminous layer against cracking in a bituminous
pavement is determined on the basis of radial tensile strain which occurs at the
bottom of bituminous layer at point A in Figure 4.0. The thickness of bituminous
layer with its required elastic modulus, limits the radial tensile strain at the
interface of bituminous layer and granular base. The strain based design criterion
has been recommended in IRC -37:2012 [48] to consider the failure of pavement
under cracking as in Equation 4.4.

Ny =221 x 107°* x Hm X [i bost (4.4)

€t Mg

N¢= Fatigue life in number of cumulative standard axles.

€:= Maximum tensile strain at the bottom of bituminous layer.

Mg= Resilient modulus of the bituminous layer (MPa)

Similarly, the total thickness of bituminous layer, and granular layer
against rutting has been determined on the basis of vertical compressive strain,
which occurs on the top of subgrade at point B in Figure 4.0.The increase in
pavement crust thickness with higher elastic modulus reduces the vertical
compressive strain at the interface of granular layer and soil subgrade. However,
due to the aging of pavement, the reduced elastic modulus of constituent layers
increases the vertical compressive strain on top of subgrade thereby reducing the
remaining life of the pavement under rutting. The correlation between vertical
compressive strain and anticipated wheel load repetitions before failure of
pavement in terms of rutting has been considered in Equation 4.5 as
recommended in IRC -37:2012 [48] .

N = 1.41 x 1078 x (¢,)~*23%7 (4.5)

Where, N = Number of cumulative standard axle repetitions before
rutting failure.

€,= Maximum vertical compressive strain on the top of subgrade.
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4.3.2 Odemark’s Transformation

In the present work, the three layer system has been transformed into a
homogeneous system by application of Odemark’s [126] method [181] as
described earlier in Chapter 3 and Chapter 4.

In the present analysis, if the Poisson’s ratio of the pavement layers are
considered equal i.e. v2 = v1 the equivalent layer thickness of first layer may be

expressed as shown in Equation 4.6.

E
heql = fhlS\/E:: (46)

However, using the value of E» as explained in Equation 4.1 and
considering the value of f, the Odemark’s [126] correction factor for bituminous
base—granular base interface as 0.9 with Poisson’s ratio as 0.35, Equation

4.6may further be simplified as in Equation 4.7.

’ E
71 = heql = 09 Xh13 m (47)

where, z; = heqr = Equivalent depth of layer —I with modulus E; in the
pavement

The basic principle of transformation of two layer system as
recommended by Odemark [126] can be used to transform multilayered system
in to a homogeneous one by successive transformation.

In such case, the equivalent thickness of heq, which represents
equivalent section of layer- | and Il with modulus E3, may be determined using

Equation 4.8 below.

f E 3 /O.Zh 045
heqz = ZZ = f1 (fh13 m + hz) X % (48)

Where f1 is the Odemark’s correction factor for subgrade — base
interface, which has been considered as 0.8 as recommended by Sherif, M et
al[60].

4.3.3  Model based on fatigue failure

The Boussinesq’s equation for uniformly distributed load has been used
in this analysis to determine the fatigue strain (g; ) and rutting strain(e,) in
different points in a multi layered system by appropriate transformation of layers

in to a homogeneous system using Odemark’s approach. According to
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Boussinesq’s theory, the radial strain at a depth (z) in a homogenous, elastic and
isotropic medium due to an uniform circular load acting at surface with contact
radius (a) and load intensity (q) may be obtained using Equation 4.9. However ,
in Equation 4.9 the value of ( z) has been considered as the equivalent depth
(heq1) with an elastic modulus of (Ez) for the transformed section for

determination of radial strain.

€ = “;E“z)q 2 — — (1—20) X §Z _ 1 (4.9)
(] 1+(3)

It is to be noted that Odemark’s method of equivalent layer thickness
(MET) [52,60] has also been widely used for pavement response analyses
(Ullidtz 1987 [181]) and FWD back calculation. Ullidtz (1987) [181] reported
pavement responses in terms of stress, strain and deflection calculated by the
method of equivalent thickness using Boussinesq’s [34] equation are in good
agreement with those calculated for the same pavement section with the
CHEVRON (Elsym5) [181] computer program. The results obtained with MET
[52,60] method were reported to vary between 89% and 92% of the values
obtained from the theory of elasticity based analysis [52,60]. Zhang and
Macdonald (2000) [194] concluded that for the horizontal strains at the bottom
of the asphalt layer, the calculated values with all three methods namely
Odemark’s method (MET) [52,60), the linear elastic method [87,88] (LET) and
the Finite element method (FEM) could be seen to match the measured values.
Despite of its simplification, the MET used in this analysis has been found
efficient enough to predict the strains and stresses in pavement layers.

In this context, the analytical solution of Equation 4.4, Equation 4.7 and
Equation 4.9 has been made in this analysis to develop correlation between
bituminous layer thickness (h1) and granular layer thickness (h2) with respect to
failure under cracking . The results obtained from proposed analysis have been
presented  through Figure 4.2 to Figure 4.49 and Table 4.1 to Table 4.8
(Appendix 3A) for a variation of axle load from 5 msa to 50 msa considering
effective subgrade CBR range between 5% to 15%. The resilient modulus of
bituminous mix (E1) has been considered in this analysis as 3000 MPa as
recommended in IRC:37-2018 [51] for use of Bituminous Concrete (BC) and
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Dense Bituminous Macadam (DBM) as binder course with VG40 bitumen at
35°C.

4.3.4  Model based on rutting failure

In order to determine the vertical compressive strain at point B as shown
in Figure 4.0, the top two layers of the pavement with thickness (h1) and ( hy)
in a three layer system has been suitably transformed as in Equation 4.8. The
vertical compressive strain at point B , at a depth (z) due to an uniform circular
load acting at surface with contact radius (a) and load intensity (q) in an elastic
homogeneous medium can be determined using Boussinesq’s corelation as given
in Equation 4.10. However , in Equation 4.10 the value of (z) has been

considered as the equivalent depth (heqz) with an elastic modulus of (Es) for

determination of vertical strain on top of subgrade .

z z

€, = (1;:)“ a — — (1 - 2v) X % -1 (4.10)

{ 1+(%) } 1+(3)

The analytical solution of Equation 4.5, Equation 4.8 and Equation 4.10
has been used in this study to develop correlations between bituminous layer
thickness (h1) and granular layer thickness (h.) against rutting which has been
presented through Figure 4.2 to Figure 4.49 and Table 4.1 to Table 4.8 (
Appendix 3A). In present analysis, axle load range between 5 msa to 50 msa
and the effective subgrade CBR between 5% to 15% were considered. In this
study, the range of trial bituminous layer thicknesses (h1) has been considered
from 50 mm to 320 mm as indicative value. The values of trial bituminous layer
thickness (h1) has been used to determine the thickness of unbound granular
layer (h2) using present analytical approach.

The curves shown in Figure 4.2 to Figure 4.49 show the variation of
bituminous layer thickness (h1) and granular layer thickness (h2) with respect to
failure of pavement under cracking as well as rutting, with a point of
intersection. Therefore, the coordinates of such intersection point will be the
optimum thickness of bituminous (h1) and granular layer (hz) satisfying both
rutting and cracking criteria for specified axle load repetitions on different

subgrade. The thickness obtained using the present approach has been termed in
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this paper as optimized pavement thickness. Flow diagram of adopted
methodology for optimization of pavement thickness based on MET has been
shown in Figure 4.1
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4.4 Results and Discussion

It has been found from present analytical study that the thickness of
granular layer increases with decrease in bituminous layer thickness and vice
versa for a specified axle load repetition against rutting as well as fatigue failure.
However, it is relevant to note that the gradient of the curve showing the
variation for thickness of bituminous and granular layer under rutting is
significantly higher than that of cracking. But the correlation between
bituminous and granular layer under cracking show that the change in required
bituminous layer thickness becomes insignificant after the granular layer
thickness of 150 mm or more. The trend of variation of thickness in the curve
obtained for fatigue thus indicates the reason of variation of granular layer
thickness as more sensitive under rutting. In this backdrop, the optimized
thickness of bituminous and granular layer has been obtained from the
coordinates of the intersection point of the curves under rutting and cracking as
shown in Figure 4.2 to Figure 4.49. The thickness of optimum pavement section
thus obtained is safe both under rutting and cracking for a specified axle load
repetitions for a given soil subgrade. It can be observed that the rate of change of
bituminous layer thickness remains almost constant with the variation of
granular layer thickness irrespective of change in effective CBR and load
repetitions. Whereas rate of change in granular layer thickness becomes
constant beyond 150 mm of bituminous layer thickness corresponding to 5%
effective CBR and load repetitions of 5 msa. Similar trend has also been
observed for 15% effective CBR and 50 msa load repetitions. In this case , the
rate of change of granular layer becomes insignificant beyond 120mm of
bituminous layer thickness. In present analysis, MATHEMATICA programming
language has been used solve all equations.
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Figure 4.2 : Variation of bituminous layer and granular layer thickness under

fatigue and rutting for 5 % subgrade CBR with 5 msa axle load repetitions
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Figure 4.3 : Variation of bituminous layer and granular layer thickness under

fatigue and rutting for 5 % subgrade CBR and 10 msa axle load repetitions
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Figure 4.4 : Variation of bituminous layer and granular layer thickness under

fatigue and rutting for 5 % subgrade CBR and 20 msa axle load repetitions
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Figure 4.7 : Variation of bituminous layer and granular layer thickness under
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Figure 4.8 : Variation of bituminous layer and granular layer thickness under
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Figure 4.9 : Variation of bituminous layer and granular layer thickness under

fatigue and rutting for 6 % subgrade CBR and 10 msa axle load repetitions
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Figure 4.10 : Variation of bituminous layer and granular layer thickness under

fatigue and rutting for 6 % subgrade CBR and 20 msa axle load repetitions
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Figure 4.11 : Variation of bituminous layer and granular layer thickness under
fatigue and rutting for 6 % subgrade CBR and 30 msa axle load repetitions

133



Chapter 4: Optimization of bituminous pavement thickness using strain based design criteria

N
=
o

fatigue

[EEN
Yol
o

rutting

[ERN
~N
o

[ERN
Ul
o

130

110

Vo]
o

~
o

Thickness of bituminouis layer (mm)

w
o

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500

Thickness of granular layer (mm)

Figure 4.12 : Variation of bituminous layer and granular layer thickness under

fatigue and rutting for 6 % subgrade CBR and 40 msa axle load repetitions
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Figure 4.14: Variation of bituminous layer and granular layer thickness under
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Figure 4.16: Variation of bituminous layer and granular layer thickness under
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Figure 4.17: Variation of bituminous layer and granular layer thickness under

fatigue and rutting for 7 % subgrade CBR and 30 msa axle load repetitions
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Figure 4.18 : Variation of bituminous layer and granular layer thickness under

fatigue and rutting for 7 % subgrade CBR and 40 msa axle load repetitions
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Figure 4.19 : Variation of bituminous layer and granular layer thickness under
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Figure 4.22: Variation of bituminous layer and granular layer thickness under

fatigue and rutting for 8 % subgrade CBR and 20 msa axle load repetitions
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Figure 4.23: Variation of bituminous layer and granular layer thickness under
fatigue and rutting for 8 % subgrade CBR and 30 msa axle load repetitions
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Figure 4.25 : Variation of bituminous layer and granular layer thickness under

fatigue and rutting for 8 % subgrade CBR and 50 msa axle load repetitions
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Figure 4.26 : Variation of bituminous layer and granular layer thickness under

fatigue and rutting for 9 % subgrade CBR and 5 msa axle load repetitions
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Figure 4.27 : Variation of bituminous layer and granular layer thickness under
fatigue and rutting for 9 % subgrade CBR and 10 msa axle load repetitions
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Figure 4.28: Variation of bituminous layer and granular layer thickness under

fatigue and rutting for 9 % subgrade CBR and 20 msa axle load repetitions
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Figure 4.29: Variation of bituminous layer and granular layer thickness under

fatigue and rutting for 9 % subgrade CBR and 30 msa axle load repetitions
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Figure 4.30: Variation of bituminous layer and granular layer thickness under

fatigue and rutting for 9 % subgrade CBR and 40 msa axle load repetitions
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Figure 4.31: Variation of bituminous layer and granular layer thickness under

fatigue and rutting for 9 % subgrade CBR and 50 msa axle load repetitions

143



Chapter 4: Optimization of bituminous pavement thickness using strain based design criteria

190

fatigue

=
~N
o

rutting

[EY
Ul
o

130

110

90

Thickness of bituminous layer (mm)

70

50
0 100 200 300 400 500 600 700 800

Thickness of granular layer mm)

Figure 4.32 : Variation of bituminous layer and granular layer thickness under

fatigue and rutting for 10 % subgrade CBR and 5 msa axle load repetitions
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Figure 4.33: Variation of bituminous layer and granular layer thickness under

fatigue and rutting for 10 % subgrade CBR and 10 msa axle load repetitions
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Figure 4.34: Variation of bituminous layer and granular layer thickness under

fatigue and rutting for 10 % subgrade CBR and 20 msa axle load repetitions
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Figure 4.35 : Variation of bituminous layer and granular layer thickness under

fatigue and rutting for 10 % subgrade CBR and 30 msa axle load repetitions

145



Chapter 4: Optimization of bituminous pavement thickness using strain based design criteria

190

[E
~N
o

fatigue

rutting
150

130

110

(o}
o

Thickness of bituminous layer (mm)

N
o

w
o

0 200 400 600 800 1000 1200

Thickness of granular layer (mm)

Figure 4.36 : Variation of bituminous layer and granular layer thickness under
fatigue and rutting for 10 % subgrade CBR and 40 msa axle load repetitions
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Figure 4.37: Variation of bituminous layer and granular layer thickness under
fatigue and rutting for 10 % subgrade CBR and 50 msa axle load repetitions
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Figure 4.38 : Variation of bituminous layer and granular layer thickness under

fatigue and rutting for 12 % subgrade CBR and 5 msa axle load repetitions
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Figure 4.39: Variation of bituminous layer and granular layer thickness under
fatigue and rutting for 12 % subgrade CBR and 10 msa axle load repetitions
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Figure 4.40: Variation of bituminous layer and granular layer thickness under
fatigue and rutting for 12 % subgrade CBR and 20 msa axle load repetitions
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Figure 4.41: Variation of bituminous layer and granular layer thickness under

fatigue and rutting for 12 % subgrade CBR and 30 msa axle load repetitions
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Figure 4.42 : Variation of bituminous layer and granular layer thickness under

fatigue and rutting for 12 % subgrade CBR and 40 msa axle load repetitions
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Figure 4.43 : Variation of bituminous layer and granular layer thickness under
fatigue and rutting for 12 % subgrade CBR and 50 msa axle load repetitions
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Figure 4.44: Variation of bituminous layer and granular layer thickness under

fatigue and rutting for 15 % subgrade CBR and 5 msa axle load repetitions
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Figure 4.45 : Variation of bituminous layer and granular layer thickness under

fatigue and rutting for 15 % subgrade CBR and 10 msa axle load repetitions
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Figure 4.46 : Variation of bituminous layer and granular layer thickness under

fatigue and rutting for 15 % subgrade CBR and 20 msa axle load repetitions
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Figure 4.47 : Variation of bituminous layer and granular layer thickness under

fatigue and rutting for 15 % subgrade CBR and 30 msa axle load repetitions
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Figure 4.48: Variation of bituminous layer and granular layer thickness under

fatigue and rutting for 15 % subgrade CBR and 40 msa axle load repetitions
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Figure 4.49: Variation of bituminous layer and granular layer thickness under

fatigue and rutting for 15 % subgrade CBR and 50 msa axle load repetitions
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4.5 Validation of the present model

Pavement deflection is often considered as the indicator of pavement
performance. Therefore, attempts are made in this study to validate the thickness
of pavement obtained from present analytical method with other comparable
formulations using deflection data. The deflection in all the layers of the
pavement have been determined by the theory of elasticity after transformation
of respective layers in to a homogeneous section by application of Boussinesq’s
- Odemark’s [34,126] method as explained earlier. Summation of deflections in
all the constituent layers in a pavement thus obtained may be considered as total
pavement deflection. A dual wheel load of 40 kN and a tyre pressure of 0.56
MPa have been considered in present analysis for determination of pavement
deflection. The deflection thus obtained for the optimized pavement section
using present approach has been compared with the results obtained from
IITPAVE [51] and KENPAVE [87] software and are presented in Table 4.9 to
Table 4.11(Appendix 3A). Convergence of pavement deflection data obtained
using present method and other software with different boundary conditions for
different CBR and axle load were evident in Table 4.9 to Table 4.11 (Appendix
3A), which justifies the validity of present method for estimation of pavement
thickness with reasonable degree of accuracy. Moreover, in order to validate the
results obtained from present method, comparison between findings by
Narasimham, K.V. et al (2001) [120] and I. Ghosh (2005) [73] have also been
made in Table 4.12 (Appendix 3A) ,which further exhibits moderately good
convergence .

Present method considers that the elastic modulus of all the constituent
layers in a pavement remain unchanged till the elastic failure of pavement.
Moreover, the material behavior in present model has been considered as linear
elastic in nature. But the changes in the modulus of pavement during its service
life need to be considered in future for more accurate estimation of pavement

thickness.
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4.6 Concluding remarks

Present methodology is based on mechanistic-empirical approach to
determine required thickness of bituminous layer and granular layer against
rutting and fatigue in a flexible road pavement. It has been found in this study
that the variation of granular layer thickness is more sensitive than the
bituminous layer thickness on pavement performance in terms of rutting. The
methodology proposed in this section to determine optimum thickness of
pavement satisfies terminal fatigue and rutting criteria. The performance of
pavement section in terms of deflection has been found good in comparison with
other international findings. In this context, the proposed method may be
considered as an acceptable approach in pavement design. However, the effect
of variation of modulus of pavement layers on pavement thickness need to be
considered in future to increase the reliability of the method. In present analysis,
a Graphical User Interface (GUI) has been developed by using PYTHON and

JAVA, so that the developed algorithm may be used more conveniently.
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51 Introduction

It can be noted that the unbridled increment of traffic volumes and
unexpected axle loads along with the gradual demands for freight corridor has
impelled to conceptualize the perpetual pavement. Presently, flexible pavement
is generally designed considering the structure of the pavement as a multilayered
system. The basic method of flexible pavement design started with an
assumption of a two-layered system and gradually evolved into a multi-layered
system of pavement design. The design of pavement primarily depends on the
methodology adopted and the boundary conditions assumed in course of design.
The main concept of perpetual pavements is that the asphalt pavement should be
constructed with an impermeable, rut- and wear-resistant top layer placed on a
rut-resistant and durable intermediate layer with a fatigue-resistant and durable
base layer. Limiting strain distribution and maximum fatigue ratios to resist
bottom-up FC (fatigue cracking) is sometimes used to design a perpetual
pavement [42, 62]. Although various endurance limits of perpetual pavement
have been proposed, none have been determined and field validated for efficient
design [42, 62, 63, and 92,100,102,103,106]. The National Center for Asphalt
Technology (NCAT) suggested the FEL (Fatigue Endurance Limit)
[112,124,125,134,147,149,152] value for most perpetual pavement are designed
in the range of 70 to 100 pe. This concept was first proposed by Monismith and
Mc Clean in (1972) [67-68] based on the laboratory test [67-68]. However,
based on the results of different in-service pavement sections, some researchers
suggested the Fatigue Resistance Layer (FRL) [154,161,162,165] can withstand
up to 150 pe depending on the type of bituminous mixture used
[[171,172,174,187,190] for the layer. In this backdrop present section has been
aimed to develop a Mechanistic — Empirical flexible pavement design method

based on MET [52,181] as it provides direct close-form solution.

5.2 Literature review
Shuvo Islama et al. (2018) [92] studied the validity of the assumptions
related to the design of perpetual pavement sections using Per Road and

AASHTOWare Pavement M-E Design software. Moreover, by using the
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bottom-up cracking and FWD deflection data, fatigue life and layer moduli were
estimated. The comparative results as derived from Per Road showed a higher
value than AASHTOWare Pavement ME design values. The study also
recommended that the rich bituminous mix if used in the base layer can be
useful as the most successful perpetual pavement.

Scheer Matthew J. (2013) [161] evaluated the performance of perpetual
pavement structures through the installation of several sensors in a different
layer in a pavement. Pavement response thus obtained as fatigue strain at a
critical location in pavement section was compared with expected strain to
assess the durability of pavement. The influence of axle configuration, speed,
and tire pressure, were analyzed to understand its effects on pavement responses.
Timm et al. (2015) [110] proposed a design procedure (Per Road) based on
principles of perpetual pavement. Moreover, the study also focused on
developing a Monte Carlo simulation-based reliability approach to minimize the
risk of structural failure. A field-based limiting strain threshold was also
developed to adopt these values from cumulative distributions of field-measured
tensile strains in the 2003 and 2006 research cycles. Per Road, a stochastic
perpetual pavement design programme was used to predict strains for the same
2006 sections. A comparison study was also carried out to observe differences
in predicted and measured strains. The study concluded that the limiting strain
distribution and maximum fatigue ratios may be included for designing the
perpetual pavements to resist bottom-up FC.

Mazumder et al. (2016) [112] reviewed the importance of perpetual
pavement in future road networks and also mentioned the mechanistic-empirical
design principles and differences with conventional pavement. Definition of
perpetual pavement including its mechanistic-empirical design principles and
difference with conventional pavement are discussed with specific layer
purposes and distresses are provided. Recommendations have been given for
future research in order to obtain an optimum asphalt perpetual pavement
design.

John Liao et al. (2010) [106] presented a three-dimensional linear visco-
elastic finite element model to simulate the behavior of a perpetual pavement
structure subjected to traffic loading at different temperatures and vehicular

speeds. The study considers HMA as pure elastic solids. The developed model
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relatively accurately predicted not only the stress and strain responses but also
the deflection response concurrently. The results of this research may be
effective to use viscoelastic analysis of perpetual pavements in comparison with
the conventional elastic models.

Lee, S. I, et al. (2020) [103] reported the cost-effective PP (perpetual
pavement) design alternatives to improve design optimization, material quality,
and constructability. The structural and economic validations indicated that the
design alternatives analytically meet expected performance limits, which last for
the 50-year design life without significant structural failures, with a total agency
cost saving of up to 19% compared with the current design procedure.

Das (2015) [120] presented review on various pavement design
guidelines on the structural design of asphalt pavements with reference to the
design principles employed. The focus was primarily kept on the mechanistic-
empirical pavement design approach. The discussion covers a few specific
aspects of asphalt pavement design.

Kollaros et al. (2017) [100] proposed a methodology to reduce the
maintenance cost of perpetual asphalt pavements by reduction of damage per
million equivalent single axle loads and increase in expected service-life has
been achieved with the increase of moduli values and thicknesses of different
layers in the pavement structure. Layered pavements have been analyzed under
specific loading conditions and the effect of the variability of these conditions
on pavement’s longevity has also been studied in order to understand the
technical behavior of structures with a high strength surface layer considering
different software by varying input parameters.

Tarefder RA et al. (2012) [172] proposed an optimal perpetual
pavement by combinations of layer, stiffness, and thickness for implementation
on New Mexico State highways. The Mechanistic-Empirical Pavement Design
Guide (MEPDG) trial designs are analyzed for a 50-year design life of perpetual
pavements. The required thickness ranges from 10 to 15 inches for moderate to
high truck traffic roads. The study finds low bottom-up fatigue cracking and
little or no top-down cracking at the end of 50 years, and low rutting in the
intermediate layer at the end of the 10-year maintenance cycle. Resurfacing
plans are recommended to remove rutting every 10 years. The study also

examines perpetual pavements with and without rich-binder layers (RBLs), with
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recommendations for using a non-RBL pavement based on life-cycle cost
analysis. Debonding of hot mix asphalt (HMA) layers is also investigated, with
88% of perpetual pavements failing by top-down cracking and bottom-up
cracking increasing significantly in a debonded environment.

El-Hakim et al. (2012) [62] presented a case study to examine how
perpetual pavement design is a feasible solution for sustainable roads by
explaining and analyzing the construction of a test section on Highway 401 in
Woodstock, Ontario, Canada. The study considered construction of three
sections, representing conventional pavement design, perpetual design without
rich bottom mix, and perpetual design with rich bottom mix next to each other
for a comparison of their performance with different sensors. The study
suggested that sustainability in road construction is crucial for the environment,
economy, and social development and that perpetual pavement design, despite
higher construction costs, requires less maintenance and rehabilitation. The use
of recycled asphalt pavement in all pavement layers in the project undertaken led
to the conclusion that the use of recycled materials enhanced the pavement
mechanical characteristics and maximized the efficient use of resources.

Von Quintus HL (2001)[185] studied an approach for designing the
thickness of hot-mix asphalt (HMA) layers to enhance the longevity of
bituminous pavements. The performance of HMA pavement relies on how
pavement responses interact with the strength and modulus of various layers.
Wheel loads generate stresses and strains in each layer, causing damage to both
bound and unbound materials. Structural degradation typically manifests as
cracking and rutting. The methodology outlines a process for designing durable
HMA pavement structures for heavily trafficked roads, with a focus on limiting
tensile strain at the bottom and VCS at the top. It employs the cumulative
damage concept to anticipate fatigue and subgrade distortion, accounting for
seasonal variations and material properties using the "equivalent modulus"”
approach. Two criteria are utilized for mechanistic-empirical thickness design
assessments: restricting maximum surface deflection under the design load and
controlling the modulus ratio between adjacent unbound pavement layers. The
methodology tackles three key issues concerning fatigue cracking in HMA
layers: defining an "endurance limit," determining the location of load-induced

cracks, and understanding the fatigue properties of HMA layers. Long-Term
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Pavement Performance data is leveraged to substantiate the criteria and
methodology.

Willis JR. (2009) [187] evaluated field-based strain thresholds for
flexible perpetual pavement design. The study considered recent efforts to
design roadways that can withstand 50 years of traffic without structural fatigue
damage. The study indicated that perpetual pavements, designed using
mechanistic-empirical methodologies, limit strain at the bottom of the
bituminous layer to a specific value, avoiding bottom-up fatigue damage. The
study established field-based strain thresholds for perpetual pavement design
and formulated a relationship between laboratory fatigue thresholds and field-
measured strain. The main objective of the study was to improve efficiency in
perpetual pavement design.

Islam S. et al. (2020) [92] proposed mechanistic-empirical design of
perpetual pavement for four perpetual pavement sections which are scheduled
for rehabilitation for top-down surface cracking. The study revealed that
perpetual pavements use durable asphalt layers to create a safe, smooth, and
long-lasting road. The bottom layer resists tensile strain from traffic, preventing
cracks from forming. A study revisited the design of perpetual pavement
sections using PerRoad and AASHTOWare Pavement ME Design software to
verify design assumptions and fatigue lives. Results showed predicted strain
values were lower than tensile strains computed using FWD deflection data.
PerRoad required a higher asphalt thickness than AASHTOWare Pavement ME
Design software over a 50-year design period. The results of the study indicated
that the most successful perpetual pavement design was the one with a rich
bituminous mix in the base layer.

M. Robbins M. et al. (2015) [110] modified and validated stochastic
limiting strain distribution and fatigue ratio principles for eternal pavement
design. The study reveals that traditional perpetual pavement thickness design
focuses on controlling strain levels at the bottom of the asphalt concrete layer to
prevent bottom-up fatigue cracking (FC). A field-based limiting strain threshold
and fatigue ratio was developed to understand the limiting strain needed to
control FC. The study suggests necessity to adapt the thresholds to strains
predicted by perpetual pavement design tools. PerRoad, a stochastic perpetual

pavement design program, was used to predict strains for 2006 sections, and the
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updated limiting strain distribution and maximum fatigue ratios were validated
for designing perpetual pavements to resist bottom-up FC.

Guo Z et al. (2016) [171] evaluated life cycle costs of Chinese perpetual
and traditional semi-rigid pavements using operational pavement management
systems and examine their suitability for more economical and durable flexible
pavements. The study illustrates that pavement design and management aim to
build sustainable structures with minimal costs throughout their life. However,
uncertainties like future traffic estimation, material behavior, vehicle weights,
and funding availability make it crucial to apply pavement stage construction
techniques. In China, perpetual asphalt pavement (PP) technology has been
applied since 2000, with the semi-rigid base being a typical component of high-
class highways. The study suggests that the stage construction of asphalt layers
in PP over semi-rigid pavement foundations creates more sustainable and trusted

structures, despite a 2-5% increase in total cost.

5.3 Objective

The objective of present analytical study to develop a strain-based
model of perpetual bituminous pavement design based on a method of

equivalent thickness (MET) using fatigue and rutting as design criteria.

54 Perpetual pavement design model based on fatigue and rutting

criteria

In this study, the pavement system has been characterized as a three-
layer system as shown in Figure 5.1. The top layer consists of a bituminous
binder base with thickness h: and resilient modulus E:. The middle layer
consists of unbound granular materials with thickness h, and composite elastic
modulus of E> which ultimately rests on soil subgrade with an elastic modulus of
Es. The subgrade layer in a three-layered system has been considered as the
foundation of pavement crust. In this study, the elastic modulus of the unbound
granular layer has been estimated using Equation 5.1 as recommended by
Powell et al (1984) [131].
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E, = 0.2 (hy)*SE; (MPa) (5.1)

Where hy = thickness of the unbound granular layer, which is the

summation of granular base and sub-base thickness (mm)

q
A
h +“— 2a ™  Bituminous
1 Eive A binder base
S & —
h, Eyv. ¢, Unbound granular
layer
\4 °
B Subgrade soil

E3, v:

Figure 5.1: Typical flexible pavement section in a three-layered system

Moreover, the modulus of E> and Ez may be determined by Equation 5.2 and

Equation 5.3.
E; = 10 CBR (MPa) for CBR < 5% (5.2)
E; = 17.6 (CBR)%®* (MPa) for CBR > 5% (5.3)

Where CBR is the California Bearing Ratio of subgrade.

The thickness of the bituminous binder base in a bituminous pavement
may be determined on the basis of radial tensile strain (RTS) occurring at the
bottom of the bituminous binder base at point A or the vertical compressive
strain (VCS) on the top of subgrade at point B in Figure 5.1. In bituminous road
pavement, RTS at the bottom of the bituminous base relates to the pavement
performance under fatigue whereas VCS on the top of the subgrade relates to the
pavement performance under rutting. In the present study, the unbound granular
layer thickness in a three-layered system has been considered constant for the
estimation of binder base thickness. In order to estimate the VCS on subgrade or
RTS in asphalt layer due to wheel load using Boussinesq’s theory [34], the
three-layered pavement system has been transformed into a homogeneous

system by Odemark's [126] approach.
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5.4.1 Transformation of multi-layered pavement system to homogeneous
system by Odemark's method

In the present analysis, based on Odemark’s [126] principle as described in
Chapter 2 and Chapter 3, the equivalent thickness of bituminous binder base (h)
may be expressed by Equation 5.4.

E
ot = 2= fh[2 (5.4

However, substituting E> from Equation 5.1 in Equation 5.4, the

following equation may be established

E
heq1 = 2 = fh/T (5.5)

Similarly, the transformation of granular and soil layer with an elastic modulus
of Ez and Es respectively, has been made in present analysis with an equivalent
thickness of heg2. The transformed layer heq2 thus obtained will have an elastic

modulus of E3 .

3 [E;

Therefore, hego = 21 = fo(heqr + h2) -
3

(5.6)

However, substituting E> from Equation 5.1 and heq: from Equation 5.5

in Equation 5.6, the following Equation 5.7 has been established

" il n E, R 0.2 h,"*°E, 57
=7z, = _— [ —
eq2 1 2| /il 02 h20'4'5E3 2 E,

5.4.2 Design of perpetual pavement

In this analytical study, the concept of perpetual pavement design has
been based on IRC-37-2018 [51. In IRC-37-2018, [51] the pavement with an
axle load of 300 msa or more has been defined as perpetual pavement which has
a minimum age of fifty years. Moreover, according to the guideline, the
thickness of the bituminous base in a three-layered perpetual pavement may be
determined on the basis of an allowable RTS of 80 pe at the bottom of a
bituminous binder base. Furthermore, the thickness of a bituminous binder base
may also be obtained by limiting the VCS on the top of the subgrade to 200 pe
as recommended in IRC: 37-2018 [51]. The higher value of the bituminous

binder base thus obtained from RTS and VCS criteria has been recommended in
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this study as design thickness for perpetual road pavement. In present analysis,
RTS at the bottom of the bitumen base has been termed as fatigue strain and

similarly the VCS on top of subgrade as rutting strain.

5.4.3 Determination of bituminous binder base thickness based on radial
tensile strain (RTS)

According to Boussinesq's [34] theory, in a homogeneous, elastic and
isotropic medium with an elastic modulus of (E2), the RTS (et) at a depth (z )
due to an uniformly distributed circular load intensity (q) with a contact radius

(@) may be expressed as shown in Equation 5.8 and Figure 5.2.

Wl "a (1 —2v){—2——1 (5.8)

e (E)

zZ = heql

Figure 5.2: Transformed section up to bottom of bituminous binder base

In the present analysis a combined base and sub base thickness of 450
mm (h2) has been considered as input parameter for most of the road sections
with relatively higher axle loads as recommended in IRC-37-2018 [51].

In order to determine the RTS below the bottom of the bituminous base
in pavement, the top two layers in a three-layered system may be transformed as
explained earlier with the equivalent thickness heq: as shown in Figure 5.2. The
Equation 5.8 is a generalized equation applicable in a homogeneous system,
which has been used in the present analysis by substitution of the term ‘z’ by

transformed depth heq1 as explained in Equation 5.5 Assuming (z/a) = M, and
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considering f = 0.9 for the layer interface of binder base and unbound granular
layer Equation 5.8 may further be modified as shown in Equation 5.9.

_ (1+v)q -M _ _ M
= et [T~ O 2 0) | s 1}] (5.9)

Therefore, the thickness of the binder base (h1) in a perpetual pavement
may be estimated by limiting the RTS (&;) at the bottom of bituminous binder
base. In present analysis, the allowable fatigue strain of 80 pe has been used in
Equation 5.9 to estimate the binder base thickness for different subgrade CBR
ranging from 5% -15%.

5.4.4 Determination of bituminous binder base thickness based on vertical
compressive strain (VCS)

To determine the VCS (ev) at point B as shown in Figure 5.1, the top two
layers of the pavement with thickness hy and h. in a three-layer system may be
transformed using Odemark’s [126] method as shown in the Figure 5.3. The
VCS at point B in an elastic homogeneous medium with an elastic modulus (Es)
at a depth z; under an uniformly distributed circular load intensity(q) with a
contact radius (a) can be obtained using Boussinesq's [34] theory as expressed in
Equation 5.10.

Z1 Z1

e (1+v)q @ (1-2v){—e——1 (5.10)

") @)

To determine the VCS (€,)at the top of subgrade as shown in Figure 5.1,

in a three-layered system, the depth (heqz) up to top of subgrade has been

determined in Equation 5.7. However, considering M2 = zi/a and f> = 0.9 for the
interface of subgrade and unbound granular layer Equation 5.10 may further be

modified as Equation 5.11.
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Figure 5.3: Transformed section up to top of subgrade

_ (1+v)q M Mo

S

(5.11)

Therefore, the thickness of the binder base (h1) in a perpetual pavement
may be estimated by limiting the VCS ( ¢,) on the top of the subgrade layer. In
present analysis, the allowable strain of 200 pe has been used in Equation 5.11
to estimate the binder base thickness for different subgrade CBR ranging from
5% -15%. The higher value of the thickness of binder base obtained from RTS

or from VCS has been considered as design thickness.

5.4.5 Design of bituminous binder base thickness based on axle load
criteria

An alternative approach for the design of perpetual pavement has been
explored in the present study considering the load-carrying capacity of the
pavement as 300 msa as recommended in IRC: 37-2018. [51] The allowable
RTS at the bottom of the bituminous base corresponding to 300 msa load
repetitions has been determined from the mechanistic-empirical correlations
recommended in IRC: 37-2018 [51] and shown in Equation 5.12 and 5.13 for
different reliability levels. The allowable strain thus obtained corresponding to
300 msa with 90% reliability level has been used in Equation 5.9 for estimation
of binder base thickness for different subgrade CBR ranging from 5% to 15%.
The allowable fatigue strain in the present analysis for 300 msa load repetitions

was obtained as 112 ue considering 90% reliability.
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11389 1 10.854 o
N = 1.6064 xC x107%x [e—] X [M—] For 80% reliability (5.12)
t R

11389 4 10854 o

N; = 0.5161x C x10~% x H X [—] For 90% reliability  (5.13)
€t MR

Where C=10M and M = 4.84 x (&— 0 69)
) Vat+Vpe )

N¢= Fatigue life in the number of cumulative standard axles.

€, = Maximum tensile strain at the bottom of the bituminous base, and

Mg = Resilient modulus of the bituminous base (MPa).

Ve = Percent of the volume of effective bitumen in bituminous mix

Va = Percent of the volume of air voids in bituminous mix

The allowable VCS on top of the subgrade has also been determined from the
Mechanistic-Empirical correlations recommended in IRC: 37-2018 [51]. The
correlation between VCS and anticipated wheel load repetitions before failure of
the pavement under rutting has been shown in Equation 5.14 and Equation 5.15

for different reliability levels.

1 145337 o
N = 4.1656 x107%8x L—] For 80 % reliability (5.14)

1145337 S
] For 90 % reliability (5.15)

N = 1.41x 10~ %8x [—

€y
N = Number of cumulative standard axles before failure in rutting
€, = Maximum VCS on the top of subgrade layer

The allowable VVCS on the top of the subgrade layer corresponding to
300 msa load repetitions has been estimated as 250ue for 300 msa load with
90% reliability level using Equation 5.15.The allowable VCS thus obtained has
been used in Equation 5.11 for estimation of binder base thickness for different
subgrade CBR ranging from 5% to 15%. It is to be noted that the binder base
thickness has its influence both on radial strain at the bottom of the binder base
at the first interface and also on VCS on top of subgrade at the second layer
interface, in a three-layered system. Against this backdrop, the design of
perpetual pavement in the present study has been made based on both fatigue
and rutting as failure criteria. Flow diagram of adopted methodology for

perpetual pavement design has been shown in Figure 5.4
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Design of perpetual flexible pavement

A 4

INPUT
Wheel load, contact pressure, modulus of
bituminous mix, air voids of Bituminous
mix, effective bitumen content in mix,
contact radius, combined thickness of
granular base and sub base layer

|

A\

Estimation of binder Estimation of binder base thickness Estimation of
base thickness (hi) (h1) considering 300msa Axle load blpder base
considering 80ue RTS criteria thmk_neS? (1)
criteria J considering
l l 200peVCS criteria
Fatigue | Rutting
criteria | ™ criteria

Y

Finalization of perpetual pavement thickness considering
different subgrade CBR

A4

Validation of test results with IITPAVE and IRC: 37-2018

Figure 5.4: Flow diagram of adopted methodology for perpetual pavement design
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5.4.6  Input parameters used in pavement design

The input parameters used in the estimation of bituminous binder base
thickness are as follows
Wheel load = 40 kN
Contact pressure of wheel on pavement surface = 0.56 MPa
Resilient modulus of Bituminous mix = 3000 MPa
Air voids in bituminous mix = 3.5%
Volume of effective bitumen in bituminous mix = 11.5%
Contact radius between tire and pavement = 151 mm

The combined thickness of unbound granular layer = 450 mm

55 Results and discussion

The thickness of binder base estimated using present methodology on the
basis of allowable fatigue strain of 80 pe and an allowable rutting strain of 200
ue have been presented in Table 5.1 to Table 5.2 (Appendix 4A) and Figure 5.5
to Figure 5.6.1t has been observed that the thickness of the binder base reduces
with the increase in subgrade CBR both under fatigue and rutting failure. The
thickness of binder base under fatigue was found to vary between 307mm to 264
mm for change in subgrade CBR from 5% to 15% and the same under rutting
was found to range between 308 mm to 203 mm. It is evident that the rate of
change of binder base thickness is higher under rutting than fatigue. It has also
been observed from present analysis that the thickness of the bituminous binder
required to withstand fatigue is generally more than that required to withstand
rutting under specified axle load repetitions. Therefore, the recommended
thickness of bituminous binder base has been considered as the thickness
obtained against fatigue criteria. Hence, it can be concluded that the
performance of perpetual pavement is generally governed by its failure under
fatigue.

Definition of perpetual road pavement includes the load-carrying
capacity of road pavement in Indian conditions as 300 msa which may sustain
up to 50 years without major distress. In this backdrop, the bituminous binder

base thickness for perpetual pavement has also been estimated considering 90%
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reliability level of fatigue and rutting criteria as recommended in IRC-37-2018
[51].Therefore, the allowable strain values for perpetual pavement design
against rutting as well as fatigue have been determined from Equation 5.13 and
Equation 5.15 corresponding to 300 msa load repetitions. The allowable RTS
and VCS were estimated as 112 pe and 250 pe respectively, which have been
used for the design of binder base using the present methodology. The
thicknesses of the binder base thus obtained have been presented in Table 5.3
and Table 5.4 (Appendix 4A) and Figure 5.7 and Figure 5.8.1t has been observed
from the data in Table 5.3 and Table 5.4 (Appendix 4A) that, the binder base
thickness obtained from fatigue criteria using present method is higher in
comparison with the thickness obtained from rutting criteria. Therefore, the
recommended thickness of the binder base shall be governed by the fatigue
strain. The thickness thus obtained based on fatigue strain has been found safe
both from cracking and rutting. The thickness of binder base under fatigue was
found to vary between 255 mm to 215 mm for change in subgrade CBR from
5% to 15% and the same under rutting was found to vary between 254 mm to
155 mm. It is relevant to mention that the thickness of the binder base of a
perpetual road pavement thus obtained considering 300 msa load appears to be
less in comparison to the thickness obtained using 80ue finite fatigue strain and
200ue finite rutting strain. The reason for such reduction in binder base
thickness is due to an increase in allowable fatigue strain corresponding to 300
msa load repetitions. The thicknesses obtained from finite strain and finite load
based approaches have been presented in Table 5.5 (Appendix 4A) and Figure

5.9 to get the recommended binder base thickness of perpetual pavement.

5.5.1 Validation of binder base thickness obtained from proposed finite
strain criteria using I TPAVE

The validation of the present method has been done in present study by
using IITPAVE [51] software. The pavement thickness obtained using the
present methodology has been used as an input parameter in ITPAVE [51]
software for estimating RTS at the bottom of the bituminous binder base and the
VCS on the top of the subgrade. The strain and thickness thus obtained against
fatigue and rutting criteria have been presented in Table 5.6 (Appendix 4A) and
Figure 5.10.The RTS obtained from IITPAVE [51] corresponding to binder base
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thickness estimated using the present methodology based on finite fatigue strain
was in the range between 94 to 91 ue for subgrade CBR ranging from 5% to
15% whereas the allowable fatigue strain of 80 pe was considered as input
parameter for pavement design in the present method. Similarly, the VCS
obtained from IITPAVE [51] on the top of the subgrade was found to vary
between 182 to 141 pe. However, for subgrade CBR ranging from 5% to 15%,
the allowable VCS of 200 pe was considered as an input parameter for
perpetual pavement design in the present analysis. So, it is evident from the
strain data presented in Table 5.6 (Appendix 4A) that the thickness of the binder
base obtained using the finite strain based method is reasonably safe under
rutting in comparison with IITPAVE [51] output but fails marginally under
fatigue. In this backdrop, the allowable RTS at the bottom of the bituminous
binder base may be revised and increased to 95 pe instead of 80 pe. Similarly,
the recommended allowable VCS on the top of subgrade may be revised and

reduced to 185 pe instead of 200 pe considered in the present analysis.

5.5.2 Validation of binder base thickness obtained from proposed finite
load criteria using I TPAVE

The validation of perpetual pavement thickness obtained in present study
based on finite load (300msa) criteria has been made in Table 5.7 (Appendix
4A) and Figure 5.11. The binder base thickness for different subgrade CBR has
been back-calculated using IITPAVE [51] based on allowable fatigue strain
corresponding to 300 msa and reported in Table 5.7 (Appendix 4A) and Figure
5.11. It is evident in Table 5.7 (Appendix 4A) that IITPAVE [51] generated
binder base values are 9% more that than the value obtained from the present
finite load based method and therefore may be considered close and comparable.
The binder base thickness obtained using the present finite strain criteria ranged
between 307 mm to 264 mm for subgrade CBR ranging from 5% to 15%,
whereas the thickness of binder base obtained using ITPAVE [51] for the same
CBR range varied between 340 mm to 289 mm. The reason of this variation may
be due to the difference in boundary conditions considered in IITPAVE [51]
software and the present analytical method which assumes the failure of

pavement as linear and elastic.
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Figure 5.5: Binder base thickness of perpetual pavement of subgrade CBR from
5%-8% based on finite strain criteria
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Figure 5.6: Binder base thickness of perpetual pavement of subgrade CBR from
9%-15% based on finite strain criteria
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Figure 5.7: Binder base thickness for perpetual pavement of subgrade
CBR 5%-8% based on finite load criteria
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Figure 5.8: Binder base thickness for perpetual pavement of subgrade
CBR 9%-15% based on finite load criteria
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Figure 5.9: Recommended binder base thickness of perpetual pavement for
subgrade CBR 5%-15% based on finite strain and load criteria
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Figure 5.10: Comparison of binder base thickness using I TPAVE and present
method based on finite strain criteria
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Figure 5.11: Comparison of binder base thickness using IITPAVE and present

method based on finite axle load repetition

5.5.3 Validation of present method using IRC: 37-2018

The method proposed in this study for estimation of perpetual pavement
thickness has also been used for the estimation of conventional bituminous road

pavement thickness for its validation.

The thickness of binder base of pavement corresponding to specified
axle load and subgrade CBR has been determined using the present
methodology for comparative study with the recommended thickness as in IRC:
37-2018. The thickness of the binder base has been determined to limit fatigue
failure by solving Equation 5.9 and Equation 5.13.Similarly, the thickness of the
binder base has also been obtained in this study to limit failure of pavement
against rutting by solving Equation 5.11 and Equation 5.15 for different axle
load repetitions and subgrade strength. Thus the higher value of binder base

obtained against fatigue and rutting has been considered as design thickness.

The thickness of the unbound granular layer in the present analysis has
been considered as 450 mm for validation and the subgrade CBR of 5%, 8%,
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and 10% were considered. The axle load range in the present analysis has been
considered between 5-20 msa as lower axle load group and between 30-50 msa
as higher axle load group. The design thickness of the binder base thus obtained
using the present method has been compared with relevant layer thickness as
recommended in IRC: 37-2018 and presented in Table 5.8 and Table 5.9
(Appendix 4A) and Figure 5.12 to Figure 5.15. It is evident from the data
presented in Table 5.8 and Table 5.9 (Appendix 4A) that the binder base
thickness obtained using the present method is reasonably close with respect to
the binder base thickness recommended in IRC: 37-2018 for low to high CBR as
well as for low to high axle load groups.

It may be noted that, for a lower axle load of 5 msa with subgrade CBR
5% and 8%, the variation in binder base thickness obtained by two different
methods were in between 4.2% and 3.7% respectively.

However, for a higher axle load of 50 msa, the same variation in binder
base for subgrade CBR 5% and 8% were found to 1.8% and 5.1% respectively.
It has been found that the variation in binder base thickness between the two
methods is marginal for higher subgrade CBR and for higher axle loads. In this
backdrop, the observed convergence of binder base thickness justifies the
acceptability of present method. Finally recommended binder base thickness for

different subgrade CBR using present method have been presented in Table 5.10
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Figure 5.12: Comparison of binder base thickness using present method and IRC-
37-2018 for subgrade CBR 5% - 10%and 5 msa axle load repetitions.
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Figure 5.13: Comparison of binder base thickness using present method and IRC-
37-2018 for subgrade CBR 5% - 10%and 20 msa axle load repetitions.
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Figure 5.14: Comparison of binder base thickness using present method and IRC-
37-2018 for subgrade CBR 5% - 10%and 30 msa axle load repetitions.
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Figure 5.15: Comparison of binder base thickness using present method and IRC-
37-2018 for subgrade CBR 5% - 10%and 50 msa axle load repetitions.

5.6 Concluding remarks

The methodology for perpetual pavement design proposed in this study
can also be used for the estimation of conventional bituminous pavement
thickness considering the pavement as a multi-layered system. The reliability of
present method has been compared with IRC: 37-2018 and found to be
satisfactory. It has been observed in the present analysis that the thickness of the
binder base required to withstand fatigue is generally more than that required to
withstand rutting under a specified axle load repetition. Therefore, it can be
concluded that the performance of perpetual pavement is governed by its failure
under fatigue.

It is relevant to mention that the thickness of the binder base in a
perpetual road pavement obtained using 300 msa load appears to be less than the
thickness obtained using finite strain-based criteria. For validation of the present
method, fatigue and rutting strains were estimated using IITPAVE [51] for the
pavement thickness obtained using present methodology. It has been found from
the critical strain data, that the allowable RTS at the bottom of a bituminous base
should be revised as 95ue instead of 80ue for perpetual pavement design.
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Similarly, the allowable VCS on the top of the subgrade may be modified to
185ue instead of 200 pe. However, the allowable fatigue or rutting strains for
the design of perpetual road pavement will increase if the design load of 300
msa is considered. Moreover, the thickness of the binder base obtained using
IITPAVE [51] and the present study shows good convergence. Therefore, the
present method may be considered as an alternative and reliable approach of

Mechanistic- Empirical design of perpetual flexible pavement.
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6.1 Introduction

Repair of airport and road pavements has gained more importance over
the years. Road connectivity in India has got major importance in its
infrastructure development works in the last twenty years. With the increase in
length of the major new road network, the need for repair of such pavements has
also increased substantially. Particularly, the unanticipated impact of climate
change and loading has been found to affect the serviceability of road pavement
to a great extent. Therefore, prediction of terminal serviceability criteria and
preparing a repair plan accordingly with appropriate materials has become the
prime need of the hour in a pavement maintenance program. In this backdrop, an
effective and innovative design of overlay is required to make the road
pavements durable and functional. Design of overlay can be done either on
stress, strain, or deflection-based criteria corresponding to expectedaxle load
repetitions during its service life. Therefore , attempts have been made by
several researchers to design bituminous overlay thickness on existing damaged
flexible road pavement based on Empirical, Mechanistic, and Mechanistic-
Empirical approaches. In this context, efforts have been taken in this study to
design bituminous overlay thickness using interface deflectionat pavement
overlay interface as a design parameter using a mechanistic-empirical approach.

The most sustainable way of pavement rehabilitation is to put an overlay
on the top of a bituminous layer on an existing structurally weakpavement in
today's world of severely depleting natural sources for construction. The
thickness of overlay depends upon several parameters of existing in-situ
pavement, amongst those, pavement modulus of different layers, the thickness of
constituent layers, and projected traffic; Poisson's ratio are important. Current
design procedure of Overlay design e.g. Asphalt Institute (Al) [10] method is
based on semi-empirical and semi—mechanistic, resulting in either premature
failure or overestimated pavement parameters thereby making it sometimes
economically non-viable. Thus, the present study tries to include an alternative
approach in the field of overlay design and present a comprehensive

comparative analysis with respect to widely used Al [10] method.
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The higher value of pavement deflection indicates lower strength of
pavement and vice versa. Therefore, the damage and distress of pavement can be
quantified using pavement deflection data. The objective of putting an overlay
on the existing pavement is to limit stress, strain, and deflection at different layer
interfaces of the multi-layered system in the pavement to make the pavement
durable and functionally more efficient from its serviceability point of view.
Several correlations have been developed between allowable numbers of load
repetitions (Huang et al. 1984B.C.)[87-90] with allowable vertical stress and
modulus of subgrade for analysis of pavement performance. An Empirical
relationship (Ullidtz.1997)[181] based on the AASHTO [1,2,3] road test may be
used to determine the stress developed on unbound materials before its failure.
The regional factor in this relationship is an important parameter to be carefully
chosen. NCHRP-128 guide may be referred for values in detail. Amongst those,
Boussinesq’s [34], Huang [87-90], and Danish [181] criteria are found to be
effective in finding the stress level at the desired depth. Several researchers
(Haung, Ullidtz, and Horak) [87-90, 181, 83-85] have found Odemark's method
useful in transforming the depth into equivalent depth to be readily applicable
for a homogeneous medium. Interface deflection (Huang 1969c [87-90], Solanki
et al 2016 [168] Loganathan, et al 2019[108] ,Naughton et al 2019 [123] ,
Purakayastha et. al .202 0[137] is an important criterion for a two-layer new
pavement or overlay design. Studies have also been carried out to find most
sensitive [151] parameters for overlay design. Against this backdrop, present
study is intended to make new contributions in the field of overlay design with

special reference to Al [10] method.

6.2 Literature review

S.V.Dinesh et al. (2022) [157] proposed a study to use BBD and FWD
as a non-destructive testing method to evaluate the structural condition of a
pavement that deteriorated over time due to traffic movement. It was concluded
that the FWD is more reliable as it reduces the overlay thickness with a better
degree of traffic simulation. India's flexible pavements face deterioration due to
heavy traffic, requiring evaluation and maintenance measures. Benkelman Beam
Deflectometer (BBD) and Falling Weight Deflectometer (FWD) are widely used
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non-destructive techniques. The study conducted in a 5 km National Highway
stretch in Bangalore, Karnataka, developed a correlation between FWD and
BBD, analyzing pavement structural evaluation using KGP-BACK and IIT-
PAVE. A linear correlation was developed, with a coefficient of correlation (R2)
of 0.8994. The study considers FWD as a reliable method for pavement
structural evaluation and cost-effective, reducing desired overlay thickness.

Sahis,M.K. et al. (2021) [151] formulated to determine the appropriate
thickness of bituminous overlay for existing flexible road pavement, aiming to
minimize vertical stress at the interface between the pavement and overlay. This
research treats the combination of new overlay and old pavement as a two-
layered system. Vertical stress at the interface is calculated using Boussinesq's
theory after transforming the system using Odemark's method. The calculated
stress is then compared with allowable vertical stress from empirical data to
estimate overlay thickness for various axle loads and pavement deflections. The
paper compares the overlay thickness obtained from this approach with that
from the Asphalt Institute method, finding reasonable agreement. The curvature
of the overlay under wheel load, represented by the base layer index, is used as a
performance measure. Comparative analysis between overlay thicknesses
determined by stress-based and deflection-based criteria is provided, showing
that stress-based methods produce reliable and crack-resistant overlay thickness
estimates. Sensitivity analysis indicates that the bituminous mix modulus is
more influential than axle load repetitions in estimating overlay thickness.

Singh and Sahoo (2020) [166] proposed a study for a two-layered low-
volume flexible pavement. Rutting has been considered as the major mode of
distress for this type of pavement. Single and standard axle dual wheel assembly
was used in the study for the determination of interface deflection.The study
analyzes two-layered flexible pavements for low volume roads, focusing on
surface and interface deflections. The study proposes a new formulation to
determine surface and interface deflections for single and standard axle dual
wheel assembly in two-layered flexible pavement systems. The formulation
considers factors like tire imprint, granular base course modulus, pavement
thickness, and pavement and subgrade ratio. The effect of Poisson's ratio was

considered insignificant. In this paper, reflection factors were generated in non-
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dimensional charts as a function of pavement and subgrade modulus, pavement
thickness, and tire width.

S.Purakayastha et al. (2020) [137] formulated a methodology for the
determination of bituminous thickness using the M-E approach. The modular
ratio has been used to determine the interface deflection of a two-layered
flexible pavement to determine the overlay thickness of specified resilient
modulus so that interface deflection becomes equal to allowable deflection.

T. Chopra et al. (2019)[167] proposed a study to ascertain the pavement
management and maintenance from the response of the pavement against the
applied load. FWD and KGPBACK were used to evaluate the performance of a
certain road section in terms of deflection of the pavement response against
applied load. The evaluated data were used to generate a highway development
model to observe the effect of the bituminous overlay on different distresses
cracking, raveling, rutting, roughness, etc.

S. Romanoschi et al. (2019) [147 ]studied that NDT testing such as
falling weight was used widely to evaluate the structural capacity of pavement at
different levels. The deflection bowl was drawn from different layer indexes
obtained using FWD. The study further reveals that different parameters that
developed during the study can be easily applied in the pavement management
system database to obtain the most efficient maintenance strategy.

M.Belachia et al. (2019) [116] mentioned that for flexible pavement,
permanent deformation can occur in terms of rutting due to the accumulation of
strain in different layers of the materials. The study evaluated the deflection
basin of pavement using a falling weight deflectometer, considering
Boussinesq's equation and Odemark's layers transformation. The paper
emphasized the importance of identifying and addressing flexible pavement
deformation due to factors like traffic and environmental conditions. The study
proposed efficient methods for analyzing and comparing deflection basins at the
CTTP of Algiers using deflectographs and falling mass deflectometers. The
results showed asphalt layer modules have a minimum average deflection
variation of 8.80%, consistent with measured deflection. The study also verified
degraded pavement reinforcement using ELMODEG and ALIZEIII programs.

G. Hall et al. (2019) [173] proposed a study to evaluate the pavement
condition using a falling weight deflectometer at a different location.Different
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layer indexes such as BLI, MLI, and LLI, were evaluated from deflection
determined at a different point to draw the deflection bowl. The study further
reveals that a good correlation was found during the assessment of upper and
lower layers using a falling weight deflectometer.

P.J.Gundaliya (2016) [168 Japplied a falling weight deflectometer to
assess the current structural condition of an in-service pavement system.FWD
was used to evaluate the deflection bowl index such as SCI, MLI, and LLI The
study conclude that the SCI was found to be 240 microns above which the
pavement conditioned termed as poor but below 100 microns it was good.
Similar results were also obtained for MLI (140-100) and LLI for new pavement
14 and 20 for new pavement.

Sarker et al. (2016) [160] presented a mechanistic-empirical approach
for overlay thickness designs of low-volume pavements through a combination
of non-destructive deflection testing and pre-established pavement damage
models e.g. AASHTO 1993 NDT method, IDOT modified layer coefficient
method and Asphalt Institute deflection. The proposed method was found to be
more reliable in terms of structural performance and economy.

T Van Phuc Le et al. (2016) [98] presented a regression model for
asphalt concrete (AC) overlay thickness design based on a Mechanistic-
Empirical pavement design guide to be used in urban roads of Seoul city. The
regression model was verified by comparing the predicted and measured annual
average daily truck traffic (AADTT) and AC overlay thickness. It is observed
from the validation study that the regression model is capable of predicting the
AC overlay thickness within a reasonable level of accuracy.

Istvan Fi et al. (2013) [93] developed a mechanical-empirical-based
asphalt overlay design procedure that considered equivalent pavement modulus
to simplify the calculation. The current Hungarian asphalt overlay practice has
also been presented. Overlay design methods vary across countries, but the
current Hungarian standard considered in the study dates back several decades.
To address new construction technologies and economics, a mechanical-
empirical method was developed at the Highway Laboratory of BME. The
method used in this paper uses the strain value at the bottom of the existing

asphalt layer and the equivalent modulus of pavement structures to determine
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the thickness of the overlaying binder course. The study reported asphalt overlay
design curves, which can be used for pavement overlay design purposes.

R.Fortes et al. (2013) [109] proposed using a falling weight
deflectometer to evaluate the structural condition of in-service pavement in
Brazil. The deflection at the point of load application (Do), is not enough to
evaluate pavement structural conditions. The information on deflection basins
can help in pavement rehabilitation and avoid premature failure.The study
reveals that Brazil is increasingly using FWD equipment for deflection analysis
and structural characterization of existing pavements, but it was indicated in the
study that the association of maximum deflection (DO) alone may not be
conclusive enough to diagnose the pavement's structural condition.The proposed
methodology has proven promising, helping in troubleshooting pavement
rehabilitation and avoiding premature failures in diagnosing faults. The paper
considers studies that have shown that maximum deflection alone is not
sufficient to characterize a pavement's condition. The paper concluded that these
models can be verified in simplified form with FWD results, the evolution of
structural parameters as a function of traffic and time, or to estimate pavement
remaining life according to the deflection basin.

E. Horak (2008) [83] evaluated the structural performance of flexible
pavement using a non-destructive testing method such as FWD. It was suggested
that worldwide the FWD is used as a pavement rehabilitation device throughout
the world. Different layers index such as BLI, MLI, and LLI can be used to
generate the deflection basin using deflection from different radial distances
from FWD. The paper establishes and verifies South African mechanistic
rehabilitation design procedure using heavy vehicle simulators. Surface
deflection basins were measured using road surface deflectometers or
deflectographs. Typical South African pavement structures were analyzed, and
the equivalent-layer-thickness (ELT) concept was investigated for its
applicability. The study reveals that EL T represents pavement structural
capacity, based on the effective elastic modulus of the subgrade. The paper
concludes that overlays are crucial rehabilitation options, and the design-curve
approach is suitable for overlay-design curves.

Abaza,K, A.,(2005) [6-7] proposed a study very similar to the
mechanistic method of overlay design. The loss of strength indicator of
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pavement is in terms of deflection. The performance parameters are converted
into relative strength indicators and then converted into equivalent overlay
thickness.Since, flexible pavement performance is crucial in design, this paper
assesses surface condition over time by constructing a performance curve for
each structure. The proposed approach compensates existing pavement
structures for performance loss over specified service time using performance
curve parameters. Performance parameters are converted into equivalent relative
strength indicators, which are then used to calculate overlay thicknesses. The
relative strength indicators used in this paper are structural number and gravel
equivalent used by the American Association of State Highway and
Transportation Officials and the California Department of Transportation design
methods of flexible pavement, respectively.

M.S.Hoffman (2003) [82] undertaken a study to assess the structural
requirements for a flexible pavement by analyzing deflection basin data obtained
from Falling Weight Deflectometer (FWD) tests, employing a Mechanistic
approach. YONPAVE software was utilized to determine the structural number
of the pavement. Additionally, the study concluded that the deflection basin data
from FWD can be utilized to derive effective structural numbers and subgrade
moduli, offering insights into the structural performance of the pavement.

Horak (1988) [84] suggested an alternative index parameters for a
deflection bowl by employing the concept of equivalent layer thickness. It
demonstrates that vertical strain, as determined by equivalent layer thickness,
offers a viable approach for estimating subgrade elastic modulus, which in turn
aids in crafting overlay thickness design curves. While the modified structural
number (SNC or SNP) exhibits noteworthy correlations with deflection bowl
measurements obtained from falling weight deflectometer (FWD) tests, a
considerable portion of the inherent structural insights within the deflection
bowl remains untapped. In response, the study introduces and validates a
singular relationship between the complete deflection bowl and the effective
adjusted structural number (SNPeff). Although SNP and the structural condition
index (SCI) are conventionally utilized for network assessments and initial
project evaluations, they lack the ability to pinpoint the origins of distress. The
research highlights that supplementing these indices with a comprehensive

analysis of deflection bowl parameters significantly enhances investigative

185



Chapter 6: Mechanistic empirical design of bituminous overlay

capabilities. SNPeff and SCI can be computed based on SNPeff and SNP,
respectively, for design purposes or as necessitated (SNPreq). However, neither
SCI nor SNPeff can isolate the sources of distress within the pavement
structure's depth. Consequently, the paper recommends augmenting SNPeff and
SCI with the established structural benchmark methodology for deflection
bowls, as it furnishes a structured three-tiered condition assessment framework,
facilitating the identification of problematic zones and layer combinations
potentially responsible for distress occurrences.

Hoffman (1860) [34] developed YONAPAVE software based on the
FWD deflection basin considering the maximum deflection and variability along
the section. In this method, the difference between desired effective structural
number as per the AASTHO guide and the structural number calculated from the
area of the deflection basin has been used to find thedesign overlay
thickness.The current LADOTD overlay design method follows the 1993
AASHTO pavement design guide. The 1993 AASHTO overlay thickness design
method utilizes the effective thickness approach. The required thickness of the
asphalt concrete (AC) overlay is a function of the structural capacity required to
meet future traffic demands and the structural capacity of the existing pavement.

Al (1983) [10] method is widely used for overlay thickness design which
is based on representative rebound deflection and corresponding axle load
repetitions. An equivalent pavement modulus of the existing pavement is
calculated which play important role in the selection of overlay thickness.

Ghazi et al. (2020) [72] developed an experimental PSI pavement
evaluation model based on regression analysis. The present serviceability rating
(PSR) and the roughness were also measured along with linear fatigue and
rutting cracking, rut depth, raveling, patching, debonding, and potholes for
thirty-five numbers rural highways. Linear cracking and rut depth were
identified as the most significant parameters and PSR found to be most affected
by slope variance in the case of smooth pavement in comparison with rough
pavement.

Moudjari et al. (2019) [116] proposed a more efficient technique to
analyze the deflection basin don by Lacroix Deflectograph and Falling Weight
Deflectometer (FWD). The study also presented an approach to find deflection
based on back-calculation as obtained from FWD and ELMOND program which
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includes analytical equation comprising Odemark’s and Boussinesq's formula. A
comparative study has also been carried out which shows the relevance of
adopting such a simple analytical method in the field of structural evaluation of
the flexible pavement.

B.H. Setiadji (2018) [163] evaluated critical parameters of the deflection
bowl for optimum use in analyzing the different parameters of road pavement
structure in detail. The study suggested a simplification and reformulation of the
parameters to find the sub-grade modulus more accurately. The study reveals
that NDT method that requires specialist expertise is widely used to assess road
pavement condition, with load-deflection back calculation. The study suggests
that to overcome this, deflection bowl parameter application could be an
alternative since these parameters are easy to use but only indicate the structural
layer condition, requiring careful consideration. The study evaluated the optimal
usage of parameters against different road pavement structures, revealing the
need for simplification and reformulation to improve ease of use, accuracy of
subgrade modulus determination, and the ability to evaluate structures with less
than four-layer numbers.

Fabricio Leiva -Villacorta et al. (2017) [104] established a correlation
between the deflections of the pavement surface and the likelihood of permanent
deformation. The proposed model has proven highly effective, requiring fewer
parameters to predict deflection and the remaining lifespan of the pavement.
AASHTOWare is a comprehensive pavement design software, utilizing the
NCHRP mechanistic-empirical pavement design guide. It predicts pavement
responses such as stresses, strains, and deflections based on traffic, climate, and
materials parameters, projecting the development of key pavement distresses and
smoothness loss over time for both asphalt concrete (AC) and Portland cement
concrete (PCC) pavements. This state-of-the-art tool embodies the latest
advancements in pavement design, offering features to optimize designs
according to specific requirements and allowing users to evaluate and refine
designs. Additionally, its database functionality enables the storage and reuse of
finalized designs along with individual input pavement design parameters. This
capability facilitates future designs, as well as the detection of distress,

performance analysis, and long-term pavement management.
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Sarkar et al. (2016) [159] presented a mechanistic-empirical approach
for overlay thickness design for low volume pavements through a combination
of non-destructive deflection testing and pre-established pavement damage
models. The method was found to be more reliable in terms of structural
performance and economy. The study reveals that the Illinois Department of
Transportation (IDOT) employs an empirical design approach for overlay
thickness designs of low volume roads, using modified layer coefficients for
limited material types which is outdated and lacks testing for recycled and
nontraditional construction materials. The study developed a mechanistic-
empirical approach, using nondestructive deflection testing and pre-established
pavement damage models for overlay thickness designs. Twenty pavement
sections from six counties in Illinois were selected, and FWD tests were
conducted to determine the structural conditions of existing pavement sections.
The M-E Overlay Design method identified structural deficiencies, leading to
more economical, safer, and reliable overlay solutions for low volume roads.

Saleh et al. (2016) [155] proposed a computational method for assessing
the remaining service life of pavements based on rutting and fatigue criteria.
This technique correlates normalized area with compressive strain at the
subgrade surface and surface curvature with tensile strain at the asphalt bottom.
It highlights the importance of utilizing reliable indicators for structural
condition and service life estimation to guide funding and maintenance decisions
for road assets at a network level.Computer simulations were employed to
simulate surface deflection profiles and critical pavement responses across 2880
flexible pavement sections. The research established a strong correlation
between normalized area and compressive strain at the subgrade surface, as well
as between pavement surface curvature and the area under the pavement profile.
These correlations were then utilized to assess the remaining service life in terms
of rutting and fatigue.Furthermore, it was found that the normalized area ratio
and normalized deflection ratio were robust indicators, insensitive to variations
in subgrade conditions and applied loads, as well as pavement response.
Consequently, the study concluded that these parameters can effectively rank
and classify the structural condition of pavement networks, aiding in the

prediction of remaining service life.

188



Chapter 6: Mechanistic empirical design of bituminous overlay

Sarker et. al(2015) [180] conducted to determine overlay thickness for a
local transportation agency, employing a mechanistic-empirical approach.
Deflection served as the key parameter to assess the condition of the existing
pavement in service. Upon assessing pavement deflection through Falling
Weight Deflectometer (FWD) testing, it was observed that the Illinois
Department of Transportation (IDOT) utilized an outdated empirical design
approach for determining structural overlay thickness on low volume roads,
which involved modified layer coefficients for limited material types. In
contrast, the study proposed a mechanistic-empirical approach, integrating
nondestructive deflection testing and preestablished pavement damage models.
Twenty pavement sections across six counties in Illinois, each with diverse
structural and traffic characteristics, were selected for FWD tests. Overlay
thickness requirements were determined using three methods: AASHTO 1993
NDT method, IDOT modified layer coefficient method, and Asphalt Institute
deflection approach. The study concluded that the mechanistic-empirical overlay
design method highlighted structural deficiencies in original pavement
configurations, offering more cost-effective, safer, and dependable overlay
solutions for low volume roads.

Loay et al (2011) [9] developed a two-dimensional finite element model,
using ABAQUS software to find the effect of static repeated wheel load on
rutting formation and pavement response. The FWD has been used for the
validation of the results. This study developed a two-dimensional finite element
model using ABAQUS software to investigate the impact of static repeated
wheel load on rutting formation and pavement response. The study revealed that
rut depth increases with increasing temperature, tire pressure, and subgrade
strength. The results were compared with actual field measurements, but
approximations and idealizations were inevitable. The study concluded that the
linear-elastic perfectly-plastic Drucker-Prager model provided acceptable
results.

6.3 Mechanistic-Empirical design of bituminous overlay for flexible
road pavement based on vertical interface deflection

In pavement engineering, the interface-based deflection of overlay

design plays a crucial role in ensuring the durability and performance of flexible
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pavements. Flexible pavements, consisting of multiple layers of materials, are
subject to various forms of distress over time due to traffic loads, environmental
factors, and aging. One of the primary methods to address these issues is through
overlay design, which involves placing a new layer of material over the existing
pavement surface. However, the success of overlay design heavily relies on
understanding the behavior of layer interface between the existing pavement and
the overlay material.

Repair and retrofitting of flexible pavements are essential components of
pavement maintenance and rehabilitation strategies. In these context, interface-
based deflection analysis advocates on decisions regarding the selection of
overlay materials, thicknesses, and required construction techniques to mitigate

distress and extend pavement service life.

6.3.1 Objective

The objective of the present study is to develop a Mechanistic-Empirical
approach for the design of a bituminous overlay using vertical interface

deflection as a design parameter.

6.3.2  Methodology

In this study, the pavement with overlay has been considered as a two-
layer system as shown in Figure 6.1. The top layer consists of bituminous
overlay with thickness hy and resilient modulus E; is resting on an existing
pavement layer of elastic modulus of E2. The equivalent elastic modulus (E2) of

existing multilayered pavement has been estimated in this study on the basis of

pavement deflection before overlay using Burmister’s (1958) Equation [37-41].

2(1-v?) qa
Bo= "

(6.1)
Where, a = Contact radius of the loaded area between tire and pavement
0 = Rebound deflection of pavement before the overlay

q = Contact stress on pavement due to wheel load

If v = Equivalent poisons ratio of the multilayered system before overlay

is assumed as 0.5 the Equation 6.1 may be expressed as
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E, =221 (6.2)

In order to determine the vertical stress due to wheel load at pavement-
overlay interface, the proposed two-layered system has been transformed into a
homogenous system by using Odemark's [126] method.

q
E v
hy 1+ Oy Overlay
E, v, Existing pavement

Figure 6.1 : Typical flexible pavement section in a two-layered system with overlay

6.3.2.1 Odemark‘s Method

If the poisons ratio of two layers are assumed approximately same , the
equivalent thickness(he) corresponding to the two layered system may be
expressed as (described in Chapter 2).

e = Fhi 2=k 63

In present section, the top overlay layer followed by the bottom layer of
in-situ road pavement has been considered as a two-layered system to estimate
the interface deflection at pavement—overlay interface due to wheel load on
overlay surface. The vertical interface deflection thus obtained has been
considered in this study as the pavement deflection after putting overlay and
characterized as a design parameter. It may be noted that the resilient modulus of
the new overlay is reasonably high when compared with the elastic modulus of
existing pavement under terminal serviceability conditions. Moreover, the
distribution of stress in such a layered system reduces considerably at the layer
interface resulting smaller vertical deflection at the pavement overlay interface.
Therefore, the assumption to consider the interface deflection as pavement
deflection in a two-layered system may be considered as reasonably good for

estimation of overlay thickness.
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6.3.2.2 Determination of vertical interface deflection in two-layered system

The vertical interface stress at the overlay pavement interface may be
determined using Bousenesq's method after transforming the two-layered system
into a homogeneous system using Odemark’s approach. as explained in
Equation 6.3.The vertical stress at a depth (z) due to a circular load intensity (q)
acting on a radius (a) may be determined using Bousenesq’s thory as shown in
Equation 6.4a.

In this backdrop , substituting z = he , in eqn 6.4a the vertical interface

stress (ozi) may be determined from Equation 6.4b

O =q (1l ————3 (6.42)

S P 3 (6.4b)
e (f+G2))

It is relevant to mention that the effect of contact stress due to wheel load

is reduced significantly at the overlay-pavement interface due to dispersion of
stress in a layered medium from a higher(E1) to lower (Ez)elastic modulus.
Therefore, the reduction of vertical interface stress at the overlay pavement
interface can be explained due to the increase in contact area for stress
dispersion in a two-layered system as shown in Figure 6.2. The vertical stress at
pavement overlay interface in a two-layered system becomes highest along the
center of the loaded area at depth z = he. and has been used to determine the
highest interface deflection for the design of overlay.

q

2a
azi
HHHH‘HJ,HJ,J,

e— a;; — Old Pavement
1

Overlay

Figure 6.2: Dispersion of vertical interface stress in a two-layered system.
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The radius of dispersed area (a, ) of vertical interface stress at the layer

interface may be obtained from Equation 6.5.
From Figure 6.2,

na’ q=1 a5;* oy (6.5)
Where, ‘q’ is the surface stress intensity acting on a circular plate of

radius (a) on the overlay surface.

a4y =a F (6.6)

Therefore, the interface deflection (Burmister, 1943, 1945) [37-41] along
the center of wheel load at a depth z = he from the top of the existing

pavement may be determined from Equation 6.7.

dy = L2%i% (6.7)

E;
However, by substituting the value of ay; from Equation 6.6and
substituting in Equation 6.7, the interface deflection at overlay- pavement

interface (Biswas, 2005) [28] may be expressed as

dsi — 1.5a.,/q 0z (68)

E;

The interface deflection thus obtained in a two-layered system has been
made equal to the allowable deflection obtained from the Al [10] method to
determine the required overlay thickness. The correlation between pavement
deflection and axle load repetitions developed by (Al) [10] has been shown in
Equation 6.9 which has been used in this study for the estimation of overlay
thickness.

8, =26.32%x (N)~0-2438 (6.9)

Therefore by solving Equations (6.3,6.4,6.8, 6.9) the required overlay
thickness for specified axle load repetitions may be obtained from Equation
6.10.

<Q

3
1,5ajq P(L)
/a2+(k1)2
26.32x(N) 02438 = : - (6.10)

E;

Where, K1 :(fh1 3\/?)
2
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The overlay thickness thus obtained using the present methodology has
been compared with the overlay thickness obtained using Al [10] method.

6.3.2.3 Determination of overlay thickness by Al method

It is evident from the pavement failure study that pavement interface
deflection plays an important role in controlling the distress during its design
life. In the Al [10] method, a pavement system with overlay has also been
considered as a two-layered system similar to the model proposed in this study.
Expected deflection after overlay on flexible road pavement has been
characterized as design rebound deflection (§,) which has been expressed by

Equation 6.11as recommended in Al method.

~ 12,05
5,= 221 {1 - [1 +0.8 (%)2] Ols}i—j + {1 + lO.S%(i—;)El } (6.11)
Therefore, by solving Equations 6.10 and Equation 6.11overlay thickness

(h1) with the required modulus (E1) for specified axle load repetitions (N) may
be obtained using rebound deflection of existing pavement before overlay. The
overlay thickness thus obtained from the Al [10] method and using the present
approach has been compared for lower axle load range (5 msa) to higher axle
load range (50 msa) for validation of test results. The Flow diagram of adopted

methodology of overlay design based on interface deflection has been shown in
Figure 6.3.
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Interface deflection based overlay design

Derivation and estimation of equivalent modulus of existing
pavement using rebound deflection data before overlay
for a specific subgrade CBR & axle load repetitions

A\ 4

INPUT DATA
L Axle load repetitions,

A Poisson’s ratio, A 4
Interface - Tire pressure Rebound deflection
deflection |« Contact radius, > based

based Design Bituminous mix modulus Al method

Overlay Thickness

A 4

Comparison of overlay thickness between Interface deflection based and rebound
deflection method

A 4

Design of overlay thickness due to overstress by Interface-deflection based
approach.

\ 4
Conclusions

Figure 6.3. Flow diagram of adopted methodology of overlay design based on
interface deflection
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6.3.2.4 Input parameters used in overlay design

The following input parameters have been used for comparative analysis
of overlay thickness obtained from the present method with the Al [10] method.
Deflection values (8) before overlay have been considered from 0.5 mm to 5.0
mm. The equivalent modulus of existing pavement (E2) has been calculated
using Equation 2 for different rebound deflections before overlay. The modulus
of the overlay layer (E1) has been considered as 3500 MPa with Poisson’s ratio
(v) as 0.5 for overlay and in-situ road pavement.. A wheel load of 40 kN with
contact stress (q) of 0.483 MPa, has been considered with a radius of the
contact between tire and pavement as 163mm. The design load in terms of axle
load repetitions for overlay design has been considered between 0.5 msa to 50

msa.

6.3.3 Results and Discussion

In-situ road pavement is the foundation on which overlay is laid.
Therefore the strength of in-situ pavement governs the thickness of the required
overlay for an intended service period. In the present method, the thickness of
the overlay has been designed to reduce higher surface deflection of damaged
pavement to comparatively lower range of allowable deflection after overlay.
Therefore, the top of existing pavement surface before overlay is the interface
of the new overlay and old pavement. Therefore, the overlay design using the
present method recommends to put appropriate thickness of bituminous overlay
with the required modulus so that vertical interface deflection at the pavement-
overlay interface can be reduced to an allowable limit after overlay.The
thickness of bituminous overlay thus obtained from the Al method and present
approach has been solved by MATHEMATICA programming tool for different
pavement deflection and axle loads (N).The overlay thickness thus obtained are

presented in Figure 6.4 to Figure 6.7.
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Figure 6.4.Comparison of overlay thickness between Asphalt Institute and present
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Figure 6.5 Comparison of overlay thickness between Asphalt Institute and present

method for different axle load repetitions.
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Figure 6.6 Comparison of overlay thickness between Asphalt Institute and present
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Figure 6.7 Comparison of overlay thickness between Asphalt Institute and the

present method for different axle load repetitions.
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The rebound deflection on the pavement before the overlay is an
indicator of pavement strength. If the pavement deflection is large then the
pavement strength can be considered relatively weak and vice versa. It is
evident from those figures that the required overlay thickness increases with an
increase in rebound deflection. The rate of increase of overlay thickness
observed in the Al method and the present approach is reasonably close.
However, the required overlay thickness obtained using the present method has
been observed marginally higher than the thickness obtained from the Al
method. The trend of variation of overlay thickness with rebound deflection was
found similar for lower range of axle load (0.5 msa) as well as higher axle load
range (50 msa). So, the sensitivity of pavement deflection on overlay thickness
is comparable between the two methods. However, it is relevant to mention that
the rate of increase of overlay thickness with respect to pavement deflection is
reasonably high in high volume roads (50 msa) in comparision with low volume
roads (0.5 msa). Therefore, it is advisable to put overlay when pavement
deflections are within 2.5 to 3.0 mm, beyond which overlay thickness
requirement may be too high. It has to be noted that the Al [10] method is
principally based on a surface deflection on pavement but the present method
has been proposed on vertical interface deflection at pavement-overlay
interface. The significant convergence of results between the two methods thus
indicates the reliability of the present method as an accepted Mechanistic-
Empirical approach for overlay design.

It is has been found that the overlay thickness increases with the increase
in axle load. In present study, dual wheel load range from 40 kN to 60 kN has
been considered to evaluate the effect of overloading on bituminous overlay
thickness. The change in overlay thickness for different wheel loads ranging
from 40 kN to 60 kN with pavement deflection ranging between 0.5 mm to 4.5
mm have been presented in Table 6.1 to Table 6.3 (Appendix 5A) . It is evident
that the effect of overloading in terms of increase in wheel load on overlay
thickness is significant for the road pavement with higher deflection. Higher
deflection of pavement generally indicates a higher extent of damage, which
may require more-overlay thickness for specified axle load repetitions.

However, the requirement of overlay thickness becomes comparatively less for
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the road pavements showing smaller deflection. It is also evident from the data
in Table 6.1(Appendix 5A), that for a high volume road with design traffic of 50
msa, the required change in overlay thickness for an increase in wheel load from
40 kN to 60 KN with a pavement deflection of 0.5 mm was found as 30 mm
only. However, the overlay thickness increase under similar boundary conditions
with a pavement deflection of 4.5 mm has been found as high as 169 mm,
which emphasizes that early repair of pavement with less damage would require
less overlay thereby incurring a lower expenditure for repair works.

The variation of overlay thickness thus found in the present study shows
that the overlay thickness increaseswith the increase in wheel load on the
pavement when the pavement deflection remains unchanged. However, the
effect of change in overlay thickness is significantly higher for overloading
when the pavement is severely damaged with higher deflection. Similarly, for
low-volume roads with an axle load of 2 msa, it has been observed that the
effect of increased wheel load from 40 to 60 kN on overlay thickness is less in
comparison to high-volume roads. In this context, it can be concluded that the
effect on overlay thickness due to change in wheel load and cumulative axle
load repetitions are quantitatively different for low volume and high volume
roads, which may be analyzed with a better degree of reliability using the
present analytical approach.

In the present study, attempts have been made to assess the reduction in
overlay life due to overloading on road pavement. The sections of overlay which
were designed with an initial axle load of 50 msa, 10 msa, and 2 msa have been
considered for estimation of reduction of overlay life if wheel loads are changed
from 40kN to 60 kN. The reduction of overlay life has been estimated by back-
calculation considering interface deflection as a design parameter for increased
wheel load . The vertical interface deflection thus obtained using the present
analytical approach with 60 KN wheel load has been used in the back-calculation
of overlay age using Equation 6.9. Therefore, the modified overlay life thus
obtained for wheel load of 40kN and 60 kN for pavement different deflections
with different axle load repetitions have been presented in Table 6.4 to Table
6.6 (Appendix 5A).The modified overlay life was found to get reduced with
respect to its assumed service life due to overloading. It has been found from

those tables that the reduction of overlay age is significantly higher for the roads
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with higher traffic volume with a lower pavement deflection. This means a
moderately good overlay section will be severely affected due to overloading. It
has been observed from the analysis that the reduction of overlay age due to
overloading may be as high as 59% in a high volume road with a 50 msa
repetitions with a pavement deflection of 1.0 mm whereas the overlay age
reduction for a low volume road with an axle load of 2.0 msa was found 35%
only. But when the pavement is badly damaged with a higher deflection , the
reduction in overlay life for high and low-volume roads is comparable.
However, the effect of overloading on overlay service life on damaged roads
with higher deflection was found significant. It has been found that for the
damaged pavement section with deflection ranging between 2.5 mm to 4.5 mm,
the average reduction of overlay life 62 % which indicates the severity of
damage of overlay for roads subjected under overloading. Against this backdrop,
the effect of the different classes of axle and wheel loads on vehicle damage
factors may be studied in future for the design of a bituminous overlay.Finally a
Graphical User Interface (GUI) has been developed based on the algorithms as
shown in Figure 6.3 using PYTHON and JAVA to make the overdesign process

more user friendly.

6.3.4 Concluding remarks

It has been found in present study that the pavement with higher
deflection is weak in strength and would require a higher thickness of overlay
for specified service life and vice versa. The overlay thickness has been
estimated in this study based on a Mechanistic- Empirical design approach,
which closely matches the overlay thickness obtained from the Al [10] method.
In this study, overlay thickness has been estimated for different ranges of axle
load between 50 msa and 0.1 msa. However, comparision of overlay thickness
with the Asphalt Institute [10] method has been made in this study with low
volume roads with axle load repetitions ranging from 0.1 msa to 2.0 msa as well
as high volume roads ranging from 20 msa to 50 msa. However, it is relevant to
mention that the rate of increase of overlay thickness with respect to pavement
deflection is reasonably high in high-volume roads when compared with low-

volume roads. The rate of change of overlay thickness for different pavement
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deflections was found close between the present approach and the Al [10]
method. Therefore, it can be concluded that the sensitivity of pavement
deflection on overlay thickness is comparable between the two methods which
justifies the reliability of the present method as an analytical approach for
overlay design. In the present study, attempts are made to assess the reduction in
overlay life due to overloading on road pavement. The reduction of overlay life
has been estimated by back-calculation considering interface deflection as a
design parameter. It has been observed that the reduction of overlay age is
significantly higher for the roads with high traffic volume with even lower
pavement deflection. But when the pavement is badly damaged with higher
deflection, the reduction in overlay life for both high and low-volume roads are
comparable and significant. In this backdrop, the effect of a different class of
axle and wheel loads on vehicle damage factors for overlay design may be
considered as future scope of work.

6.4  Mechanistic-Empirical design of overlay based on vertical interface
stress

Estimation of overlay based on vertical interface stress has been
discussed in this section. The focus is on estimating overlay thickness using
vertical interface stress as a key factor. Interface stress, which refers to the force
exerted between the overlay and the base layer, is highlighted as a crucial
element influencing overlay thickness. Therefore, it's deemed as a significant
parameter in overlay design.

Furthermore, the study also incorporates the consideration of the base
layer index for validation purposes. This means that the present study takes into
account the characteristics and properties of the base layer to ensure the
accuracy and reliability of the overlay estimation method being discussed. By
including the base layer index in the analysis, the study aims to validate and
potentially enhance the effectiveness of the overlay design approach as
proposed.
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6.4.1 Objective

The objective of the present study is to determine the bituminous overlay
thickness on the top of the in-service flexible road pavement by limiting the

vertical interface stress at the pavement overlay interface.

6.4.2 Methodology

In present study, the overlay on the top of the existing flexible road
pavement has been considered as a two-layered system. The system consists of a
stiffer layer of the overlay on top with an elastic modulus (E1) followed by
weaker existing pavement with an elastic modulus of (E2) which requires further
strengthening. The equivalent elastic modulus of existing multilayered pavement
has been estimated in this study based on pavement deflection before overlay by

using Equation 6.12 recommended by Boussinesq’s [34].

E, = e (6.12)

Where,

a = Contact radius of the loaded area between tire and pavement.

0 = Rebound deflection of pavement before the overlay

q = Contact stress on pavement due to wheel load.

v = Equivalent poisons ratio of the multilayered system before overlay
which has been assumed as 0.5.

To determine the vertical stress by Boussinesq’s [34] theory at pavement
overlay interface along the centerline of the loaded area, the proposed two-
layered system has been transformed into a homogenous system by using

Odemark's [126] method.

6.4.2.1 Odemark’s Method

If the Poison’s ratios of the layers are assumed approximately the same
for the two layers under consideration as shown Figure 6.1 the equivalent
thickness corresponding to the two-layered system may be expressed as
(described in Chapter 2)
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E;
he = fh’[2 (6.13)

6.4.2.2 Determination of interface stress using Danish correlation

To determine the vertical stress on the top of the existing pavement at
pavement —overlay interface, Boussinesq’s equation can be used after the
transformation of the two-layered system into a homogeneous system.
Therefore, vertical interface stress at the overlay-pavement interface at depth (z)
for a uniformly distributed circular wheel load (q) when acts on the top of
overlay, may be determined by Boussinesq’s[34] Equation 6.14a.

o, = q [1 _ (%)3] (6.14a)

Where a = Radius of contact between wheel load and overlay surface.

Now substituting z = he, in Equation 6.14a Equation 6.14b may be obtained.

he
/a2+he2

The principle followed in this study for the design of overlay is to limit

o =ql1- (6.14b)

the vertical interface stress on in-situ road pavement by putting the required
thickness of overlay with the desired modulus. The correlation to determine the
permissible vertical stress on the top of any unbound layer has been
recommended in Danish (Ullidtz) [181] correlation and shown in Equation 6.15.
According to Danish [181] correlation, the permissible vertical stress (o)
depends on anticipated axle load repetitions before failure and the elastic

modulus of the unbound layer.

-1

0, = 0.164 X (N XR)m X (ﬁ)a (6.15)

106 160

Where N = Number of the load repetitions (msa) before failure of the
granular unbound material.

R = the regional factor which has been assumed to be 2.75 for the semi-
arid region in this study. [NCHRP-128 [181] guide may be referred for values in
detail].
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o=1.16 if E< 160 MPa; else o= 1.00.

In present analysis, the value of modulus (E2) has been obtained from
Equation 6.12 using rebound deflection data before overlay.

Thereby solving Equations 6.14b and 6.15, the required thickness of
overlay can be determined corresponding to different rebound deflection before
overlay and anticipated axle load repetitions leading to failure. The overlay

thicknesses thus obtained have been shown in Figure 6.9 to Figure 6.18.

6.4.2.3 Determination of interface stress using Huang’s correlation

Moreover, Huang [87-90] has also recommended a correlation between
the permissible vertical stresses (o,;,) on top of existing damaged pavement as
shown in Equation 6.16. The correlation relates the allowable number of axle
repetitions to limit permanent deformation of pavement, and the modulus of
existing damaged pavement. The existing damaged pavement has been
considered as the foundation of paving layers, which can be idealized as

homogeneous, elastic, isotropic, and semi-infinite.

-1

o = | = |7 (6.16)

4.873 x10~5x E, 3583

Where N = allowable number of axle load repetitions (msa) to limit
permanent deformation of pavement. E> = equivalent elastic modulus of the
existing pavement estimated from rebound deflection.

Huang's formulation considers that the failure criterion of pavement is
governed by the failure of its foundation when the actual stress on foundation
due to wheel load repetitions exceeds the allowable value.

In the present analysis, the existing pavement with multilayered elastic
materials including subgrade has been considered as the foundation of the
overlay. Moreover, the existing pavement with a multilayered system has been
characterized in this study by an equivalent elastic modulus (E2) of a
homogeneous medium based on rebound deflection before overlay as explained
earlier in Equation 6.12. Therefore, the existing old pavement with the
equivalent elastic modulus (E2) may be considered as a homogeneous layer that
acts as a foundation of overlay in a two-layered system. In this backdrop,
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Huang’s formulation to determine the permissible stress on subgrade has been
used in this study to determine the permissible stress (azh) on the unbound layer
in the pavement.

Therefore, by solving Equations 6.14b and 6.16 the overlay thickness
may be determined corresponding to different pavement deflection before
overlay for required axle load repetitions. The overlay thickness thus obtained
based on permissible stress on unbound materials using Huang’s correlation has
also been presented in Figure 6.9 to Figure 6.18.To compare the overlay
thickness using present methods, the thickness of overlay has also been
estimated in this study using AI[10] method considering pavement deflection
and axle load as a design parameter. The overlay thickness thus obtained from
the Al [10] method has been compared with the overlay thickness estimated

from two other stress-based approaches presented in the study.

6.4.2.4 Validation of overlay thicknesses obtained using present

methodologies using deflection bowl as failure parameters

To assess the accuracy of overlay thicknesses obtained using present
methodologies the curvature index in the form of Base Layer Index (BLI) [83-
85] has been determined analytically in present study from the deflection basin
of pavement after overlay under a wheel load and compared with acceptable

standards.

The curvature of the deflection basin under a wheel load is an important
indicator of the strength of the in-situ multilayered pavement. Therefore, to
evaluate the durability and accuracy of overlay thickness, the Base layer Index
(BLI) under wheel load has been considered as a design parameter in this study.
The BLI is considered as an indicator of overlay performance, precisely against
cracking, which can be obtained from the deflection basin of pavement. In this
backdrop, the deflection basin of pavement after overlay has been estimated
using a mechanistic approach which has been illustrated in this section. In
present study, the value of BLI has been estimated based on the correlation as
shown in Equation 6.17.

BLI = d, — d3q0 (6.17)
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In which, do, is the vertical interface deflection (in mm) at the overlay-
pavement interface along the centerline of the loaded area and daoo is the vertical
interface deflection (mm) at the overlay-pavement interface a radial distance of

300 mm from the centerline of the load.

6.4.2.5 Determination of vertical interface deflection at overlay pavement

interface

In the present analysis, the section of overlay followed by the in-situ road
pavement has been considered as a two-layered system to determine the
interface deflection at the pavement overlay layer interface. The vertical
interface deflection thus obtained on the top of the existing pavement after
laying overlay has been assumed as the deflection of repaired pavement.
Considering higher elastic modulus of overlay on top of existing pavement with
lower elastic modulus, the assumption to consider the interface deflection as
design deflection in a two-layered system is reasonably good for estimation of
overlay thickness.

In order to determine the vertical interface deflection, the vertical
interface stress at the overlay pavement interface has been determined using
Boussinesq’s method by transforming the two-layered systems using Odemark's
approach as explained in Equation 6.4a and Equation 6.4b. The vertical
interface stress (o,,) has been shown in Equation 6.18, which is the vertical
stress along the centerline of the circularly loaded area at a depth z = he, where
he is the transformed thickness of the overlay.

Oz =4 [1 - (ﬁ)gl (6.18)

However, using Boussinesq’s [34] theory, the vertical interface stress
o, at the overlay pavement interface at different radial distances (ri) from the

centerline of the loaded area may be determined using Equation 6.19.

2
Ozy = G0 [ﬁ] (6.19)
he

In a falling weight deflectometer (FWD), the vertical deflection in

constituent layers in a multilayered pavement is measured at different radial
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distances ranging in between 0-1500 mm with suitable spacing of geophones to
get the deflection basin under a wheel load. To estimate the deflection bowl of
the pavement after overlay, the vertical interface stress and deflection at
different radial distances have been obtained in present study analytically using
Boussinesq’s method. The vertical interface stress obtained at the pavement
overlay interface has been used to determine the vertical interface deflection at
different radial distance for estimation of the deflection bowl.

In order to determine the vertical interface stress, the effect of load
dispersion from overlay surface to old pavement surface needs to be explained.
It is known that the effect of wheel load stress at pavement surface gets reduced
at the overlay-pavement interface due to dispersion of stress through a layered
medium with a higher elastic modulus to a lower one. Therefore, the increase in
a larger area for stress dispersion in a two-layered system results decrease in
contact stress intensity at overlay- pavement interface as shown in Figure 6.2.
However, the vertical interface stress along the center of the loaded area is the
highest at depth z = he, which reduces with increase in radial distance (r) and has
been used in Equation 6.22 for estimation of vertical interface deflection.

The radius of dispersed area ag; of vertical interface stress at the layer
interface may be obtained from Equation 6.20.

From Figure 6.2, ma?q = ma%40, (6.20)

Where q is the surface stress intensity due to wheel load, acting on a

circular area of radius (a) on the pavement surface.

ag =a |2 (6.21)

Ozri

Therefore, the interface deflection at any radial distance on a horizontal
plane at a depth z = he from the top of overlay may be determined from Equation
6.22.

_ 1.5 agiozri

dy; = =230 (6.22)

However, by substituting the value ag; from Equation 6.21 into Equation

6.22 the interface deflection at different radial distances may be expressed as

dy; = 1520 %ari (6.23)

E>
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Therefore, the vertical interface deflection at a different radial distance may be
obtained using Equation 6.23 from which BLI can be determined. The BLI thus

obtained from Equation 6.23 may be expressed as Equation 6.24.

d, — d. = A[1 - VB| (6.24)
Where,
5
2
A= 153— V9020 and B = 11'- 5
E; 1+(¢)

The estimated BLI value for the pavement with different overlay thickness
using different methods have been reported in this study using Equation 6.24 for
comparative analysis. The flow diagram of the adopted methodology can be
shown in Figure 6.8.

6.4.2.6 Input parameters used in overlay thickness design

Input parameters have been used in the present analysis for comparative
study of overlay thickness as mentioned in section 6.3.2.4. Deflection values (8)
before overlay have been considered as 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0 in
mm.

6.4.3 Results and Discussion

Primarily, the overlay thickness based on surface deflection has been
estimated from the Al [10] method for different axle load repetitions.

The overlay thickness thus obtained for different axle load repetitions
using the Al [10] method and two other recommended stress-based methods
have been presented through Figure 6.9 to Figure 6.18. It is evident from those
figures that, increase in pavement deflection results higher thickness of overlay.
However, the rate of increase of overlay thickness was found highest in the Al
method with respect to other recommended models of overlay design in this
study. It is relevant to mention that the deflection and the overlay thickness
value at the point of intersection of three different curves reduce with the
increase in axle load repetitions. This means the overlay thickness was found to
be converging within a deflection range of 1.5 mm to 2.5 mm.
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Figure 6.8: Flow diagram of the adopted methodology of overlay design based on
interface vertical stress
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However, the overlay thickness obtained by limiting the vertical
interface stress using Danish [181] and Huang’s [87-90] correlations is quite
close for different axle load repetitions. Here, it is to be noted that the design of
overlay in the Al [10] method is based on limiting the deflection on overlay
whereas the methods proposed in the present study for estimation of overlay
thickness are based on limiting vertical stress at overlay pavement interface. The
overlay design curves obtained from the stress-based approach were found to
intersect each other with a flatter gradient. It has also been observed that overlay
thickness is higher for lower deflections with smaller axle load repetitions by
two stress-based methods in comparison to the Al [10] method.
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Figure 6.9: Variation of overlay thickness with pavement deflection (2 msa)
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Figure 6.10: Variation of overlay thickness with pavement deflection (5 msa)
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Figure 6.11: Variation of overlay thickness with pavement deflection (10 msa)
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Figure 6.12: Variation of overlay thickness with pavement deflection (20 msa)
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Figure 6.13: Variation of overlay thickness with pavement deflection (30 msa)
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Figure 6.14: Variation of overlay thickness with pavement deflection (40 msa)
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Figure 6.16: Variation of overlay thickness with pavement deflection (60 msa)
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Figure 6.17: Variation of overlay thickness with pavement deflection (100 msa)
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Figure 6.18: Variation of overlay thickness with pavement deflection (150 msa)
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6.4.3.1 Validation of overlay thickness using deflection bowl

Detailed analysis of the deflection bowl may interpret the probable
extent of damage and distress of road pavement. In present analysis, the
deflection bowl parameters like Base Layer Index (BLI) has been considered for
comparison and evaluation of safety of overlay thickness obtained using
different methods. The allowable value of BLI has been suggested by Horak et
al [83-85] as 0.20 mm for flexible pavement, which means the overlay thickness
which shows a BLI less than 0.2 mm is well within a factor of safety in terms of
its susceptibility to cracking. It is relevant to note that the BLI value depends on
the modulus and thickness of the overlay, which changes with axle load
repetitions and pavement deflection.
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Figure 6.19: Variation of base layer index with axle load repetitions

In present study, the average BLI value for different pavement
deflections ranging from 0.5 mm to 4.0 mm for a specified axle load repetition
has been determined using a mechanistic approach. The summation of mean
plus two times standard deviation of BLI values thus obtained for different
pavement deflection has been defined as characteristic BLI in present analysis.
The characteristic BLI values thus obtained from two stress-based methods and
the deflection-based Al [10] method are presented in Table 6.7 (Appendix 5A).
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The axle load variations from 2 to 150 msa have been considered for estimation
of BLI in Table 6.7 (Appendix 5A). It has been found that the BLI values
obtained for the overlay thickness estimated using the Al method ranges
between 0.35 to 0.04 whereas the BLI has been found to range between 0.22 to
0.04 using Danish correlation and 0.19 to 0.03 using Huang’s correlation. It has
been observed from the data as presented in Table 6.7 (Appendix 5A), the
overlay thickness obtained by all three methods is safe against cracking for the
sections above the load range of 5msa. However, the overlay thickness estimated
using the Al [10] method and Danish [181] correlation for a load range of 2 msa
were found marginally unsafe under fatigue. The variation of BLI with axle load
repetitions has been presented in Figure 6.19 from which it can be concluded
that the overlay thickness obtained using two stress-based approaches in this
study are reasonably safe in terms of cracking.

In this section, a sensitivity analysis has also been carried out to find the
most dominant parameters between axle load repetitions and modulus of
bituminous layer to affect the overlay thickness. For this purpose, initially,
overlay thicknesses have been calculated by varying modulus of bituminous
overlay from 3500 MPa to1750 MPa by keeping axle load repetitions constant.
The variation of overlay modulus @10% from its initial modulus value of
3500MPa has been made in Table. 6.8 (Appendix 5A).

Similarly, by varying load repetition from 50-25 msa, the thickness of
the overlay has been calculated for a constant modulus (3500 MPa) of overly.
The variation of axle load repetitions @10% from its initial value of 50 msa has
also been made in Table. 6.9 (Appendix 5A).

It can be observed from the results as shown in Table 6.8 and Table 6.9
(Appendix 5A), that the change in overlay thickness is higher for change in
overlay modulus than axle load repetitions. Therefore it can be concluded from
present comparative analysis that the overlay modulus is more sensitive for
estimation of overlay thickness. Therefore, use of bituminous overlay mix with
higher modulus is preferred in repair of in service flexible road pavements to

ensure better durability.
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6.4.4 Concluding remarks

It is evident from the results and discussion that, the design of overlay by
limiting the vertical interface stress may be considered as a reliable method for
strengthening existing bituminous road pavement. Comparative analysis of
overlay thickness obtained from stress-based approach reveals that the rate of
change of overlay thickness with pavement deflection is reasonably high in Al
[10] method than two other stress-based methods. The durability of overlay has
been characterized in this analysis by BLI value after determination of deflection
bowl under a wheel load. It has been found that the overlay thickness obtained
from the stress-based approach is reasonably safe in terms of cracking as evident
from the curvature index of the deflection basin. It can be concluded from
sensitivity analysis that the modulus of the bituminous mix is more sensitive to
affect the overlay thickness than axle load repetitions, if other parameters remain
unchanged. However, the design of overlay to limit rutting on pavement and a
rigorous method of sensitivity analysis may be considered as future scope of the

study.
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Chapter 7: Prediction of residual life of pavement by surface deflection using
odemark’s approach

7.1 Introduction

Predicting the residual life of pavement is a crucial aspect of
infrastructure management and maintenance. It helps transportation authorities
and engineers make informed decisions regarding when and how to rehabilitate
or replace deteriorating road surfaces. One effective method for estimating the
remaining service life of a pavement is through surface deflection analysis,
particularly by employing Odemark's [126] approach. Odemark’s [126]
approach is a widely recognized technique in the field of pavement engineering.
It involves the measurement of surface deflections [94, 64, 26], which are
deformations or depressions in the pavement caused by the weight of passing
vehicles. By analyzing these deflections over time, engineers can gain valuable
insights into the structural condition and remaining life of the pavement.
Utilizing this predictive methodology in pavement engineering presents
numerous benefits. Initially, it supports efficient maintenance procedures [64,
26] by accurately assessing the remaining lifespan [69,128] of pavements,
enabling transportation authorities to allocate resources effectively, prioritizing
critical areas. Secondly, it advances safety protocols by facilitating timely
interventions to prevent hazardous road conditions, thereby reducing the
frequency of accidents and associated injuries. Thirdly, it promotes
environmental sustainability by optimizing pavement maintenance, thereby
reducing the environmental impact of construction and demolition activities,
promoting a more environmentally friendly approach to infrastructure
management. Lastly, it aids in long-term [64, 26] infrastructure planning by
providing authorities with insights into the expected lifespan of pavements,
facilitating strategic planning and budget allocation.

Residual life of a pavement can be defined as the anticipated time period
or standard axle load repetitions during which a pavement shall be free from
functional or structural distress under normal conditions, provided that only
routine maintenance is performed [20]. Residual life is calculated from the
pavement condition during a specified year and the projected number of years
until rehabilitation is required. Once Remaining life is obtained for each
pavement section in the network, the sections are grouped into different

categories [55]. Such categorization combines severity and extent of different
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distresses and rate of deterioration. Prediction of remaining life also includes
development of performance models and establishment of a threshold value for
each distress type. Based on these threshold values, present distress level and
using the deterioration model for the respective distress, the time for each
distress to reach the threshold value can be determined[20].Therefore,
calculation of remaining life is a complex process due to lack of adequate
performance prediction models required for determining the timing of the
rehabilitation project. In general, there are three estimation procedures of
residual life of pavement, which include (i) functional failure-based approach,
(ii) structural failure-based approach and (iii) functional and structural failure-
based approaches [192-193]. Kansas Department of Transportation (KDOT)
[183] uses an empirical equation, embedded in a probabilistic simulation, to
compute remaining service life of flexible pavements based on surface
conditions and deflection from the last sensor of a falling weight deflectometer
(FWD). However, it is not feasible from time, cost, and safety points of view to
use FWD in Indian road network either in national level or in regional level.
Gedafa et al. (2008) [70] found no significant difference between the center
deflection under the load plate of FWD and that from a rolling-wheel
deflectometer (RWD). RWD is a state-of-the-art equipment to measure
pavement surface deflection at the centre of the deflectometer at highway speed.
The study revealed that RWD could be used to collect deflection data at the
network level.

Surface deflection, gauged through non-destructive testing methods like
the Falling Weight Deflectometer (FWD) or the Traffic Speed Deflectometer
(TSD), serves as a pivotal indicator of the structural capacity and stiffness of the
pavement layers. Odemark's [126] approach utilizes these deflection
measurements to characterize the pavement's condition, incorporating factors
such as load-bearing capacity, material properties, and environmental influences.
Through the integration of advanced analytical tools and methodologies, our aim
is to refine the accuracy of residual life predictions and contribute to the
formulation of proactive pavement management strategies. The findings
presented herein furnish valuable insights for transportation agencies, engineers,
and decision-makers engaged in the preservation and optimization of pavement

assets, ultimately enhancing the sustainability and efficiency of our

220



Chapter 7: Prediction of residual life of pavement by surface deflection using
odemark’s approach

transportation infrastructure. In this context, this section delves into the
utilization of Odemark's [126] approach for predicting the residual life of

pavements based on surface deflection data.

7.2 Literature review

Chen et al. (2010) [44] performed an extensive review on pavement life
expectancy models based on a new methodology of model classification.
Accurate pavement performance life assessment is crucial for pavement
management systems. Various models have been developed over the years, but
lack of systematic classification and analysis hinders further research. The study
performed reviewed flexible pavement life prediction models and introduced a
new classification method for pavement engineers and depicted that predicting
pavement remaining service life (RSL) is still in the preliminary stage. The
study suggested that determination, unification of threshold values of pavement
performance indices and the development of simple and reliable models
requiring the data most PMS database has may be crucial for pavement life
expectancy research in the future.

Abaza et al. (2004) [6] presented a deterministic performance prediction
model for use in rehabilitation and management of flexible pavements. The
model presented in the study uses the AASHTO serviceability concept for
designing flexible pavements, introducing a performance curve based on the
present serviceability index (PSI) which can be estimated using the AASHTO
basic design equation. The paper suggests that the performance curve can be
used in pavement rehabilitation and management applications, such as
evaluating alternatives, developing asphaltic overlay procedures, and performing
life-cycle analysis and also predict future conditions and estimation of transition
probabilities in stochastic prediction models. These analyses and techniques
presented in the study are useful for pavement engineers and the study also
predicts that it can be an effective teaching tool for pavement design students.

Park S. H. et al. (2019) [129] suggested that flexible pavements require
efficient and realistic prediction models for long-term degradation due to
cracking, surface deformation, disintegration, and defects. These failures result

from the pavement system's reactions to complex mechanical, thermo
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mechanical, or chemical loads. Due to the complexity and uncertainty of
pavement degradation, comprehensive and phenomenological studies are
necessary to estimate pavement lifetime and evaluate conditions. The study
developed three comparative models and applied it to pavement degradation
data, with strengths and weaknesses in usability, implementation, and
information requirements. The study focuses on the use of a gamma process
model for predicting performance degradation and pavement lifetime, obtaining
conditions and lifetime as probability distribution curves with time-varying
parameters.

Bastola N R et al. (2023) [22] reported that DOTSs in the South-Central
States and abroad use NDT surface deflection bowl data to identify pavement
sections for further investigation. The falling weight deflectometer (FWD) test is
a common NDT-based test used to assess flexible pavement performance. The
research used 3-D Move software to simulate deflection produced by FWD
devices, reducing the need for lengthy field testing. The study validated
deflection values and deflection bowl parameters, such as the normalized
comprehensive deflection ratio and normalized comprehensive area ratio, to
predict the remaining service life of flexible pavement structure which will help
DOTs and transportation agencies initiate rehabilitation work efficiently and
economically.

Loganathan et al. (2019)[108] proposed approach suggests minimizing
the necessity for static Falling Weight Deflectometer (FWD) testing by
employing advanced computer simulations to replicate the FWD deflection bowl
observed in the field. Through these simulations, a simulated FWD deflection
bowl is generated, facilitating the derivation of novel comprehensive parameters
for pavement deflection bowl analysis. Specifically, the tensile strain at the
bottom of the asphalt layer is effectively linked to the newly formulated
normalized Comprehensive Area ratio parameter (CAR) and the number of load
repetitions to fatigue failure (Nf). Utilizing the 3D-Move software package, a
straightforward method is devised to predict the remaining service life of
flexible pavement sections. The study focuses on developing the area ratio
parameter using a 1524 mm deflection bowl length, demonstrating a strong
correlation between the normalized comprehensive area ratio and the tensile

strain at the bottom of the asphalt layer. Consequently, the research concludes
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that these parameters offer a straightforward and dependable means of assessing
the structural capacity of flexible pavement sections on a network-wide scale.

Elbagalati et al. (2016) [61] predicted in-service pavement structural
capacity based on traffic-speed deflection measurements. The Rolling Wheel
Deflectometer (RWD) has become a popular tool for predicting pavement
structural capacity in Pavement Management Systems (PMS). This study aimed
to develop a model that predicted pavement structural capacity at a 0.16 km
interval using RWD measurements. The model showed acceptable accuracy with
a Root Mean Square Error (RMSE) of 0.8 and coefficient of determination (R?)
of 0.80 in the validation stage. Core samples showed that predicted structurally-
deficient sections suffered from asphalt stripping and material deterioration
distresses. The developed model can be a valuable tool for predicting pavement
structural condition at the network level in PMS.

Bryce et al. (2013)[36] suggested a network-level structural capacity
indicator for asphalt pavements in Virginia, examining different indexes and
decision-making approaches using deflection and distress data from Virginia's
interstate highways. It demonstrates that the Structural Capacity Index, rooted in
the structural number principle, yields network-level decisions consistent with
the Virginia Department of Transportation's project-level activities in the 2008
construction season. The study assesses the index's sensitivity to input variables
and establishes the influence of pavement structural capacity on the service life
of maintenance treatments. Additionally, it provides equations for determining
the service life of corrective maintenance treatments.

Gao et al. (2018) [69] proposed a damage model for asphalt mixtures
based on dissipated energy to facilitate the efficient maintenance and repair of
asphalt pavements by accurately predicting their remaining service life. This
research conducted repeated indirect tensile tests (ITTs) on asphalt mixtures of
varying ages to assess damage accumulation through dissipated energy in each
loading cycle. The findings indicated minimal variability and high sensitivity to
aging durations, with an exponential curve effectively describing the
relationship between dissipated energy and loading cycles across different aging
periods. Subsequently, a damage model incorporating dissipated energy was
formulated and validated using asphalt mixtures of diverse ages and loading

repetitions. Similar ITTs were conducted on samples extracted from Nanjing
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Airport Expressway to determine parameters within the damage model. The
study emphasized the significance of repeated ITTs on asphalt mixtures with
varied aging durations to establish their damage curves based on dissipated
energy. The adoption of an exponential function yielded well-fitted curves with
low variability and heightened sensitivity to aging duration. Results
demonstrated the model's efficacy in predicting the Remaining Service Life
(RSL) of asphalt mixtures on the Nanjing Airport Expressway, offering valuable
insights for maintenance decisions. However, the paper underscored the
necessity for further research to ascertain the applicability of the method to other
highways as well as urban and rural roads.

Biligiri K.P. et al. (2015) [26] developed a criterion for evaluating the
remaining service life of existing roads based on their field fatigue cracking
characteristics. Two base course layers were investigated: reference and
modified stone mastic asphalt mixes. Field cores were estimated using fracture
mechanics principles, and laboratory performance tests were conducted. The
modified structure showed significantly longer fatigue life than the reference
mix, indicating that laboratory procedures based on asphalt mixture properties'
fracture and fatigue mechanics are useful for evaluating pavement mix
performance in the field. The criteria developed in this study could serve as
guidelines for agencies to understand asphalt materials' fatigue characterization
and implement them as quality control tests to assess pavement design life.

Elkins et al. (2013) [64] reformulated pavement remaining service life
framework. Effective pavement network management relies on predicting future
construction events. The current RSL terminology has issues, complicating
interpretation, interagency data exchange, and use. The paper suggests that to
improve consistency, the term "RSI" should be replaced with "time remaining
until a defined construction treatment is required.” The approach unifies the
outcome of different approaches by focusing on when and what treatments are
needed and the service interruption created. A companion document (FHWA-
HRT-13-050) provided step-by-step guidelines for implementing the RSI
terminology.

Karballaeezadeh N et al. (2019) [94] developed an optimized support
vector machine (SVM) approach to forecast the remaining service life (RSL) of

pavement. Instead of relying on the traditional Heavy Weight Deflectometer
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(HWD) test, this method harnessed particle filter techniques to fine-tune the
SVM. By incorporating key parameters like pavement layer thickness and
asphalt surface temperature, the model accurately projected the RSL on an
annual basis. When compared against actual data, the model demonstrated a
precision exceeding 95%. The findings propose that this approach offers a viable
means to estimate the lifespan of in-use pavements, utilizing readily available
weather data and pavement layer thickness information, possibly obtained
through Ground Penetrating Radar (GPR) devices. Furthermore, it suggests that
adopting this method could yield substantial cost savings and minimize traffic
disruptions, enabling authorities and organizations to promptly assess pavement
RSL.

Park et al. (2003) [128] suggested a methodology of advancement in
forecasting methods for the remaining lifespan of flexible pavements involves
utilizing multi  load-level deflections obtained from falling-weight
deflectometers (FWD). These methods integrate pavement response and
performance models to anticipate critical pavement behaviors based on surface
deflections and deflection basin parameters. Verification of the predictive
procedure relies on pavement distress data and FWD multi load-level deflection
data. This approach effectively forecasts fatigue cracking performance, with the
exception of pavements experiencing high and rapidly escalating cracking in
wet-freeze regions. The research findings demonstrate close agreement between
predicted rut depths and measured rut depths across various levels of rutting
potentials. Notably, the study highlights that single-load-level deflections
consistently underestimate rut depths, underscoring the efficacy of multi load-
level deflections in accurately estimating excessive rutting levels and enhancing

the prediction accuracy of rutting potential in flexible pavements.

7.3  Objective

The objective of present study is to develop a Mechanistic — Empirical
method to estimate residual life of an in-service pavement using surface
deflection as design criteria. Moreover, present study is intended to establish
correlation between residual life and pavement deflection using layer thickness,

traffic and subgrade soil data.
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7.3.1 Methodology

In present study, the pavement has been considered as three layer system
as shown in Figure 7.1.The top layer consists of binder base with bituminous
mix of thickness h: with elastic modulus (Ei). The intermediate layer is a
combination of unbound granular base and granular sub-base with thickness of
h, and elastic modulus (Ez) resting on sub-grade soil with a modulus of (Ez).
Various research works [46, 48, 51,104] have already been done for design of
flexible pavements that recommends the vertical compressive strain on the top
of sub-grade or radial tensile strain at the bottom of bituminous layer as design
criteria. Moreover, stress based or deflection based design criteria [27-33, 49-50]
have also been evolved and are in use. Each of these methods recommends to
limit the stress, strain or deflection in different layer interface to determine the
required thickness and the moduli of constituent layers for a specified axle load
repetitions. It has been assumed in present analysis that the pavement deforms in
an elastic manner prior to failure. The analysis in the present study includes
formulation of a model to determine the surface deflection of the pavement by
Boussinesq’s [34] approach after transforming the three-layer pavement system

into a homogeneous system by Odemark’s [126] method.

q = 0.56 MPa

)

hy E;
|
)

h, E;
|

E;

Figure 7.1: Typical section of a three-layered flexible pavement

7.3.1.1 Odemark’s approach

The top layer of pavement consists of binder base with bituminous mix

of thickness hy with elastic modulus (E1) and Poisson ratio vi The intermediate
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layer is a combination of unbound granular base and granular sub-base with
thickness of hy , Poisson ratio v2 and elastic modulus (E2) resting on sub-grade
soil with a modulus of (E3z) with Poisson ratio v3. Transformation of such three
layered system into a homogenous system can be done with the concept of
equivalent thickness (he) having modulus (Es). Considering Poisson ratios of
three layers are approximately equal, the following relationship can be
established as transformed depth for the three layered system as (described

earlier in Chapter 2 and Chapter 3)
h, = f, [fhli/E + hz] JE (7.1)

7.3.1.2 Determination of surface deflection and vertical strain on subgrade

using Odemark —Boussinesq’s formulation.

The surface deflection(d,) of pavement may be obtained as a summation
of compression of bituminous base, granular base and sub base and deflection at
the top of subgrade along the centre of the loaded area. In this study, three-
layered system has been transformed to a homogenous system as mentioned
earlier using Odemark’s [126] method and subsequently Boussinesq’s [34]
theory has been applied to determine the surface deflection of pavement in such
homogeneous system. According to theory of elasticity the deflection at a depth

‘2’ in a homogenous mass can be expressed as Equation 7.2.

_ (@+v)qa

d, = L+ (1-2v) < 1+ (3)2 - 5) (7.2)
E \/@ a a

By substituting ‘z’ = he Equation 7.2 can be transformed as in Equation 7.3.

2

d, =401y (1—2v)< 1+ (%) —E) (7.3)
(o) o

Similarly, using the equivalent depth he, the vertical compressive strain (e,) at

the top of subgrade layer along the centreline of load may be obtained as

he he
(1+v3) i i
€y = —a A 3/, + (1 -2 U3) DA

(o))

—1 (7.4)
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Where v;the Poisson ratio for the subgrade layer and q is the uniformly
distributed load acting on an area of radius a.

It is to be noted that surface deflection on the pavement has been
accepted as design criteria for design of overlay [91] and the same can be
extended for the design of new pavement too. It is relevant to mention that the
surface deflection of a pavement is the indicator of the damage of all the
constituent layers of the pavement. However, the modulus of subgrade soil being
the least amongst the resilient modulus of other constituent layers in the
pavement, largely contributes its share in the surface deflection. Flow diagram
of adopted methodology for estimation of residual life of flexible pavement is

shown in Figure 7.2

7.3.2  Input design parameters

For determination of surface deflection of pavement, the diameter of the loaded
area has been considered circular which carries a uniformly distributed load of
0.56 MPa [48,51] and acts on the top surface of the pavement as shown in
Figure 7.1. The axle load for pavement design has been considered as 80kN,
assuming that the contact area between the tire and pavement as circular and the
diameter of the loaded area may be considered as 305.2 mm.

IRC-37: 2012 [48], a guideline for design of flexible road pavements in
India formulated by the Indian Roads Congress (IRC) has been used in this
study as a reference document to select pavement .sections for different CBR
and axle load repetitions The thickness of constituent layers of pavement for
different subgrade CBR and axle load repetitions which were recommended in
the IRC guideline have been considered as input parameters in present analysis.
The pavement thickness in the guideline has been based on limiting the vertical
compressive strain on top of subgrade to limit rutting and the radial tensile strain
at the bottom of bituminous base in order to limit cracking. It is important to
note that the pavement surface deflection as a failure parameter is usually
accepted for back calculation of layer modulus for use in iteration technique.
However, in the present work, the pavement section which was designed on the

basis of strain based criteria has been considered for deflection analysis.
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Prediction of residual life of
pavement

Modification of Boussinesq’s equation for deflection and rutting
strain using Odemark’s method

INPUT DATA
¥ Axle Load repetition Estimation of rutting
Estimation of Poisson’s ratio strain as per IRC: 37-
deflection for Tire pressure > 2012
different section Contact radius

Bituminous mix modulus

Correlation between
residual life and deflection

A 4

Validation of results with ITPAVE

A 4

Prediction of residual life in terms of axle
load repetitions

Y
Conclusions

Figure 7.2 Flow diagram of adopted methodology for estimation of residual life of
flexible pavement
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The vertical compressive strain on the top of the subgrade in a three layer
system has been determined in the present work using Equation 7.4 for which
the three layered system has been transformed in to a homogeneous system with
an equivalent depth as explained in Equation 7.2 .The surface deflection on
pavement has also been estimated using Equation 7.3. The allowable axle load
repetitions against rutting failure  corresponding to a specific vertical
compressive strain has been obtained using Equation 7.5 at 90% reliability
level.

N = 1.41 x 1078(¢,) 5337 (7.5)

Where, N= number of cumulative standard axles (msa) before failure in
rutting. In present analysis, the pavement life before failure in rutting has been
termed as residual life which can be determined from proposed correlations of
deflection and axle load repetitions.

However, according to IRC: 37-2012 [48], the combined elastic modulus
of granular base and sub-base layer may be expressed as

E, = 0.2 (hy)**°E; (MPa) (7.6)

Where h; = total thickness of granular base and sub-base (mm) and
elastic modulus of pavement subgrade can be expressed as

E; = 10(CBR) (MPa) if CBR < 5% (7.7)

E; = 17.6(CBR)*%* (MPa) if CBR >5% (7.8)

In this backdrop, correlation between axle load repetitions, which has
been obtained using Equation 7.5 and the surface deflection using Equation 7.3
for different subgrade CBR have been established and presented in this study.
The assumption made in this formulation emphasises the predominating mode of
failure of pavement as rutting, which has a strong correlation with vertical
compressive strain on the top of subgrade and the surface deflection of the
pavement.

The initial thickness of the pavement section has been considered as per
the recommendation of IRC: 37-2012 [48] for specific axle load repetitions and
subgrade CBR. In the present work, subgrade CBR of 3%, 5%, 7% and 10%
have been considered for different axle load repetitions ranging between 2 msa

and 150 msa.
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Therefore, the surface deflection determined using present approach for
different pavement thickness for a specific axle load repetition and subgrade
CBR may be considered as allowable deflection, a design criteria for pavement
evaluation. Variations of surface deflection with axle load repetitions for
different subgrade strength thus obtained, are presented in Figure 7.3.

It is relevant to note that the Benkelman beam rebound deflection
measurements are taken on pavements till the presence of bituminous mix on
wearing course. The need of estimation of residual life of bituminous pavement
becomes important when there are visible damage and distress in the pavement
structure. In this study, it has been assumed that the need of repair of pavement
becomes urgent when the bituminous wearing course becomes functionally non-

existent and propagation of damage and distress in binder course are significant.

7.4 Results and Discussion

It is evident from the results obtained that the allowable deflection on
pavement reduces with the increase in axle load repetitions. The research works
[191-193] so far conducted reveals that the allowable pavement deflection varies
with standard axle load repetition. However, the present work reveals that the
allowable deflection on pavement is also dependent on pavement subgrade CBR
besides axle load repetitions. The more is the subgrade strength, the less will be
the allowable deflection for a specified axle load repetitions. The deflection of
an in-service pavement is obtained by any in-situ non-destructive test, which
may be used to find out the residual life of pavement as illustrated in present
work. If the measured surface deflection is more than the allowable surface
deflection for a specific subgrade, then the residual life of the pavement will be
substantially less as the slope of the curves indicating the variation of residual
life with surface deflection are stiff. It has been accepted that the strength of
subgrade in pavement affects largely the surface deflection of the pavement.
Therefore, the deflection based pavement evaluation should be correlated with
its subgrade CBR and such correlations are presented in this study. It is to be
noted that determination of subgrade strength either in field or in laboratory can
be done easily with a better degree of reliability and therefore may be used in
those correlations to estimate residual life with a better reliability. The residual
life of pavement has been characterised as the number of standard axle load
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repetitions on pavement before its failure in rutting corresponding to an
allowable deflection for a typical subgrade as shown in Figure 7.3. It is relevant
to mention that a terminal surface deflection may also be explained from the
conceptual framework of present work corresponding to a minimum axle load
repetition, which may allow a time period for preparation of repair by the
highway administration.

Boussineq’s -Odemark's [34,126] methodology to predict the residual
life of pavement using surface deflection has advantages, but it also has
limitations. However, it should be emphasized that the current model does not
sufficiently account for the aging impacts of pavement materials over time. As
pavements age, the material qualities change, altering structural behavior and
failure mechanisms that may not be adequately addressed in the current model.
If the change in depth of the bituminous layer thickness and related modulus had
been taken into account, the deflection versus load characteristic would have
been much more realistic than illustrated in Figure 7.3.

To ensure accurate predictions, the model may need to be calibrated and
validated using local or site-specific data. Without sufficient validation,
generalizations from one site or set of conditions to another may result in
incorrect residual life estimations. A representative core sample is particularly
recommended for this purpose and for estimating input parameters.

It is crucial to note that advances in pavement engineering and research
may eventually address some of these constraints. When using present approach
for forecasting the residual life of pavements, users should take caution and keep

these limitations in mind.

7.4.1 Validation of proposed model

To validate the proposed methodology few pavement section
corresponding to CBR 15%, 10%, 8% and 5% from IRC: 37-2012 [48] have
been analyzed by IITPAVE for estimation of pavement deflection for different
axle load repetitions. The deflection thus obtained using IITPAVE and present
method have been shown in Figure 7.4 to Figure 7.7. It is evident from these
figures that both method yield almost similar deflection and strain which in
other way proves the acceptability of present method.
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Figure 7.4: Comparison of variation of deflection with axle load repetitions
between present method and I TPAVE for 15 % subgrade CBR
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Figure 7.5: Comparison of variation of subgrade strain with axle load repetitions
between present method and IITPAVE for 10 % subgrade CBR
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Figure 7.6: Comparison of variation of deflection with axle load repetitions
between present method and IITPAVE for 8% subgrade CBR
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Figure 7.7: Comparison of variation of subgrade strain with axle load repetitions
between present method and IITPAVE for 5 % subgrade CBR

7.5  Concluding remarks

The findings of the present study may be considered as an indicative
model for determination of residual life of a bituminous road pavement using
surface deflection as an effective parameter. Estimation of residual life of
pavement is an important aspect of pavement management in terms of adopting
appropriate repair and rehabilitation program of the pavement. It has been
observed that the residual life of pavement may be obtained from the pavement
deflection using the methodologies and model suggested in this study. It has also
been found that the allowable deflection on pavement depends on pavement
subgrade CBR and axle load repetitions. A concept of terminal surface
deflection, the threshold value of deflection beyond which the pavement section
shall deemed to be deficient from functional and structural point of view may be
determined from present study. Terminal deflection on the pavement thus

obtained emphasises the need for immediate repair of pavement section.
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8.1 Conclusions

A strain and stress based Mechanistic- Empirical approach has been used
in present study to determine the compacted subgrade thickness on the top of a
weak natural subgrade as a measure of ground improvement for specified axle
load repetitions. It has been found that the thickness of compacted subgrade
increases with the increase in axle load and decrease in strength of natural
subgrade. It has also been found that the increase of thickness of compacted
subgrade is significant of upto 50 msa load repetitions beyond which it becomes
less significant. It is observed in this study that the compacted subgrade
thickness, as per strain-based criteria, exceeds that of stress-based approach.

Furthermore, the study includes the importance of axle load repetitions
as an input variable for determination of compacted subgrade thickness.
Moreover, the study concludes that the provision of IRC: 37-2018 or MORD
specifications to provide 500 mm thickness of compacted subgrade without
considering axle load repetitions, may lead to either an under-designed or over-
designed section, resulting in an unsafe or uneconomical pavement in terms of
rutting failure. Hence, it is recommended to modify the provision of a fixed
thickness of compacted subgrade in the light of present analysis.

A deflection based method for estimation of compacted subgrade
thickness may also be used to achieve a required effective CBR of subgrade for
design of flexible road pavement. It has been found that the depth of borrow
materials are based on input variables like natural subgrade CBR, compacted
soil subgrade CBR, and effective CBR. It is important to note that when the
natural subgrade CBR is below 5%, subgrade improvement is required to
enhance its strength and extend service life against rutting. Present study reveals
substantial variations in the thickness of compacted subgrade up to a CBR of
20% for borrowed soil, beyond which the variations are less significant. The
study also suggests that the future efforts should focus on estimating depth of
compacted subgrade with required effective CBR for a projected service life of
the pavement.

In this study, stress based low volume pavement design has been
proposed which reveals the sensitivity of pavement thickness variation on soft

soil compared to hard soil. The suggested pavement design method recommends
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determination of granular base thickness with different elastic moduli. The
outcomes of proposed stress-based pavement design model are comparable with
other results obtained from mechanistic, empirical, and mechanistic-empirical
approaches.

The study further includes the application of a concentration factor for
determination of vertical stress using the modified Boussinesq's equation in a
layered system. The pavement thickness obtained from present analytical
approach based on concentration factor closely matches with findings from other
Mechanistic-Empirical based approach.

Further, the study has been aimed to develop a Mechanistic-Empirical
approach to determine required optimum thickness of bituminous and granular
layer against rutting and fatigue in a flexible road pavement. It has been found
that the variation of granular layer thickness is more sensitive than the
bituminous layer thickness on pavement performance in terms of rutting. The
pavement deflection obtained for the estimated thickness of granular and
bituminous layer using present methodology was found close to those obtained
using IITPAVE and KENPAVE. In this context, the proposed method may be
considered as an acceptable and reliable approach in pavement design.
However, the effect of variation of modulus of pavement layers on pavement
thickness need to be considered in future to increase the reliability of the
method.

A strain based methodology for perpetual pavement design has also been
proposed in this study, which can be used for the estimation of conventional
bituminous pavement thickness considering the pavement as a multi-layered
system. The reliability of the method has been compared with IRC: 37-2018 and
found to be satisfactory. It has been observed in the present analysis that the
thickness of the binder base required to withstand fatigue is generally more than
that of rutting under a specified axle load repetition. Therefore, it can be
concluded that the service life of perpetual pavement is governed by its failure
under fatigue.

It is relevant to mention that the thickness of the binder base in a
perpetual road pavement obtained using 300 msa load appears to be less than the
thickness obtained using finite strain-based criteria. For validation of the present

method, fatigue and rutting strains were estimated using IITPAVE for the
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pavement thickness obtained using present methodology. It has been found from
the analysis that the allowable radial tensile strain at the bottom of a bituminous
layer to withstand fatigue should be revised as 95ue instead of 80ue for
perpetual pavement design. Similarly, the allowable vertical compressive strain
on the top of the subgrade may be modified to 185ue instead of 200ue.
Moreover, the thickness of the binder base obtained from present study shows
good convergence with the binder base thickness obtained using IITPAVE.
Therefore, the present method may be considered as a reliable approach of
Mechanistic- Empirical design of perpetual road pavement.

Overlay thickness design has also been discussed in present study. It has
been found that the pavement with higher deflection is weak in strength and
would require a higher thickness of overlay for specified service life and vice
versa. The overlay thickness has been estimated in this study based on vertical
interface deflection, which closely matches with the overlay thickness obtained
from the Asphalt Institute method. Comparison of overlay thickness with the
Asphalt Institute method has been made in this study for both low as well as
high volume roads.

However, it is relevant to mention that the rate of increase of overlay
thickness with respect to pavement deflection is reasonably high in high-volume
roads with respect to low-volume roads. The rate of change of overlay thickness
for different pavement deflections have been found close between the present
approach and the Asphalt Institute method. Therefore, it can be concluded that
the sensitivity of pavement deflection on overlay thickness is comparable
between the two methods and justifies the reliability of the present method as an
analytical approach for estimation of overlay thickness.

In the present study, attempts have also been made to assess the
reduction in overlay life due to overloading on road pavement. It has been
observed that the reduction of overlay age is significantly higher for the roads
with high axle load repetition. But when the pavement is severely damaged
showing higher deflection, the reduction in overlay life for both high and low-
volume roads are comparable and significant. In this backdrop, the effect of
different classes of axle and wheel loads on vehicle damage factors for overlay

design may be considered as future scope of work.
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It is also evident, that the design of overlay thickness by limiting the
vertical interface stress may be considered as a reliable method for strengthening
existing bituminous road pavement. Comparative analysis of overlay thickness
obtained from stress-based approach reveals that the rate of change of overlay
thickness with pavement deflection is reasonably high in Al method than two
other stress-based methods. The durability of overlay has been characterized in
this study by BLI value after determination of deflection bowl under a wheel
load. It has been found that the overlay thickness obtained from the stress-based
approach is reasonably safe in terms of cracking as evident from the curvature
index of the deflection basin. It can be concluded from sensitivity analysis that
the modulus of the bituminous mix is more sensitive to affect the overlay
thickness than axle load repetitions, when other parameters remain unchanged.
However, the design of overlay to limit rutting on pavement, a rigorous method
of sensitivity analysis may be considered as future scope of the study.

Finally, an indicative model for determination of residual life of a
bituminous road pavement has also been developed using surface deflection as a
design parameter. It has been found that the allowable deflection on pavement
depends on pavement subgrade CBR in addition to axle load repetitions. A
concept of terminal surface deflection, the threshold value of deflection beyond
which the pavement section shall deemed to be deficient from functional and
structural point of view may be estimated from present study.

Moreover, in present study an attempt has been made to develop all the
algorithm that leverages MATHEMATICA as a powerful calculation tool,
PYTHON as a backend program and JAVA as language to develop Graphical
User Interface (GUI). These algorithms have been worked out to streamline the
process of translating few solutions of doctoral thesis into functional software,
showcasing the integration of advanced mathematical capabilities offered by
MATHEMATICA and the versatility of PYTHON for seamless program
execution and user interaction. This attempt marks a significant advancement in
the intersection of academic research and practical software development,
providing a robust and efficient solution for the transformation of theoretical

concepts into tangible, user-friendly applications.
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8.2 Future scope of work

The scope of future work on flexible pavements involves addressing
various aspects related to the design, construction, maintenance, and
performance of flexible road pavement. The key areas that researchers and
practitioners may focus on:

1. Enhancements in probabilistic modeling techniques can be pursued to
better capture uncertainties in real-life situations. This includes refining
models that account for environmental factors and traffic loads, ensuring a
more realistic assessment of pavement performance during climate change.

2. Implementation of a strain-based design approach, which involves design
of the pavement structure based on the strains experienced by the materials
under dynamic load. Calibration of design parameters to ensure that the
pavement can accommodate expected strains without experiencing
excessive deformation or damage.

3. Integration of advanced technologies, such as intelligent transportation
systems (ITS) and sensors, for real-time monitoring of pavement
performance. Utilization of data-driven approaches for continuous
improvement and adaptation of pavement designs.

4. Evaluation of the economic feasibility and cost-effectiveness of the
proposed design approach. Consideration of initial construction costs, as
well as life-cycle costs, to ensure the overall economic sustainability of the

pavement.

5. The importance of load characterization, especially considering load from
tandem and tridem axles in the Indian context, highlights an important area
for future study. Researchers should inquire into the effects of factors such
as tire pressure, wheel load, and axle configuration, on vehicle damage
factor with reference to design of road pavements. This analysis will
provide valuable insights into assessing and mitigating the extent of
pavement damage caused by different vehicular loads.

6. Analysis of behaviour of multilayered road pavements using non-linear

elastic approach and FEM based analysis.
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7. Continued exploration of optimization algorithms within reliability-based
design can lead to further improvements in the efficiency of design
parameters. This could contribute to more resource-efficient designs,
reducing construction costs while maintaining the desired level of
pavement performance.

8. The future scope involves implementing comprehensive monitoring
systems to assess the long-term performance of pavements under varying
conditions. This continuous evaluation would aid in refining reliability-
based design approaches and ensuring designs meet performance criteria

throughout the entire pavement life cycle.
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Appendix 1A
Table 2.1: Depth of borrow material for compacted subgrade on
2% natural subgrade CBR.

Borrow Depth of borrow material to achieve effective

material CBR (%)

CBR (%)

5% | 6% 7% | 8% | 9% | 10% | 12% | 15% | 13% | 14%

7 837.9(1808.0| NA NA NA NA NA NA NA NA
8 618.3(1020.5|2317.3| NA NA NA NA NA NA NA
9 509.7| 755.0 |1285.8|2869.0| NA NA NA NA NA NA
10 44431 620.5 | 939.2 |1572.0|3461.3| NA NA NA NA NA
11 400.3| 538.6 | 764.1 |1136.0|1876.6|4090.7| NA NA NA NA
12 368.4| 483.1 | 657.8 | 916.9 |1345.7|2199.6| NA NA NA NA
13 344.0| 442.8 | 586.1 | 784.0 |1078.5|1566.7|5454.0| NA NA NA
14 324.8| 412.1 | 534.2 | 694.6 | 917.0 |1248.6|2896.0] NA [6184.1| NA
15 309.2| 387.8 | 494.7 | 630.0 | 808.5 |1056.5|2042.0] NA |3268.6(6945.0
16  |296.1| 368.0 | 463.6 | 581.0 | 730.2 | 927.6 |1613.0|7735.3|2294.5|3655.8
17 285.0| 351.6 | 438.4 | 542.5 | 671.0 | 834.8 |1354.0|4057.4|1805.8|2557.1
18 275.5| 337.7 | 417.4 | 511.3 | 624.5 | 764.6 |1181.0(2829.2|1511.5|2006.3
19 267.2| 325.7 | 399.7 | 485.5 | 586.9 | 709.6 |1056.0(2213.6|1314.4|1674.6
20 259.8| 315.2 | 384.6 | 463.7 | 555.9 | 665.2 | 962.0 {1843.1|1172.9|1452.6
30 215.3| 254.4 | 300.3 | 348.9 | 401.0 | 457.4 | 587.0 | 839.6 | 661.5 | 745.2
40 193.1| 225.5 | 262.5 | 300.5 | 340.0 | 381.3 | 471.0 | 627.1 | 519.3 | 571.3
50 179.0| 207.7 | 239.9 | 272.5 | 305.7 | 339.8 | 411.0 | 530.4 | 449.4 | 489.0
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Table 2.2: Depth of borrow material for compacted subgrade on
3% natural subgrade CBR.

Borrow Depth of borrow material to achieve effective

material CBR (%)

CBR (%)

5% | 6% 7% | 8% | 9% | 10% | 12% | 13% | 14% | 15%

7 837.9(1808.0| NA NA NA NA NA NA NA NA
8 618.3|1020.5|2317.3| NA NA NA NA NA NA NA
9 509.7| 755.0 |1285.8|2869.0| NA NA NA NA NA NA
10 44431 620.5 | 939.2 |1572.0|3461.3| NA NA NA NA NA
11 400.3| 538.6 | 764.1 |1136.0|1876.6|4090.7| NA NA NA NA
12 368.4| 483.1 | 657.8 | 916.9 |1345.7|2199.6| NA NA NA NA
13 344.0| 442.8 | 586.1 | 784.0 |1078.5|1566.7|5454.0| NA NA NA
14 324.8| 412.1 | 534.2 | 694.6 | 917.0 |1248.6|2896.0] NA [6184.1| NA
15 309.2| 387.8 | 494.7 | 630.0 | 808.5 |1056.5|2042.0] NA |3268.6(6945.0
16 [296.1| 368.0 | 463.6 | 581.0 | 730.2 | 927.6 {1613.0|7735.3|2294.5|3655.8
17 285.0| 351.6 | 438.4 | 542.5 | 671.0 | 834.8 |1354.0|4057.4|1805.8|2557.1
18 275.5| 337.7 | 417.4 | 511.3 | 624.5 | 764.6 |1181.0(2829.2|1511.5|2006.3
19 267.2| 325.7 | 399.7 | 485.5 | 586.9 | 709.6 |1056.0(2213.6|1314.4|1674.6
20 259.8| 315.2 | 384.6 | 463.7 | 555.9 | 665.2 | 962.0 [1843.1|1172.9|1452.6
30 215.3| 254.4 | 300.3 | 348.9 | 401.0 | 457.4 | 587.0 | 839.6 | 661.5 | 745.2
40 193.1| 225.5 | 262.5 | 300.5 | 340.0 | 381.3 | 471.0 | 627.1 | 519.3 | 571.3
50 179.0| 207.7 | 239.9 | 272.5 | 305.7 | 339.8 | 411.0 | 530.4 | 449.4 | 489.0
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Table 2.3: Depth of borrow material for compacted subgrade on
4% natural subgrade CBR.

Borrow Depth of borrow material to achieve effective

material CBR (%)

CBR (%)

5% | 6% | 7% | 8% 9% | 10% | 12% | 13% | 14% |15%

7.0 267.0 | 626.7 | NA NA NA NA NA NA NA | 7.0
8.0 202.1 | 368.7 | 871.6| NA NA NA NA NA NA | 8.0
9.0 169.7 | 280.3|501.6 | 1141.0| NA NA NA NA NA | 9.0
10.0 |150.1|235.0(375.9| 644.6 |1434.4| NA NA NA NA |10.0
11.0 |136.7|207.1|311.7| 476.9 | 798.4 |1750.8] NA NA NA |[11.0
12.0 |126.9|188.0|272.5| 391.7 | 584.1 | 962.7 | NA NA NA |[12.0
13.0 |119.4|174.1|245.8 | 339.8 | 475.8 | 698.0 | 2449.0| NA NA |[13.0
14.0 |113.4|163.4|226.4| 304.6 | 410.0 | 564.4 | 1322.0|2828.1| NA |14.0
15.0 |108.5|154.9|211.5| 279.1 | 365.5 | 483.4 | 945.0 | 1516.8|3227.0| 15.0
16.0 |104.4|147.9]199.7 | 259.7 | 333.3 | 428.8 | 755.0 |1077.9|1721.0| 16.0
17.0 |100.9|{142.0|190.1| 244.3 | 308.9 | 389.4 | 641.0 | 857.4 |1217.0|17.0
18.0 979 |137.1(182.1| 231.8 | 289.6 | 359.6 | 564.0 | 724.3 | 964.0 | 18.0
19.0 95.2 |132.8(175.2| 221.4 | 273.9 | 336.0 | 508.0 | 635.1 | 811.5 | 19.0
20.0 929 |129.0(169.4| 212.6 | 260.9 | 317.0 | 466.0 | 570.8 | 709.2 | 20.0
30.0 78.3 |106.6 | 136.1 | 165.3 | 195.2 | 226.7 | 297.0 | 336.3 | 381.4 | 30.0
40.0 70.8 | 95.6 [120.7 | 144.8 | 168.6 | 192.8 | 244.0 | 270.7 | 299.4 | 40.0
50.0 66.0 | 88.7 [111.3| 132.6 | 153.3 | 173.9 | 216.0 | 237.6 | 260.1 | 50.0
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Table 2.4: Depth of borrow material for compacted subgrade on
5% natural subgrade CBR.

Borrow Depth of borrow material to achieve effective
material CBR (%)
CBR (%)
5% | 6% | 7% | 8% | 9% | 10% | 12% | 13% | 14% |15%
7 NA 3206 | NA | NA | NA NA NA NA NA 7
8 NA | 182.8 | 518.9 | NA NA NA NA NA NA 8
9 NA | 136.6 | 301.1 | 727.4 | NA NA NA NA NA 9
10 NA | 113.6 | 226.3 | 417.0 | 953.2 | NA NA NA NA 10
11 NA | 99.6 | 188.1 | 311.0 | 538.4 | 1197.0 | NA NA NA 11
12 NA | 90.2 | 164.8 | 257.0 | 397.7 | 667.4 | NA NA NA 12
13 NA | 83.3 | 148.9 | 223.9 | 326.2 | 488.4 |1740.0] NA NA 13
14 NA | 78.1 | 137.3 |201.4 | 2825 | 397.6 | 949.5 | 2037.2| NA 14
15 NA | 739 | 128.5|185.1|253.0 | 342.5 | 684.0 | 1102.7 | 2350.8 | 15
16 NA | 70.5 | 1215 |172.6 | 231.5 | 305.2 | 550.1 | 789.3 | 1263.7 | 16
17 NA | 67.6 | 115.7 | 162.7 | 215.2 | 278.2 | 469.0 | 6315 | 899.6 | 17
18 NA | 65.2 | 110.9 | 154.7 | 202.2 | 257.7 | 4145 | 536.1 | 716.5 | 18
19 NA | 63.1 | 106.8 | 148.0 | 191.7 | 241.5 | 375.1 | 472.0 | 605.9 | 19
20 NA | 61.3 | 103.3 |142.3|183.0 | 228.4 | 345.3 | 4258 | 5316 | 20
30 NA | 50.4 | 83.3 |111.5| 1385 | 165.6 | 224.0 | 256.5 | 292.3 | 30
40 NA | 451 | 74.0 | 98.0 | 120.2 | 141.7 | 185.3 | 208.0 | 231.8 | 40
50 NA | 418 | 68.3 | 90.0 | 109.6 | 128.4 | 165.0 | 183.6 | 202.6 | 50
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Table 2.5: Depth of borrow material for compacted subgrade on
6% natural subgrade CBR.

Borrow Depth of borrow material to achieve effective
material CBR (%)
CBR
(%) 5% | 6% | 7% | 8% | 9% | 10% | 12% | 13% | 14% |15%
7 NA | NA NA | NA | NA NA NA NA NA 7
8 NA [359.3| NA NA NA NA NA NA NA 8
9 NA [201.8|551.0] NA | NA NA NA NA NA 9
10 NA |148.7 | 315.6 | 751.7 | NA NA NA NA NA 10
11 NA |122.3|234.8|427.0|967.5| NA NA NA NA 11
12 NA |106.4 | 193.7 | 316.1 | 5429 | NA NA NA NA 12
13 NA | 95.8 | 168.6 | 259.6 | 398.8 | 1447.0 | NA NA NA 13
14 NA | 88.0 | 151.6 | 225.2 | 325.6 | 794.6 |1710.8] NA NA 14
15 NA | 82.2 | 139.3|201.8|281.0| 574.8 | 931.1 | 1989.5| NA 15
16 NA | 77.5 | 129.9 | 184.8 | 250.9 | 463.8 | 669.2 | 1074.7 | 2282.9 | 16
17 NA | 73.7 | 12241719 |229.0 | 396.4 | 537.1| 767.9 | 12253 | 17
18 NA | 70.6 | 116.4 | 161.7 | 212.3 | 351.0 | 457.1 | 6134 | 871.0 | 18
19 NA | 67.9 | 111.3 | 153.4|199.2 | 318.2 | 403.3 | 520.0 | 692.8 | 19
20 NA | 65.6 | 107.0 | 146.5 | 188.5| 2934 | 364.4 | 457.2 | 585.2 | 20
30 NA | 526 | 83.8 | 111.1 | 137.4| 1919 | 221.7 | 254.2 | 290.1 | 30
40 NA | 465 | 73.7 | 96.6 |117.8 | 159.3 | 180.5 | 2025 | 2255 | 40
50 NA | 429 | 67.6 | 88.1 |106.8 | 142.2 | 159.7 | 177.4 | 1955 | 50
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Table 2.6: Depth of borrow material for compacted subgrade on
7% natural subgrade CBR.

Borrow Depth of borrow material to achieve effective
material CBR (%)
CBR (%)
5% | 6% | 7% | 8% | 9% | 10% | 12% | 13% | 14% |15%
7 NA| NA | NA | NA | NA NA NA NA NA 7
8 NA | NA NA NA NA NA NA NA NA 8
9 NA| NA [3796 | NA | NA NA NA NA NA 9
10 NA | NA |208.9|5653| NA NA NA NA NA 10
11 NA | NA |151.3|319.9|7579| NA NA NA NA 11
12 NA | NA | 1229|2356 |427.1| NA NA NA NA 12
13 NA | NA |106.0|192.8 | 314.1 | 1182.8| NA NA NA 13
14 NA| NA | 94.7 | 166.8 | 256.6 | 653.6 |1416.5| NA NA 14
15 NA| NA | 86.6 | 149.3 |221.5| 474.8 | 775.6 | 1664.1 NA 15
16 NA| NA | 80.5 | 136.6 | 197.8 | 384.1 | 559.7 | 903.9 | 1925.3 | 16
17 NA| NA | 75.7 | 127.0 | 180.6 | 329.0 | 450.6 | 648.4 | 1038.5| 17
18 NA| NA | 71.8 | 1194 |167.5| 291.8 | 3844 | 5195 | 741.0 | 18
19 NA| NA | 68.5 | 113.2 |157.2 | 265.0 | 339.8 | 4415 | 591.1 | 19
20 NA| NA | 65.8 | 108.0 | 148.9 | 2445 | 307.6 | 389.0 | 500.5 | 20
30 NA| NA | 51.1 | 81.8 |108.7 | 161.0 | 188.7 | 2185 | 251.1 | 30
40 NA| NA | 446 | 71.0 | 93.3 | 134.0 | 154.2 | 174.8 | 196.2 | 40
50 NA| NA | 409 | 648 | 846 | 119.8 | 136.7 | 1535 | 170.5 | 50
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Table 2.7: Design Subgrade CBR values for borrow material of compacted

thickness of 500 mm

500 mm Effective CBR (%) obtained using natural subgrade CBR (%)
Borro_w 1.50% 2.0% 2.50%
7 4.05 4.05 4.46 4.49 4.76 4.82
8 4.28 4.27 4.73 4.74 5.23 5.29
9 4.49 4.47 4.97 4.99 5.67 5.73
10 4.69 4.76 5.43 5.44 6.10 6.39
11 4.87 4.85 5.78 5.77 6.50 6.53
12 5.17 4.99 6.11 6.07 6.89 6.91
13 5.43 5.34 6.43 6.36 7.27 7.28
14 5.68 5.58 6.74 6.69 7.63 7.65
15 5.92 5.8 7.04 6.96 7.99 7.97
16 6.15 6.02 7.33 7.24 8.33 8.31
17 6.37 6.23 7.62 7.49 8.66 8.63
18 6.59 6.47 7.89 7.77 8.98 8.93
19 6.80 6.63 8.15 8.00 9.30 9.29
20 7.00 6.81 8.41 8.26 9.61 9.52
30 8.80 8.51 10.70 10.50 12.34 12.13
40 10.29 9.92 12.61 12.25 14.64 14.30
50 11.57 11.12 14.27 13.80 16.65 16.19
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Table 2.8: Design Subgrade CBR values for borrow material of compacted

thickness of 500 mm

Effective CBR (%) obtained using natural subgrade CBR (%0)

SB%Or:anmv Presen:i.OO% Preseni.OOO/0 PresenYt.OO%

material method IRC method IRC method IRC
7 5.16 5.25 6.28 6.43 6.71 6.87
8 5.68 5.77 6.97 7.14 7.47 7.65
9 6.18 6.27 7.63 7.81 8.19 8.39
10 6.66 7.02 8.26 8.84 8.89 9.34
11 7.11 7.2 8.88 9.07 9.57 9.8
12 7.55 7.54 9.47 9.67 10.23 10.48
13 7.98 8.03 10.05 10.25 10.88 11.12
14 8.39 8.45 10.62 10.77 11.51 11.77
15 8.79 8.83 11.17 11.38 12.12 12.39
16 9.18 9.21 11.70 11.90 12.72 13.00
17 9.56 9.57 12.23 12.43 13.31 13.58
18 9.93 9.94 12.74 12.95 13.88 14.16
19 10.29 10.28 13.24 13.49 14.44 14.72
20 10.64 10.62 13.73 13.92 15.00 15.29
30 13.78 13.62 18.20 18.32 20.05 20.32
40 16.44 16.16 22.06 22.08 24.47 24.64
50 18.77 18.37 25.51 25.43 28.44 28.52
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Appendix 1B

Table 2.9: Variation of compacted subgrade thickness with CBR range from 5% to
15% with different load repetitions on 2% natural subgrade CBR.

Natural Subgrade CBR (2%) with load intensity 0.25 MPa

- Thickness of compacted subgrade (mm)
Axle load repetitions (msa)

5% 8% 10% 12% 15%

2 544 495 472 454 432
5 605 550 525 505 481
10 656 596 568 547 521
20 710 645 615 592 564
30 743 676 644 620 591
50 788 716 683 657 626
100 852 774 738 710 677
150 892 810 773 743 709

Table 2.10: Variation of compacted subgrade thickness with CBR range from 5%
to 15% with different load repetitions on 3% natural subgrade CBR.

Natural Subgrade CBR (3%) with load intensity 0.25 MPa

o Compacted subgrade CBR
Axle load repetitions (msa)

5% 8% 10% 12% 15%

2 501 456 434 418 398
5 559 508 484 466 444
10 607 551 526 506 482
20 658 598 570 548 523
30 689 626 597 575 548
50 731 664 634 609 581
100 792 719 686 660 629
150 829 753 718 691 659
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Table 2.11: Variation of compacted subgrade thickness with CBR range from 5%
to 15% with different load repetitions on 4% natural subgrade CBR.

Natural Subgrade CBR (4%) with load intensity 0.25 MPa

. Compacted subgrade CBR
Axle load repetitions (msa)

5% 8% 10% 12% 15%

2 470 428 408 392 374
5 526 478 456 439 418
10 572 520 496 477 455
20 621 565 538 518 494
30 652 592 565 543 518
50 692 629 600 577 550
100 750 682 650 625 596
150 786 714 681 655 625

Table 2.12: Variation of compacted subgrade thickness (mm) with CBR range

from 8% to 15% with different load repetitions on 5% natural subgrade CBR.

Natural Subgrade CBR (5%) with load intensity 0.25 MPa

o Compacted subgrade CBR
Axle load repetitions (msa)

5% 8% 10% 12% 15%

2 NA 405 386 372 354
5 NA 455 434 417 398
10 NA 496 473 455 433
20 NA 539 514 495 472
30 NA 566 540 519 495
50 NA 601 574 552 526
100 NA 653 622 599 571
150 NA 684 653 628 598

251




Table 2.13: Variation of compacted subgrade thickness (mm) with CBR range
from 8% to 15% with different load repetitions on 6% natural subgrade CBR.

Natural Subgrade CBR (6%) with load intensity 0.25 MPa

Axle load repetitions (msa) 5% Corg(p;';l cted sluotzirade Cf;;) 15%
2 NA 395 376 362 345

5 NA 444 424 407 388

10 NA 484 462 444 424

20 NA 527 503 484 461

30 NA 554 528 508 484

50 NA 589 562 540 515

100 NA 639 610 586 559

150 NA 671 640 615 587

Table 2.14: Variation of compacted subgrade thickness (mm) with CBR range
from 8% to 15% with different load repetitions for 7% natural subgrade CBR.

Natural Subgrade CBR (7%) with load intensity 0.25 MPa

Axle load repetitions (msa) Compacted subgrade CER

5% 8% 10% 12% 15%

2 NA 385 365 353 336

5 NA 434 414 398 379

10 NA 473 451 434 414

20 NA 516 492 473 451

30 NA 542 517 497 474

50 NA 577 550 529 504

100 NA 627 598 575 548

150 NA 658 627 603 575
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Table 2.15: Variation of compacted subgrade thickness (mm) with CBR range

from 5% to 15% with different load repetitions on 2% natural subgrade CBR.

Natural Subgrade CBR (2%) with load intensity 0.375 MPa

Axle load repetitions (msa)

Compacted subgrade CBR (%)

5% 8% 10% 12% 15%
2 673 612 583 561 535
5 747 679 648 623 593
10 808 735 701 674 643
20 874 795 758 729 695
30 915 832 793 763 727
50 969 881 840 808 770
100 1048 952 908 873 833
150 1096 996 950 914 871

Table 2.16: Variation of compacted subgrade thickness with CBR range from 5%

to 15% with different load repetitions on 3% natural subgrade CBR.

Natural Subgrade CBR (3%) with load intensity 0.375 MPa

Axle load (msa)

Compacted subgrade CBR (%)

5% 8% 10% 12% 15%

2 626 566 540 519 495
5 696 630 601 578 551
10 754 682 650 626 597
20 816 738 704 677 646
30 855 773 737 709 676
50 906 820 781 752 717
100 980 886 845 813 775
150 1026 928 885 851 811
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Table 2.17: Variation of compacted subgrade thickness with CBR range from 5%
to 15% with different load repetitions on 4% natural subgrade CBR.

Natural Subgrade CBR (4%) with load intensity 0.375 MPa

Axle load repetitions (msa) —o - Cogzacted Sulk(J)g/zade CBlR;fS/Z/O) —
2 591 534 510 490 467
5 658 596 568 546 521
10 714 646 616 592 566
20 774 700 667 642 612
30 811 733 699 672 641
50 860 778 741 713 680
100 930 842 802 772 736
150 974 881 840 808 770

Table 2.18: Variation of compacted subgrade thickness (mm) with CBR range
from 8% to 15% with different load repetitions on 5% natural subgrade CBR.

Natural Subgrade CBR (5%) with load intensity 0.375 MPa

Axle load repetitions (msa) 506 Compa8c0t/§d SUb%ize CBF\; 2(?2) 15%
2 NA 510 486 468 446

5 NA 569 543 522 498

10 NA 618 589 567 540

20 NA 670 639 615 586

30 NA 703 670 645 615

50 NA 746 711 684 652

100 NA 808 770 741 706

150 NA 846 807 776 740
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Table 2.19: Variation of compacted subgrade thickness (mm) with CBR range
from 8% to 15% with different load repetitions on 6% natural subgrade CBR.

Natural Subgrade CBR (6%) with load intensity 0.375 MPa

- Compacted subgrade CBR (%
Axle load repetitions (msa) %% 80/2 102/0 12(;) ) 15%
2 NA 498 475 457 436
5 NA 557 531 511 487
10 NA 605 577 555 529
20 NA 657 626 602 574
30 NA 689 657 632 602
50 NA 731 697 671 639
100 NA 792 755 727 693
150 NA 830 791 761 725

Table 2.20: Variation of compacted subgrade thickness (mm) with CBR range
from 8% to 15% with different load repetitions on 7% natural subgrade CBR.

Natural Subgrade CBR (7%) with load intensity 0.375 MPa

Axle load repetitions (msa) —5— Cog;/[())acted sult(;g/l(’)ade CBl';O(/Z/O) o
2 NA 487 465 447 426

5 NA 545 520 500 477

10 NA 593 565 544 519

20 NA 644 614 590 563

30 NA 675 644 620 591

50 NA 717 684 658 627

100 NA 777 741 713 680

150 NA 815 777 747 712
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Table 2.21: Comparison of strain based compacted Subgrade thickness between
present method and I TPAVE with 2% natural subgrade CBR

Thickness of compacted subgrade (mm) for 2% Natural subgrade CBR with load

intensity 0.25MPa
Axle load 5% 8%
repetitions | 5 ocentmethod | IITPAVE Present ITPAVE
(msa) method
2 544 630 495 590
5 605 695 550 655
10 656 750 596 705
20 710 820 645 760
30 743 855 676 800
50 788 910 716 850
100 852 980 774 910
150 892 1020 810 960

Table 2.22: Comparison of strain based compacted Subgrade thickness between
present method and I TPAVE with 5% natural subgrade CBR

Thickness of compacted subgrade (mm) for 5% Natural subgrade CBR with load

intensity 0.25MPa
Axle load 10% | 15%
s | s | tmeave | D [ weave
2 386 415 372 395
5 434 465 417 445
10 473 505 455 480
20 514 560 495 525
30 540 590 519 555
50 574 620 552 590
100 622 670 599 640
150 653 700 628 675
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Table:2.23: Comparison of strain based compacted Subgrade thickness between
present method and I TPAVE with 7% natural subgrade CBR

Thickness of compacted subgrade (mm)for 7% Natural subgrade CBR with load

intensity 0.25MPa
AX !e load Present at Present =
repetitions (msa) method IITPAVE method IITPAVE
2 365 380 432 360
5 414 430 481 410
10 451 470 521 455
20 492 510 564 490
30 517 535 591 510
50 550 570 626 550
100 598 620 677 595
150 627 650 709 620

Table: 2.24: Comparison of strain based compacted Subgrade thickness between
present method and I TPAVE with 2% natural subgrade CBR

Thickness of compacted subgrade (mm) for 2% Natural subgrade CBR with load

intensity 0.375MPa
Axle load 5% 8%
re‘zrent'sgg’ns Present method | ITPAVE z:tm ITPAVE
2 673 780 612 730
5 747 860 679 810
10 808 920 735 875
20 874 995 795 945
30 915 1050 832 990
50 969 1100 881 1050
100 1048 1195 952 1120
150 1096 1255 996 1180
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Table: 2.25: Comparison of strain based compacted Subgrade thickness between
present method and I TPAVE with 5% natural subgrade CBR

Thickness of compacted subgrade (mm) for 5% Natural subgrade CBR with load

intensity 0.375MPa
Axle load 10% 15%
o | s [ wmeave | Pt umeave
2 486 525 446 500
5 543 585 498 560
10 589 630 540 610
20 639 685 586 660
30 670 720 615 690
50 711 760 652 730
100 770 820 706 795
150 807 860 740 830

Table: 2.26: Comparison of strain based compacted Subgrade thickness between
present method and IITPAVE with 7% natural subgrade CBR

Thickness of compacted subgrade (mm)for 7% Natural subgrade CBR with load

intensity 0.375MPa
Axle load 10% | 15%
e | e | wreave | ol [ umeave
2 465 480 426 460
5 520 540 477 517
10 565 590 519 560
20 614 640 563 615
30 644 675 591 642
50 684 715 627 680
100 741 775 680 740
150 777 810 712 775
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Appendix1 C

Table 2.27: Variation of compacted subgrade thickness (mm) with CBR range
from 5% to 15% with different load repetitions for 2% natural subgrade CBR.

Natural Subgrade CBR (2% ) , Load intensity = 0.25 MPa

Axle load repetitions (msa) Compacted subgrade CBR (%)

5% 8% 10% 12% 15%

2 403 366 349 336 320

5 460 418 399 384 366

10 508 462 440 424 404

20 560 509 486 467 445

30 593 539 514 494 471

50 637 579 552 531 506

100 701 637 608 584 557

150 741 674 642 618 589

Table 2.28: Variation of compacted subgrade thickness (mm) with CBR range
from 5% to 15% with different load repetitions for 3% natural subgrade CBR.

Natural Subgrade CBR (3% ), Load intensity = 0.25 MPa

Axle load repetitions (msa) 506 Co;z/[;acted smit())g/l(r)ade CBEO(/Z/O) 15%
2 371 337 322 309 295

5 426 387 369 355 339

10 472 429 409 393 375

20 522 474 452 435 415

30 553 503 479 461 440

50 595 540 515 496 473

100 656 596 568 547 521

150 694 631 601 578 552
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Table 2.29: Variation of compacted subgrade thickness (mm) with CBR range
from 5% to 15% with different load repetitions for 4% natural subgrade CBR.

Natural Subgrade CBR (4% ) , Load intensity = 0.25 MPa

Axle load repetitions (msa) 504 CO8T /EaCtEd Sligg/; ade CE:’SSO/O ) 15%
2 347 316 301 289 275

5 401 365 348 334 319

10 446 405 386 372 354

20 494 449 428 412 393

30 525 477 455 437 417

50 565 514 490 471 449

100 624 567 541 520 496

150 661 601 573 551 525

Table 2.30: Variation of compacted subgrade thickness (mm) with CBR range
from 8% to 15% with different load repetitions for 5% natural subgrade CBR.

Natural Subgrade CBR (5% ) , Load intensity = 0.25 MPa

Axle load repetitions (msa) | —~ CO;I;/[:acted i%?)grade (ig’(';) (%) .
2 NA 298 284 273 260

5 NA 346 330 318 303

10 NA 386 368 354 338

20 NA 430 410 394 376

30 NA 457 435 419 399

50 NA 492 470 452 431

100 NA 545 519 500 476

150 NA 577 551 530 505
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Table 2.31: Variation of compacted subgrade thickness (mm) with CBR range
from 8% to 15% with different load repetitions for 6% natural subgrade CBR.

Natural Subgrade CBR (6% ) , Load intensity = 0.25 MPa

Axle load repetitions (msa)) 504 Cog;zacted sult())g/l(r)ade CBE(Q/O) 15%
2 NA 289 276 265 253

5 NA 338 322 310 295

10 NA 378 360 346 330

20 NA 420 401 386 368

30 NA 447 426 410 391

50 NA 483 460 443 422

100 NA 534 510 490 467

150 NA 567 540 520 496

Table 2.32: Variation of compacted subgrade thickness (mm) with CBR range
from 8% to 15% with different load repetitions for 2% natural subgrade CBR.

Natural Subgrade CBR (7% ) , Load intensity = 0.25 MPa

Axle load repetitions (msa) Compacted subgrade CBR (%)

5% 8% 10% 12% 15%

2 NA 281 268 257 245

5 NA 329 314 302 288

10 NA 369 352 338 323

20 NA 411 392 377 360

30 NA 438 418 402 383

50 NA 473 451 434 414

100 NA 525 500 481 459

150 NA 557 531 510 487
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Table 2.33: Variation of compacted subgrade thickness (mm) with CBR range
from 5% to 15% with different axle load repetitions on 2% natural subgrade

CBR.

Natural Subgrade CBR (2% ), Load intensity = 0.375 MPa
Axle load repetitions (msa) 506 Co;/zacted Stil:(;g/zade CBlF; (;: %) 15%
2 501 456 434 418 398
5 571 519 494 476 453
10 629 571 545 524 500
20 692 629 600 577 550
30 732 665 634 610 582
50 785 713 680 654 624
100 863 784 748 719 686
150 912 829 791 760 725

Table 2.34: Variation of compacted subgrade thickness (mm) with CBR range
from 5% to 15% with different axle load repetitions on 3% natural subgrade

CBR.

Natural Subgrade CBR (3% ), Load intensity = 0.375 MPa
Axle load repetitions (msa) 504 C%r;loactedlgl;/lzgradelg(;R %) 15%
2 465 423 403 388 370
5 532 483 461 443 422
10 587 533 509 489 466
20 647 588 561 539 514
30 685 622 593 571 544
50 735 668 637 613 584
100 809 736 701 675 643
150 856 778 742 713 680

262




Table 2.35: Variation of compacted subgrade thickness (mm) with CBR range
from 5% to 15% with different axle load repetitions on 4% natural subgrade

CBR.

Natural Subgrade CBR (4% ), Load intensity = 0.375 MPa

Axle load repetitions (msa)

Compacted subgrade CBR (%)

5% 8% 10% 12% 15%
2 440 400 381 366 349
5 504 458 437 420 400
10 557 507 483 465 443
20 616 559 533 513 489
30 652 593 565 544 518
50 701 637 607 584 557
100 772 702 669 644 614
150 817 743 708 681 649

Table 2.36: Variation of compacted subgrade thickness (mm) with CBR range
from 8% to 15% with different axle load repetitions on 5% natural subgrade

CBR.

Natural Subgrade CBR (5% ), Load intensity = 0.375 MPa

Axle load repetitions (msa)

Compacted subgrade CBR (%)

5% 8% | 10% | 12% | 15%
2 381 363 349 333 381
5 438 418 | 402 383 438
10 486 463 | 445 425 486
20 537 512 | 493 470 537
30 570 543 522 498 570
50 613 584 | 562 536 613
100 676 644 620 591 676
150 716 682 656 626 716
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Table 2.37: Variation of compacted subgrade thickness (mm) with CBR range
from 8% to 15% with different axle load repetitions on 6% natural subgrade
CBR.

Natural Subgrade CBR (6% ), Load intensity = 0.375 MPa

Axle load repetitions (msa) 506 Cog;/[zacted sullég/zade CBlF;O(/ZA)) 1504
2 372 355 341 325 372

5 429 409 393 375 429

10 476 454 436 416 476

20 527 503 483 461 527

30 559 533 513 489 559

50 602 574 552 526 602

100 664 633 609 581 664

150 703 670 645 615 703

Table 2.38: Variation of compacted subgrade thickness (mm) with CBR range
from 8% to 15% with different axle load repetitions on 7% natural subgrade
CBR.

Natural Subgrade CBR (7% ), Load intensity = 0.375 MPa

Axle load repetitions (msa) 504 Co;/[:acted sult())g/lcr)ade CBlF\;(;Z/O) 15%
2 NA 363 346 333 318

5 NA 420 400 385 367

10 NA 466 445 428 408

20 NA 517 493 474 452

30 NA 549 523 503 480

50 NA 591 563 542 517

100 NA 653 622 599 571

150 NA 691 659 634 605
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Table 2.39: Variation of compacted subgrade thickness (mm) based on stress and
strain approach for compacted CBR range from 5% to 15% with axle load
repetitions on 2% natural subgrade CBR.

Thickness of compacted subgrade (mm) on 2% Natural subgrade
CBR and compacted subgrade CBR of

Axle load 5% 8% 10% 12% 15%

rerzcrentlsgg)ns Strain | Stress | Strain | Stress | Strain | Stress | Strain | Stress | Strain [Stress
2 544 | 403 | 495 | 366 | 472 | 349 | 454 | 336 | 432 | 320
5 605 460 | 550 | 418 | 525 | 399 | 505 | 384 | 481 | 366
10 656 508 | 596 | 462 | 568 | 440 | 547 | 424 | 521 | 404
20 710 560 | 645 | 509 | 615 | 486 | 592 | 467 | 564 | 445
30 743 593 | 676 | 539 | 644 | 514 | 620 | 494 | 591 | 471
50 788 | 637 | 716 | 579 | 683 | 552 | 657 | 531 | 626 | 506
100 852 701 | 774 | 637 | 738 | 608 | 710 | 584 | 677 | 557
150 892 741 | 810 | 674 | 773 | 642 | 743 | 618 | 709 | 589

Table 2.40: Variation of compacted subgrade thickness (mm) based on stress and
strain approach for compacted CBR range from 5% to 15% with axle load
repetitions on 4% natural subgrade CBR.

Thickness of compacted subgrade (mm) on 4% Natural subgrade
CBR and compacted subgrade CBR of

Axle load 5% 8% 10% 12% 15%
repetitions ] ] ] ] ]
(msa) Strain| Stress | Strain |Stress | Strain |Stress| Strain |Stress| Strain | Stress
2 470 | 347 428 | 316 | 408 | 301 | 392 | 289 | 374 | 275
5 526 | 401 478 | 365 | 456 | 348 | 439 | 334 | 418 | 319
10 572 | 446 520 | 405 | 496 | 386 | 477 | 372 | 455 | 354
20 621 | 494 565 | 449 | 538 | 428 | 518 | 412 | 494 | 393
30 652 | 525 592 | 477 | 565 | 455 | 543 | 437 | 518 | 417
50 692 | 565 629 | 514 | 600 | 490 | 577 | 471 | 550 | 449
100 750 | 624 682 | 567 | 650 | 541 | 625 | 520 | 596 | 496
150 786 | 661 714 | 601 | 681 | 573 | 655 | 551 | 625 | 525
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Table 2.41: Variation of compacted subgrade thickness (mm) based on stress and
strain approach for compacted CBR range from 5% to 15% with axle load
repetitions on 5% natural subgrade CBR.

Thickness of compacted subgrade (mm) on 5% Natural subgrade CBR and
compacted subgrade CBR of

Axle load 5% 8% 10% 12% 15%

re;zrer?sg;)ns Strain | Stress Strain Stress | Strain | Stress | Strain | Stress | Strain | Stress
2 NA | NA | 405| 298 | 386 | 284 | 372 | 273 | 354 | 260
5 NA | NA | 455 | 346 | 434 | 330 | 417 | 318 | 398 | 303
10 NA | NA | 496 | 386 | 473 | 368 | 455 | 354 | 433 | 338
20 NA | NA [ 539 | 430 | 514 | 410 | 495 | 394 | 472 | 376
30 NA | NA | 566 | 457 | 540 | 435 | 519 | 419 | 495 | 399
50 NA | NA | 601 | 492 | 574 | 470 | 552 | 452 | 526 | 431
100 NA | NA | 653 | 545 | 622 | 519 | 599 | 500 | 571 | 476
150 NA | NA | 684 | 577 | 653 | 551 | 628 | 530 | 598 | 505

Table 2.42: Variation of compacted subgrade thickness (mm) based on stress and
strain approach for compacted CBR range from 5% to 15% with axle load
repetitions on 7% natural subgrade CBR.

Thickness of compacted subgrade (mm) on 7% Natural subgrade CBR and
compacted subgrade CBR of

Axle load 5% 8% 10% 12% 15%

re[zrerglsg;)ns Strain ptresyStrain|Stress|Strain| Stress |Strain| Stress|Strain|Stress
2 NA |NA| 385 | 281 | 365 | 268 | 353 | 257 | 336 | 245
5 NA |NA| 434 | 329 | 414 | 314 | 398 | 302 | 379 | 288
10 NA | NA| 473 | 369 | 451 | 352 | 434 | 338 | 414 | 323
20 NA |NA| 516 | 411 | 492 | 392 | 473 | 377 | 451 | 360
30 NA | NA| 542 | 438 | 517 | 418 | 497 | 402 | 474 | 383
50 NA | NA| 577 | 473 | 550 | 451 | 529 | 434 | 504 | 414
100 NA | NA| 627 | 525 | 598 | 500 | 575 | 481 | 548 | 459
150 NA | NA| 658 | 557 | 627 | 531 | 603 | 510 | 575 | 487
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Table 2.43: Variation of compacted subgrade thickness (mm) based on stress and
strain approach for compacted CBR range from 5% to 15% with axle load
repetitions on 2% natural subgrade CBR.

Thickness of compacted subgrade (mm) on 2% Natural subgrade CBR and
compacted subgrade CBR of
Axle load 5% 8% 10% 12% 15%
repetitions _ ] ] _ _
(msa) Strain |Stress|Strain | Stress|Strain | Stress StrainStress| Strain | Stress
2 673 | 501 | 612 | 456 | 583 | 434 | 561 | 418 | 535 | 399
5 747 | 571 | 679 | 519 | 648 | 494 | 623 | 476 | 593 | 453
10 808 | 629 | 735 | 571 | 701 | 545 | 674 | 524 | 643 | 500
20 874 | 692 | 795 | 629 | 758 | 600 | 729 | 577 | 695 | 550
30 915 | 732 | 832 | 665 | 793 | 634 | 763 | 610 | 727 | 582
50 969 | 785 | 881 | 713 | 840 | 680 | 808 | 654 | 770 | 624
100 1048 | 863 | 952 | 784 | 908 | 748 | 873 | 719 | 833 | 636
150 1096 | 912 | 996 | 829 | 950 | 791 | 914 | 760 | 871 | 725

Table 2.44: Variation of compacted subgrade thickness (mm) based on stress and
strain approach for compacted CBR range from 5% to 15% with axle load
repetitions on 4% natural subgrade CBR.

Thickness of compacted subgrade (mm) on 4% Natural subgrade CBR and
compacted subgrade CBR of

Axle_l(_)ad 5% 8% 10% 12% 15%

repzrer'ﬁlst;lg)ns Strain | Stress| Strain | Stress | Strain | Stress | Strain | Stress | Strain Stress
2 591 | 440 | 534 | 400 | 510 | 381 | 490 | 366 | 467 | 349
5 658 | 504 | 596 | 458 | 568 | 437 | 546 | 420 | 521 | 400
10 714 | 557 | 646 | 507 | 616 | 483 | 592 | 465 | 566 | 443
20 774 | 616 | 700 | 559 | 667 | 533 | 642 | 513 | 612 | 489
30 811 | 652 | 733 | 593 | 699 | 565 | 672 | 544 | 641 | 518
50 860 | 701 | 778 | 637 | 741 | 607 | 713 | 584 | 680 | 557
100 930 | 772 | 842 | 702 | 802 | 669 | 772 | 644 | 736 | 614
150 974 | 817 | 881 | 743 | 840 | 708 | 808 | 681 | 770 | 649
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Table 2.45: Variation of compacted subgrade thickness (mm) based on stress and
strain approach for compacted CBR range from 5% to 15% with axle load
repetitions on 5% natural subgrade CBR.

Thickness of compacted subgrade (mm) on 5% Natural subgrade CBR and
compacted subgrade CBR of

Axle load 5% 8% 10% 12% 15%
repetitions ] ] ] ] ]
(msa) Strain | Stress | Strain | Stress | Strain | Stress | Strain | Stress | Strain [Stress
2 NA | NA | 510 | 381 | 486 | 363 | 468 | 349 | 446 | 333
5 NA | NA | 569 | 438 | 543 | 418 | 522 | 402 | 498 | 383
10 NA | NA | 618 | 486 | 589 | 463 | 567 | 445 | 540 | 425
20 NA | NA | 670 | 537 | 639 | 512 | 615 | 493 | 586 | 470
30 NA | NA | 703 | 570 | 670 | 543 | 645 | 522 | 615 | 498
50 NA | NA | 746 | 613 | 711 | 584 | 684 | 562 | 652 | 536
100 NA | NA | 808 | 676 | 770 | 644 | 741 | 620 | 706 | 591
150 NA | NA | 846 | 716 | 807 | 682 | 776 | 656 | 740 | 626

Table 2.46: Variation of compacted subgrade thickness (mm) based on stress and
strain approach for compacted CBR range from 5% to 15% with axle load
repetitions on 7% natural subgrade CBR.

Thickness of compacted subgrade (mm) on 7% Natural subgrade CBR and
compacted subgrade CBR of

Axle load 5% 8% 10% 12% 15%
repetitions ] ] ] ] ]
(msa) Strain | Stress |Strain | Stress | Strain | Stress | Strain | Stress | Strain | Stress
2 NA | NA | 487 | 363 | 465 | 346 | 447 | 333 | 426 | 318
5 NA | NA | 545 | 420 | 520 | 400 | 500 | 385 | 477 | 367
10 NA | NA | 593 | 466 | 565 | 445 | 544 | 428 | 519 | 409
20 NA | NA | 644 | 517 | 614 | 493 | 590 | 474 | 563 | 452
30 NA | NA | 675 | 549 | 644 | 523 | 620 | 503 | 591 | 480
50 NA | NA | 717 | 591 | 684 | 563 | 658 | 542 | 627 | 517
100 NA | NA | 777 | 653 | 741 | 622 | 713 | 599 | 680 | 571
150 NA | NA | 815 | 691 | 777 | 659 | 747 | 634 | 712 | 605
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Table 2.47: Stress based comparison of compacted subgrade thickness (mm) for
5% and 8% CBR with natural subgrade CBR of 2% based on present method and
IITPAVE

Thickness of compacted subgrade (mm) on 2% Natural subgrade CBR with load
intensity = 0.25 MPa

(5%) 8%
Axle load
repetitions (msa) Present IITPAVE Present IITPAVE
method method
2 403 460 366 430
5 460 520 418 490
10 508 580 462 550
20 560 650 509 600
30 593 670 539 640
50 637 730 579 690
100 701 805 637 753
150 741 850 674 795

Table 2.48: Stress based comparison of compacted subgrade thickness (mm) for
10% and 12% CBR with natural subgrade CBR of 5% based on present method
and I TPAVE

Thickness of compacted subgrade (mm) on 5% Natural subgrade CBR with load
intensity = 0.25 MPa

AxIe_I(_)ad 10% 12%
refzrentlsggms Present method| IITPAVE |Present method| IITPAVE
2 284 305 273 293
5 330 351 318 345
10 368 393 354 381
20 410 440 394 425
30 435 470 419 450
50 470 500 452 490
100 519 550 500 550
150 551 585 530 595
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Table 2.49: Stress based comparison of compacted subgrade thickness (mm) for
10% and 15% CBR with natural subgrade CBR of 7% based on present method
and IITPAVE

Thickness of compacted subgrade (mm) on 7% Natural subgrade CBR with load
intensity = 0.25 MPa

Axle load 10% 15%
repetitions (msa) |present method| IITPAVE  |Present method| I TPAVE

2 268 277 245 263

5 314 327 288 310

10 352 365 323 350

20 392 410 360 387

30 418 435 383 410

50 451 470 414 450
100 500 520 459 490
150 531 550 487 530

Table 2.50: Stress based comparison of compacted subgrade thickness (mm) for
5% and 8% CBR with natural subgrade CBR of 2% based on present method and
IITPAVE

Thickness of compacted subgrade (mm) on 2% Natural subgrade CBR with load
intensity = 0.375 MPa

Axle load 5% 8%
repetitions
(msa) Present method| IITPAVE |Present method| [IITPAVE
2 501 575 456 540
5 571 645 519 610
10 629 720 571 690
20 692 790 629 740
30 732 830 665 770
50 785 890 713 850
100 863 970 784 910
150 912 1040 829 970
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Table 2.51: Stress based comparison of compacted subgrade thickness (mm) for
10% and 15% CBR with natural subgrade CBR of 5% based on present method

and IITPAVE

Thickness of compacted subgrade (mm) on 5% Natural subgrade CBR with load
intensity = 0.375 MPa

Axle'I(_Jad 10% 15%
rerzsntfsg())ns Present method IITPAVE Present method IITPAVE
2 363 390 333 370
5 418 445 383 420
10 463 490 425 470
20 512 550 470 520
30 543 580 498 550
50 584 622 536 590
100 644 690 591 660
150 682 730 626 700

Table 2.52: Stress based comparison of compacted subgrade thickness (mm) for
10% and 15% CBR with natural subgrade CBR of 7% based on present method

and IITPAVE

Thickness of compacted subgrade (mm) on 7% Natural subgrade CBR with load
intensity = 0.375 MPa

Axle load 10% 15%
repzfntlg())ns Present method IITPAVE |Present method IITPAVE
2 346 360 318 340
5 400 420 367 398
10 445 465 409 440
20 493 510 452 490
30 523 545 480 520
50 563 600 517 565
100 622 650 571 615
150 659 690 605 660
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Appendix 3A
Table 3.1: Comparison of pavement thickness with IRC: SP-72-2007 for 100 mm

granular subbase.

Base thickness
(mm) for 2%

Base thickness
(mm) for (3-4)%

Base thickness
(mm) for (5-6)%

Base thickness
(mm) for (7-9)%

=

o

= subgrade subgrade subgrade subgrade

23

L < o~ o~ N N
o | E > px T > px T > X € > px
S 188 & | 85 | & | 85| & | 85| &
g |55 ¢ | &5 | Q| &5 ¢ | &b | €

<( — — — —
20000 288 300 231 200 172 175 114 150
40000 | 329 325 274 275 221 250 181 175
80000 | 373 375 318 325 268 275 234 225
150000 | 417 425 361 375 312 300 280 275
250000 | 456 475 398 425 349 325 319 300
450000 | 503 550 443 475 394 375 364 325
800000 | 554 650 491 650 441 425 411 375
1000000| 575 650 510 650 459 425 429 375

Table 3.2: Comparison of pavement thickness with IRC: SP-72-2007 for 150 mm

granular subbase.

Base thickness
(mm) for 2%

Base thickness
(mm) for (3-4)%

Base thickness
(mm) for (5-6)%

Base thickness
(mm) for (7-9)%

-

<

ﬁl subgrade subgrade subgrade subgrade

2

o > > > >

E ) o~ o N =) IV ° N

= 3 ~ 3 r~ 3 ~ 3 ~

@- wn % wn % wn (n/_) n %

g S O S O S O S O

S 3 x o x @ x 3 x

— _— — _— — —_— - —_—

2 (o} a o o

X

<
20000 271 300 208 200 132 175 NA 150
40000 312 325 252 275 191 250 134 175
80000 356 375 297 325 242 275 200 225
150000 399 425 340 375 288 300 251 275
250000 437 475 377 425 325 325 291 300
450000 484 550 422 475 371 375 338 325
800000 533 650 469 650 417 425 385 375
1000000| 554 650 488 650 436 425 404 375
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Table 3.3: Comparison of pavement thickness between Kentucky’s design and

present analysis

Method Ns ( z/a) values for different CBR
2% | 3% | 4% [ 5% | 6% | 7% | 8% | 9% | 10%
Kentucky | ,o | 376 | 320 | 291 | 2.73 | 257 | 247 | 235 | 2.28 | 2.22
Present | msa | 375 | 342 | 32 | 3.03 | 2.96 | 2.89 | 283 | 2.78 | 2.73
Kentucky | o | 355 [ 303 | 273 | 256 | 244 | 2.33 | 2.23 | 2.16 | 2.08
Present | msa | 309 | 29 | 274 | 267 | 261 | 255 | 251 | 246 | 3.09
Kentucky | , | 309 | 264 | 238 | 223 | 210 | 201 | 1.95 | 1.85 | 1.78
Present | msa | 545 | 228 | 215 | 2.09 | 2.03 | 198 | 195 | 1.91 | 2.45
Kentucky | , | 284 | 244 | 221 | 202 | 190 | 191 | 175 | 167 | 162
Present | msa | 541 | 204 | 1.92 | 1.87 | 1.82 | 177 | 173 | 1.70 | 1.61

Table 3.4: Comparison of pavement thickness with Corps of Engineers and

Wyoming Design Chart

(z/a) values for different CBR
Agency
3% 4% 5% 6% 7% 8% 9% | 10%
Corps of
Engineers 2.37 2.05 1.82 1.64 1.50 1.41 131 | 1.27
Pﬁesdent_ H
method wit
1 msa axle 2.04 1.92 1.87 1.82 1.77 1.73 1.7 1.68
load
Wyoming
Design Chart 2.84 2.44 2.17 2.0 1.85 1.74 164 | 156

Table 3.5: Comparison of pavement thickness with IRC: SP-72-2007

Pavement thickness ( z/a) for 1msa load

Subgrade CBR Present work IRC:SP-72-2007
2% 1.91 2.79
3-4% 1.70 2.16
5-6% 1.45 141
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Appendix 3A
Table 4.1: Optimum thickness of bituminous layer and granular layer for 5%

effective CBR considering load repetitions 5msa to 50 msa.

Optimum thickness of bituminous (h;) (mm) and granular layer (h,) (mm) for 5%
effective subgrade CBR under different axle loads

5 msa 10 msa 20 msa 30msa 40 msa 50 msa
h; h; h, h, h; h; h; h; h; h, h; h,
150 280 160 307 164 361 165 394 168 418 185 413

Table 4.2: Optimum thickness of bituminous layer and granular layer for 6%
effective CBR considering load repetitions 5 msa to 50 msa.

Optimum thickness of bituminous (h;) (mm) and granular layer (h,) (mm) for 6%
effective subgrade CBR under different axle loads

5 msa 10 msa 20 msa 30msa 40 msa 50 msa
hl h2 hl h2 hl h2 hl h2 hl h2 hl h2
140 284 150 309 160 361 170 365 170 369 180 364

Table 4.3: Optimum thickness of bituminous layer and granular layer for 7%
effective CBR considering load repetitions 5 msa to 50 msa.

Optimum thickness of bituminous (h;) (mm) and granular layer (h,) (mm) for 7%
effective subgrade CBR under different axle loads

5 msa 10 msa 20 msa 30msa 40 msa 50 msa
h; h, h; h, h; h, h; h, h; h, h, h,
140 265 160 266 170 293 160 346 170 347 170 364
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Table 4.4: Optimum thickness of bituminous layer and granular layer for 8%

effective CBR considering load repetitions 5 msa to 50 msa.

Optimum thickness of bituminous (h;) (mm) and granular layer (hz) (mm) for 8%

effective subgrade CBR under different axle loads

5 msa 10 msa 20 msa 30msa 40 msa 50 msa
h; h, h, h, h; h, h; h, h; h, h; h,
140 | 249 | 150 | 272 | 170 | 275 | 160 | 327 | 160 | 349 | 170 | 344

Table 4.5: Optimum thickness of bituminous layer and granular layer for 9%

effective CBR considering load repetitions 5msa to 50 msa.

Optimum thickness of bituminous (h;) (mm) and granular layer (h,)

(mm) for 9% effective subgrade CBR under different axle loads

5 msa 10 msa 20 msa 30msa 40 msa 50 msa
h; h, h; h, h; h, h; h, h; h, h; h,
140 | 236 | 150 | 258 | 170 | 260 | 160 | 311 | 160 | 332 | 170 | 327

Table 4.6: Optimum thickness of bituminous layer and granular layer for 10%

effective CBR considering load repetitions 5msa to 50 msa.

10% effective subgrade CBR under different axle loads

Optimum thickness of bituminous (h;) (mm) and granular layer (hy) (mm) for

5 msa 10 msa 20 msa 30msa 40 msa 50 msa
h; h, h; h, h; h, h; h, h; h, h; h,
140 224 150 245 160 269 150 319 160 318 170 | 291
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Table 4.7: Optimum thickness of bituminous layer and granular layer for 12%

effective CBR considering load repetitions 5msa to 50 msa.

Optimum thickness of bituminous (h;) (mm) and granular layer (hy) (mm) for

12% effective subgrade CBR under different axle loads

5 msa 10 msa 20 msa 30msa 40 msa 50 msa
h h» hy h, hy h, hy h, hy h, | hg h»
130 205 130 | 246 | 150 | 247 | 140 295 140 | 314 | 150 | 309

Table 4.8: Optimum thickness of bituminous layer and granular layer for 15%

effective CBR considering load repetitions 5msa to 50 msa.

Optimum thickness of bituminous (h;) (mm) and granular layer (h;) (mm) for 15%
effective subgrade CBR under different axle loads

5 msa 10 msa 20 msa 30msa 40 msa 50 msa
h; h, h; h, h; h, h; h, h; h, h; h,
110 224 130 221 140 242 130 | 288 | 140 |286| 140 | 300

Table 4.9: Comparison of deflection data obtained from present analysis,
IITPAVE and KENPAVE for 3% subgrade CBR

Bituminous Granular Deflection for 3% subgrade CBR
Axle _Io_ad layer layer P HnT KENPAVE
re?ritslg)on thickness (h;) | thickness anal;r/giss?(rrlrt}m) PAVE (mm)
(mm) () (mm) (mm)
2 129 360 1.12 1.15 1.09
5 150 378 0.99 1.03 0.98
10 162 410 0.92 0.95 0.91
20 183 420 0.84 0.88 0.81
30 193 425 0.81 0.84 0.78
50 205 451 0.77 0.80 0.74
100 229 470 0.69 0.73 0.65
150 238 490 0.66 0.70 0.62
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Table 4.10: Comparison of deflection data obtained from present analysis,
IITPAVE and KENPAVE for 5% subgrade CBR

Bituminous Granular Deflection for 5% subgrade CBR
Axle _Io_ad layer thickness layer HT

repetition (hy) thickness Pre§ent PAVE KENPAVE

(msa) ! analysis(mm) (mm)

(mm) (hz) (mm) (mm)

2 104 315 0.90 0.91 0.87

5 128 315 0.80 0.81 0.76

10 145 330 0.73 0.74 0.70

20 160 348 0.67 0.69 0.65

30 170 350 0.65 0.66 0.62

50 188 360 0.60 0.62 0.58

100 204 386 0.56 0.57 0.54

150 218 390 0.54 0.55 0.50

Table 4.11: Comparison of deflection data obtained from present analysis,
IITPAVE and KENPAVE for 10% subgrade CBR

Bituminous Granular Deflection for 10% subgrade CBR
Axle _Io_ad layer thickness layer HT
repetition (hy) thickness Pre_sent PAVE KENPAVE
(msa) (mm) (hy) (mm) analysis(mm) (mm) (mm)
2 NA NA NA NA NA
5 98 290 0.68 0.68 0.65
10 120 290 0.62 0.61 0.59
20 142 290 0.56 0.56 0.54
30 151 300 0.53 0.54 0.51
50 165 310 0.50 0.51 0.47
100 186 320 0.46 0.47 0.44
150 197 328 0.44 0.45 0.42

Table 4.12: Comparison of pavement thickness obtained from different design

approaches

Axle load Pavement thickness Axle load Pavement thickness

repetitions (msa) repetitions (msa)
=30 Bituminous Granular =50 Bituminous | Granular

Subgrade layer (mm) layer Subgrade layer (mm) | layer (mm)

modulus (MPa) = y (mm) Modulus (MPa) y y
50 =30
Narasimham, I. Ghosh et al

K.V. et al (2001) 180 370 (2005) 210 410
Present analysis 200 355 Present analysis 205 451
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Appendix 4A

Table 5.1: Binder base thickness for perpetual pavement for subgrade CBR from

5%0-8% based on finite strain criteria

Subarade CBR Binder Base Binder Base Design thickness
g thickness (mm) thickness (mm) (mm) of binder
(%) . . . .
against fatigue against rutting Base
5 307 306 307
6 301 293 301
7 295 278 295
8 290 265 290

Table 5.2: Binder base thickness of perpetual pavement for subgrade CBR from

99%-15% based on finite strain criteria

Subgrade CBR Binder Base Binder Base Design thickness
(%) thickness (mm) thickness (mm) (mm) of binder
against fatigue against rutting Base
9 285 255 285
10 281 244 281
12 273 225 273
15 264 203 264

Table 5.3: Binder base thickness for perpetual pavement for subgrade CBR 5%-
8% based on finite load criteria

Subarade CBR Binder Base Binder Base Design thickness
g thickness (mm) thickness (mm) (mm) of binder
(%) . . . ,
against fatigue against rutting Base
5 255 254 255
6 250 240 250
7 244 226 244
8 239 213 239
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Table 5.4: Binder base thickness for perpetual pavement for subgrade CBR 9%-
15% based on finite load criteria

Subarade CBR Binder Base Binder Base Design thickness
g o thickness (mm) thickness (mm) (mm) of binder
(%) ; . . :
against fatigue against rutting Base
9 235 202 235
10 231 193 231
12 224 176 224
15 215 155 215

Table 5.5: Recommended binder base thickness of perpetual pavement for
subgrade CBR 5%-15% based on finite strain and load criteria

Binder base thickness (mm) Binder base thickness Design
Subgrade under finite strain criteria (mm) under finite load thickness
CBR (%) criteria (mm)
Fatigue Rutting Fatigue Rutting
5 307 306 255 254 307
6 301 293 250 240 301
7 295 278 244 226 295
8 290 265 239 213 290
9 285 255 235 202 285
10 281 244 231 193 281
12 273 225 224 176 273
15 264 203 215 155 264

Table 5.6: Comparison of binder base thickness using IITPAVE and present
method based on finite strain criteria

: : Design Binder base
Design Binder g IITPAVE calcu]ated
Subarade basegthickness thickness éﬂ"m) based critical strain
CBR (%) (mm) using IIT PAVE
%ferteﬁ% (Corresponding to Fatique RUting
: strain strain
80ue fatigue strain) (1) (1e)
5 307 340 94 182
6 301 332 93 176
7 295 325 93 170
8 290 320 93 164
9 285 315 93 160
10 281 310 93 156
12 273 300 92 149
15 264 289 91 141
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Table 5.7: Comparison of binder base thickness using IITPAVE and present
method based on finite axle load repetitions

. . Design Binder base IITPAVE calculated
Design Binder Ia;ger thickness critical strain
base layer based
Subgrade thickness (mm) (mm) based on
method) gCorrespondlng to strain strain
00msa axle load) (ne) (ne)
5 255 272 123 230
6 250 267 123 220
7 244 260 123 213
8 239 255 122 206
9 235 250 121 199
10 231 245 121 194
12 224 236 120 185
15 215 225 119 174

Table 5.8: Comparison of binder base thickness using present method and IRC-37-
2018 for different subgrade CBR and axle load repetitions

Axle load repetitions (5msa) Axle load repetitions (20msa)
Binder base thickness (mm) using Binder base thickness (mm)
Present Method using Present Method
o Present Method - Present Method
— —
Subgrade :C\j @ o < % § @ o < %
o = ='C o = =2 C
CBR (%) ® = g pe @ = g X
< L @ Qg < L & =
5 95.0 99 73 99 145 127 | 90 127
8 80.0 83 46 83 120 113 | 59 113
10 80.0 69 31 69 110 105 | 43 105
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Table 5.9: Comparison of binder base thickness using present method and IRC-37-
2018 for different subgrade CBR and axle load repetitions.

Axle load repetitions (30 msa) Axle load repetitions (50msa)
Binder base thickness (mm) Binder base thickness (mm) using
using Present Method Present Method
Subgrade 9 Present Method ? Present Method
CBR (% Q Q
P R lslelct| | 2 2| gf
“ 2 | S =< ™ (= = = S
®) = 5 ©) © 5
c &) & |88 ¢ | & |&| 6%
5 155 164 | 145 164 180 177 157 177
8 135 151 | 115 151 155 164 123 164
10 125 143 | 98 143 145 157 106 157

Table 5.10: Recommended binder base thickness obtained using present method

Subgrade

CBR (%) 5 6 7 8 9 10 12 15

Binder base thickness
(mm) using (Present | 307 | 301 | 295 | 290 | 285 | 281 | 273 | 264
Method)
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Appendix 5A

Table 6.1 Variation of overlay thickness for different axle loads considering 50 msa

load repetitions

Pavement | Overlay thickness (mm) for different axle loads considering 50 msa
deflection load repetitions
(mm) 40kN 50kN 60kN

0.5 98 113 128
1.0 194 224 253
15 263 303 342
2.0 322 371 419
25 375 433 489
3.0 424 490 553
3.5 471 544 614
4.0 515 595 672
4.5 558 644 727

Table 6.2 Variation of overlay thickness for different axle loads considering 10
msa load repetitions

Pavem_ent Overlay thickness (mm) for different axle loads considering 10 msa
deflection load repetitions
(mm)
40KN 50kN 60kN
1.0 122 141 159
15 172 199 225
2.0 214 247 279
25 251 289 327
3.0 285 329 371
3.5 317 365 413
4.0 347 400 452
4.5 376 434 490
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Table 6.3 Variation of overlay thickness for different axle loads considering 2 msa
load repetitions

Pavement Overlay thickness (mm) for different axle loads considering 2msa
deflection load repetitions
(mm) 40kN 50kN 60kN

1.0 65 75 85
1.5 108 125 141
2.0 139 161 181
2.5 165 191 216
3.0 189 219 247
3.5 211 244 276
4.0 232 268 303
4.5 252 201 329

Table 6.4 Reduction of overlay life due to overloading with an initial design life of

50 msa
Pavement | o oo Overlay life (msa)with a Reduction | Reduced
deflection thickgness (mmy) wheel load of of overlay | overlay life
(mm) 40kN 60kN life (msa) (%)
1.0 194 50 21 29 59
2.5 375 50 19 31 63
45 558 50 18 32 63

Table 6.5 Reduction of overlay life due to overloading with an initial design life of

10 msa
Pavement | oo oo Overlay life (msa) witha | Reduction | Reduced
deflection thickgness (mmy) wheel load of of overlay | overlay
(mm) 40kN 60kN life (msa) | life (%)
1.0 122 10 5 5 52
2.5 251 10 4 6 62
4.5 376 10 4 6 63
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Table 6.6 Reduction of overlay life due to overloading with an initial design life of

2msa
Design Overlay life (msa) with a .
Pavement overlay wheel load of Sfeggg:;gn O\I?eer?:cﬁici‘e

deflection (mm) thickness . y o y
(mm) 40kN 60kN life(msa) (%)
1.0 65 2 131 0.690 35
25 165 2 0.79 1.210 61
45 252 2 0.74 1.260 63

Table 6.7 Comparison of BLI for overlay estimated using Al method, Danish and
Huang’s stress-based approach

Danish stress-based

Axle load Asphalt Institute Huang’s stress-
repetitions method method based method
(msa) Base layer index Base layer index Base layer index
2 0.35 0.22 0.19
5 0.21 0.15 0.14
10 0.18 0.11 0.11
20 0.13 0.08 0.08
30 0.11 0.07 0.07
50 0.08 0.06 0.06
100 0.05 0.05 0.04
150 0.04 0.04 0.04

Table 6.8 Overlay thickness for change in elastic modulus value of bituminous
layer for 50 msa load repetitions

Pavement Axle load repetitions (50msa)
deflection (do) Modulus of bituminous mixture (MPa)

(mm) 3500 3150 2800 2450 2100 1750
0.5 86 90 94 99 105 113
1.0 182 190 199 210 224 244
1.5 251 261 274 290 311 339
2.0 310 323 340 360 386 421
2.5 363 380 399 423 454 497
3.0 413 432 454 482 518 567
35 461 481 506 538 578 634
4.0 506 528 556 591 635 697
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Table 6.9 Overlay thickness for variation in load repetition for the standard value
of modulus of bituminous layer (E; = 3500 MPa)

Pavement Modulus of bituminous mix (E; = 3500 MPa)
deflection (do) Axle load repetitions (msa)

(mm) 50 45 40 35 30 25
0.5 86 82 77 71 65 57
1.0 182 177 171 164 157 148
15 251 243 236 227 217 207
2.0 310 301 291 281 269 256
2.5 363 353 342 330 316 301
3.0 413 402 389 375 360 343
3.5 461 448 434 418 401 382
4.0 506 491 476 459 441 420
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