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ABSTRACT

Attenuation and loss of service capabitgclosely related tgubsurfacevater in
apavement/track foundation. The strength of the foundation decnedkencreasing
moisture contenfThus, it is important toinvestigatefoundationsoil behaviourlt is
beyond the scope of this project to thoroughly cover both pavements and railway tracks,
and the analysis of pavement foundatios@oncentrated ol he findings fronthe
pavement analysis aexpected to providareference for unerstanding the foundation
response of railway traslsincerailways aresimilar except for the upper structures
This research aims teveal the significance of drainage dmdaden the understanding
of foundation behaviowat various moisture contenf&he researctvas performed from
various aspects(including simulation analysis and laboratory tes)s thus
comprehensivelgemonstrating the effect of moisture content and dgairPrediction
models of resilient modulus weeveloped for unsaturated soils usitgta from
literature sourcesFurthemore moisture effectsand/or drainage benefitgvere
demonstratedn three levels, i.e. simulation analysis, trelxests and subgrade box
tests. Aseleced series of studiewereanalysedandmulti-layered elasticsimulatiors
were carried oufior sensitivity analysisThe sersitivity results provide a reference for
parameter selection in the pavement anafpdiswing triaxial testsTriaxial tests were
performed to investigate tis¢ressstrainbehaviouand modulusf silty sand avarious
laboratorycontrolled moisture contemtind drainage condition§ubgrade box tests
were conducted to study the deformation behavimder cyclic traffic loadingn a

more realistic wagompared to triaxial tests

Testing data were collectém previous studiesnd analysedind ageneral trad
was revealed among the data.relationship of resilient modulus with confining
pressurgstress stateand moisture conterwas developednamelythe consistency
index model and the stressodified consistency index modéh terms of the model
parameterstheir relationship with clay content and plasticity index was proposed
through regressioanalysis These models showddirly good predictionresultsof
resilient modulusvith a wider variety of soil typedhus,the consistency indexas a
normalized soil propertganextendsensitivity analysis results to different soilfiese
models were proposed fdine first time.The proposed modelsitially correlated
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consistency index with resilient modulus and proglidéernative ways for resilient

modulus predictiomt various moisture contents

Based on multlayered elastic theorya sensitivity analysis was conducted to
investigate the variation of pavement respoasdifferent moisture contents. The
sensitivityanalysis involved two aspects, data analysis using predetermined subgrade
modulusfrom model calculationsand data analysis using subgrade modulus from
literature sources. The variables adopted for the analysis inctbhdethickness and
elastic modulus opavement layersagphalt concrete, base layer and subbase))ayer
axle load and subgrade modulus at different moisture contRetultsfrom the
sendiivity analysis included fatigue and rutting life and their sensitivityicesito
moisture variationA design ofapolymer drainage layer wassoproposedThe critical
factors influencing pavement response weemntified (e.g. the thickness of asphalt
concrete) thus providing a basis fahe pavement analysigsing unloading modulus
from multistagetriaxial tests.The comprehensive analysis tie sensitiuty of
pavement responge moisture contentould expand the understanding of moisture
effects This may also help to establish a way to evaluaisitu pavemenstructures

andpavement design

Triaxial testsincluded saturated consolidated undrained and draitrexkial
compression testand unsaturated constant water content triaxial testseries of
singlestage (monotonic) and multistage loading tests were performed under various
confining pressures faaturated and unsaturated $eBrainagewas allowedetween
loading stagedResultswere investigated, including stresain behaviour, unloading
modulus, cohesion, friction angle, volumetric behaviour (for consolidated drained tests)
and matric suctio (for unsaturated soils test$he wnloading modulus waadopted as
aninput into KENPAVEIn orderto studyfoundation responsa a flexible pavement
structure.Effects of drying, wetting and drainageere revealed.The drainage was
guartitatively relatedto pavement response based on pore water pressure reduction.
The effects of drainage and rstoire content on pavement foundation soils were further
comprehensivelyinvestigated in a laboratoigontrolled manne(i.e. tiaxial tests)
under different drainage conditigrend the resultsvere compared so as to obtain a

sensitivity analysis

Subgrade box tests were carried out to simulate a more readistiition Cyclic
Il



loading was applied at varioggclic streses moisture contestand frequencies. The
settlement ofthe subgrade surface was analysétbisture distributionwith depth
before and after loading was checkidwvas found that theoil settlement increased
with cyclic stress and moisture contem contrast,with limited repetitions, the
settlement did not showa significant increase with frequeyncThe box tests fher
revealed the effects of moisture content foundation so8 and vere more

representative of actuphvement foundatiorsompared with triaxial tests.
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CHAPTER 1 INTRODUCTION

1.1Background and problem statement

Road and rail network construction plays a significant role in national economic
and social development. In the last twenty years or so, especially in countries with
rapidly developing economies such as China, the escalating growth in vehicle numbers
and weights means that road pavements and railway tracks may have operated beyond
their original design capacity. Excess water infiltration into the structureseitsusly
accelerates structural failure since the foundation'ssegnsitive to wateDamage
may originate from excess water due to (e.g.) impeded subgrade drainage, inadequate
compaction, moistureensitive materials and lengthy drainage pathways, i.e., the
strength, modulus and related mechanical properties ofothrelation may rapidly
degrade in the presence of excess water. Even worse, under repeated traffic loading,
pavement or track distress may develop more rapidly, owing to the interaction between
excess subsurface water and the challenging stress conditibieed by the loading.
Excess resilient deformatiomay occuy representing the subgrade's recoverable
deformationunder traffic loadingThe accumulation of large plastic strains may then
be experienced by the foundations of road iailevay tracks. Thisvill endanger the
long-term performance and serviceability of pavements under repeated traffic loading.

Through drainage, the bu#lgp of pore water pressure will be dissipated in the
foundation and the strength will be enhanced to alleviate the etfetwading and
environmentally induced variability. The structural performance of pavements/tracks
will be promoted, and the service life shows great extension, up3tdirBes greater
than that of an undrained pavem@édergren, 19794Cedergren (1978)rediced that
from 1976 to 1990, $217 billion of the estimated $329 billion in maintenance costs
could be avoided if structures with efficient drainage were included in all key
pavements. For the annual 200 lane miles of new cotistnum California, an
extension of service life of 10 years amounts to over $5 million for rigid pavements and
$8 million for flexible pavements over the service life of pavements constructed during
any given year (or 36 of pavement costglrorsyth et al., 19§7Inadequate subdgace
drainage was found to induce many premature failures (appearing at less than 50% of

the expected lifefChristopher & McGuffey, 1997 and thus shorter service life and
1



higher life.cycle cosi{Zaghloul et al., 2004 Zaghloul et al. (2004fpund that thdife-

cycle cost of the pavement structure with poor subsurface drainage systems was over
twice as much ashat of the same structure with welained subsurface systems.
Therefore, subsurface drainage must receive more attention as it is a key conmponent
the performance of pavement and track structures.

Apart from thesaturated criticatondition, foundation soils at shallow dep#re
commonly subject to partially saturated conditions above the phreatic table. Thus,
foundation soils will exhibit different responsdésom saturated to unsaturated
conditions Current research is focused more on soil testing at various moisture spntent
while the soil behaviour due to drainage and the resulting pavement/railway track
response is limited. Therefore, it is necessarpdter understanthe foundation

responseo various moisture contents and drainage conditions.
1.2 Aims and objectives

This project will focus on pavememntSince boththe railway and highway
foundations are subjected to similar stress and environmental actraigsingthe
principles and methods of foundation mechanical response may benefit botliLiields
& Selig, 1994. The projectims to improve the understanding of the response toward
and management of water in the foundation and ratieadignificance of drainage to
foundations. It may provide the $ia for extending pavement/track life and improving
service reliability.

The specific objectives of the research are outlined as follows:

1) To identify the main mechanical properties that determine the characteristics

of road and railway foundations (e.gtrength, resilient modulusnd stress
strain response) by a critical review.

2) To develop prediction models of resilient modulus of foundation soils with
consistency index and moisture content through regression.

3) To evaluate the effects of various factrs., optimum/initial moisture content,
thickness and modulus of structural layers) on pavement response to moisture
content by parametric analysis.

4) To observe the effects afetting, drying anddrainageon the stresstrain
behaviour and deformation of foundations by saturated and unsaturated triaxial
tests.



5) To study the deformation of foundations at different moisture contents by
subgrade box tests reveal drainage's importanc
6) To draw conclusionsrofoundation response to moisture content and drainage

effectiveness.
1.3Layout of thesis

In the thesisten chapters are presented. Following this Introduction, Chapter 2
presents a review of the literature related to the project. Several aspectsussedis
an overview of road and railway track structures, wetguced structural distresses,
water flow in foundations, mechanical properties of foundations, drainage methods and
multi-layered elastic analysis. The influencing factors of foundation nsgpimclude
soil conditions, moisture content (MC), matric suction, external stress loading condition
and drainage. Referring tbefield investigation, drainage simulation and laboratory
studies, moisture variation ranges in foundationglatermined.

Chapter3 develops prediction models of the resilient modulus of subgrade soils
based orthe soil consistency index. The moisture content is normalized by use of the
consistency index. Based on regression analysis of previous testing daiztjgored
modelsof resilient modulusre developed and validatedhmelya consistency index
model anda stressmodified consistency index modeThese newly proposed
predictionmodels were able to determine resilient modulus at various moisture contents
with fair accuracy relying only on simple soil propertiglsis chapter formed the basis
of a paper previously published by the author and oti@drs et al., 2021

Chapterd describesa multi-layered elastic modelling analysis of pavements based
on previous relevant research in order to reveal the effect of moisture content on the
subgrade. The seitigity index of fatigue and rutting life is analysed with various
factors including the thickness and modulus of each layer, traffic load and drainage
layer. The sensitivity of pavement resporisemoisture content was comprehensively
and quantitativelynvestigated

Chapter5 presents soil selection, specimen preparation and classification,
macro and micro characteristics. Macro characteristics include particle size distribution,
hydraulic conductivity, compaction characteristics, Atterbamgts and soHwater
characteristic curves. Micro characteristics are particle arrangereealuatedby
scanning electron microscope (SEM).



Chapter 6 presents the results of saturated triaxial tests. Consolidated undrained and
drained tests (singlstageand multistage loading) are presented. Drainage effects on
soil behaviourunder saturated conditiorege quantitativelyinvestigated. Pavement
analysis is conducted using the unloading modulus data from the triaxialTtesss.
laboratory soil element $6ing and structural simulation are combined to demonstrate
drainage effestunder saturation.

Chapter 7 presents the results of unsaturated triaxial tests. It demonstrates the soil
behaviour at a constant water content during shearing. The effedngirgg, wetting
and drainage on unsaturated soil behaviour are stutiesiallows the understanding
of soil behaiour variations under unsaturated conditiddsmbined with the saturated
triaxial tests, the soil behaviour is comprehensively revealed.

Chapter 8 presents subgrade box tests. Subgrade settlement under cyclic loading is
explored at various stress levels, moisture contents and frequébaiepared to the
triaxial tests, subgrade box tests are more realis8anulaing soil foundationsThe
chapteralso provides a reference for studyipgrmanent soildeformation using
subgrade box tests.

Chapter 9 presentsdiscussiorof the findingsand recommendations.

Chapter 10 presents the conclusions and future work.

A list of reference$ollows Chapter 10.



CHAPTER 2 LITERATURE REVIEW

2.1 Overview of structures

Road and rail track structures will exhibit different mechanical responses under
traffic loading due to their form, due to tmeaterials and soils of which they are
constructed and due to their condition (especially moisture condition). Therefore, a
better understanding of the structures and their responses can benefit the analysis
helping to identify the causes of the distressesthe design of preferred drainage. The
components of each structure may differ, while undoubtdiakysubgrade will béhe
most sensitive of all layers to the change in moisture content. Excess resilient
(recoverablefleformation at the pavement surfdcausing fatigue cracking of asphalt
concrete)an be attributed to inadequate stiffness of either or both aggregate and soil
layers(Dawson & Correia, 1996

The maximization of density is crucial in developing the-stilength potential of
the material. At optimum moisture contetiig easiest compaction can be performed,
and the maximum density will be acquir@dom, 2008. To achieve the maximum dry
density of subgrade soils, construction specifications universally require that, in civil
engineering practice, the soils be compacted at (or near) optimum moisture content.
Consequently, all placed and manysitu subgrade $ig above the water table should
be regarded as materials in a partially saturated (Qatenm et al., 1997Yang et al.,

2005. Due tothe environmental conditions (e.g. wetting, drying, freezing and
thawing), unsaturated soils will be subjected to seasonal variations in moisture content
(Drumm et al., 1997Khoury & Zaman, 2004Yang et al., 2008<houry et al., 2000
Negative pore water pressure (i.e. matric suction) will vary with the moisture content
and affect the resilient modulus of the subgrade as a consequence of the changing
effective stress, i.e. the resilient modulus will increase with matricosucising.
Conversely, precipitation, rise in the water table and track flooding can result in the
increase of pore water pressures (or reduction in matric suction) and, consequently,
reduce the loathearing capacity and resilient modulus of subgrade. &k respect

to the partially saturated conditions, the soil tests and numerical simulation associated



with unsaturated soil characterization are relatively sophisticated anddimsaming
compared with those in the saturated state.

Subgraden a strongstiff condition under repeated traffic logplays a significant
role in supporting railway traskespecially it becomes vital when carrying vehicles
with heavier axle loadf.i & Selig, 1999. Thus, the unsaturated soil behaviour may
significantly influenxce the mechanical properties of compacted pavement subgrades
(Sawangsuriya et al., 20p8Hence, the effects of partial saturation should be
considered comprehensively under various conditiems,various rainfall intensities,

moisture contents, repeatedoffic loading, soil types and drainage methods.
2.1.1 Road pavements

Pavements may, fundamentally, be categorized into two types, i.e. flexible and
rigid. The manner of operation of rigid and flexible pavements differs essentially in the
way in which theload is transmitted to the subgrafleebeau & Konrad, 2009
Normally, the pavement contains one or more boayeérs placed on one or more
unbound aggregate layerand the latter is also supported by the subgrade. The
pavement typically consists of several layers, i.e. surface course, pavement base,

subbasend pavement foundation (subgrade), as shovgre2.1

mannennannnanan | Nin asphaltic ‘chip-seal’ (<30mm)  Asphaltic or concrete
=+ Unbound aggregate layer(s) surfacing & base layers g

. = Base & Sub-base Unbound aggregate Sub-base:
i

> o
b £
Soil improvement layer (Capping ) v
s

———————— Natural or imported (fill) subgrade - -

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ Natural or imported (fill) subgrade _—_~—_~—_—_~—_—_—_~.

Figure2.1 Typical pavement structurékeft=low volume right=higher volume)from
Dawson(2008)

With respect tahe rigid pavement, a slab of Portland cement concrete avith
rigidity much larger than that of the base material is included osublaser base
layer. Therefore, the slab can make a major contribution tanigahe traffic loading
for the rigid pavement. The base (®ubbasg layer is mainly needed to faciliea
construction and, thereafter, can be used to imgeslejection of a mixture of water
and material through joints, cracks, and pavement edges induced by the slab deflection
under cyclic traffic loading.e. pumping To achieve this, the base mateshbuld be

either freedraining or exceedingly resistant to waitedluced erosion.



A flexible pavement contains a relatively thin aspladaring course, and vehicle
loads are transmitted and distributed by the lower laJés upper layers only need to
be thick enoughto distribute the traffic loading sufficiently for the next layer to
withstand.Depending on the load distribution properties of the upper layers, lower
layers with lowstiffness materials suffer smaller vertical stresses. By providing extra
stiffness and dispersing the stresses for the substructure, the base layer increases the
load-bearing capacity of roadeebeau & Konrad, 2009

In nearly all cases, the surface layer is bound by bitumeament. When there is
an embankment, the subgrade consists of importedffitreas, regarding a cutting, its
subgrade is usually constructed with the in situ natural rock or soil. There are some
requirements for the pavement to ensure its serviceabilitge long term, e.g. the
surface must not deflect much transiently, not deform plastiaatiprovide adequate
skidding resistance. The lower unbound layers and subgrades supptat the upper

layers without much deformatida avoid premature failes(Dawson, 2008
2.1.2 Railway tracks

Currently, the railway structure is mainly designed in two ways, i.e. slab track and
conventional ballasted track. Slab tracks are more suitable for high velocity and high
volume traffic conditions where traffic interruption must be avoided and wherie traff
is intolerant to track irregularities. However, due to some disadvantages of slab tracks
(e.g. sophisticated design and higher initial construction and material , costs)
conventionally ballasted tracks are still very widely emploffedraratna et al., 2006
Fatahi & Khabbaz, 210, Fatahi et al., 200)1The main components of ballasted railway
track structures are generally divided into two groups, including superstructure (i.e. the
rails, the fastening system and the sleepers/ties) and substructure (i.e. the ballast, the
subballast and the subgrad®elig & Waters, 1994 as presented iRigure2.2



Rail and its

fastening system
Sleeper

Subballast S g - Shoulder

Figure2.2 Typical railway track structurefrom Indraratng2011)

The rail with adequate strength and stiffness can support the trains anek tilagsf
wheel loading to the underlying sleepers. The fastening system holds the rail in position
on the track and is subjected vertical, lateral and longitudinal forceSleepers
transmit the loads from the rails to the substructure and maintainltgauge without
generating excess deflection. Reshton & Ghataora (2008pted, the ballast plays
significant role in retaining sleepers and transferring the train load to the substructure.
The ballast can permit the rapid drainage of water from the superstructure, while ballast
fouling would reduce its permeability. Regarding <hdllast, it can allerate the stress
on the subgrade, inhibit the migration of fine particles and contribute to draining water
laterally. The permeability of the sdffallast should range from the values for the ballast
to that of the subgrade. As an important foundation fersthperstructure, stabilized
subgrade can contribute significantly to supporting the ballast antbadialst and
maintaining track performance under repeated wheel loadiogvever,there are
problems with cracking and erosion.

2.2 Water-induced structural distresses

It is well known that the attenuation of structural performance and the loss of
service capabilityare closely relatedo subsurfacewater in the pavement/track
foundation(Selig & Waters, 1994Dawson, 2008 Water generally exists in pavement
structures in several types, e.g. free water, capillary water, bound moisture, or water
vapour.As the only form of water which can be drained with gravity, the free water can
impair the strength and stiffness of the foundations, andtthaises the most concern
due to its detrimental effectRidgeway, 198 It will also contribute to the frodteave
action in the subsurface structure of pavements and tracks. Some bound and capillary
water can bebeneficial to pavement/track material resporidewever,free water

(especially at elevated pressure Ispadill always be damaging as it reduces the
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effective stress and, consequently, the mechanical performance that relies -on inter
particle friction.

Vehicle loading is widely regarded as static, whereas in operation, pavement
structures will be almost always subjected to dynamic wheel logdom & Al-Qadi,

2007). The dynamic component of wheel loads may cause four times as much damage
(fatigue distress) in the wheel track as a statid would the wheel track showing such
damage is only about 5% of the road surfaces and excessive permanent deformation by
at least 40%(Cebon, 1986 Thus, dynamic loading may induce severe pavement
distress compared with that caused by static loading iprimence of water. With
respect to track structures, it is also inadequate to adopt static loading alone. The
dynamic loading will also cause higlequency and lowirequency vibrations. The
dynamic interaction between the rail and track may exacerbatietinadation of the

track structures and differential track settlement will be generated under repeated
loading.

Damages may originate from excess water due to (e.g.) impeded subgrade
drainage, inadequate compaction, moistsessitive materials and lengthirainage
pathways, i.e. the strength, modulus and related mechanical properties of the foundation
will decrease due to the existence of excess water. Even worse, under repeated traffic
loading, pavement or track distresses will more rapidly develop gssigely, owing
to the excess subsurface water. The accumulation of large plastic strains may also be
encouraged by water infiltration into the foundations of road and railwaystrélc&
contribution of the subgrade to the total permanent deformationrroagiat the
pavement surface could be estimated with some theoretical models, e.g. by using a
plastic strain formulatiorfPuppala et al., 1999Accordingly, it is indispensable to
provide drainage in pavement and track structures so as to maintain good overall

performance.
2.2.1 Road pavement distress

Regarding road pavements, various distresses have been investigated, e.g. cracking
(fatigue, blek, edge, reflection, longitudinal and transverse), patching and potholes
(patch deterioration and potholes), surface deformation (rutting and shoving), surface
defects (bleeding, polished aggregate and ravelling) and miscellaneous distresses (lane
to-shouder dropoff and water bleeding and pumpin@jiller & Bellinger, 2014. In

particular two major distresses, i.e. fatigue cracking and critical rutting, may develop
9



due to the settlement and the accumulation of permanent deformation of subgrade soils
in the foundationBrown, 1997 that increases with increased moisture content and
pore water pressure.

Excessive moisture atent in the pavement structures (i.e. bas#baseand
subgrade soils) can generate premature distresses and result in a structural or functional
failure of pavement in the absence of coumtelasure¢Rokade et al., 20320ne or
more combined impacts may originate due to waiduced defects, including
reduction of subgrade an@ddresubbasestrength, differential expansion (swelling) in
expansive subgrade soils, stripping of asphalt in flexible pavements, frost heave and
reduction of strength in freezbaw areas, migration of fine particles inte base or
subbasecourse impairing the hydraulic conductivity remarkably and durability
cracking (Dcracking)(Diefenderfer et al., 200%i & Nantung, 201p As Miller &
Bellinger (2014)noted, the detrimental impacts of free water in pavements generally
include several types, e.g. cracking, patching and potholes, surface deformation, surface
defects, joint deficiencies and miscellaneous distresses. Consequently, they will
contribute to lhe impairment of pavement serviceability. Beuid of high pore water
pressures in a saturated base can be generated under cyclic traffic loading, and can,
therefore, cause a significant reduction of shear strength and stiffness in the pavement
base and fendation(Tao & Abu-Farsak, 200§. Based on a field surveyi, & Nantung
(2015) demonstrated the corollary: that the distress in a drained pavement exhibited
lower severity and fewer symptoms compared with that of the undrained pavement, i.e.
significantly lower rates of slab cracking, no faulting or pumping, and significantly
decreased frost penetration.

The two principal nogointed pavement types (i.e. those surfaced with asphalt
concrete and those formed of continuously reinforced concrete) are presented with their
distresses, as shownTiable2.1andTable2.2 (Miller & Bellinger, 2019.
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Table2.1 Asphalt concrete pavement distress types, filier & Bellinger (2014)

Category Type

Cracking Fatigue cracking
Block cracking
Edge cracking
Longitudinal cracking:
a. Wheel path longitudinal cracking
b. Nonwheel path longitudinal cracking

Reflection cracking at joints
Transverse cracking
Patching andPotholes Patch/patch deterioration

Potholes
Surface Deformation Rutting
Shoving
Surface Defects Bleeding
Polished aggregate
Ravelling
Miscellaneous Laneto-shoulder drogpoff
Distresses Water bleeding and pumping

Table2.2 Reinforced concrete pavement distress types, {Mitfrer & Bellinger,
2014

Category Type

Corner breaks

Durability cracking (DBcracking)
Longitudinal cracking
Transverse cracking

Map cracking and scaling:

Surface Defects Polished aggregate
Popouts

Blow-ups

Transverse construction joint
Faulting of transverse
Laneto-shoulder drogoff
Laneto-shoulder separation
Punchouts

Spalling of longitudinal joints
Longitudinal joint seal damage
Water bleeding and pumping

Cracking

M_iscellaneous
Distresses

2.2.2 Railway track distress

Subgrade plays a significant role in maintairtimgoverall performance of railway
tracks under repeated traff@ading. In the past, the role of subgrade as part of the track

foundation was not identified comprehensiveBonsequently, the subgrade defects
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were simply treated byepeatedly adding more ballast under ties or frequent track
maintenance(Li & Selig, 1999. Progressive shear failure, excessive plastic
deformation, and subgrade attrition with mud pumping are considered as the major
concerns for most subgrades of railway tracks under repeated traffic loading. Also,
fouling of ballast may happen during tamgiand trafficking Consequently, the
effectiveness of drainage will be impair@aducing further deterioration of the ballast
and the hazard of subgrade failgRushton & Ghataora, 2009

Generally, soil attrition derives from the combined effects of several factors, i.e.
repeated dynamic loading, free water and fine soil particles existing at the subgrade
surface. The soil attion distress tends to happen if the ballast is placed directly on
fine-grained soils or soft rocks. High stress generated at the ballagtade interface
may strip the soil or rock at the subgrade surface. Under repeated traffic loading,
overstressingan alsabecreated on the subgrade surface and further causes the plastic
flow of soil, i.e. the gradual migration of soil particles along the soil path with low
resistance. Thus, progressive shear failure derives from the plastic flow. In particular,
softening arises in soils with a high clay content as their moisture content. griogvs
strength reductioms also induced by soil remoulding and the buiftlof excess pore
water pressure under repeated loading. Regarding excessive vertical plastic
deformation, it contains two components, i.e. the vertical component of progressive
shear deformation and thertieal deformation attributed to progressive compaction
and consolidation of subgrade soils below the rail under repeated traffic(loals
Selig, 1994 Miller et al., 2000. Under repeated loading, plastic deformation produced
by a single axle load accumulates progressively in the subgrade. As the plastic
deformation in the subgrade may develop to a considerable degree under repeated
|l oadi ng, it wi | | rafion dighificantlycBesideshtlee accunalatbrd s o p e
of plastic deformation is usually namiform at various positions, e.g. along and across
the track. Consequently, excessive plastic deformation may induce unacceptable
variations of track geometry. For thebgrade newly constructed or with cohesive soils
that water can infiltrate, excessive plastic deformation can accumulate more rapidly.

In the ballasted railway track, as the track operates over a long term, fresh and clean
ballast without adequate maintenance will be fouled by finer materials from
surroundings, particle crushing or fine contents of sublay®ith respect to ballast

underrepeated train loading, breakage and fouling of ballast will induce progressive
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variationin the ballast properties. Due to ballast fouling,libbast's shear strength and
drainage capabilityill decreasdgJanardhanam & Desai, 198Buring saturation, the
ballast will experience sereparticle breakag@atahi & Khabbaz, 20)1Due to the
breakage, the material will transform into fine particles to migrate into the overlying
structure. With the presence of water, mud is developed by mixing fine materials with
water. Under cyclic traffic loading, the mud is forced upward ineovibids of fresh
ballast, i.e. mud pumping. Thus, the clay pumping and ballast breakage will exacerbate
the fouling. Furthermore, the fouling may reduce the drainage capacity of the structure
and undermine the structural bearing capacity. After the addifiballast materials to
compensate the reduction of track elevation caused by excessive plastic deformation,
ballast pockets may arise when there is severe accumulative plastic deformation in the
subgrade, as illustrated fiigure2.3; it also causes soil attrition of the subgrade and the
soil particles may migrate into the ballast through mud pumgihg.induced ballast
pocket will also impedéhedraining of water out of the ballast; furthermore, the shear
resistance and stiffness of the ballast layer will be undermined. Consequently,
permanent deformation and mud pumping will be accelefateqd Selig, 1994.

Original
subgrade
-\ surface

Figure2.3 Excessive plastic deformation (ballast pocket) in track subgrade
Based on the major causes, subgrade distresses can be classified into three groups,
as shown inTable 2.3 The first four types are mainly induced by repeated traffic
loading, the two second types by the weight of the train, railway track and subgrade and
the last four types by environmental factors (e.g. freezing soil temperature and changing
soil moisture ontent) (Li & Selig, 1999. Generally, the traffic loadinmduced
problems exist at shallower depths in the subgrade; the watnted problems are

accompanied by massive migration of the subgrade soils and are relatively deep; the
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environmental problemarise at shallower depths or happen at the subgrade surfaces
(Li & Selig, 1999.
Table2.3 Major subgrade problems and ithieatures, fronkLi & Selig (1994)

Type Causes Features Note

. squeezin nea
repeated ovestressing Sﬂbgradeg surface

Progressive shee _ _ heaves in crib and/o Shallower depths
failure fine-grained soils shoulder in the subgrade

high moisture content depression under ties

Excessive  plastic repeated loading differential  subgrade
deformation soft or loose soils settlement
(ballast pocket) ballast pockets

shallower depths
in the subgrade

repeated loading o
subgrade by ballast
contact between balla:
and subgrade

clay-rich rocks or soils -

muddy ballast

Subgrade attritior
with mud pumping

inadequate suballast shallower depths
in the subgrade

water presence -
large displacement

repeated loading more  severe  witt .
Liquefaction vibration isﬂhg}llgweg ::i:dpeth

saturated silt and fini can happen in suk subg

sand ballast

weight of train, track, high embankment an
Massive shea and subgrade cut slope relatively  deep
failure often triggered bythe depths in the
(slope stability) inadequate soil strengt increase subgrade

in moisture content
embankment We|ght increased static so relatively deep

Consolidation - : stress froma newly :
settlement saturated fine-grained constructed depths in the
soils embankment subgrade
periodic freezing
temperature occur in winter/spring
Frost action occur in winter/spring period shallower depths
(heave anc period or at the subgrad
softening) free water rough track surface ~ Surfaces
frostsusceptible soils -
highly plastic soils rough track surface  shallower depths
Swelling/Shrinkage changing moisture or at the subgrad
content ) surfaces
running surface ant soil washed or blowr shallower depths
Slope erosion subsurface water away or at the subgrad
wind - surfaces
: . shallower depths
Soil collapse water |_nundat|c_)n ol ground settlement or at the subgrad
loose soil deposits surfaces
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2.3 Mechanical properties of foundations

The performance of roads and railways depends directly on the mechanical
properties of their foundations which should provide reliable bearing capacity for the
upper structures and maintain serviceability. As this study aims to investigate and
predict thewater effects on the subgrade behaviour of pavement/track, the mechanical
properties of foundations are introduced. Mechanical properties can be characterised
by various parameters, e.g. stiffness, elastic modulus, stiffness modulus, resilient
modulus,sher modul us, bul k mo(than, RBO8Y. IathectyclEoi s sonod
triaxial test the resilient modulus is mathematically defined as the ratio of repeated
deviator stresg to axial recoverable (i.e. resilient) strain(Li & Selig, 1994, as

follows:

0 (2.1)
where, and, are the major and minor principal stressespectively: and- are

the major and minor principal strajnespectivelygpindicates the change in the value

of the stress or stragifor w, M, 0 —.

To represent the stresfrain behaviour of subgrade soil under normal cyclic traffic
loading,0 of subgrade soil waintroduced byAASHTO (1986)as a more rational
soil property than the soil support value or modulus of subgrade re@x¢taog et al.,
20095 and therefore is widely employed to estimate transseit deformation under
repeated traffic loads.

Failures induced in subgrade soils mainly include two groupsshiear failure
where there is distortional movement between particles and settlement faluees
an underlying layer of soil suffers differential compressive deformation and decreases
in thickness due to loadinAtkins, 2003, i.e. compaction of unsaturated soil or
consolidation of saturated soil. The shear strength of subgrade soil plays a significant
role in the design of foundations in practical engineering (e.g. pavement and railway
track)(Fredlund & Vanapalli, 20021t demonstrates the ability of soil to resist shearing
under repeated traffic loading. Inadequate shear strength may result in shear
deformation.

In the saturated state, tlseil has one stresstate variable, i.e. effective normal
stressf , which can be expressed according to the principle of effective Pmsse,
2013 as
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K K 0 (2.2)
where, is total normal stress amd is the pore water pressure, which is generally

positive or zero for saturated soil. It allows recognition of the stress components carried
by the soil andgore water
In the partially saturated state, the subgrade soils withstand negative pore water
pressire. There exists a difference between the pore water pressure and pore air
pressure, i.e. matric suctio( 6 ). The mechanical response of unsaturated soil
now relies on two independent stressate variables, i.e. net normal streéss (6 ) and
matric suction © 0 ) (Fredlund & Rahardjo, 1993Compared with saturated soils,
unsaturated soil exhibits matric suction that will affect the mechanical response of the
foundations. Matric suction has been considered as an important stress variable in
investigating the effects of moisture content omtieehanical behaviour of unsaturated
soil in pavement structures. It is widely recognised that matric suction mainly includes
two components, i.e. matric and osmotic suc{igrahn & Fredlund, 1972Edil &
Motan, 1984 Fredlund et |, 2012. The relationship can be expressed as
r 60 O “ (2.3)
where is the total suction,6 6 is matric suction; is osmotic suction) is
poreair pressure and is porewater pressure. The total suction indicates the free
energy of the soil water, while matric and osmotic suctions are the components of the
free energy.
Based on the effective stress concept, the effective stress of unsaturated soil
proposed byBishop (1959)wvas expressed as
” ., 0 ...0 O (2.4)
where.. = parameter thought to be a functiortlodé degree of saturation.(=0 for dry
soils,..=1 for saturated soils).is also found to depend on material state and stress
path. However, no unique relationship is found betweand the degree of saturation
(Khalili & Khabbaz, 1998 and, instead...is strongly related to the soil structure
(Coleman, 196R As a material parameter,is not suitable for th description of stress
since the variables used should be independent of material progEraefund &
Morgenstern, 1997 Bi shopdés effective stress exhibi
to explain the collapse bekhiaur during wetting of unsaturated soildennings &
Burland, 1962 and the dependence of the represented stress space on the material states.

A zero suction state is commonly regarded and accepted as equivalent to a saturated
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state despite the shortcomings of this equivalence, i.e. the hysteretic seaetisrthat
correspond to full saturation during drying and wetting are ignofedontinuous
relationship as soil moves from positive to negative pore water pressure is not provided.
Treating atmospheric air pressure and the suction as zero but allopositise or
negative pore water pressure for all saturated and unsaturated states is a better
alternative as it provides a continuous transition between the saturated and unsaturated
stateqSheng et al., 2008

Considering all the limitations of theffective stress principleFredlund &
Morgenstern (197 7)efined the stress state by two independentatutitive stresses,

one described at the macroscopic scéle (61 ) and the other at the pore scale

(6 6 ). Itis fundamentally inadequate to describe the critical statmsdturated

soils only based on the continuum stress state (shear stress, net normal stress and matric
suction) and the soil volun&i, 2003, even thouglprovidinganaccuratedescription

may be impracticable.

The shear strength of the sdil, is expressed as a function of the appliedather

thanA. Generally, the relationship between the two parameters can be demonstrated by
the MohrCoulomb failure criterion as follow@ielwany, 200Y:

t o , OMb (2.5)
whered represents the cohesion intercdptived from linear approximaticand%o
denotes the angle of internal friction of soil particles. As matric suction develops in the
pores with a negative value @f,, will also increase. Consequently, the soil will
presentainimprovedmechanical response. Furthermore, the water pressure and suction
in the subgrade soil in the pavement/track structeaffected by the amount of water,
e.g.the undrained shear strength relies on the amount ofgrd@r water in the soil
(Trauner et al., 20Q0%and it will vary if pore water pressure is dissipatéustead of
using a single term (i.¢.) as the Bishop model, it is more common to describe the
effective stress by considering 6 and 6 & separately as uncombined
parameterg¢Fredlund et al., 1998

Pavement deformation can generally be grouped into two ar&eqg resilient
(recoverable) deformation and plastic (irrecoverable or permanent) deformation.
Fatigue cracking of bound layers may derive from resilient deformation, whereas
excessive rutting may be attributed to plastic deformations incrementally aletech

over many cycles. The permanent deformation of the soft subsoil in pavement/track is
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one of the crucial factors that dominate the desigridifeai & Miura, 2002. Excessive
vertical permanent deformations in subgrade soil will undermine the serviceability of
the infrastructure. Therefore, it is significant to investigate the permanent response of
the underlying foundatiorto increasdhe resistance to permanentatenation. Since
noticeable rutting still arises under traffic loading in some specific soils (e.g. sands,
silty clays and sandy clays) even though they exhibit favourable resilient properties, it
is not accurate, nor reliable, to employ resilient modules deduce a soil 0s
deformation characteristi¢Ruppala et al., 1996

As a penetration test, the California Bearing Ratio (CBR) test is often utilized to
assess the lodaearing capacity of the subgrade soil. CBR values are define@ as th
ratio of the load for measured solil at a given penetration to that for a standard material
(i.e. crushed California limestone) required to achievestmepenetration. Typical
CBR values vary with the soil grain: firgrained soils (1.0~5.0), coargeained soils
(5.0~80.0) and higlquality rock (over 80)McHenry & Rose, 203). Since CBR is
empirically applicable to a certain set of materials and loading conditions, it may not
be suitable to be utilized under various conditions in dg&gad et al., 2005

The factors influencing the resilient modulus, shear strength and permanent

deformation will be discussed and analysed in Section 2.4.
2.3.1 Critical state

During the conventionaldrained and undrained triaxial compression tests on
normally compressed and lightly (or heavily ceensolidated) sampl€g/ood, 1990,
or shear box tests on dense and loose sand sa(Rplesie, 2013 the soil samples
were observed to develop towards a critical void ratio or specific volume state, at which
the soil continug to shear progressively without variations in volume or effective
stresses. The development sifear stresst), volumetric strain(- ) and specific
volume ") with[ during the shedrox tests are presentedrigure2.4to illustrate the
ultimate conditions. With respect to the ultimate stet®wn as a critical state (CS)
during the triaxial test, it can be expressed as

LU R

R R (2.6)

where- =triaxial shear strairf (.
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Figure2.4 Variations off, -  and’ with during idealised shearbox tests, from
Powrie (2013)
A threedimensional plot in then(, ), ’ ) space, i.e. CSL, was achieved, as shown
in Figure2.5.

Projection of critical state

/ line onto 9,2’ plane

Critical
state
line

Projection of/

critical state
line onto
v, 2’ plane

Figure2.5CSL in ) , 1), z) space with projections ontg,( ) and &, ] ) planes,
from Powrie (2013)

Besidesr) ,j and’ could be calculated through

. P
= 2.7
n 0. n ” ” ( )
. P
: ” ” ” ” ” ” 2'8
L (2.8)
" p XXEEABAOCODAG®AA 0O (2.9)
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where, ,, and, aremajor, intermediate and minor principal effective stresses
respectivelyQis thevoid ratio, andO is the specific gravity of soil grains. Particularly,
in the axial symmetric cases where , , e.g. oedometer and triaxial tests, the above

equations can be rewritten as

N
L 2.10
NS G (2.10)
n » (2.11)
When CS is reached, on the 1) line, the stress ratio can be expressed as
n .
— U 2.12
n (2.12)

wherer| is the deviator stress at C§, is the mean effective stress at the CSiand

is the constant stress ratio at CS, assuming the soll is frictional only.
2.3.2 Resilient modulus

In view of the substantial contribution of subgrade modulus to the overall
performance of roads or railways, it is vital to provide the best prediction of resilient
modulus for the roads and railway foundatioResilient modulus is commonly
obtained throgh repeated load triaxial tests based on AASHTO T30742012)
inStandard Method of Test for Determining
Aggr egat e VMiaus modelsafor sesilient modulus have been developed to
demonstrate the ndmear stresstrain behaviar of the subgrade soils by
incorporating soil physical properties (e.g. moisture content and dry defisit§)

Selig, 1994 ARA, 2004 Liang et al., 2008Cary & Zapata, 20J)land stress state
variables (e.g. deviator stress, confining stress, bulk stress and shea(Mdtessjith

et al.,, 1967 Moossazadeh & Witczak, 198Witczak & Uzan, 1988 Garg &
Thompson, 1997 Selecéd models are presented to show the correlation of resilient
modulus with stress states and soil properties. The first four equations (Eq. (2.13) ~
(2.16)) are includeds a theoretical basis for the model development, and the rest are
focused on moisture effects on resilient moduliss section provides a basis for the
consistency index model development in Chapter 3.

a. The'Q —model associating resilient modulus with bulk stress was presented
by Monismith et al. (1967generally for grankar soils as

0 QT (2.13)
where’Q andQ are regression parameters dependent on material type and physical soil

properties—, . » 1.e. bulk stress) is the atmospheric pressure
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It is widely used to analyze the strespendence on material stress, whilst@he
—is not specifically accurate to describe the soil behanabvarious locationexcept
for thoseright below an applied load. When considering the ugbedfinite element
method or the assumptiongimplified pavement structure, this model will induce more
complicatiors in pavement analysigThom, 2008. Constant Bi ssonds rati o
assumed in this mod®notconstdni andsvesiavithappbed onds r a
stressegKolisoja, 1997. It is still insufficient to consider the effects of stresses only
by the sum of principal stresses since the same valdenaly represent different stress
states. This miel did not summarize measured data well when shear stress was
significant(Uzan, 1985

b. The model proposedy Moossazadeh & Witczak (19813lso known as the
deviator stress model widely used to represent the resilient modulus -gfrdined

subgrade soil, was presented as

0 Q — (2.14)
where, is the deviator stress, i.e. , .
Based on the deviator stress, could be easily estimated. A limitation of this
model is that moisture conditions were not explicitly incorporated.
c. The Universal modgWitczak & Uzan, 198Bincorporated the effect of both

shear stress and bulk stressonas follows

T R e S S (2.15)

wherz is the octahedral shear stress,-.e.,

Based on the studies, the Universaddel outperformedthe’@ —model The
Universalmodel is recommended for use with cohesive soils if the model development
data have various confining stress le8antha, 1994

d. Developed byFredlund & Rahardjo (1987) of unsaturated soils can be
expressed as a fuman of three stress variables, i.e.

o 7, o6 ho o h, (2.16)
whereo s the pore air pressuaad ,, 0 is the net confining pressure.

The model provides a general idafathe relationship between resilient modulus
and stress variables (i.e. deviator stress, net confining stress and matric suction). The
effects of matric suction were gradually paid more attentiom poedicting the resilient

modulus.
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e. A model was recommended in MEPD@RA, 2004 by AASHTO to
demonstrate the effect ifedegree of saturation an .
Il I6— ®© (2.17)
Uh o Q
whered  is the resilient modulus &teoptimum moisture contenb( ), wis the

minimum ofl 1—€—, cis the maximum of —-€—, Q is the regression parameter
h h

associated with material properti€¥s the degree of saturation expresseddecimal
and"Y is the degree of saturationtat expressed asdecimal.

This modekonsiders a degree of saturatsmnthathe wder state will be involved.
However, matric suction as the direct factor is not considexed the hysteretic
behaviour o) with moisture content is not demonstrat&tioury et al., 2012 The
0 -moisture relationships vary with soil types, particularly with plasticity index (P1),
e.g. low PI soils are less susceptible to moisture changes than soils with (bl
& Zaman, 2003 and the model may be exclusively applicable to some specific soil
types.

f. By incorporating the effective stress of unsaturated soils present®shoyp
(1959) the model byAASHTO (1986)is rewriten byYang et al. (20053s follows:

0 Q. o . (2.18)
where, is deviator stress amd is the matric suction. This model cannot address the
effects of drying oacombination of drying and wetting an values of subgrade soils
(Khoury et al., 201p

g. Based on the effective stress, the proposed modeldng et al. (2008¥or
partially saturated cohesive soils can be expressed as

. . — .8 T
In this model, the matric suction is included, and the suction parameser

introduced. It also considers the effects of shear strain. However, the measurement of
soil suction may induce complicatioimsthe model.

h. As avariation of the Universal Mode4, refined model was proposed Ggry
& Zapata (2011as follows:

(4

. —  o¥o t [
0 Qr ‘ ‘ —_— (2.20)
n R B P G P
where— represents net bulk stress, e. 00 , Y0 is the buildup of pore

water pressure under partially saturated conditions;is the initial soil matric suction
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and¥ is the relative change in soil matric suction with respe¢t to; Q is a

regressiorconstant.

To obtain net bulk stressppe air pressure needs to be determifiée. variation
of matric suctionincluded in the modes$ beneficial, whilst the measurement of matric
suction will induce more complexity to the predictiorbof. During repeated loading,
the build-up of porewater pressure could cause changes to the matric suction, which
could also impair its accuracy.

i. Based on thMEPDG (ARA, 2004 model,Khoury et al. (2012proposed two
models to assess the -moisture hysteretic behaviour of a subgrade soil along two
different environmental paths. A revised model to pradlicincorporating the effects
of moisture content along initial drying curve (IDC) and initial wetting curve (IWC),
ie.

[ Uﬁ W = - (2.21a)
" o Q

Through the statistical analysis, model parameters drowebe:® =-0.162,

% =0.435, andQ =0.803, with a coefficient of determination=0.95. The inneb -

moisture curve (IMMC) was introduced to present the IDC and IWC as a whole, as

shown inFigure2.6.

o o2l

FING

IMMC: IDC & IWC

log (My/Mpyogo)
»

o

W-wep (%)

Figure2.6 0 -water relationship along the IDC and the IWC (i.e. IMMC) from
Khoury et al. (2012)
The following equation was selected to analytically predict ithemoisture
variation along the main drying curveetting drying path (MDGNDP)
0 . W W

[ :
b"‘ﬁr () 5 0 (2.21b)
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where—— is resilient modulus ratidQ) is a regression parameter angd 0 IS
h

moisture content variation (%). With the slope of IMMC and the resilient modulus
along the IMMC ata specific moisture contenth( 0 ), the MDGWDP can be

measured, as shownigure?2.7.

Slopes = k
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Figure2.7 lllustration for predicting MWG@WNDP, fromKhoury et al. (2012)

This model presents the direct effects of moisture content ain thi will be
convenient to estimaig without requiring more model parameters if the moisture
condition is available. Howevethe matric suction, in its wateelated stress state, is
not considered. According to the soil water characteristic curve (SWCC), the hysteresis
behaviour between miat suction and water content should be incorporated. This may
impair the accuracy of the prediction. The model parametersthiemegression are
based orsoil type so thatthey may differ from other soil typesAdditionally, as
mentioned by the authors, the study was limited to predicting the effect of
postcompaction moisture contentn of one type of soil (i.eRenfrow). Thus, more
studies are needed to extend the scope of application and verify itabpiyi to other
types of soils.

j. To comprehensively predict the resilient modulus, a new equation was proposed
incorporating the effect of net stress and matric su¢hignet al., 2018

R L. N (2.22)
n n n
whered denotes the resilient modulus at the reference stress stafg (i.e.mand
[ =0),n isthe net mean normal stress (ke. ] ) andr} is the cyclic stress
(i.e. the amplitude of variation in deviator stress during cyclic loddimgading).
This model allows for a smooth transition between the unsaturated state and

saturated state of soils. It is derived from the suetimmtrolled cylic triaxial tests,
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whilst the direct measurement of matric suction for further application will still be
complex.

k. A model for recycled unbound materials was proposeAZam et al. (2013)
This suctiorinclusive model incorporated the density ratio to represent the effect of
soil density on theesilient modulus. The blend composition was found to significantly
affect MDD and OMC of materials. Thus, a new term was added that considered dry

density ratio moderated by the effect of RCM content.

, QY6 O
ooy
o oo L P pmm (2.23)
n T n pmm
where, is mean normal stress (i.e. ( ,, . Ko ,T isreference shear stress

(i.e. G T ) DDRis dry density ratio (%), RCM ithe percent of recycled clay

masonry (%), an®) and’Q are regression parameters (factors and exponents).

The previous models mainly focus on the behaviour of subgrade soils and/or virgin
aggregates, except for recycled products. The proposed nradetied crushed
masonry content, dry density, shear strength, initial matric suction and stress state. Air
entry value will not be needed from SWCC to evaluate the effective stress parameter
(Azam et al., 201p6 The determination of matric suction could make it complex or
undermine its accuracy. The applicability to differesttycled aggregates and general
subgrade soils still needigrther stulies.

|. Han & Vanapalli (2015)erived a model to predict the variation of the resilient

modulus with respect to the soil suction for compacteddinaéned subgrade soils.

RGN |— A 2
Al py —— -

. . (2.24)
|',u < ~ |' ',I
IU’ e p ¥ — -
whereb ; is0 of soil at saturatiorf, is matric suction at OMGn, n and, are

0r 0g [

model parameters, andwvas found to be equal to 2.0.

It only requires conventional soil properties and alleviates the need for
experimental determination of tlie [ relationships, while the stress conditions
were not incorporate(Han & Vanapalli, 201 Compared with models by regression
analysis, itis convenient to predict the resilient modulus of subgrade only with soill

properties. However, filter paper method measures matric suction batbegevious
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calibration, and its accuracy is limited. The measurement of matric suction may limit
theapplication of this model.

m. Considering matric suction, minimum bulk stress and octahedral shear stress, a
new prediction model was proposedYsgo et al. (2018)

o i~ | — t
0 Qn T P T p (2.25)
where— is the minimum bulk stress.

This model avoids the issue that the bulk stress exhibited equal values under
different combinations of the deviator stress and confining preégaceet al., 2018
The relationship between regression coefficients and physical parameters (plasticity
index, liquid limit or plastic limit and percentage passing through the No. 200 (0.075
mm) sieve) were established based on completely weathered granite and then verified
within A-4 and A7 soils. Therefore, its applicability to other types of soil still needs
further verification.

n. Stateand stress variables should be taken as model terms, and basic solil
properties should be considered in model parameters. Therefore, matric suction and
relative compaction should be incorporatetbiresilient modulus prediction models.

A new model byZhang et al. (2019% expressed as
5ooaYs — p — 1o (2.26)
n n n
whereRCis the relative compaction, defined as the ratio of dry density to maximum
dry density, andQ is directly proportioalto O .

Compared with the model bgao et al. (2018)the new model considered relative

compaction of subgrade. However, it also added an extra parameter to the model. It

may take more work to achieve thesegpagters.
2.3.3 Shear strength

Based on the Moh€Coulomb failure envelope for saturated soils, the failure
envelope for unsaturated soiksdeveloped, as illustrated Figure 2.8 (Fredlund et
al., 2012. Mohr circles corresponding to failure conditions of unsaturated soil were

plotted in a thre-dimensional space, i.et,(, 6 ,6 0 ).
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Figure2.8 Extended MohiCoulomb failure envelope for unsaturated soil, from

Fredlund et al. (2012)

a. As Helwany (2007)noted, the relationship betwe&nand, in the soil was

expressed through tidohr-Coulomb failure criterioras
T o , OMb (2.27)

This model represents the relationship between shear strength and the applied
normal effective stress, and the cohesion and friction between the soil particles are
considered. It has provided a strong basis for developing moreebemsive shearing
theories.

b. A linear model proposed biyredlund et al. (1978jor the shear strength of
unsaturated soil was presented as

T o , 6 O o6 o OAb (2.28)
where %o is the angle of shearing resistance associated with matric suction and
., 0 isthe net normal stress on the failure plane. The matric suction is considered
since it plays a crucial role in unsaturated.dddwever, the matric suction will also
vary with environmentafactors, e.g. moisture content.

c. The model of shear strength for an unsaturated soil at any given value of suction

was propose@vanapalli et al., 1996as follows
T ® , 6 OM o6 o 0O0A (2.29)
whereOis thenormalized volumetric moisture content dni a fitting parameter of

the normalized area of water and normalized volumetric moisture content.
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6 OO A represents the shear strength contribution of matric sui@ioan be

expressed as

0 0 5 YUY
b F 0O {5 p Y
An alternative approach was also introduced by extending the same philosophical

0

(2.30)

concepts without aguingll, expressed as

U § ~ <~
——— O Aeb 2.31

R U R ( )
where0v is volumetric moisture conteni, [ is the residual volumetric moisture

T o , o0 0B o o

<l e

content and j, is saturated volumetric moisture contdfithe SWCC (see Section
2.5.2 for details) is available, the shear strength due to matric suction can be predicted
with & and%o. known. Sinc&) , depends on the SWCC, it may be critical to acquire

a rdiable SWCC to predict the shear strength.
2.3.4 Cumulative permanent deformation

Progressive accumulation of subgrade permanent deformation could cause a
premature failure of the pavement due to excess ruftiekarp & Dawson, 1998or
reduce the smoothness of railway tracks. Various studies have been performed to
predict the cumulative permanent deformationtloé subgrade that occurs in a
pavement structure or railway trackbed. These may proa&ideference for the
foundation desig in order to prevent excessive settlement under repeated traffic
loading. Therefore, two commonly used prediction methods (i.e -f@gersummation
and regression analysis methods) are presented below to lay a theoretical basis for

cumulative permanenieformation prediction in this study.
(1) Layerwise summation method

The procedure of this method includes dividing the subgrade into sublayers,
calculating the permanent deformation of each layer, and then summing them up. In a
multilayered structure syan, the cumulative subgrade deformation can be determined

by a summation of the sublayers and expressed as

1 - Q (2.32)

wheregl is the cumulative permanent deformatien, is the plastic strain at tH@

layer andQ s the thickness of th& layer.
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In terms of- ;, a wide range of prediction models have been prop0ssashg &

Lytton, 1989 Sweere, 1990Nolff & Visser, 1994 Lekarp & Dawson, 1998 uppala

et al., 1999El-Basyouny & Witczak, 2005 orkiala-Tanttu, 2005Gabr & Cameron,

2013 Azam et al., 2015Gu et al., 2016Zhang et al., 20201n this study, the models

incorporating moisture conditions will be presented and discussed in order to show the

moisture effects on permanent deformation.

a. A relationship with a cubic polynomial form was proposed for permanent
deformation prediction of subgrade sdqidlen & Deen, 1986, expressed as

11-c 6 6 1ioc 6 T11oc o6 11706C (2.33)

where6 ,0 ,6 andd are material constants. For subgraile, @8 1@

ppl T-& pBPTE 6 pm? ® .6 pd0andd T8ITTX THO.

0 is the moisture content. The stress states and loading repetitions are considered. With

the moisture content included in the model parameters, this model can reflect the effects

of moisture on the plastic response of subgrade soils. However, due tcstaeetly
phenomenon of moisture content, the wetting and drying effects may not be fully
revealed. This model was developed based on one particular soil type {with aof

2.093 g/cmat ab  of 9.7%), and thus it could be dependent ontgpits. The data

usedfor the model development was taken from average curves of tests, which would

also introduce more errors.

b. Incorporating the material stress state and the number of repeated loading, the
assumed explicit relationship between peemanent strain and the resilient strain
(Tseng & Lytton, 1989) is expressed for a sirgfiege repeated load triaxial test
(RLTT) as

-0 -0~ (2.34)

where- is the resilient strain @t load cycle- ,” andf are parameters dependent

on material properties. This model associates the permanent deformation with the

resilient strain of subgrade. It only directly considers the number of loading cycles

(because other factors are implicitly included in the value gfwhich may give the

model a simple form. However, the mechanical behaviour of the unbound granular

material is highly stresdependentand the effects of stress states cannot be
demonstrated. Thus, the application of this model will be limitedantjze.

c. Based on thenodel byTseng & Lytton (1989)El-Basyouny & Witczak (2005)

proposed a modified model to increase the prediction accuracy of sublayers and to
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facilitate its implenentation into the MechanistiEmpirical Pavement Design
Guide (MEPDG). It is demonstrated as

-0 o
— . @uh g o (2.35)
c—Q T h 5 piipm
where

-0 ) QOO (2.36)

- G
I TC mhpppudipx @y (2.37)

L0
R [ st (2.38)

woL

0, &, ando are material parameters, which can be determined by assuming for
- - Compared with Tseng and Lmpdulusoohds mod e
sublayers is introduced as well as moisture content. The model parameters are also
related to the material properties, which enables the model to be more applicable.
However, the model parameters still require some repeated load triaxiavt@sts,
will be more timeconsuming.
d. Then, the model for predicting permanent deformation proposed in the MEPDG by
the AASHTO (2008) is presented as

-0

o (2.39)

wherg is the test road correction factor, set as 1.35.

o THLQ  qmQ (2.40)
- C
"o e Pu (2.41)
p pm

The MEPDG model introduced the effects of stress states on permanent deformation
by relating the laboratory tests to field conditions through vertical st(@uaset al.,

2016. The model parameters are associated with material properties and can be
determined by simple tests. It makes the model more efficiegtimatingpermanent
deformation. However, the physical properties (e.g. gradation, angularity and shape) of
the soik are not included, which also significantly influesites plastic response of the

unbound granular laye(sekarp et al., 2000a
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e. Through the multistage RLTTGabr & Cameron (2013nvestigated the plastic
behaviour of three types of materials. Based on the experimental results, a

prediction model of permanent deformation was developed. It can be described as

” T r
- HhZe — 00 2.42
5 T (2.42)
where” is the maximum dry density at the optimum moisture conten the

initial dry density0 0 1© the weighted plasticity index adalcy ¢ 'Q "Q "Qand CGare

regression coefficients. This model presents the effects of bulk stress, shear stress,

loading cycles, moisture content, dry density and plasticity index. The regression
coefficients need to be determined with more tests. Considering the wide raPige of
values, the model majependn solil types.

f. Through singlestressstate RLTT, the effects of moisture content and matric
suction on the plastic strain of the recycled clay masoangcrete aggregate
mixture was estimated (Azam et al., 2015). A new rhedth a single set of
constants was proposed for the blends, shown as follows

0 p 00Y

n p VLOOYS D

~ o~

whereo is the initial matric suctionpy w3 wandQare regression coefficients. This

- @ (2.43)

model demonstrates the effects of matric suction while it is applicable to specific
materials, i.e. recycled clay masofagncrete aggregate mixture. The effects of shear
and confining stress states are not included rithe
g. Zhang et al. (202Qgrgued that the coiming pressure and deviatoric stress showed
opposite effects othe permanent deformation of sailShus it was unreasonable
to combine both into one model. Based on the model by Puppala et al. (2009), a

revised model including initial bulk stress andusation was developed as follows

v — T
- w — — Y (2.44)
n n e
where— is the initial bulk stress, definedas ( ,, . » 0 W QandQare

regression coefficients. A more appropriate initial bulk stress {&hang et al., 2019

than bulk stress is proposed to differentiate the softening effect from the hardening
effect. It is suggested that the mean normal bulk stress contains two stress states with
opposite effects, i.e. confining pressure (hardening effects) and deviat@ss str

(softening effects). The degree of saturation represents the effect of moisture
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conditions. Regarding regression coefficientsmany laboratory tests should be

conducted to estimate their values, which will also depend on the soil types.
(2) Regressioanalysis method

Through curve fitting, the relationship of subgrade settlement with time can be
developed. Hyperbolic, logarithmic, power and exponential functions have been widely
used to establish the prediction model of subgrade settlement. Theifdrasscare

demonstrated respectively, as follo@s et al., 2018
W

| — ® (2.45)

0] W
Ol o o (2.46)
16D (2.47)
AR o) (2.48)

wheré s the predicted settlement in méh,coanddare the fitting parameters.

These models could be applicablagheroad and railway tradwith appropriate
changes, e.g. incorporating effects of stress states and moisture contents. They are
simple to use, while the results could be dependent on the soil types or the monitored
sites. It may be more useful to investigate specific sites thamwplea constitutive
models.

Based on the shakedown theddawson & Wellner (1999 ndWerkmeister et al.
(2001)identified three types of deformation behaviour, including plastic shakedown
(Range A), plastic creep (Range B) and incremental collapse (Range C). The permanent
deformation behaviour with the number of loagtles dependent on stress levels is
illustrated inFigure2.9. The general characteristics of each type are demonstrated as
follows:

Range A For a limited number of load applications, geotechnical materials exhibit
plastic response, and the permanertiistrate shows a rapid decrease; however, after
the postcompaction period is completed, the response becomes purely resilient, with no
further permanent strain occurring.

Range B unbound granular materials show a high permanent strain rate in the early
loading cycleswhich subsequently reduces to a low or constant strain rate. After
applying a large number of load repetitions, unbound granular materials may be
subjected to progressive increases in plastic strain and progress toward incremental
collapse (i.e. Range C).
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Range C unbound granular materials present progressively increasing ieicte of
plastic strains with each load cycle. This behaviour may result in structural fzdindes

an increasing rate of plastic strain accumulation indicates the start of the failure.
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Figure2.9 Classification of permanent deformation behaviour of unbound granular
materials(Arnold et al., 200p
Thus, fromFigure 2.9, it can be seen that these fitting functions show different

applicability to the soils within each range. For soils with Range A response, the
hyperbolic function (Eq. (2.45)) can better déserthe permanent deformation
development, the logarithmic model (Eq. (2.46)) for soils with Range B response and

the power (Eq. (2.47)) or exponential functions (Eqg. (2.48)) for soils with Range C

response.
2.4 Factors influencing foundation response

Based on previous studies, the mechanical properties of pavement/railway track
foundations (i.e. resilient modulus, shear strength and permanent deformation)
dependd onvariousvariables. For example, in previous studgggat concerns were
raised about the sensitivity of resilient modulus to moisture content, matric suction,
external stress, number of load repetitions, stress state, wetting and drying history and
soil type(Li & Selig, 1996 Miller et al., 2000 Zaman & Khoury, 200;/Ng et al., 2013
Han & Vanapalli, 2016aRasul et al., 2007 The shape ofjuasistatic stresstrain
behaviour is demonstrated by nlimear and hysteretic stresgain curveshat rely on
stress level and stress path (Thornton 208Bgar modulus was generally affected by
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matric suction, soil type, void ratio, stress histdofal stress and degree of saturation
(Fredlund et al., 1978Mliller et al., 2000. In particular, the maximum shear modulus
increased as the moisture content decre@&edet al., 2003.

Overall, the main impact factors affecting modulus, strength and plastic
deformability can be summarizedTiable2.4.

Table2.4 Main factors affecting modulus, strength and plastic deformability

Factors Influential variables Key references
Matric suction Fredlund et al., 2012
Stress state Confining stress Han and Vanapalli, 2016
Deviator stress Yang et al., 2008
Soll structure Han and Vanapalli, 2016
Soil condition Soil dry density Abu-Farsakh et al., 2007
Moisture content Dawson, 2008

Number of load repetition Monismith et al. (1972)

Loading condition  Loading frequency Li and Selig, 1994;

Loading history Ni, 2012

2.4.1 Soil composition

Generally, the impact of water on the structures inceaaghk fines content (e.g.
silt or clay) For example, the water in the sbhllast or on the subgrade layer exhibit
more significaneffects compared with that in the singiegedrock ballas{Rushton &
Ghataora, 204 Thevanayagam (1998pted that the shear strength was significantly
influenced by the presence of fines. The relativesiteiincreased with fines content.
Increased initial confining stress may induce compaction as the finer grains move into
the voids between the coarser particles. Consequently, the egasecontacts are
enhanced. Therefore, the shear strength maydelsend on the initial confining stress
history.

The resilient modulusnoisture relationships showed a clear variation by soil
types, particularly with plasticity indgkhoury & Zaman, 2004Khoury et al., 2009
as illustrated irFigure 2.10 The Minco specimens, with a relatively low Pl of 8%,
exhibiteda smallerdecrease (or increase)in values after wetting (or drying) than

the Port and Kirkland specimens with Pl of 14 8Qdrespectively.
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Han & Vanapalli (2017¢onducted cyclic loading tests on three Canadian subgrade
soils b investigate the variation of with respect to moisture content and matric
suction andfound the model parameters were relatedsbil composition. The
sensitivity of the various mechanical properties to suction and moisture charigss var
with soil type, e.g. the increase in the representatsibenet modulusp  (through
using mean values deviator stress, () andconfining pressure, () during the cyclic
loading test), of the Indian Head t{ivhen the specimen moisture changed fifaih
saturation to OME was more significantcompared with the increment in elastic
modulusOand unconfined compression strength, while the increase i j of
Toronto silty was far less significaritan that ofOandr; (Han & Vanapalli, 201y
0 of soils with higher plasticity e@remore senisive to suction and moisture variations
than that of soils with lower plasticity. The basic properties of these two soils are
presented iTable2.5.

Table2.5 Properties of Indian Head till and Toronto silty ¢lirgm Han & Vanapalli

(2017)

. 0 “ o , o 3 o Silt Clay
Soil 1% O O v /% 7 /KNm Sand /% 1% 1%
Indian Head till 35,5 19 2.72 155 18.46 28 42 30
Toronto silty clay 19.6 6 2.68 13.5 19.15 3 81 16
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The effect of soil structure on the idealised isotropic compression behaviour of
reconstituted and structured soils is illustratedFigure 2.11 As the soil was
remoulded, the soil structure was disturbed. The remoulding of the soil structure
reducsthe bearing capacity of soils, whereas the removal of disturbed soils underlying
pavement can reduce deflections significar{ibawson & Correia, 1996Liu & Carter
(2000)definedthe6 d e st r u ¢ t u rd) toguaniif the destractuling rate of the
remoulded soils and indicates that the destructuring index was mostly determined by
the liquidity index forclay samples of particular mineralogy and with similar geological
stress histories but varied depths underneath the surface. Generally, at the same mean
effective stress, the void ratif, of reconstituted soils was lower than that of structured
soils (Liu & Carter, 2002 and the shearing and yielding behaviour were affected, as
illustrated in

Figure 2.12 At the initial stage, deviatoric stress increased wittwhile the
structured soil did not depend on soil structure at the final state due to the complete
removal of soil structures. In tes of softening behaviour, the peak strength of
structured soil showed a more rapid decreadbe critical state strength than that of

remoulded soil.

~ Elastic behaviour irgin vielding behaviour

N

Ay, Structured soil:

e=c*tae

%

void ratio
N’.":'

L]

Reconstituted soil: e*

P P

Mean effective stress Inp”

Figure2.11 Idealization of the isotropic compression behaviour of reconstituted and
structured soils, frorhiu & Carter (2002)
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Based on the review of microstructural effects on compacted soil behaviour by
Alonso et al. (2013)the microstructure was found to be critidaure2.13 (Alonso
& Pinyol, 2009 illustrates the relationshipetweeryield stress and dry density,
", according to the analysis of a limited number of soil compaction testing
programmes. It shows that for a givén, the saturated isotropic yield stress
N increased significantly with soil plasticity and showed a more rapid increase
with dry density at higher plasticity. Based on these plots, it may provide a reference

for adoptingny without performing spefic tests (e.g. triaxial compression tests).

2.27 High-plasticity Boom clay
— J J
(Romero, 1999)
2.0- Medium-plasticity soil
(Honda et al. 2003) w= 56%
18- a  Medium-low-plasticity soil IP=27%
- ’ (Honda et al. 2003)
&y m Morainic soil
E 1.6 (Cuisinier & Laloui, 2004)
3 Low-plasticity silty clay
E 14— == from Barcclona
; (Barrera, 2[][]2}
K e NOD-plastic silty sand
~ 1.2- (Balmaceda, 1991)
o Measured value of
1.0- San Salvador silty clay
W = 33-5%
0.8 I
IP= 13-2%
0.6 - a
s
0.4 - w=30% a w, = 30-5%
[P= 12% IP= 11-8% "= 28%
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0= T 1
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Figure2.13 Relationship between isotropic at saturated conditions ahd of seven
soil types, fromAlonso & Pinyol(2008)

Alonso et al. (2013also revealed the effects of microstructure on the compacted
soil behaviour: (a) Geotechnical properties of compacted soils did not depend on the
isotropic yield stress and matric suction alone and were distinctly influenced by the
microstructure. (b) The sensitivity of the properties to microstructure varied, e.g. the

soil permeability may be significantly associated with the microstructure, while less

37



variation in the drained strength was recognized. (c) The microstrucinsederably
affected compressibility, collapsaad swelling potential. (d) The soil structure may also
depend on the stress condition. The applied stress and matric suction pallgs ma
modify the macreporosity of compacted soils, whereas matric suction changes may
also cause changto the microstructural void volume in higitasticity soils. In clayey
soils with lowto-medium plasticity, the micrgoid ratio tends to retain itsigmal as
compacted value during the following striessction paths.

Stark & Eid (1994¥ound that the magnitude of theained residual shear strength
decreased with increasing liquid limit and also decreased with increasing activity, as
illustrated inFigure2.14 The activity § ) is defined as the ratio dieplasticity index
to the claysize faction. Soil with increasing plasticity will have increasing feeéace
overlaps between soil (clayagicles thus reducing drained residual shear strength at
any particular stress level.
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Figure2.14 Effects of clay mineralogy on drained residual failure envelopes, from
Stark & Eid (1994)

2.4.2 Soil density

Soil physical states can be represented by two properties dependent o
environmental actions, i.e. moisture content and dry density. The discussion here will
mainly focus on the effect dfiedry density of the soils, and that of moisture content
will be preseted in Section 2.4.3 separately. The changdry density and moisture
content can be represented by two basic paths, as shdwgune2.15a) and (b)Li
& Selig, 1994. The effects of dry density on the resilient modulus are presented in
Figure 2.16 derived from the work byseed et al. (1962)t demonstrates that the
variation characteristics of resilient modulus wikincrease in dry density depend on
the moisture content. Basically, the resilient maduhcreases as the dry density rises
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for most moisture contentbut at a higher moisture content, the resilient modulus

decreases as the dry density increflse& Selig, 1999.
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Figure2.15 Changing paths of dry density and moisture content: (a) at constant dry
density; (b) at constant compaction effort, fron& Selig (1994)
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Figure2.16 Effects of dry density on the resilient modulus, fron& Selig (1994)

At the correspoding optimum moisture contents, the effects of dry density on the

shear resistance at a $giéosynthetic interface were measuredAlyu-Farsakh et al.

(2007) As can be seen frofigure2.17, the interface shear strength increased as dry

density increask Additionally, the level of the remoulding dry dens#ffectedthe

failure envelopeswhich was also dependent on soil types. Clay 6 and Clay 25

experiencednore significantthanges in shear resistardige todry density variation

than Clay 49 (the number corresponds to their plasticity indices). As shdviguire

2.13 (Alonso & Pinyol, 2008 the relationshipbetweenyield stress and dry

density,f " , is presented according to the analysis of a limited number of
compacted soil types. It shows that the saturated isotropic yield i$tresse sharply
as” increased.
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2.4.3Moisture content

Due to precipitation, capillary action, evaporation, evaamspiration, flooding
and water table variation, the moisture content in the subgrade may vary. When
saturated, the water will induce positive pore water pressure, which wide¢lde load
carried by the soil particles due to the reduction in effective stress. Even when
unsaturated, increased moisture content reduces matric suction which also reduces
effective stress and, hence, mechanical properties. Consequently, the $toeettimg
capacity will decrease, and the water would further accelerate the deterioration of
foundations in pavement and railway track structures under repeated traffic loading and
therefore endanger the stability and reliability of transport. Moduli avdetrease with
hi gher moisture content, while the per mane]
(Dawson et al., 1996e.g. with theoptimum moisture content rising by 2%, the resilient
modulus of cohesive soils reduced significantly, up to 4 ti@de& Nantung, 201p
Miller et al. (2000¥oundthatthe normalized cyclic shear strength was sensitivieeo
degree of saturation and thgctic strength may decrease by about 80% with the initial
degree of saturation rising from 90 to 100%was also obtained that the maximum
shear modulus increased by a factor of 3 when moisture content by mass decreased
approximately from 10% to 7.5%Kim et al., 2003. Erlingsson (2010jneasued a
large increase in the development of permanent deformation in the subgrade by
introducing water after the first 500000 load repetitions with a wheel loading of 60 kN
and a tyre pressure of 800 kPa. The water level increased to 30 cm beneath tlde subgra
surface. For example, at the depth range of-88.8 cm (the uppermost part of the
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subgrade), the permanent strain rate increased by approximatelpZ&%ardottir &
Erlingsson (2013)conducted acceleratedpavement tests with a heavy vehicle
simulator. For the pavement with figgaded sandy subgrade, decreased resilient
modulus and increased rate of accumulation of permanent deformation occurred as the
water table was raised to increase the moisture content, i.e. the water level reached 30
cm beneath the subgrade top. The bottom part of the subbase had the largest increase
in resilient strain, by 53%, with the increase in thathefbase and the top 30 cof
subgrade by 15% and about 2Q0%spectively. With respect to all layers, the subgrade
exhibited the largest and greatest extent of increase in permanent deformation from 2
mm to 15 mm, while the base showed the smallest incrémseever due to the
inconsistency or variable nature of subgrade stre(@dbri, 2015, the values ob

do not continuously decline over the whole wetting cy&ahman & Erlingsson,

2016.

Furthermoremoisture content exhibited a hysteretic behaviour in the relationship
with resilient modulus due to the wetting and drying proce@§ksury & Zaman,
2004.0 showed higher values during the drying cycle than on the wetting cycle at
the same moisture content. With regard to-hoearity, increasing moisture content
showed few effectgDawson et al., 1996Khoury et al. (2009pnlso found that the
resilient modius-moisture content relationships caused by drying presented higher
values than wetting. The changes in resilient modulus with postcompaction are affected
by the initial moisture content, e.g. for all the specimens dried to @%@ of
specimens preped at OMC+4% showed higher values than those of specimens
prepared at OMQONg et al. (2013}¥tated that at a low cyclic stress, of completely
decomposed tuff (P1=14) along a wetting path showed a largex tredn that measured
along a drying path for the same stress and suction level. With increasing cyclic stress,
the difference between the two paths became less prominent.

2.4.4 Matric suction

As Leong & AbuelNaga (2017demonstrated, matric suction is associated with
capillary effects, while osmotic suction depends on the salt content of the pore water.
A strong correlation has been revealed between matric suction slehtemodulus
(Khoury & Zaman, 2004 Khoury et al. (2003-demonstrated that the variations in
resilient modulus were not induced by osmotic sucti@ong & AbuelNaga (2017)

conducted tests on three series of compacted thait were prepared using distilled
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water and sodium chloride solution and concluded that no effect of osmotic suction or
osmotic suction gradient on shear strength of the compacted lEsticpy silt
specimens was measurdcus, in most practical situations, the matric suction is far
more important than osmotic suction atie effects of matric suction should be
prioritized for incorporation in the analysis of the behaviour of unsaturated soil in
preference to the effects of total and osmotic suctions.

Matric suction affects the mechanical behaviour of unsaturated soié as
fundamental stress variable and its effects vary thiéstress state. The roles of the
matric suction in the mechanical response of the soils can be revealed from two aspects,
i.e. affecting the effective stress existing in the soil particle throughvpater pressure
and exerting a force to reinforce the interparticle bonding. With respect to the two
mechanisms, the soil response will depend on botiion and the saturation state of
the soil(Wheekr & Sivakumar, 1995Gallipoli et al., 2003

Resilientand shear moduli increase with matric suct{@allipoli et al., 2003
Yang et al., 2005Fredlund, 2006Khoury et al., 2009Cary & Zapata, 203;1Han &
Vanapalli, 2016 Using Eg. (2.18) to analyse the experimental data, it was found that
resilient modulus correlated better with matric suction thin tetal suctionYang et

al., 2009, as illustrated ifrigure2.18
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Figure2.18 lllustration of the relationship between resilient modulus and matric

suction for A7-5 and A7-6 soils { =103 kPafA =21 kPa), fromyang et al(2005)

Plentyof studies have been performed on the prediction model of resilient modulus
of subgrade soils and more model parameters were considered, e.g. confining stress,
bulk stress or dry densifyrang et al., 2005_.iang et al., 2008Cary & Zapata, 2011
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Since the matric suction can reflebe effects of the seasonal variation of moisture
content on resilient modulus, the model may be more feasible and retgpble
incorporatingmatric suction than by directly including moisture content cpce.
Particularly, at a low moisture content, the resilient modulus is dominated by the
significant matric suction for the soil.

Ng et al.(2013)found that resilient modulus increased significantly with matric
suction (seé&igure2.19 due to the presence of water tensibmcreased by up to one
order of magnitude with suction rising from 0 to 250 kPa at a cyclic stress of 30 kPa.
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250 1 A g=40kPa(wetting) M g=30kPa(wetting) - -
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Matric suction (kPa)
Figure2.19 Influence of suction on resilient modulygs ( = 0, 30 and 6BPain series

1 testsf =100, 150 and 25KPain series 2 tests} is the cyclic stress.), froig et
al. (2013)

Based on the linear model proposed (Eq. (2.B8)Fredlund et al. (1978xhe
effects of matric suction on the shear strength of unsaturated soil are ideiftikeed.
shear strength shows a nonlinear increase due to increased matric (§retitumd et
al., 1999, as illustrated irFigure2.2Q A relationshipbetween initial matric suction
and permanent strain for all blends of recycled construction and wakddainavas
demonstrated ifrigure 2.21(Azam et al., 2016 The permanent strain decreased as
matric suction ggw. A simple power equation was developed, and the permanent strain

was found to correlate better with matric suction than with moisture content.
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2.4.5 External stress

More efforts are devoted to expiog the relationshigpetweernresilient modulus
and stress levelin soils.0 depends on several external stresses, including external
shearing (e.g. deviator stress) and confining stresses (e.g. confining présanr&)
Vanapalli, 2016h Theresilient modulus shows an increasing tresd@nfining stress
increases, while the deviator stress has more significant effects ogrdined
subgrade soils (e.g. clay soils) than confining stfes=dlund et al., 197%.i & Selig,
1994). Regardinghe magnitude ofesilient modulus, it depends on the magnitude of
deviator stress and confining stress significantlgng et al. (2008found that the
resilient modulus increased with increasing deviator stress at the initial matric suction
(IMS) of 450 kPa, while decreasing with increasing deviator stress at IMS aricb0

150 kPa, respectivelyrigure 2.22 illustrates the relationships between the resilient
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modulus and the deviator stress for the soil classified@&sa@ll in theAASHTO (1986)

soil classification system at different IMS. At low IMS, the resilient strain rose
significantly as deviator stress increased and accosdsigdwed a downward trend

in0 . At high IMS, the resilien{recoverable)strain increased slightly as deviator
stress grew and showed an increasing The highIMS (which means the soil
experienced a high effective confining stress) increased the resistance of soils to
deformation. The recoverable strain showed a smaller increase compared to the increase

in the deviator stress.
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Figure2.22 Resilient modulus test results for@Asoils, fromYang et al. (2008)

Maher et al. (2000)nvestigated the resilient modulus of 8 typical New Jersey
subgrade soils. The basimperties of the soils are presentedable2.6. Through the
resilient modulus test, the -24 and A4 (fine-grained) soils exhibited similar
behaviow. The resilient modulus showed a downward trend as the cyclic deviatoric
stress increased, which can be attributed to strain softening. -Bhgo (fine beach
sand) also exhibited a decrease in resilient modulus with increasing deviatoric cyclic
stressratios. However, compared with the2M and A4 soils, it showed different
characteristics and was less sensitive to moisture varigtiban the specimens were
on the dry side of optimum,-8 and A7 showed slight differences at different levels
of deviator stress. The largest difference occurred at the higher applied deviator stresses

at the 2% wet of optimum and the soils were more sensitive to strain softening.
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Table2.6 Soil properties and classiition, fromMabher et al. (2000)

AASHTO M 145 Percent passin o /% O /% O

Soil location

Classification 75 em [ ¢

Rt. 46 A-2-4 30.1 15 NP NP
Rt. 80a A-2-4 33.3 0 NP NP
Rt. 295 A-3 9.9 0 NP NP
Rt. 80b A-4 36.6 205 19 15
Rt. 206 A-4 43 21 17 4
ggumnt:;”a”d A-6 97.5 39.1 202 189
ggumnt:;”a”d A-7 97.7 525 251  27.4

According to the interface direct shear tests performed orplasticity fine
grained soll, the effect of net normal stress on both peak angg@alstshear strength
has been identifie(Hamid & Miller, 2009. Peak shear stress increased as net normal
stress and matric suction increased for soils.-peak shear strength of soil showed an
increasing trend with net normal stress, while gitrength was mostly unaffected by
matric suction at a given net normal stress. With shearing beyond peak stress, the air
water menisci were totally damaged, and thus the contribution of suction to the shear
strength was negligible. Besides, the amountarhpression increased, and dilation

decreased as the net normal stress increased.
2.4.6 Loading condition

The subgrade demonstrates differing responses under single static loading than
under repeated traffic loading, even with the same magnitudes, & guligrade will
exhibit lower resistance to plastic strain under repeated loadings. Various pavement and
track foundation distresses can be attributed to repeated logdi&gSelig, 1999.
Loading conditiongincluding the number of loading repetitions, loading frequency and

loading historyare discussed.
(1) Number of loading repetitions

Based on cyclic load triaxial tests with 200000 load applicati®aksdale (1972)
found that the accumulated permanent axial strain of silt and gravel was proportional
to the logarithm of the number of loading repetitions and a -Bmgarithmic
relationship of permanent strain with loading times was propddedismith et al.

(1975)studied the permanent deformation of silty clay with RLTT. The results indicate
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that the permanent defoation increased and showed an exponential relationship with
loading cycles. The model parametdependd on soil types, moisture content and
stress levelsThompson & Nauman (1993fport that the logarithmic permanent
deformation showed a linear relationship with the logarithmic f@adycles. It is also
found that the effects of loading cycles on cyclic soil behaviour varied with cyclic stress
ratio (CSR) (i.e. the ratio of applied cyclic stress to twice the effective confining
pressure) at a frequency of 1tiazdraratna et al., 2020With CSR below 0.5, the cyclic
axial strain progressively increased to a constant level with loading cycles. With CSR
above 0.5, the cyclic axial strain rapidly increased asingadycles increased. This

indicatesthatsoil failure occurred at an early stage.
(2) Loading frequency

It has been extensively believed that the ststssn relationship and the yield
stress of subgrade soils are affected by the loading frequency, as the solil yielding is a
time-dependent phenomengiThevakumar et al., 1, Zhao et al., 2021 The
threshold stress and cumulative plastic deformation of soils were largely affected by
the load frequenciLiu et al., 2008, and the increasa train speed may induce shear
failure in a railroad subgrade under repeated loading. The relationship of displacement
magnification factors ofthe subgrade with loading frequencies was studied by
Choudhury et al. (2008yith four soil formations (i.e. dense uniform sand, stiff clay,
loose sand and soft clay), as showrkrigure2.23 As the frequency increased to the
resonant frequency, the factors of four soils increased to the maximum, and then the
values decreased with frequencies. In particular, the soft clay exhibited the largest
magnification factorLiu & Xiao (2010)reported that axial cumulative plastic strain of
silt subgrade increased with the load frequency and that the variation was more
significant at a higher dynamic stress level or lower relative compaction (RC). The
trend is illustrated irFigure 2.24 RC indicates the percentage of dry density to the
maximum dry density in the compaction cur@hen et al. (2013presented that the
dynamic earth pressure in the subgriagecasedvith the excitation frequency, and the
increase was larger athigher excitation frequency. However, for a reconstituted low
plasticity clay (LL=27.5% andIR10.8), Thevakumar et al. (2021ypund that the total
axial strain decreased with the loading frequency in comparison of the strain at 0.1 and
0.5 Hz with that at 1Hz, as well as the plastic strain. Generallp)dk#c strain showed

a larger value at a relatively lower frequency.
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Figure2.24 The relationship of accumulative permanent strain with dynamic stress,
from Liu & Xiao (2010)

(3) Loading history

Based on RLTT on a silty clay (LL = 35, Pl = 1B)pnismith et al. (19753tudied
the influence of stress history on permanent deformation. The repeated load had a
frequency of 20 repetitions per minute with a duration of 0.1 s. The experimental results
at increasing sequences are illustrateBigure2.25 Generally, the permanent strain
increased with the level of deviator stress. Without conditioning, the permanent strain
showed a larger increase than that with conditigpinor to the test. At a higher stress
level, stress history showed a larger effect on the permanent strain. These results are in
agreement with the study I8eed et al. (1955)
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Figure2.25 The influence of stress history on permanent accumulation, adapted from
Monismith et al. (1975)

Axial permanent strain x10-.

In practice, the traffic load applied to the subgrade is not continuous and there are
intermittent periods between adjacent two vehi{idis et al., 202 Nie et al. (2020)
concluded that the intermittent stages of loading imposed significant effects on the
accumulation of axial strain, and the axial strain under intermittent loading decreased
significantly over the same loading time as that under continuous loading. Mtbe ca
attributed to the dissipation of pore water pressure during intermittent stages.

Concerninghe loading history different from repeated loading, it will also induce
variationsin soil respons¢€Cui & Delage, 1996 Figure2.26a) and (bshows thathe
higher suction curves exhibited less volume variation under continuous loading than
under step loadingnd a difference between isotropic yield stress valiesing the
step loading, the stress increased so suddenly that a dramatic instantaneous (undrained)
decrease in the specimen volume arose. The undrained loading induced excess pore
water pressure within the specimen, and hence the matric suction would no longer

constrain the system. Consequently, the volume reduced remarkably.
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isotropic loading, fronCui & Delage (1996)
2.5 Water flow in foundations
2.5.1 Watersource

Water can migrate into trsgructural pavemersection in various ways (Ridgeway,
1980), including surface infiltration, infiltration througeshoulder, cracks and joints,
capillary action and water table rise. Surfagder infiltration contribtes 90~95% of
the total moisture in a pavement system. Crack, gsidshoulder infiltrations, possibly
supplemented by subgrade capillary action, provide the major routes for water into the
subsurface structuf®an Sambeek, 198Rokade et al., 20)2Rainfall is the primary
source of moisture infiltration in the pavements/railway tracits a low water table
(Al-Qadi et al., 2004 The areas with high water tablmay feed the pavement/railway
track structure, e.g. when ditches and groundwater mayupacdkquifers, springs and
subsurface flow interrupted by the construction may also lead to excessive water in the
pavement/track system, while capillary action megidwater in from below or from
the margins of the pavement/tra@kokade et al.,@12). Table2.7 presents the routes
of ingress and egress tite pavement structure. In terms of railway trgdke routes
are believed to bsimilar for concrete slab traskas well as for ballasted trac&part
from the route fronthe pavement surface (cracks and joints). Instead, on the surface of
ballasted track, the water will directly infiltrate into the sublayers due to the large void

ratio of ballast.
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Table2.7 Routes of ingress and egress, frApul et al. (2002)Van Sambeek (1989)
& Dawson & Hill (1998a)

Direction Location Route

Construction joints
Cracks resulting from shrinkage during/afte

Pavement construction
surface : . .
Cracks resulting from distress due to loading
Diffusion through intact materials
Artesian flow
Pumping action under traffic loadin
Subgrade ping g

Capillary action of lower pavement layer
Water vapar rising through subgrade soils

Reverse gradient of permeable layers ab
formation level

Lateral or median drain surcharging

Capillary action of pavement layers

Pavement or ground ruwff via unsealeghoulders
Other sources Direct rainfall on pavement during construction
Frost lenses melting during spring thaw

Pumping through existing cracks/joints

Capillary rise and evaporation through cracks
Diffusion and evaporatiothrough intact materials
Infiltration to permeable/low water table subgrade

Capillary action of subgrade

Gravitational flow in aggregate to lateral or med
drain

Vertical flow in aggregate to opeagraded drainag:
layer below

Ingress

Road margins

Pavement
surface

Egress Subgrade

Road margins

2.5.2 Hydraulic properties
(1) Permeability

The ability of a soil to allow water to move through the interconnected voids is
measured by its permeability, which determines drainage properties of soils. It is
expressed as the flow rate through a unit area with a unit hydraulic gradient. In saturated
soils, the coefficient of permeability is a functiortleévoid ratio(Lambe & Whitman,

1979. Generally the coefficient of permeability is assumed to be constant for a given
saturated soil when considering some problems, e.g. transient flow. In unsaturated soil,

water flow mainly depends on the volumetric moisture content, matric suction and
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gravitationalpotential. As air fills parts of the large porester flow may be obstructed

in these pores shat water flow will be limited to flow through smaller pores around

soil particles. Thus, due to the presence of air in the pores of unsaturated soil, the
pemeability decreases compared with that of saturated soils. The suction and
volumetric moisture content (or degree of saturation) affect the permeability
significantly. In unsaturated soil, suction may reduce the void space, but it may draw in
air from outgde without changing the volume, or it may draw in water expanding the
pore space. For example, when the degree of saturation decreases by 20%, the water
relative permeability (WRP) may drop to 36% of the saturated permeability for sand
and 18% for clay(Dawson, 2008 The relationship of relative permeability with

suction volumetric moisture content is illustrated=igure 2.27 for coarse and fine

grained soils.
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Figure2.27 The relationship of relative permeability with suction and volumetric
moisture content, fror@awson (2008)
Usually, the permeability of unsaturated soil is presented by the Wiéh is
defined as the ratio of the permeability at a specific volumetric moisture content to the

saturated permeability, i.e.
KORNY) Q# (2.49)
~ ~ Q ~

where' Q 0 is the WRP,Q 0 is the water permeability anf is the
saturated coefficient of permeability. Equations have been propos&itobks &
Corey (1964)ndVan Genuchten (1980) t he | atter being based
(Mualem, 197§, to measure the WRP.

For a base with a recommended minimum cross slope of E¥gune2.28 it must

be fairly coarse to achieve good drainage performance. A correlation between a
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minimum degree of saturation atige coefficient of permeability was investigated

(McEnroe, 199% With"Q <1.7x10* m/s, no drainage occurred due to higheaitry

head. WithQ <3.8x1L0* m/s, the material remained over 85% saturated. Witfxhe

reaching 7.4x1@ m/s, a minimum saturated of 50% could be obtained. With

0 >1.7X10°3 m/s, the material could achieve a saturation of below 209%4¢&nroe
1999)demonstrated, above 50% of a typical gr
undrainable witlapermeability below 7.4x10 m/s. This is due to the suction potential

under partially saturated conditions. However, vertical drainage of free water to an

underlying water table by gravity and drainage by evaporation will still be achievable.

&

b4 Granular base

‘,‘Phreatic surface
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(g3—Edge drain
x&0 Subgrade il

Figure2.28 Cross section of pavement structure, fidicEnroe (1994)
(2) SwccC

Under partially saturated conditions, the matric suction maeherated as a form
of negative pore water pressure. It plays an important role in the mechanical behaviour
of unsaturated soil because suction contributes to enhancing the stiffness of the soil to
bear external loading. During the drying and wetting pses, the matric suction will
fluctuate, which may cause plastic volumetric deformations. Generally, increased
moisture content will cause volume variation (increase for expansive soils or decrease
for collapsible soils) and reduces shear strength arfidestff in soils due to the loss of
matric suction. The amount and type of volume variation may vary with gloyisical
state, initial soil density, applied stress state and degree of saturation. Soils that vary
significantly with moisture content in congssion or shrinking/swelling properties are
usually regarded as moistusensitive soilYNg & Menzies, 200). The wolumetric
behaviour of unsaturated soil does not rely only on the initial and final stress and matric
suction but on the stress path from the @hitd the final stateGAlonso et al., 1990
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SWCC is defined as the relationship between moisture content and matric suction
and can be usei help predict the behaviour of unsaturated soil, e.g. the hydraulic
conductivity, shear strength and volume chafitjeam et al., 20Q5Water infiltration
or capillary rise (i.e. wetting) will decrease the matric suction in the soil, while water
evaporation or gravity drainage (i.e. drying) will increase the matric suction. The
hydraulic hysteresif.e. the moisture content at a certain suction for a wetting process
is lower than that for a drying process) arises in the SWCC of unsaturated soil, as
illustrated in

Figure 2.29 The hysteretic behaviour can be mainly attributed to thdatite
effect. This effect is demonstrateay considering the infbottle capillary tube
connected to a water reservoir, as illasgd inFigure 2.30 (Laloui, 2013. If the
reservoir is moved downward from the tube top, the capillary tube will keeptsatura
because the curvature of the meniscus at the tube top can sustain the applied suction. If
the water reservoir is moved to the tube bottom and then lifted, the capillary rise will
depend on the larger pore. Thtie capillary tube will not be filled tohe same water
level, and in terms of the degree of saturation, it will decrease.
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Figure2.29 Relationship of initial stress state to hysteresis loops of SWCC, from
Fredlund et al. (2012)
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(a) (b)
Figure2.30 Illustration of the inkbottle effect. (a) Capillary drainage and (b)

Capillary rise, fronLaloui (2013)

The effect of hysteresis should be incorporated in utilizing SWCC to predict the
matric suction from the moisture content (or weesa)(Fredlund et al., 20)2As the
moisture content of neaurface soils is likely to be affected hyainstorm and dry
periods of weather, it follows that many unsaturated sesltinexperience changes in
matric suction as a function of climate effeetsspecially as a funan of seasonal
changes. Thus, due to the seasonally repeated wetting and drying of unsaturated soill,
the stiffness and strength of the soils may {MgCartney & Khosravi, 200)2and will
make the strain development unstable or difficult to predict during repeated loading
(Birgisson et al., 2007

SWCC is widely utilized to present the relationship between matric suction and
moisture content ithe soil. Figure2.31(a) shows the hysteresis in the SWCC of silty
soil during wetting and drying processes, and (b) demonstrates the different trends of
SWCC in various soil§Fredlund & Xing, 1994
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The SWCC from clayey soils (SC) also shows that the matric suTiisture
content relationship is hysteretit differs in wetting and drying conditions, as shown
in Figure2.32

5C-1 compacted at OMC4% and then wetted to OMC+4%;
SC-2 compacted at OMC and then wetted to OMC+4%;
8C-3 compacted at OMC+L% and then dried to OMC4%4;
SC- compacted at OMC and dried to OMC-%.
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Figure2.32 SWCC for compacted clay soils, frafthoury & Zaman (2004)

Several elastoplastic models have been developed to investigate the effect of void
ratio on the water retention response of unsaturatedassiciating the variation of
with the changes of void ratio and matric suction @un et al. 2007Ma g2 n ).( 2010)
SWCCs for various void rais during wetting are presentedrigure2.33(Sun et al.,

2007). Their results gemally demonstrated the relation of suction to the void ratio.
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Figure2.33 SWCC for various void ratios during wetting, fr@an et al. (2007)
Theequation proposed M a ¢ (2010)is expressed as
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wheree is the effective stress rate fagtand™¥Yjy  andQindicate the variation ifY
[ andQ respectively

The first term quantifies the dependency™dbn suction at a constant void ratio
(i.e. SWCC at a constant void ratiand the second term indicates the dependency of
“Yon void ratio at a constant matric suctibigure2.34(a) and (b) illustrate the effects

of the void ratio on the SWCQ. is the slope of SWCC and is the set reference

value.
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Figure2.34 (a) Dependency of SWCC on void ratio and (b) dependency of the slope
1 ofthe SWCCon andQfor reference valuds =0.38,0 =15kPaand =

1.75,fromMag2n (2010)
2.5.3 Measurement techniques
(1) Moisture content

Moisture content plays a significant role in evaluatirager flow movemenn the
pavement or railway track. It contributes to revealing the saturation condition. Two
groups of methods are developed to measure moisture content, i.e. destructive methods
(i.e. gravimetric methods) and rdestructive methodd®awson, 2008 as shown in

Table2.8. Their features are also summarized and included.
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Table2.8 Summary on the measurement methods of moisture content, adapted from
Dawson (2008)

Methods Features

Gravimetric methods Simple to conduct, accurate to calibrate other
measurement techniques, destructive samplin
inapplicable to in situeattime measurements

Neutron scattering method Accurate and precise, inapplicable to automate
monitoring due to radioactive source being
attended

Time domain reflectometry ND electromagnetic technology, precise transi
time and moisture contenteasurement with a
resolution of 10 picoseconds and 0.1%
respectively

Ground penetrating radar Larger detected soil volume, air/ground launch
norrinvasive, resolution and depth of range of
electromagnetic wave dependent of antenna

Capacitance measzment  Nortlinear relationship of capacitance and
moisture content influenced by soil types

Nuclear magnetic resonani Fast, NDM with high precision, costly, not
suitable for field use and highly dependent on
sample calibration

Near infrared reflectanc Accurate, complex calibration and not suitable

spectroscopy routine methods

Seismic methods Accurate, complex calibration and not suitable
routine methods

Methods based on th Costly and longer measurement ti(veenstra et

thermal properties al., 2009

(2) Permeability

The saturated permeability can be evaluated in the laboratory or field tests. The
laboratory tests include constant head permeability tests, falling head tests and
oedometer tests. The field tests consist of pumping tests, injection tests and tracer tests.
The direct measurement techniques of permeability in unsaturated soil can be grouped
into steady and unsteady meth@dsedlund & Rahardjo, 1993as shown iTable2.9.
However generally, the direct measurements are ‘aesuming, especially for low
moisture content conditions. As matric suction increases, the shrinkage of the soil will
disrupt the continity of the water flow. Consequently, the functional coefficient of
permeability of the soil mass will not be readily measured by direct methods in the
laboratory. The indirect measurements also exhibit limitations, e.g. it is difficult to
determine the wat volume change accurately, and evaporation will increase the error

of measurement.
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Table2.9 Summary of methods for measuring permeability in unsaturated soil,
adapted fronbawson (2008)

Methods Features/Laboratory/field

Steady state methods Under a constant matric suction, tir
consuming, difficult to measure low flow ra
accurately, laboratory

Thermal methods Much quickemwhile not as accurate, laboratotr

Instantaneous profile method Much quicker while not as accural
laboratory/field
Multi-step outflow methods  Much quicker while not as accurate, laboratc

Tension infiltrometer methods Useful for characterizing soil structure
accurate, simple, but difficult to acquire t
parameters required and control init
conditions, field

Cone penetrometer methods Continuous, repeatable, reliable and cost sa\
field (Lunne et al., 1997

(3) Matric suction

Generally, matric suction needs to be measured in practice. Thus, the principal
measurement methods of matric suction are presenieabie2.10,
Table2.10 Summary of common laboratory and field techniques for measuring matric
suction, fromDawson (2008)

. Suction Measurement I . Laboratory
Technique/Sensor component range /kPa Equilibrium time /Eield
Tensiometers Matric 0-100 Severaminutes Ilziael:;gratory
AXis t_ranslatlon Matric 0-1500 Several hourslays Laboratory
techniques
EIectrlcQI(thermal Matric 0-1500 Several hourslays Lgboratory
conductivity sensors Field
Contact filter paper . i : Laboratory
method Matric 0-10000 2-5 days Field
Non-contact filter Total 100010000 2-14 days Lgboratory
paper method Field

2.5.4 Moisture variation

It has been demonstrated that rainfall and drainage play a dominant role in
influencing the moisture variation in the pavement subsurface stri¢ameSambeek,
1989 Dawson & Hill, 1998a By considering these conditisnthe range of moisture
variation could be determined through previous field investigation, numerical
simulation and laboratory studies. Then, the effects of moisture content on soil

behaviour can be investigated within a realistic range in compliant¢e that in
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practice. The moisture variation was discussed from three aspects, i.e. field

investigation, drainage effect and laboratory tests.
(1) Field investigation

Field investigation has been conducted to reveal seasonal variations of moisture in
pavement structuregHeydinger, 2003 Dawson, 2008 Erlingsson et al., 203}7
Heydinger (2003analysed the da from seasonal monitoring program instrumentation
at the Ohio Strategy Higher Research Program Test Roa@3lUBelaware County,
Ohio). The subgrade soil at the site was classified-&ssAil (Plastic clay) by AASHTO
or CL(Clay) by USCS, with a spedaifgravity of 2.7. Its optimum volumetric moisture
content 0 ) is 31% and 22% by standard and modified Proctor procedures,
respectively. The analysis results of data for subgrade soils are preséritenied.35
The measuredd during TDR probe installation and corresponding gravimetric
moisture contentl) are presented ihable2.11for AC and PCC pavement sections.
The variation oD relative to the OMC (i.eY0 ) was calculated, which ranged from
4% to +7%.
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Figure2.35Averagey  and soil temperature for (a) PCC and (b) AC, from
Heydinger (2003)
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Table2.11VMC and GMC for AC and PCC sections, adapted fidaydinger (2003)

Optimum  Optimum 0 range . o I o
Road type o /% o 1% 1% O range /% Y0 /%

31 11.48 +1.48~+4.08
AC 35~42 12.96~15.56

22 8.15 +4.81~+7.41

31 11.48 -4.07~2.59
PCC 20~24 7.41~8.89

22 8.15 -0.74~+0.74

The measurement of -situ moisture contents in a letaffic pavement is
presented irFigure 2.36 and Figure 2.37 (Dawson, 2008 The flexible pavement
consists of 6 cnthick bituminous surfacing, granular base and clayey subgrade. The
results show that the pavement edge was the critical zonewitisture content 2%
higher than that near the centreline. Frieigure2.36 the moisture content measured
by TDR was nearly equal to 7% during days with no or little rain, while the moisture
content othesubgrade could increase from 10% up to 20% and glaxeson, 2008.

For the granular base, the variation due to rainfall was no more than 2%F kg
2.37, the variation of the average monthly moisture content was 2% and 5% aear

pavement centreline and edge, respectively.

00 - — 39 (UGM)
184 — S1 (subgrade) T14
g 16 + — Rain level (mm) 112
M7 10
2 121
= s £
= 10 o
2 >
5 8 -6 o
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5 4 8
= 47 ,
i | T |

20/09/01 28/11/01 18/01/02 09/03/02 28/04/02 17/06/02

Date
Figure2.36 Water content variations in the granular base (S9) and in the clayey

subgrade (S1) of a low traffic pavement, near the pavement edgd)&wson
(2008)
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Figure2.37 Monthly average water contents in the granular base, at the centre and
near the edge of the pavement, frbawson (2008)

The monitored VMC and the daily precipitation at two locations in Sweden over
one yearare presenteth Figure 2.38 (Erlingsson et al., 2037 This data is for a
seasonally freezing subgradehence the sharp reduction miisture contenthen
winter comes and the reason that the higher soil gets a reductiormistune content
earlier than the lower soil and gets a higher moisture content in spring earlier, too. The
corresponding GMC was estimated, as showFeinle2.12 ¥ represents the variation

of GMC, and it showed a similar magnituddhe subgrade ahetwo sites.
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Figure2.38 Monitored VMC and daily precipitation at two locations in Sweden

during one yeart@p) Torpsbruk site from 01/07/2010 to 30/06/20XMwn)
Svappavaara site from 01/01/2015 to 31/12/2015, ttdingsson et al. (2017)

Table2.12 Moisture content variation of subbase and subgrade at two sites, adapted

from Erlingsson et al. (2017)

Layers Moisture content /% Torpsbruk Svappavaar:

0 4~10 6~24
Subbase 0 1.83~ 4.57 2.74~10.96

Y0 2.74 8.22

0 12~34 2~30
Subgrade 0 5.48~15.53 0.91~13.7

Y0 10.05 12.79
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(2) Drainage simulation

Based on the analysis Byonso et al. (2002)it was found that as the depth of the
drain increased, the degree of saturation at equilibrium decreased, as slkaguran
2.39 The drainage effects were improved. When the drain was instalbedkath of
4.5 m, the variation afhe degree of saturation itne subbase (i.e. Point D, E and F)
were 0.3, 0.32 and 0.45, respectively, which may provide a reference for the possible

moisture variation ithe subgrade.
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Figure2.39 Degree of saturation at equilibrium when a drain is installed at the
pavemenshoulder contact, frorAlonso et al. (2002andDawson (2008)

Ghavami et al. (2019%imulated the variation of the degree of saturation in
subgrade under different drainage conditions after rainfall, as illustrakegure2.40
and Figure 2.41 According to Hassan & White (1996)a rainfall event was
consecutively applied in four steps, showTable2.13 With thedrainage layer, the
degree of saturation after rainfall decreased by about 20%.Fgume2.41, the effects
of edge drain wredemonstrated, and it reded saturation by 15% the subgrade.
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Table2.13 Rainfall event details, adapted fratiassan & White (1996)

Flow time /hours Rainfall intensity /cohr!  Raining/draining conditions

1 0.37
2 0.19
3 0.15 ) o o
Simultaneous raining and drainir
4 0.37
5 0.95
6 0.87
7-15 <0.2 Draining only
16 0.9 i o o
Simultaneous raining and drainir
17 2.47
18-68 <0.2 Continuous draining only
100~
. —O—Modt.] 1: Drainage layer, edge drain, dense graded asphalt filter
1 H h*'c\ e e M0l 2: No drainage layer, edge drain
i Q Model 3: Drainage layer, edge drain, #53 granular filter
954

g b4
l‘lllllt?]lll

Saturation (%)

75]]TI'T1IIII]TIIITT TITIITTIIITI
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Time(hrs)
Figure2.40 Subgrade saturation evolution after rainfall of Medgl2 & 3, from

Ghavami et al. (2019)
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Figure2.41 Subgrade saturation evolution after rainfall of Mede& 4, from

Ghavami et al. (2019)
(3) Laboratory studies

Previous studies were reviewed with a focus on the laboratory unsaturated triaxial
tests(Brown et al., 19870o0i et al., 2004Yang et al., 2005Zaman & Khoury, 200;
Khoury et al., 2009Sawangsuriya et al., 200Dzel & Mohajerani, 201, 1Han &
Vanapalli, 2016bKhoury, 2018. PI values of all these soils involved varied from 6 to
52. Based on the repeated load triaxial tests, the effects of moisttine @silient
modulis of subgrade were studied generally within a range from @BCto
OMC+4%. This range is meant to simulate the possibésture content variation
attributed to the drying and wetting paths in subgrade do@tailed analysisf the
moisture content andsi relationship with resilient modulus was also conducted, as
presented in Chapt& Considering the severe consequence of subgrade at saturated
conditions, saturated triaxial tests should also be conducted. Compared with the drying
side of OMC, the wettig side is more critical to influence pavement performance due
to the reduction of suction ithe subgrade. This may provide reference for the

moisture variation during laboratory testing design.
2.6 Drainage methods
2.6.1 Subsurface drainage

The entry of water into a road pavement was described at the start of Section 2.5.1
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(seeTable 2.7). Strategies of subsurface drainage were presentéthhgtopher &
McGuffey (1997) including the utilization of permeable base, underdrains, edge drains,
filters, outlets and prefabricated geocomposite edge drains. The lateral or median drain
may be taken as the most effective drainage rquitevided ttat an underdrain with

high conductivity and connecting to the lateral/median drain is incl(idadson &

Hill, 1998b).

Regarding subsurface drainage, two general types of subsurface drainage criteria
were used byridgeway (882} (a) a time for a certain percentage of drainage and (b)
an inflow-outflow criterion. Several combinations of criteria and equations were
selected to calculate the required permeability of the drainage layer. Therefore, the
effectiveness of the medds could be quantified by measuring and comparing the
moisture content or the time to achieve the given moisture content in the corresponding
sections.

However, studies on the effects of drainage on foundation performance may still
be rare or not comprehsive. They may focus on one of the mechanical properties (e.g.
resilient modulus) influenced by drainage rather than consider the properties together.
The drainage effects on the subgrade soils and further on the whole structure are not
fully explored. @nsequently, our knowledge of the sensitivity of foundation response
to drainage may still be insufficient for pavement and railway track design.

The following methods for pavement drainage are taken as examples and,
following the research byawson (2008)the subsurface drainage methods (e.g.
permeable base layers as drainage, transverse drainage, longitudinal damidage
underdrains) are demonstrated further. The discussion is mainly focused on the
foundation drainage of pavements since that of railways may be similar except for the

upper stactures.
2.6.1.1 Permeable base layers

Due to high structural stability and permeability requirememsrmeable base
layers are often constructed by cement (or aspbt@bilized opergraded aggregate.
Forlow- to mediumvolume highways, it may be more economical to utilize unbound
permeable aggregates with the required drainage capacity. Permeabiilly shows
an opposite trend with structural stability; thus, it should be a concern in the drainage
design(Tao & AbuFarsakh, 2008 White et al. (2004jound that both permeability
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and structural stability of the unbound aggregate relied on the gradation, particle shape
and angularity significantly.

The typical components of two types of drainage layer (permeable base layer or
separate drainage layer) systems are illustratEdyure2.42 Two systems include an
opengraded drainage layer (OGDL) employed jointly with a longitudinal edge
drains/outlet pipe and a daylighted OG(Hluang, 1993Diefenderfer et al., 2005
According to the research byuang (1993)it may be the mostffective method to
remove the infiltrated water in the pavement structure in the shortest drainage time
Thus the duration of time at a high water table will decrease in the pavement/track
structure. The details of the outlet pipe are showfigure 2.43 However, if an
efficient collector is not installed for the drainage layer, the drainage layer will serve as
a moisture reservoir and further indubazards. With respect tie railway track
foundation, it may have a similar desigmnthat of pavements, as illustratedrigure
2.44
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(b) Dalighted construction

—Drainage layer
(a) Longitudinal drain :
with collector pipe for drainage

Figure2.42 Typical components of drainage layer systems with/without collector

pipe, fromHuang (1993)
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Figure2.43 Details oftheoutlet pipe, fromHelstrom et al. (2007)

68



Y Y Y Y VY VY YV Y v v

Water table

Subgrade
Sand blanket | Geotextile

Figure2.44 Drainage with permeable geotextile below ballast in railway track, from
Rushton & Ghataora (2014)

2.6.1.2Transverse drainage

Transverse drains are set perpendicular to the centreline of the carriageway, as
illustrated inFigure2.45 The transverse drains play a significant role in the transition
areas, e.g. joints beneath concrete pavements, since the increasing deterioration of joints
may allow water tanfiltrate into the subsurface structure. Due to gravity, the water
may be collected into the installed perforated collector pipes. Then, the drains will take
the water into the side ditches through the pipes. However, distresses may be induced

if the wate bypasses the pipe.

Carriageway traffic direction

-y

|
Pavement
Drainage ]ayeS/
Flltallaye[ \/\/\\\‘\, Vi //I'\/\f\/\ iy
Subgrade
(imported/natural
soil) Fr— — — — — === — — — — — —
Ground 7 s / /

Figure2.45 Perforated collector pipes as transverse drains in the found@aerson,
2008

2.6.1.3 Longitudinal drainage

Ditchesor trenches are commonly employed as longitudinal drainage methods to
prevent/intercept water from infiltrating the foundation of pavement/railway drack
Currently, a geotextilevrapped perforated carrier pipe with sufficient discharge
capability or porous materials is placed at the bottom of the drains to remove the water.
Granular materials with high permeability are used to surround the pipe. Typilally
base othecollector pipe is about 0.5 m from the bottom of the layer to be drained and
lies at depths between 1.2 to 2 m below the suffaaeson, 2008 The geotextile will

serve as a filter stopping the migration of fine soil particles, yet without becoming
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clogged by particles of soil that wouldstét in a significant reduction in permeability
and, hence, function. A typical longitudinal drain is presentdelganre2.46 (Lebeau
& Konrad, 2009. The drain is set at the edge of structures in parallel with the
foundationdés centreline. When the water
benefitfrom removingwater from the overlying layer or side areas. When the water
table rises abovéné drain, the drain will also remove the water from the subgrade to
lower the water tabld.ebeau & Karad (2009found that drainage time relied on the
saturated and effective relative hydraulic conductivity of granular base and subbase
materials. Four drainage patterns with different flow paths were revealed as the
saturated hydraulic conductivity sfibbase materials increased, as illustrat&dguare
2.47. These flow patterns showed different characteristics: a) lateral drainage in a base
with relatively high horizontal permeability over smbbasewith lower horizontal
permeability; b) compost flow where both base amslbbasehave comparable
horizontal permeabilitiebut thesubbasdnas a lower vertical permeability; c) vertical
flow where the base has a low horizontal permeability compared to thatsofitbase
d) funnelled flow where theubgrade has high vertical and horizontal permeabilities
compared to the base. It should be noted that in all these, an impermeable subgrade has
been assumed.

Wearing layer,

Base layer
Subbase layer .".\

~Subgrade ] !
T .B ---"_"-—H. - 1-* e T N
Figure2.46 Cross section of pavemenmtcluding an edge drain, frohrebeau &

Konrad (2009)
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Figure2.47 Four flow patterns in a pavement. (a) lateral flow, (b) composite flow, (c)
vertical flow and (d) funnelled flow, frorbebeau & Konrad (2009)

2.6.1.4 Underdrains

Underdrains can be placed in a trench filled with drainage materials wrapped in
geosynthetics (e.g. geotextile). They tend to be constructed centrally right below the

position to be drained. A type of underdrain is showRigure2.48
Shoulder

Drainage layer
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A 054 Filter layer
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7 7 7 7 7 7 ‘ Ground
Figure2.48 Underdrains (Opegraded aggregatépawson, 2008
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2.6.2 Drainageeffects on mechanical response

Generally through drainage, the dissipation of excess pore water pressure in the
pavement/track structures will be accelerafBiderefore the loading exerted by the
vehicles can be transferred from the pore water toskieéeton of the soil and the
foundation will show an improved mechanical response. Drainage strategies prevent
water from entering the pavement and remove any existing water into the edge drains.
Thus, effective stress will be promofeshd moisture contérfor degree of saturation)
will decrease to some extent. Then, the negative pore water pressure may increase, i.e.
the matric suction, which contributes to the bearing capacity of the underlying soil. As
introduced in the Section 2.4.3 and Section 2.4edluced moisture content and
increasing matric suction will enhance the structural stability of foundations in
pavement/railway track systems. Previous stuftiesstrom et al., 20QMNazzal et al.,
201Q Bahador et al., 20)3vestigated the benefits of including a properly constructed
drainage layer and showed that pavement structures would not be weakened by
including a drainage layer while the strains would be reduced by the drainage.

The study byli & Nantung (2015)eported that the moduli of subgrade materials
were stragly influenced byaddinga drainage layeiFor example, a subgrade median
modulus of sections with a permeable layer was about double the modulus of the
undrained sectionsBased on deflection monitoring, the road section with the
geocomposite membranegi a low modulus polyvinyl chloride layer sandwiched
between two nonwoven geotextiles) consistently showed less deflection than that
without the drainage laydAl-Qadi et al., 2004 Bahador et al. (2013pund that
woven filreglass and nonwoven polypropylene geotextiles can reduce the total plastic
deformation by up to 55 and 35% in paved road sections and by up to 60 and 30% in
unpaved road sections, correspondingly, subjecthe aggregate base course and
asphalt thicknesses. With fré®drain, the resilient modulus of track foundations
showed an increase withe number of cycles and increasing shear stress below the
threshold leve(Mamou et al., 2017

However subsurface drainage features may not benefit all sites and conditions
(Diefenderfer et al., 2005Poor drainage will also induce premature failures to the
structures with increasing headyty loads. Thus, suitable drainage strategies should
be considered according to the practical conditions to achiegfective removal of

moisture in the underyg structure.
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2.6.3 Effectiveness of drainage

The effectiveness of drainage has been investigated within different types of
drainage methods. For example, flexible pavement could exhibit a lower deflection by
including a subsurface opgmaded drainage yar on the subbase with a longitudinal
collector pipe since the drainage would maintain the subgrade in a relatively dry state
(Diefenderfer et al., 2005For an asphalt pavement section, the presence of a drainage
layer (i.e., a permeable base that was 10 cm thick and 8 m wide with slo@sof
2%) reduced the degree of the saturation in the subgrade with a maximum value of
87%, while the subgrade ttie section without drainage layer was always saturated
(100%) (Ghavami et al., 2026In terms of underdrains, it is reported that the water
table level varied under different conditions, i.e. with and without underdrdihs.
effects of underdrains on the water surface are illustrated schematidayine2.49
The depth to the water table shows a maximum value at the position right above the
underdrain which hasfewer effecs with transverse distance from the underdrain
(Neale, 201k

Many researchers investigated drainage metiditispermeable geosynthetics in
roads or railways, e.dElseifi et al., 200;LAl-Qadi et al., 2004Fatahi & Khabbaz,

20117, Fatahi et al., 203 Rushton & Ghataora, 201L4n practice, permeable geotextiles

are commorny set between the ballast or spd@llast and a sand blanket. Geosynthetics
with relatively high lateral and transverse permeability can benefit drainage. However,
in terms of drainage time, the effectiveness of geocomposites (i.e. those having a highly
pemeable, lateral core with transversely permeable geotextiles above and below the
core) may vary according to the locatiRushton & Ghadora, 2013 The study by

Wang et al. (201 Qresented that the wicking geotextile could effectively remove water
from the road cross section prepared even when the soil was near its optimum moisture
content condition. It also implied an effective distance of the geotextile from the soil,
which mayapply to other permeable or geocomposite drainage layers.

They can also elevate the drainage capability for the capping layer and prevent fine
particles from migrating between figgained and coarsgrained layers. Woven
geotextiles may clog with time dract almost as a plastic sheet retaining water in the
subgrade. Thus, geotextiles in the track structure of railroads should-leaen and
needlepunched materiald=atahi et al., 201
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Figure2.49 Water surface reduction due to underdrains, adaptedMieate (2016)

In terms of the factors affecting drainage, even though pavement/trackbed drainage
is beneficial forthe rapid removal of excess water, advantages from a subsurface
drainage system wawith structural types, rainfall, geometric design and hydraulic
propeties of material§Huang, 19938 A rapidwater removatould be achieved with
the geonet drainage composite placethasubgrade or belothe subgrade. It is also
found that the placement of such a drainage layer showed better performance in
removing the most damaging waters present during the spring @raistopher et al.,

2000. From the study biRaymond et al. (2000}he installation o drainage system

did not stop pumping, i.e. the migration of clayfsilted subgrade finesUnder
partially drained cyclic loading conditions, the maximum values of volumetric strain
showed an upward trend with soil drainage path lengtte permeability of the
drainage system played a major role in its performance. For a permeable draieage bas
layer, its drainage effectiveness could be maintained by increasing the hydraulic
conductivity and the thickness tife base(White et al., 2004 It was also found that
reduced permeabilities (e.g. 10% of the original values ) of ballast and subballast due
to fouling could induce higher maximum water table and sloweinfétie water table,

and increased subgrade slopes improved the drainage perforrfRnsieton &
Ghataora, 20091t is reported thiathe drainage time of a multilayer pavement relied

on both the saturated hydraulic conductivity of the subbase material and the effective
relative hydraulic conductivity of the subbase material at the interface of the base and
subbase layer.ebeau & Konrad, 20Q9apanicolaou et al., 2015as well as the
drainage in trackbed depended on the geometry and hydraulic properties of track
foundations(Rushton & Ghataora, 20L4An opengraded aggregate layer combined

with trenched longitudinal edgedrains and outlet pipes was statkee most effective
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method byHuang (1993)while the efficiency of a drainage system can be improved
by incorporating a centre drain in a very wide pavement structure in addition to
edgedraingMahboub et al., 2003

Drainage strategies have been increasingly atlinthe design, whilst improper
installation and inadequate maintenance of drainage components have often led to poor
performancdChristopher & McGuffey, 1997 Without maintenance, pavements with
subsurface drainage have been found to perform as poorly as pavevitaotg
subsurface drainage. Clogged outlet pipes posed a detrimental effect on the
performance of flexible pavements, e.g. increased fatigue cracking, rutting and
stripping (ARA, 2004. Following the Federal Highway Administratiofrederal
Highway Administration (1994jlefinition, the Quality of Drainage is introduced to
investigate the effectiveness of the drainage otkthlso known as the Time to Drain
method.Table2.14presentgirainage quality r om O0excel |l ent & t o Over
to the FHWA and AASHTO guiddhe time required to reduce the degree of saturation
from 100% to 85% or to achieve 50% drainage is recorded to measure the effectiveness

of drainage.
Table2.14 Levels ofdrainageeffectiveness
Time to drain
Effectiveness of drainage FHWA AASHTO
85% Saturation 50% Drainage
Excellent < 2 hours < 2 hours
Good 2-5 hours 1 day
Fair 5-10 hours 7 days
Poor >10 hours 1 month
Very poor >>10 hours Does Not Drain

2.7 Multi-layered elasticanalysis

Given their significant rolen transport and their potential economic value and
subgrade sensitivity to moisture contents, the structural response of pavements and
railway tracks needs to be well understood so that they can be adequately diesigned
especially as, in practice, deteriooat (e.g. surface cracking) has been identified in
pavements builto belonglife (Wang et al., 2012 Through experimental analysis

such as laboratorgontrolled or field tests, more realistic results can be achieved
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relative to computebased simulation analysis. This experimental appross
straightforward and useful in some circumstant¢¢éswever,the application of any
findings to different conditions (e.g. different environnsembading conditions and
material properties) may not be valid. Numerical analyssan alternative, emplsy
advanedcomputer technologgGhadimi & Nikraz, 201Y.

In terms of railway tracks, multayered elastic (MLE) theory is a common way to
analyse the substructure based on elastic theory andlayd@ted system. Thus, many
studies have been performed based on the +ayHred elastic theory in terms of the
MLE-based programs, e gEART (Fateen, 1972 ILLITRACK (Robnett et al., 1975
GEOTRACK (Chang et al., 1980and KENTRACK (Rose et al., 2024 Previous
studies(Teixeira et al., 2006Burrow et al., 2007Rose et al., 20)1based on these
programs have proven that it is possible and applicable to utilize MLE methods for the
performancebased railway trek design. However, it is not realistic to consider all the
structures, and thus this study focused on flexible pavements to demonstrate the MLE
method.

Several mechanistic computer programs are available for pavement response
analysis, e.g.-2limensionalaxisymmetric finite element programs (e.g. ILRAVE
and MICHPAVE), 3dimensional finite element programs (e.g. ABAQUS and
DIANA) and multHlayered elastic (MLE) programs (e.g. CIRCLY, DAMA,
KENPAVE, CHEVRON, BISAR, ELSYMS5, VESYS, WESLEA, MnLayer and
ERAPAVE). Many attempts have been made to investigate the structural response of
pavement with finite element or difference meth@EM or FDM), as shown ifiable
2.15 However, the computation time and convergence issues could reduce the value of
finite element methods, particularly wheranysimulations need to be performé&lie
to their simplicity, the prgrams based on mulayered elasticity are more widely used
than finiteelementbased method&hadimi & Nikraz, 201Y. Such software can be

used to explore the changing trend of pavement responsaisture content.
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Table2.15 Numerical studies on pavement response

Method  Program Research objective Reference

FEM Viscoelastic continuurr Fatiguecracking mechanism in asphe Mun et al. (2004)
damage finiteelement pavements
program

FEM Threedimensional Effects of base and subgrade quality Saad et al. (2005
implicit dynamic finite the fatigue and rutting strains and t
element method vertical surface deflection

FEM ABAQUS Reinforcement effect of incorporatin Nazzal et al.

geosynthetic layer within the bas (2010)
course

FDM FLAC Effects of a geocomposite drainar Bahador et al.
layer  on pavement  moistur (2013)
distribution and plastic deformation

FEM ABAQUS The impkmentation of constitutive Ghadimi &
models in flexible pavements Nikraz (2017)
FEM ABAQUS Stress state of test tracks Lu et al. (2020)

2.7.1Multi -layered elastic method

The MLE method is commonly adopted as the stséig8n computational tool to
achieve a mechanistempirical design of pavements and railway tracks. By taking
flexible pavement as an example, it is assumedhthiatyers are numbered sequentially
from top to bottom as 1 tb, with the¢ layer being an elastic hatpace.The basic
assumptions to be satisfied @#uang, 200%

a) Each layer is homogeneous, isotropic and linearly elastic with an elastic modulus
and a Poisson ratio.

b) The material is weightless and infinttean actwal extent.

c) Each layer is of finite thickness, except that the lowest layer is infinite in thickness.

d) Uniform pressure is applied on the surface over a circular agelénafed radius.

e) Continuity conditiols are satisfied at the layer interfaces, as indicated by the same
vertical stress, shear stress, vertical displacement and radial displacement.

MLE methods exhibit some defe¢Bhen et al., 1995n terms of their inability to
model the nonlinear resilient behaviour of granular and cohesive soils in a realistic
manner, the full (or zero) shear contact that must be assumed between layers and tensile
stresses usually generated in a granular matehadh do not exist in the field. The
precision will rely on the material properties assigned to each layer. Yet this approach
can still besufficienty reliable (Suh et al., 201,00mer & Eghan, 2018and offer the
possibility of a rational solutioto the problen(Hossain, 1998

77



2.7.2 KENLAYER

The application of KENLAYER tothe pavement is taken as an example to
demonstrate the use of an MLE to predict pavement structural response. KENLAYER,
as a part of KENPAVE bifluang (2004jor typical flexible pavements, can be applied
to a multilayered system under stationary or moving multiple wheel loads (e.qg. single,
dual, dualtandem or dualridem wheels) with each layer responding differently (e.g.
linear elastic, nonlinear elastic or viscoelastic). Based on KENLAYER, flexible
pavement structures are analysed as an elastic multilayer system under a circular loaded
area. For aithear elastic system, the superposition principle is adopted for multiple
wheels. In a nonlinear elastic system, the solutions are superimposed iteratively with a
method of successive approximations. It is competent to conduct damage analysis on a
seasonabasis by dividing each year into a maximum of 12 periods and assigning a
di fferent set of materi al properties (i
each period. A maximum of 12 load groups (either single or multiple) can be applied
to each priod. Then, the stress, strain and displacement at each point of the layers can
be derived and transformed into pavement performance parameters with empirical
models. The strength of KENLAYER lies within its capability of simulating flexible
pavement stretures either by lineaglastic, nonlineaelastic and viscelastic models
or by the combinations of these models. Damage analysis can also be conducted for
fatigue cracking and permanent deformation, which dominate the pavement design. The
main interfaceof KENLAYER is illustrated inFigure2.50

B4 Main Screen >

Data Path:  [D:\OneDrive - The University o « | Filename:  |EffectsofMCs-6D.DAT  ~|

KENPAVE

A Computer Package for

Pavement Analysis and Design

Developed by Dr. Yang H. Huang. P.E.

Azphia Professor Emeritus of Civil Engineering Concrais
University of Kentucky

Lexington KY 40506-0281 SLABSINP

KENLAYER KENSLABS

KENSLABS
LARGE RAM

LGRAPH Help

EDITOR

Dos

EXIT

CONTOUR

SGRAPH

Figure2.50 Main interface of KENLAYER
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The solutions (i.e. stresses, strains, and deflections) of KENLAYER for'(ayer

presented in terms of HKBumistersl94khazanovitch har moni
& Wang, 2007, as expressed in Egs. (2.51) ~ (2.57).

B 1 0O aQ 0 a Q 0 a dQ (2.51)
3 Od& ¢gQ v aiQa

wherelz ihx i s Bur mi ster ds bai ish ther vartical icaordifate n ct i o n s

measured fronthe top surface of lay€et) is thedistance fronthe evaluated point to

vertical coordinate axisi is the integration parameteg & ,0 & ,0 &

andO & are functions independent of coordinatemdd, andy is Bessel function

of order zero.

5 %% | (2.52)

0 P5—cp B (2.53)
,, TT—G ¢« b Lo (2.54)
, TT—G n B TTI— (2.55)

. TT—d‘ N g ?Til (2.56)

T 'I'T_i p ‘" nRg TTT (2.57)

whereo is radial displacement, is vertical displacement, is vertical stress, is

radial stress ithe horizontal plane, is tangential stress e horizontal plane}

is shear stres)i s Youngods ‘meduPouiss somds r®A i o for
typical n-layer system in cylindrical coordinates is illustratedrigure 2.51, with the

n layer being ofninfinite thickness (Huang 2004).
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Figure2.51 An n-layer system in cylindrical coordinates, frétoang (2004)
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Major disadvantages of KENLAYER include that only modulus values of each
layer in the vertical direction can be usiefined andareassumed constant through the
thickness even though, in reality, the modulus of granular material aredstpsdent
and, thus, will vary with depth and radius in the lafténang, 2004Kumar, 2013.
However,such programcan still be fairly reliabléSuh et al., 201,00mer & Eghan,
2018 and are more widely used than firgkementbased methods due to their
simplicity (Thompson et al.,, 1990 Many studies have been conducted using
KENLAYER, e.g.Carvalho et al. (2012)Abed et al. (2019) Bost anci gj l u (20
Mahima & Sini (2021) Considering the research objectives, it is believed that

KENLAYER is still applicable with reasonaberformance.
2.8 Summary andconclusions

In this chapter, several aspects relevant to the foundation in roads and railway
tracks were reviewed, including general structural properties of road pavements and
railway tracks, wateinduced distress,mechanical properties (i.e. stredgain
behaviour, resilient modulus, shear strength, permanent deformation) of foundations
under repeated traffic loading, factors influencing foundation response, water flow,
drainage and muHayered elastic analysi#. is beyond the scope of this project to
thoroughly cover both pavements and railway tracks, and the analysis of pavement
foundations v@sconcentrated on. It is expected to proadeference for understanding
the foundation response of railway trackhe main observations are as follows:

A Typically, road pavements consistadurface course, pavement base, subbase and
pavement foundation, and ballasted railway tracks include rails, the fastening
system, sleepers (ties), ballast, $atlast and subgrad# is clear that subgrade
plays a significant role in supporting pavements/railway sagkh superior
performance required under repeated traffic loadihg@speciallypecomes vital
when carrying vehicles with heavier axle loads. Thus, the foundstibhas been
focused on to broaden the understanding of its behaviour.

A The waterinduced distresses in the subsurface structures were identified and
summarized. The major distresses were recognized for each structure, i.e. fatigue
cracking of overlying bond layers and critical rutting for pavememnisogressive
shear failure, excessive plastic deformati@mnd subgrade attrition with mud
pumping for railway tracks. The contribution of foundations with excess water to

the structural distresses was highlighted.
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A The key mechanical properties of the foundation were identified as being the
resilient modulus, sheatrength and permanent deformation resistance. Selective
prediction models incorporatintpe effects of moisture content were reviewed
for0 ,T and- 0 under repeated traffic loading. Therefore, the effects of
moisture variation on each propertyanc be quantified. Generally)
andt decreased with the excess moisture, while) showed an opposite trend,
and the effects varied with soil types.

A With regard to the factors affecting foundation respahedyysteretic phenomenon
of moisture effects and matric suction on resilient modulus was revealed, i.e., the
resilient modulus along the drying path wasre significanthan that along the
wetting path. It indicatethatthe wetting process with lower suct®will be critical
to soil response.

A The ingress and egress routes of water into subsurface structures were identified.
Surface water infiltration was the main source that contributed the most to excess
water. The variation of moisture content in practieaerally fluctuated within 11%
(drying and wetting)Combined with previous studies, it is believed that the range
between OMC to OMC+4% can represent the critical wetting conditions of
unsaturated soils.

A An opengraded drainage layeemployed jointly wih a longitudinal edge
drains/outlet pipeand a daylighted OGDL could be the most effective method to
remove excess water. Drainage significantly reduced the water thssipated
excess pore water pressure and thus enhanced the structural beariiyg. Gapac
effectiveness of drainage depended on structural types, rainfall, geometric design
and hydraulic properties of materials. Four flow patterns in granular bases and
subbass, resting on an impermeable subgrade, due to drainage were revealed, i.e.
lateral flow, composite flow, vertical flow and funnelled flow.

A The multi-layered elastic method has been widely used to analyse pavements and
railway tracks due to its simplicity. This method is fairly reliable and offegs
possibility of a rational solign to the problem. In particular, KENLAYER as a part

of KENPAVE, is able to conduct pavement analysis as an example.

However based on the literature review, some limitations lie within the previous

studies.
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The research on drainage effects is stslufficient. Effects of drainage on shear
behaviour have not been fully studied for both saturated and unsaturated soils, and
the changing trend of shear strength parameters has not been revealed. In addition,
the effects on pavement response have nat hiether evaluatednvestigations of
drainage effects on foundation respousder saturated and unsaturated conditions
will be significant and comrehensive.

The sensitivity of structural response (e.g. pavegi@atmoisture content has not
been comprehensively studied. Althoubbeffects of moisture content changes on

soil properties have been widely investigated, the effects can vary on different
structures. To comprehensively understand the effects on pavessponse, it is
necessary to conduct a sensitivity analysis of moisture effects on pavement
response.

The prediction models of resilient modulus have been associated with many soil
conditions including degrees of saturation, moisture content, matratiosy
confining stress, bulk stress, deviator stress, octahedral shear stress and net mean
normal stress as well as with many soil properties (e.g. dry density and PI). These
models are flexibléy incorporating various variables that affesbdulus and r@

able to achieve reasonably accurate predictions. Despite the progress in the
development of prediction models, they were derived from a limited number of soill
types and exhibited difficulties in the direct and precise measurement of matric
suction durig the tests. The model parameters also needed to be determined with
morerepeated load triaxiaésts, which can be tim@nsuming. Thus, a prediction
model having a simpler form which would cover a wide range of soil types is still
needed to evaluate thesilient modulus of unsaturated soils under a variety of
external conditions.

The method of predicting the cumulative plastic deformation of foundation soils
has been correlated with stress states and soil properties, loading cycles and time.
The models incorporating moisture effects may be complicated and limited to one
soil type ad contain too many model parameters. The moisture effects on
cumulative permanent deformation have not been fully rep@tdayrade box tests

will reveal the permanent deformation behaviour of subgrade soils in a more

realistic way compared toiaxial tests.
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CHAPTER 3 PREDICTION OF RESILIENT MODULUS
WITH CONSISTENCY INDEX FOR FINE -GRAINED
SOILS

3.1 Introduction

Resilient modulus was introduced the American Association of State Highway
and Transportation Officials (AASHTO) and is widely employed to estimate transient
soil deformation under repeated traffic log@ASHTO, 1986. Resilient modulus has
been an important indicator used #dlect the resilient behaviour of subgrade soils.
Currently, various methods are utilized to obtain the resilient modulus o{ Eodm,
2008, e.qg., Californidearing ratio (CBR) test®rown et al., 1987Sukumaran et al.,
2002, repeated load triaxial tegfBaman & Khoury, 200;7Khoury et al., 2013Han
& Vanapalli, 2016B, Precision Unbound Material Analyg@ihom et al., 201,2Kwon
et al., 2017, K-Mould (Semmelink & De Beer, 1995Spring box(Edwards et al.,
2005, dynamic plate tedfloizos et al., 2003Asli et al., 2012 and falling weight
deflectomete Ksaibati et al., 2000 Some directly measure a modulus, while others
determine the resilient modulus by correlatioranother parameter (e.g., CBR value,
penetration indeanddeflection). The users of these tests have found various properties
to be significant for predicting resilient modulus, including plasticity index, soil suction,
dry unit weight, percentpassiigb e m ( #2 00 s i e v(Buppala,2@B8 cl ay
The resilient response of pavement foundations has been found to depend on
several variables. It is influenced by moisture content, matric suction, external stress,
number of load repetitions, stress state, wetting and drying histdriyse and freeze
thaw cycleqLi & Selig, 1996 Miller et al., 2000 Zaman & Khoury, 200;7/Ng et al.,
2013 Han & Vanapalli, 2016aRasul et al., 201 Ding et al., 2020Zou et al., 202D
The state conditions affecting resilient behaviour can be summarized as stress state
(normal and deviator strgssoading statéfrequency, magnitude of load and number
of load repetitions), moisture state (istare content, pore water pressure and matric
suction) and particle characteristics (fabric, particle shape, clay content, dry density,
compaction degree and packing arrangement due to compaction method). To reach the

maximum dry density (MDD) during cotmgction, specifications commonly require
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that subgrade soils be compacted at (or near) optimum moisture content (OMC) in
practice Therefore in-situ subgrade soils should be treated as unsaturated materials.
The noisture content of subgrade soils will baebject to seasonal variatiowhile

climate change effects are likely to make the driest and wettest values more extreme.
Moisture contendlirectly correlatesvith resilient behaviour by (e.g.) reducing effective
particle friction and increasing compawxti When wetting and/or drying cycles are
induced, whether by weather events or seasonal variations, these result in hysteretic
moduli changes. Thus, it is very important to incorporate moisture content or its effects
into any resilient modulus predictionodel.

Based on past test dafarown et al., 198700i et al., 2004Yang et al., 2005
Zaman & Khoury, 2007Khoury et al., 2009 Sawangsuriya et al., 2009zel &
Mohajerani, 2011Han & Vanapalli, 2016pKhoury, 201§, relationships of resilient
modulus to stress states, soil property index, moisture content, matric suction and
degree of saturation have been iderdifiy previous researchers. Various prediction
models of resilient modulus have been proposed to demonstrate theeaorstress
strain behaviour of subgrade soils by incorporating stress state variables (e.g., deviator
stress, confining stress, bulk stse and shear stress), moisture (moisture content,
degree of saturation and matric suction) and soil properties (dry density). These models
include stresslependent models (e.the™@ —model (Monismith et al., 196) the
deviator stress mod@loossazadeh & Witczak, 198the Uzan moddglUzan, 198%,
the Universal mode(Kolisoja, 1997, the model used by the Mechanidimpirical
Pavement Design Guide (MEPD@RA, 2004, suctionbased model§yang et al.,

2005 Liang et al., 2008Ng et al., 2013Han & Vanapalli, 201 moisture content
based modelf.i & Selig, 1994 Khoury et al., 2018 saturation degrelbased models
(ARA, 2004, dry densityinvolved modelgJohnson, 1986Azam et al., 201,3Zhang
et al., 2019, plasticity indexrelated modeléDrumm et al., 1990Cary & Zapata, 2010
Khoury & Maalouf, 2018, genetic algorithrbased model§Nazzal & Tatari, 2013
Ghorbani et al., 203@and artificial neural network approa@ianandeh et al., 2020
Zou et al., 20211 The models are well documented and contegeopon the references
(Lekarp et al., 200QiHan & Vanapalli, 2016aChu, 2020, demonstrating the state of
knowledge aboutthe resilient response. Presently, the st@sgendent model
suggested by the MEPDG is commonly adopted, even though many othes magel
show advantages in predicting the resilient modulus of specific soils.
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However, these models may be complicated and/or-¢immeuming, requiring
manytests to determine model parameters, or would need to be limited to one soil type.
Moisture contenhas already been shown earlier in the paper to be a key parameter and
it has been found that resilient modulasisture content relationships are highly
dependent on soil/pes(Ng et al., 2013Han & Vanapalli, 2016a and only a few of
models are directly focused on moisture contestlient modulus. Precise
measurement of matric suction also requires sophisticated equipment and a
cumbersome procedure. In contrast, plasticity information is convenient for a wide
variety of soils. Normalizing moisture content relative to plasticity limits (i.e. liquid
limit (LL) and plastic limit (PL)) is a common way of characterizing stre(igjdck,

1962, while strength and stiffness are loosely relgfedppala, 2008Nagaraj et al.,

2012. Thus, it would be significant to explore the effects of moisture state on resilient
modulus in order to expand the understanding. The study reported @htpgr aims

to incoporate the moisture state by developing a prediction model of resilient modulus
with aconsistency index. Based on the testing data collected from previous studies, the
relationship between resilient modulus and consistency index was studied and an
approat was proposed. Moisture content was normalized through consistency index.
The prediction model was also able to incorporate the effects of plasticity index (PI)
thereby partly addressing the particle state. It would predict the resilient modulus at
varying moisture content in a simple way, since the parameters were well correlated
with plasticity index. Based on the modified model, the effects of stress state were
incorporated.

Inevitably, there are some limitations to the study reported in this papeas|t
derivedfrom fine-grained soils with 50% or more passing the No.200 (0.075 mm) sieve
(e.g., silts and clays accordingtte Unified Soil Classification System, USCS) alone.
Even though an attempt has been made to cover a wide range of soils, this 15 s
analysed could not cover every Pl value and were not evenly distributed across the
range of Pls available. Also, other parametersdfiattthe resilient modulus were not
included, e.g., dry density and hysteretic behaviour due to the wetting @nd dr
process. Nevertheless, it is hoped that the study may provide an alternative method to
complex laboratory testing for assessing the resilient modulus effaieed soils in

the foundation design.
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3.2 Materials and methods
3.2.1 Datacollection

Based on previously published test results, the resilient modulus data of subgrade
soils with various plasticity indices were collectedvBluesof the tested soils varied
from 6 to 52 in order to cover a wide range of fgrained soil typesl5 soils were
investigated. Among them, four soil chronosequences were recognized, i.e. glacial,
marine, tropical and volcanic soils. Their moisture contents ranged from-OM©
OMC+4%. This range is meant to represent the possible variability due doytland
wet extremes of subgrade soils, although this range is still limited for high plasticity
soils. The resilient modulus was abstracted from the literature for deviator stress of
about 30~40 kPa, which represents the typical stress value to thibisbhbgrade is
likely subjected. The basic properties of these soils are preseniabl®3.1 For
notation, each soil code consistf t wo parts, e.g., 0S0660,

the Pl value of the soil.
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Table3.1 Basic properties of soils

Soil Name TSC Minco Port IHT Renfrow Zl:::jlgtr(i)zneed fRaﬁg lake OoCsC Kirkland g:)ritdesrtone g:;lt \?\lr;(ijawa IEI(; r;don Altona S3 ‘IZE%CEZ

Soil Code S06 S08 S14 S19 S20 S23 S24 S26 S30 S35 S36 S45 S48 S50 S52

Standard proctor test

OMC, % 135 12.75 14.5 13.9 16.5 17 22 23 19 29.5 n/a 41.6 n/a 33 27.5

MDD, g/cn? 1.94 1.80 1.76 1.87 1.68 1.83 1.60 1.66 16.4 1.45 n/a 1.25 n/a 1.32 1.44

Atterberg limits

LL, % 19.6 25 35 355 35 50 42 48 50 66 61 87 71 77 85

PL, % 13.6 17 21 16.5 15 27 18 22 20 31 25 42 23 27 33

O 2.68 2.69 2.65 2.72 *n/a 2.67 2.69 2.75 2.7 2.75 2.69 3.08 2.73 2.64 2.75

Soil classification

Pl 6 8 14 19 20 23 24 26 30 35 36 45 48 50 52

Soil chronosequence  Glacial Glacial Glacial Glacial Glacial Tropical Glacial Marine Glacial Marine Marine Volcanic  Marine Marine Glacial

AASHTO A-4 A-6 A-6 A-6 A-6 A-7-6 A-7-6 A-6 A-7 A-7 A-7-5 A-7 A-7-5 A-7 A-7-6

USCSs CL-ML CL CL CL CL CH CL CL CH CH CH MH CH CH CH

Hydrometer analysis

zfécggbg(aisigga oom 100 100 100 100 nla nla 100 100 100 nla nla 99 nla nla 100

z;gges’}teegss;”g com) 97 73 83 72 92 n/a 82.4 80 96 n/a n/a 99 nl/a nla 96.9

Sg'rgg;‘tn‘j'sf’o " 16 22 11 30 n/a n/a 5.7 32 39 70 39 67 54 77 75.2

Reference sgir;paﬁ‘i g?hourgl-, §/K:toglr., &/Trllr;paﬁ? (zlgigury, %%gg etal, t(JSri?/\gangts S/g?\r;paﬁ? ((;hourgl.’ !(\Aocfk(\eéjera%l g?rolvgé.; t gleiZOO;t é?rol\gg; t ﬁgﬁ;jeé EISrie;\;vangf
,2016) 2009 2009 2016 al., 2009 ,2016H 2009 i, 2019 " " " ni, 2013  al., 2009

*n/a represents data not available in the referer
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For finegrained soils, consistency is a significant characteristic by which to index
the firmness of soil and the strength of the soil to withstand irreversible deformation
without failure (e.g., cracking or collapsing). As the consistency index increbses
soil states could range from liquid, very soft, soft, firm, stiff and very stiff to hard.

Consistency index(, can be derived from Atterberg limits and expressed as

U U U V]
— o (3.1)

is the plastic limit,0 is the existing moisture content

wherev s theliquid limit, 0
of soils andOrepresents Pl. Whah reaches the liquid limitDis 0, and whem is
equivalent ta) , "Ois 1. Based oiQ the moisture content was normalized, and thus

the variationof resilient modulus of different soils with moisture contents can be
compared.

The variation of resilient modulus with moisture content and consistency index is
presentedrespectively, as shown iRigure 3.3.1 and Figure 3.2 Moisture states
differed from soils with moisture content lying between 7%#5%, and the moisture
content involved in the tests increased with PI. All the soils showed similar trends of
resilient modulus with moisture content and consistency index, i@.imsreased,
resilient modulus decreased and the opposite trend at the corresponding consistency
index. After normalization b0, the soils were tightly distributed, compared with those

at varying moisture contents.
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3.2.2 Data consistency analysis

The relationship of resilient modulus with consistency index is illustrated for each

soil in Figure 3.3~Figure 3.17, and their regression curves are also presented. The

consistency index varied from 0.6 to 2.1. According to the coefficient of determination

(see Eq. 3.4), discussed below), the resilient modulus shoaedexcellent linear

correlation withthe consistency index.
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3.2.3 Accuracyestimation

The accuracy of the prediction model for resilient modulus was assessed by four
parameters, including the root mean square error (RM®E)Jual sum of squares
(RSS), the coefficient of determinationY() and adjustedy (&% 'QYQ). They are
expressed as

YO YO O0p O0f T (3.2
YYY 05 Do (3.3)
Or U p
Y h _—n (3.4)
O0rn 0g
OO p p _t_ P (3.5
E Q p

whereD | is the measured resilient modulus for specirfiféih f is the predicted

resilient modulus for speciméQi |, is the mean resilient modulus of all specimens,

91



¢ is the number of specimens, afis the number of independent variabl¥sY"Y
characterises the discrepancy between the data and an estimation model, with a smaller
value representing a tighter fit of the model to the data. As more data points were added,
'Y increased® ‘QYQ could reduce the effects of the number dagmints on the fitting
assessment by compensating for the data points that did not fit the théI¥D was

always less than or equal % . Based onthe criteria from Witczak (2002) the

goodness of predictias classified as: excete(Y O 0. 9), Y@®o0.80)7 abd

fair Y(@.0. 60). For t handWithreslts ysttaedifiggre v e n
3.3~Figure 3.17, only threedid not have an excellent classificatibrand thesehree

were, nevertheless, near the top of the
3.3 Development of prediction model
3.3.1 Consistency index model

Based on the regression results, a prediction model incorposatingsistency
index was derived faheresilient modulus of fingrained soils. The consistency index

model was expressed as

0 & O o (3.6)
where® andw are model parameters, aind is measured in MPa. It can demonstrate

the combined effects of Pl and moisture content variation on the resilient modulus of
soils. Compared with the current prediction models, it has a simple form and is
convenient to applybut a disadvantage is that it does not consider the stress state and
matric suction. For each stress level, model parameters can be determined by regression,
and then it can describe resilient modulus at various stress levels. However, such an
approach wuld need more tests and would be tioogsuming.

The regression parameters for each soil are summarietie3.2 The measured
and predicted resént modulus values are demonstratedrigure 3.18 All the data
were evenly distributed along the °4line, and the predicted values were in good
agreement with the measured values. According to values of the coefficient of
determination (i.€Y ), the relationship of resilient modulus with consistency index was
excellently linear for each model. The relatioipsof the model parametef® and®)
with Plis shown inFigure3.19~Figure3.24 They show almost no correlation witre
plasticity index (the coefficiesbf determination’y , are 0.1130c) ) and 0.0978d)).
The parameters for soils S26, S35, S36, S48 and S50 were substantially different from
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the other data. Thus, all the soils were divided into two groupsheeglacial group

(S06, S08, S14, S19, S20, S23, S24, S30, S45 and S5Apamatine group (S26535,

S36, S48 and S50). I n reality, 6S236 and
respectively However, fom the analysisthey could be grouped with the trends of

glaci al soil s. Therefore, these two soil
simgicity. Then, it is found that th& values showed a clear increase,de= 0.7834

andw = 0.7374 for the glacial group, adnl = 0.5983 ando = 0.6677 for the marine

group. This improvement can be seen by compdfiggre 3.19to Figure3.21or to
Figure3.23and by comparingigure3.20to Figure3.22or Figure3.24

Table3.2 Regression parameterstbe prediction model

0 & 0O @

Soil Pl - ~
& %) Y Q% RMSE  RSS
S06 6  42.938 2.4% 0.8390 0.8121 12.905  31.96
S08 8  64.8% -8.197 0.9767 0.9708 4565  49.75
S14 14 186.17 -201.537 0.9584 0.9501 64.08  178.115

S19 19 530.582 -494.080 0.9543 0.9390 38.1&7 69.825
S20 20 334.338 -232.65 0.9262 09179 147.12 1725.92
S23 23 445.08 -448.655 0.8472 0.6943 104.510 1970.658
S24 24 328.28® -203.0® 0476 0.9214  73.075 295.14
S26 26 887.702 -775.010 0.9338 0.9228  75.7B 407.218
S30 30 478.855 -406.638 0.9569 0.9497 118.935 637.2b6

S35 35 5425 -439.417 0.9446 0.8893  43.84 112.66667
S36 36 112.659 -90.776 0.8879 0.8599  13.601 23.38
S45 45 710.28 -586.83 0.9998 0.9996  45.2( 0.439

S48 48 197.515 -144.94 0.9502 0.9336 21.6A 24.622
S50 50 2125 -109 0.9146 0.8291 12.02 135

S52 52 620.9% -607.318 0.9978 0.9966  44.417 4.428
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As a result, the model parameters were fountbteelate wellwith PI. Thus, it is

practical to obtain these parameters from PI.
For soils intheglacial group, model parasters could be estimated by

O p&ecyYo THYMT Y T YOoT (3.7)
) PRHULVWEO YK odv Y TWET (3.8)
For soils inthemarine group, model parameters could be evaluated by
) CBYodo po@ic v Y T™WwYPo (3.9)
® (BRTQCO pg@dxocdQv Y T@QXKX (3.10)

Thus, by substituting Eq63.7-3.8) and 8.9-3.10) into Eq. 8.1), respectivelyEq.
(3.1) can be rewtten as Eq.3.11) fortheglacial group and Eq.3(12) forthe marine
group

0 THEYMTUO p@UwPO p&@ g YO O YWoou (3.11)
0 PO@ULCUO ¢BTOCO ¢@YyodO O pg@xo ¢ (312
From Ec. (3.11) and 8.12), it can be seen that the proposed model can describe

the effects of plasticity index, moisture content and consistency index on resilient
modulus.It might be argue that moisture content is not a fundamental way to describe
the condition of a soil and that matric suction is a more rational choice due to its control
of effective stress in partially saturated soils. The counterargument that the work
described here elqits is that moisture content can be readily determined by simple
equipment which contrasts with the complexities of measuring matric suction.
Combined with soil water characteristic curve, it can reflect the effects of matric suction
on resilient moduls. For insitu pavements, it can be utilized to predict the resilient
modulus ofthe subgrade with moisture variation at a deviator stress of 30~40 kPa, as

an estimation under the practical condition with simplifications.
3.3.2 Modified consistency index model
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Compared with the current prediction models, the consistency index model has a
simple form and is convenient to applg contrastthe effects of applied stress state
on resilient modulus were not considered. In terms of thesstegendency, a
prediction model incorporating bulk stress and octahedral shear stress was
recommended by the MEPD@RA, 20049, i.e.

0 @ § n: p Tn_ (3.13)
wherer) is the atmospheric pressufassumed as 100 kRa}Hs bulk stress
» = w ,Where, ,, and, are the major, intermediate and minor principal
stresses respectively) T is  octahedral shear  stress T

y y ., » Jo)andQ,Q and™Q are model parameters.
However, the effects of moisture variations were not demoedtrat
Thus, combining Egs.3(6) and @.13), a modified consistency index model is

proposed to describe resilient modulus of unsaturated subgrade soils, expressed as:
b 0 & 0O pL pL (3.14)
n n
wherery  iscyclic deviator stresgyis netmeanstressit 1 (0 - 06,0 is
the pore air pressuref), Q andQ are model parameters. The paraméter is

introduced to allow the prediction of moduli at cyclic deviator stress |@teér than
those on which Eq.3(6) was based (30~40 kPa) and the paranpeieintroduced to
allow prediction at confining stresses other than those implicit in3&).(25-50 kPa).

The first term,Q, is a coefficient to adjust the modulus to fit E8.6) when
| 30~40kPa and)i 25~50 kPa, otherwiséQ p — p —
p. The second termdy 'O @ is adopted from Eq.3(6) to reflect the effects of

moisture content and PThe third term p —— incorporates the effect of the

confining stress levelThe last termp ——  quantifies the effects of the cyclic

stress level. The rati) 71 is chosen as the means to incorporate the effect of
confining stress, rather thayir) , becase users are only interested in determining

0 when loading is causing a changeginspecifically as the ratiy 71) increases.

Changes solely in are of little interest.

3.4 Validation of prediction model
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For some of the studied soils, data was available at various confining and deviator
stresses. Therefore, these data were utilized to validate the modified consistency index
model. It was more comprehensive compared to the model bagbd amsistency
index alone. That was selecdtand derived from only one deviator stress level for each
soil. The available results were fitted to E8.14) in a similar manner to that used
previously when fitting to Eq.3(6). The predicted and measured resilient moduli are
presented irFigure 3.25and the model parametease summarised imMable3.3°Y ,
© ' Q¥Q, RMSE and RSS are presented to assess the performance of the prediction
model. 323 data points were involved, and all except data for S23 are eigtnibyited
along the 45line. S23 showed the largé¥t’y; ive. the most discrepancy. This may be
due to the fact that it was simplified into the glacial group when developin@.BY. (
and thus, for Eq.314), this soil may not fit so well. Combinedth 'Y andd QQ

values, the proposed model performed excellently to determine the resilient modulus.

Table3.3 Model parameters for modified consistency index model

0 1
Soil n n

@ ® fo) fo) fo) Y [R)oNe} RMSE RSS

S6 13.085 -0.07% 3.92 -0.757 -0.783 0.8688 0.8629 2.6387 15.6296
S8 5.538 -0.699 5.159 155 0.572 0.9767 0.9611 2.8768 49.6561
S14  1.495 -1.619 0.417 -4.823 31.729 0.9587 0.9381 5.0222 176.5583
S19 21.3% -19.860 26.54 0.2 -0.649 0.9452 0.9388 4.1225 339.9009
S20 6.368 -4.438 3.618 0.88 5.4% 0.9259 0.9136 12.5472  1731.7639
S23 23956 -25.286 22.565 0.411 -1.137 0.8635 0.840/8 26.6375  10643.3282
S24 104 -6.473 0.880 4.200 -0.71® 0.9476 0.8428 8.5910 295.2187
S26 46.834 -40.92 26.667 -0.366 -0.144 0.9402 0.9389 6.9425 4626.9837
S30 17.9& -15.251  2.690 4.177 1.812 0.9563 0.9389 8.9820 645.4095
S35 39.8@ -35.277 36.773  -0.306 -0.773 0.9636 0.9575 5.6756 483.1829
S36 11.161 -8.993 0.4 3.442 2.870 0.8900 0.8166 1.9548 22.9269
S45 37.3% -14.119 7.075 -0.17%5 -0.68 0.9659 0.9602 3.1143 145.4789
S48 26.8% -19.688 1.275 -1.304 7.73® 0.9494 0.8987 2.2342 249572
S50 34.44 -20.592 9.089 0.215 -0.78 0.9668 0.9612 1.6712 41.8935
S52  4.033 -3.944  0.920 3.937 4.493 0.9978 0.9933 1.0488 4.3998
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Figure3.25 Comparison between the measured and predicted resilient modulus

For eachmodel parametein Eq. 3.14), a possible value based on simple soil
properties was sought. Based on an initial trial and error analysis, it was found that the
clay contentp , also influenced the parameters as well as the plasticity ii@ex,
Thus, model parameters were fitted withando by nonlinear regression. Since
the clay contents of S20 and S23 weravailable, they were excluded from the
analysis. Various expressions were adopted to fit the data, including polynoonals fr
1 to 6 orders, exponential, logarithmic and power equations, but all were found not to
provide good correlation results. Finally, the following relationship between the model

parameters witfOando was adopted as it showed the best fit:

-1 o T
0 1 (315)

P
where— represents the model parameter, is the clay content (%) afd,f

I ,1 and are the fitting parameters.

The regression results are presentebahble3.4. The value ofY exhibited a soil
dependent trend. The value™6f when considering all the soils ranged from 0.48 to
0.92 but showed significant increases when the soils were categotzegaitial and
marine groups. For the glacial group, the valuérofay between 0.7 and 0.98, and
especiallyQ and’Q showed excellent correlation witBandd  with 'Y values of
0.9341 and 0.9835, respectively. For the marine groupalbe ofY varied from 0.87

to 0.99, and generally exhibited a larger value compared to that of the corresponding
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parameter of the glacial group. Despite limitations of the dataset, this reveals a
possible way to obtain the model parameters with resde accuracy without doing
cyclic modulus testd/ith such a wide range of soils, it is not surprising to have such
a wide range of values for a parameter.

Table3.4 Regression results of model parameters

f
- 1 1 Y -
Soil  Parameter p lOT !
f f f f I Y

@ 3.225 0.5  -4.04627e+7 54.14 0.0022 0.6013
" @ 2.072 -0.292 -43.514 26.80 1.520 0.6402
E o) -96.084 0.841 94.859 17.396 28.415 0.7432
< Q 3.879 -0.042 -8.486 13.289  3.6% 0.4866
ko) -0.136 0.0277 31.561 14 -5.43e-7 0.9198
) -2.119 0.58 -4139441 53.179 -0.00361 0.8811
g @ 127.279 -0.48 -129.761 22.312 49.757 0.8875
%’ Q 2.1008 0.0269 27.106 19 -1.313e5 0.9341
ca% ko) 5.179 -0.03&2 -9.79% 13.134 4.618 0.7046
o) -1.133 0.0471 32.34 14 -5.571e-8 0.9835
o) -16.645 0.706 2.37728e+8 28.287 -0.00095 0.9288
g © 15.53 -0.518 -1.13063e+8 29.171 0.00188 0.8715
; ko] -44.450 0.717 1.31195e+9 29.933 -0.00075 0.9522
g o) -1.199 0.013 4.133 36 -7.52e-7 0.9249
Q 2.28 -0.105 98494869  43.174  -0.00161 0.9898

The MnROAD soil from Sawangsuriya (2009) was taken as an example to
demonstrate thealculation. The callation procedures are presented as follows:
Step 1)Collection of basic parameters.
‘0=9;0 =26;0 =17;0 (%)=14.5; the soil belongs to the glacial group.
Step 2)Model parameter calculation

According to Table 3.4nd the basic parameters in Step 1), the model parameters
werecalculated usingq. (3.15).Then, the results dhe model parameters are shown
in Table 3.51t should be noted that thalues of modgbarameteren Table 3.5from
model parametercalculation)weredifferent from those ifable 3.8 (from regression
analysi3.
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Table3.5 Calculation results of model parameters for the MNnROAD soil

Ld ~ ~ ~

[ W Q Q Q

6.524361 -0.8179 29.59685 -0.81354 -0.45005

Step 3)Resilient modulus calculation
A data point of MnRoad was taken to calculate the resilient modulysds shown
in Table3.6.

Table3.6 Information of the selected data point

O/%bymass O n/kPa f/kPa nf  Measuredd /MPa
13.75 1.361 27.67 41 1.482 104.42

Then, the model parameters frdtep 2 (Table 3.5 were substituted intdeq.
(3.14)to predict the resilient modulus of the selected data point.

Therefore, the predictddl was 113.84 MPa, which was slightly larger than the
measured (104.42 MPa).

3.5 Comparison and analysis

The dependence of the proposed model on the dataset givani@3.1is absolute.
Therefore, data of another four soils obtained from previously published testing were
selected to provide some independent validation of the proposed modified consistency
index malel. The basic propeessof the four soils used for validation are presented in
Table3.7. The selected datasetre presented iRigure3.26-Figure3.28

Table3.7 Basic properesof soils for validation

Soll Red wing MnROAD Decomposed tuff Pickens B4
Souce o HE MO (g etal, z01p Sea
Group Glacial Glacial Marine Volcanic
LL, % 28 26 43 36

PL, % 17 17 29 26

Pl 11 9 14 10
AASHTO A-4 A-4 A-7-6 A-4

OMC, % 13.5 16.0 16.3 18.1

MDD, g/cm®* 1.79 1.77 1.76 1.77
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The prediction results and comparison are presentédhle 3.8 andFigure3.29.
In terms of coeftients of determination, these varied from 0.48 to 0Cnpared to
those in the corresponding reference, the gge@ model showea fairly good
prediction of resilient modulus, and particularly for the MNnROAD soil, the predictions
exhibited the largest of 0.9659, a better correlation than the referencelaino
discussed earlier in the papéft. indicates the coefficient of dermination from the
proposed modified model (i.e. generalised for all soils),aniehdicates the coefficient
of dermination from the reference (rgeneralised) studies as aboler the Red wing
and Pickens B! soils, the average of the values given in the references was adopted as
'Y for the comparison withy .

Table3.8 Prediction results from the modified model and comparison

Parameters for Eq3(14) Reference
Soil
A A Q Q Q Y Y
0.79
Red wing 3.710 -1.438 1.711 1.724 2.920 0.4845 (Sawangsuriya
et al., 2009
0.76~0.81
MnROAD 3.871 -3.515 2.22%6 2.0%6 3.77 0.9659 (Sawangsuriya
et al., 2009
Decomposed 0.98
tuff 23.01 -53.61 57.46 -1.08 -0.46 0.6868 (Ng et al., 2013
0.89

Pickens B4 16.760 -19.514 11.936  -0.8999 0.221  0.8356 (Rahman, 2017

300 5

Red wing
Decomposed tuff
250 - MnROAD
Pickens B-4
45°line

200

>

—

th

<
1

R*=0.7513

Predicted M /kPa

—
>
=

1
-
[ ]
W,
=

50 =

T T T T T T T T 1
0 50 100 150 200 250 300

Measured M, /kPa

Figure3.29 Comparison between the measured and predicted resilient modulus
for validation

3.6 Summary and conclusions

A prediction model based dhe consistency index was proposed fioe resilient
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modulus of finegrained soilsA modified model was also proposed, i.e. a consistency
index model and a stressodified consistency index model. The models were able to
determine resilient modulus at various moisture contents with fair accuracy relying only
on simple soil properties. Thetudy further demonstrated that the parameters of the
modified model correlated witthe plasticity index and clay content. Further analysis
might enable further improvements in predigtihe model parameters by relating them

to other soil properties (sh as degree of compaction). This would further enhance the
application of the proposed model.

The consistency index model could reflect the effects of plasticity index and
moisture variation on resilient modulus with two regression parameters at apgeoxima
in-situ loading conditions. It provides a simple and convenient way for assessing the
soil modulus for foundation design.

The stressnodified consistency index model avoided the limitations of the
consistency index by incorporating deviator stressrataormal stress. It can be used
to predict resilient modulus at various stress conditions as well as at different moisture
conditions. The coefficient of determinati
with soil types. Nevertheless, compared tevpus studies, it covered more soil types
and gave reasonable, often high, accuracy.

Based on the data analysis, a relationship applicable across all soils with a range of
plasticity index values was not achievali#owever,a reasonably reliable congsty
index model was revealed within a glacial group of soils and another within a marine
group of soils. The models were extended to allow for different applied stress
conditions.

However, these models did not consider all the possible conditions innatedt
soils, e.g. wetting and drying pathaddry density. Although the proposed models
cover a wide range of soils with various plasticity indices, the study was limited to 15
soils and could not cover all plasticity index values. To further exterapthiecability,
the proposed models should be verified with extensive laboratory data of soils over a

broader range of plasticity indices.
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CHAPTER 4 EFFECTS OF MOISTURE CONTENT ON
FOUNDATION RESPONSE

4.1 Introduction

The subgradecontributes significantly to supporting upper structures in road
pavements and airfields, and the reliability of that support is vital in maintaining
excellent performance under repeated traffic loads. A major challenge to this reliability
is that subgradsoils are also sensitive to variatsan moisture content (MC). When
the soil is saturategbositive pore water pressure will be induced under traffic loading,
reducing the effective stress as the proportion of the load carried by soil particles
reducesEven when the soil is unsaturated, increased MC reduces matric suction which
also reduces effective stress and, hence, mechanical propeisiésund that resilient
modulus,0 , of subgrade generally decreases as moisture increbissgever,
modulusvalues show some increasing trends when the soil is above the optimum
moisture content since significant plastic deformation occurs due to further post
construction compaction athigher moisture conterffRahman & Erlingsson, 2016
This could be explained by the refined particle rearrangement (i.e. better particle
interlocking) in soil(Yideti et al., 201 enabled by the drainage of ess water and
also because pesbnstructiorcompaction is enhanced at optimum moisture content.

Various studies have been performed to reveal MC effects on the mechanical
response of subgrade sofls & Selig, 1995 Miller et al., 2000 Kim et al., 2003
Khoury & Zaman, 2004Liang et al., 2008Erlingsson, 2010Han & Vanapalli, 201).
However, the sensitivity of the pavement response variation to MCs of subgrade under
different conditions has still not been comprehensively described, e.g. when increasing
the thicknesses and whali of asphalt concrete (AC) layer and base layer.

In order to maintain /a MC associated withtan adequate bearing capacity of
subgrade, treatment by an ingrgseventing and/or drainagehancing procedure is
desirable. Norwater reacting doubleomponent polymer materials exhibit excellent
properties(Guo et al., 2018 including environmental protection, safe constructio
quick response, adjustability, good expansion characteristics of polymer slurry to form

a polymer layer and long service lifelowever,they have not been applied to
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foundation drainage. Therefore, a new polymer drainage layer (PDL) is proposed (see
Sedion 4.3), which aims to provide an alternative drainage mechanism and maybe
provide a reinforcement effect on the whole structural response.

Since it is unrealistic to cover every aspect of pavement and railwag, tcades
onthepavement were taken am example to demonstrate the research. In this chapter,
pavement simulation analysis based on KENPAVE was performed under various
conditions, i.e. various thickngss and modulof subbase, base and AC layer, axle load
(6 ) and with/without proposed RDThe effects of moisture content were incorporated
by changing the resilient modulus of subgrade, i.e. using the resilient modulus model
to calculate the resilient modulus at each moisture content and then inputting the
resilient modulus into the mod@®&ased on a onat-a-time method, the sensitivity index
of each response was defined and measured in terms of pavement response variation
(i.e. fatigue and rutting life) with moisture content from one condition to another and
then used as an indicator oéthensitivity of the response to those different conditions.
The mechanical effect of a PDL on the pavement structuralsilbaenvestigated. In
addition, based on the previous test data (presented in Chapter 4), further data analyses
using literature surces were conducted by selecting various elastic moduli and
thicknesses ofhe AC layer ando . Fatigue and rutting life, fatigue cracking and
permanent deformation were investigated in terms of the pavement response. It may
help to broaden understandiof moisture effects on pavement structures and provide
a reference, revealing some implications for pavement (or even railway track) drainage
design.The quantitative study will also help to better understand the plasticity effects

on pavement response.
4.2 Theoretical framework
4.2.1 Research process

Based ortheelastic analysis and statistical data, the effects of moisture content on
foundation response were studied in two ways, i.e. sensitivity analysis and data analysis

using literature sources. The research process is illustrakégure4.1
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Figure4.1 Research process for moisture effects
4.2.2 Resilient modulus

The performance of roads and railways depends directly on the mechanical
properties of the foundations which should provide reliable bearing capacity for the
upper structures and maintain their serviceability. For subgrade soils, it is important to
reflect the stressstrain behaviour under normal cyclic traffic loading. Adopted by
AASHTO (AASHTO, 1984, the resilient modulug) of subgrade soil is regarded as
a more rational soil parameter compared with soil support value or subgrade reaction
modulus(Yang et al., 200band therefore is comomly applied to the estimation of
subgrade deformation under moving traffic. THus,can be used to investigate and
predict the optimum overall performance of road pavement. Mathematigalig,
described by the relationship of cyclic deviatoric sgrgwith corresponding axial
resilient strain  in the cyclic triaxial tesLi & Selig, 1995, as shown in Eq. (2.21a).

The California bearing ratio (CBR) test is commonly performed to estimate the
stiffness of granular materials for road pavements and airfield runways. CBR values
show good correlatianwith some soil properties, e.g. density, moisture content,
subgrade modulus, plasticitydex and bearing capacity. Based on previous empirical

equaions, soil resilient modulus can be reasonably evalu&tedthe subgrade of
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flexible pavements) can be evaluated through CBR tests as follow®for'Y v
(Heukelom & Klomp, 196pand0 6 'Y v (Powell et al., 198¥through

0 § PTEOOMEDO YU (4.2)

O pP@WzZ6O6Y QEDO YU (4.2)

For pavement design, the moduli of subgrade and unbound base layers should be
designated at stress levels representative of those they will experisiiaeTime latter
modulus can be estimated as a functibthe subgrade modulus. For granular base and
subbase, the moduli can be determined from the subgrade property underneath
(Claessen et al., 19y1.e.:

0 f 0 218 2'Q8 (4.3)
whered ; andd y (MPa)are the modulus of subgrade and granular base/subbase,
respectivelyand’Q is the thickness of the granular layemm).

Based on the modified model (Eq. (2.21a)) that demonstrates MC effects through
theinitial drying path and initial wetting path ghoury et al. (2012)thed variation
can be determined with increasing moisture cont&itge the study in this Chapter
focuses on the sensitivity analysis, the selection of modehpeers was simplified,
and thusthe statistical analysis results Kyoury et al. (2012were adopted in this
Chapter, i.e.00=-0.162, ©=0.435 and’Q=0.803. FromChu (2020) this model
demonstrateshe direct effects of MC o . Matric suction has not been explicitly
illustrated. By means of thBWCC the hysteresis behaviour between matric suction
and MC should be caidered, while the difficulties in direct measurement of suction
may reduce the accuracy of modulus prediction. Besides, as no@tlhi2020) the
study showed limitations due to predicting the effect of-postpaction MC o for
only one soil type. However, due to the simplicity, this model is introduced to predict
0 of subgrade alontheinitial wetting path since the wetting procéssnore critical
for design than the drying process. Despite limitations of soil type and the wetting
condition, it is expected to serve as an example of investigatingariation with

moisture content.
4.2.3 Failure models

In terms of the UK designatdard, critical stresses and strains consist of: excessive
stress/strain (combination of loading magnitude #rehumber of cycles) inducing
fatigue cracking (typically at the bottom of the basedsghalt concretdnydraulically

bound materials or corete materials; and excessive subgrade strain capsinganent
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deformationof subgrade togHighway Agency, 2006 The allowable number of load
applications is recognized to be related to the maximum tensile strain in the AC layer
and compressive strain in teabgrade, which are the most widely adopted criteria for
pavement design. In terms of the rutting failure criterion, it does not demonstrate the
effect of principal stress axis rotation caused by moving load, which accelémate
permanent deformatioof the base and subgradeshikawa et al., 20Z1lnam et al.,

2012. The failure models will focus on fatigue life and rutting life predict®ased

on the moded the parameter selection would affect thsults, but the general trend
should be in agreement. This indicates that before sensitivity analysis, the test/field
conditions need to be considered and select the suitable model to achieve accurate

analysis.
4.2.3.1Fatigue life prediction

The following assumptions are made: mian@cking induces modulus loss of the
AC layer and initial cracks start at the bottom ofdkphalt concretayer due to tensile
stresses caused by flexure; then, cracks develop to the surface under repeated wheel
loading; ne&t, repeated tensile strain results in progressive fatigue cracking; finally,
pavement failure happens. The allowable number of loads causing the fatigue cracking
of asphalt concretis, thus, associated with tensile strain.

Depending purely on laboratory fatigue tests, fatigue (Heiang, 2004 is
predicted as the number of repetitions to faillinethe traditional approadfAhmed,
2016, it is with the following form (Monismith et al. 1985):

"Q p*- p7fO (4.4)
where'Q "Qand™Qare regression coefficients, is the allowable number of loads in

flexure to the initiation of fatigue cracking whenis a constant strain at the bottom of

theasphalt concretiayer andO is the elastic modulus of tlesphalt concretia psi.
Because, in reality, not all cracking is bottoqm, a more realistic prediction of

fatigue cracking performance was achievedhiguse of the MEPDG models (NCHRP

200%):

QUMM

& # L (4.5)
¢TT p Q
pTITTT
& # pﬂ)cpo a9 3 ™ PwowTt (4.6)
where& # is the percentage area affected by cracking that initiates bafiom
(%), & # is the length of fatigue cracking initiating at the top (mmén),
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G@mnyxoTtyPYp QITca& B andOis the fatigue damage of either
bottomup ortop-down cracking. The primary input to these model®ishich was
calculated in this studp a s ed on KHuang 2% DamagevratioD , is
defined as the sum of the ratio between the predicted and allowable number of

repetitions for each load group in each period. It can be expressed as
€
$ T 4.7)

The regression parameters of fatigue life models from various organizations or
studies are presented Trable4.1 These models are simple and convenient ways of
predictingd for pavement analysis, but they are obtained through continuous loading
over a constant range of strains which is inconsistéhttive conditions to be expected
in situ (where there are, e.g. healing effects due to rest periods from the lack of
continuity in moving load, environmental factors and different strains in different
loadings) (Ahmed, 201%. Field calbration is required to predict 4situ pavement
responses. In this study, considering its simplicity, the parameters from Asphalt

Institute were adopted to preditt.

Table4.1 Regression parameters(df prediction models

Source Q Q Q
Asphaltinstitute 0.0795 3.291 0.854
ShellResearch 0.0685 5.671 2.363
Finn model 1.589e04 3.291 0.854
US Army Corpsof Engineers 497.156 5 2.66
BelgianRoadResearciCentre 4.92el14 4.76 0
TransporandRoadResearch.aboratory 1.66e10 4.32 0
FederaHighway Administration 0.1001 3.565 1.474
ILLINOIS Departmentf Transportation 5e-06 3 0
Austin Researclngineers 0.4875 3.0312 0.06529

4%°AVR  4e07 2.79 0
5% AVR  5e14 4.62 0
6% AVR 7ell 3.82 0

Accelerated Pavement Testing 1.65 2.994 0

Note: “AVR represents air void ratio. The general advantages and disadvantages of these models are
presented as follow$l) Advantages simple form with several parameters involved; convenient to use

to achieve reasonable pavement analysis; able to be adjustéid ih the field condition.(2)
Disadvantageslimited conditions and factors, e.g. environmental effects, temperature, mixture property,
loading frequency and rest periods between loads, were not comprehensively considered; require field
shift factor flom field calibration for ipsitu conditions; limited cracking for regression compared with
in-service situations; dependence on the goodness of fit for regression.

Korean Pavement Desic
Method
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4.2.3.2Rutting life prediction

Permanent deformatias an important factor that should @ensidered in flexible
pavement design. The failure model for rutting life prediction can be expressed as

0 "QpF- (4.8)
where"Q and "Q are regression parametets, is the allowable number of loads

resulting inpermanent deformatioand- is the maximum compressive strain at the
top of the subgradeVarious regression parameters (bf prediction models are
presented iTable4.2. The same caveats applytoas to0 , when the inconsistencies
between idealised loading andsditu loading are considered. In this study,was
predicted with the parameters from Asphalt Institute. In terms of cumulative permanent
deformation on subgrade top, it will be evaluated through Egs. (2.39)~(2.41).

Table4.2 Regression parametersof prediction models

Source Q Q
Asphaltinstitute 1.365e09 4.477
ShellResearch 6.15e07 4

US Army Corpsof Engineers 1.81el5 6.527
BelgianRoadResearciCentre 3.05e09 4.35

TransporandRoad Research.aboratory 1.13e06 3.75
Note: thesemodels are empirical and derived under specific experimental conditions.

Based on these models, the parameter selection would affect the results, but the
general trend should be in agreement. This indicates that before sensitivity analysis, the
test/field conditions need to be considered and select the suitable model to achieve

accurate analysis.
4.2.4 KENPAVE

KENPAVE byHuang (2004yvas adopted to analyse typical pavements as an MLE
system under moving multiple wheel loads (e.g. single, dual;tdndém or dual
tridem wheels) with elastic responses of each layer. Based on KENLAYER (part of
KENPAVE), flexible pavement structures are analysed as an MLE systena -ith
layers, and @ layer as a seminfinite elastic haHspace, under a circular loaded area.
For linearelastic systems, the superposition principle is adopted for multiple wheels.
In a nonlinear elastic system, the solutions are superimposed iteratively with a method

of successive approximations. It is common to conduct damage analysis by dividing a

year into 12 periods, and materi al par amet

110



ratio) can be applied in each period. A total of 12 load types (either single or &jultipl

can be applied to each period. Since load types are beyond the scope of this research,

only one load type is considered for simplification, i.e. single axle dual wheel load.
Under a rolling wheel load, a stress point in a pavement structure suffengsvari

stresses, including vertical, horizontal, and shear compoeégtse4.2illustrates the

variations of stress at a point with time.

Wheel load Wheel load Wheel load

(>~ (=

PAVEMENT PAVEMENT PAVEMENT
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' %QHMZON&\I stress
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Figure4.2 Stresses beneath rolling wheel load, floskarp et al. (2000b)

Stress

4.3 Sensitivity analysis
4.3.1 Sensitivity index

As a simple technique, the Mor@neat-a-Time method is utilized to measure the
sensitivity of pavement response to drainage at various conditid@sliiensionaf)-
level space is assumed, (@factors (termedbd > 8 Fy ) are included and each factor
can take) values. The elaentary effect (i.€Q) for the'Q input factor is defined as
(Morris, 1992

QB h ho yyrm hoo Qw (4.9)

whereY is the variation applied tthe factor® so that @ B fd Ky Yy R
are the selected inputs. The mean deviatidn &f expressed as
_ B Q71
’Q - -
_ n
whereQ, the average value at factor, is taken as the measure of this method. A
revised method was developed®smpolongo et al. (200,7)e.
= B €0
Q B —
In this study, fivemoisture contents were considertm the subgradeand

(4.10)

(4.11)

particularlyd (i.e.0 ) was set as the base condition. TAQgaried and} T. In
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order to facilitate the comparison of the index among different responses, sensitivity

indexes 7Y, RY; B RY; )from Eq. 4.9) at each moisture content increment of the

‘Q factor were normalized as E4.12). Thenthe sensitivity indexY at the’Q factor
is calculated through E.1L3).
"Y; v < Y ,0 (4.12)
Yo Y
Y Y Y o

"Y (4.13)
T

where0d ,0 ,0 ,0 and0 are moisture content¥]) is the increment of moisture

content, i.,e0 0 hand pavement responsesuatare denoted as the reference
condition;™Y;;, is the sensitivity index of each response at0 is assumed as 10%
in this study. A lager"Y value indicatesa higher sensitivity to moisture content
increments.n this study, only the moisture cemt variation ofthe subgrade was
consideredA set of limits were proposed to define gensitivity levelsn Table4.3to
better understand the effects of each paranfiterarian et al., 2003

Table4.3 Levels of sensitivity classificatiofiNazarian et al., 2003

Sensitivity index Level of sensitivity  Significance to pavement design

Can be probably estimated with sm
erroisin final results

Must be measured to limit errors
design

Must be measured with reasonal
accuracy for satisfactory design
Must be measured very accurately
Y o p Very sensitive the design may not be consider
appropriate

Y TR UL Not sensitive

@ LV Y T® Moderately sensitive

™ Y p Sensitive

4.3.2 Model geometry and property

A four-layer flexible pavement structure is selected to study pavement response to
MC variation under different conditions. It includése AC layer, base, subbase,
subgrade and/or proposed PDL. The dimensions and properties of pavement structure
are desiged in compliance with thBesign Manual for Roads and Bridges (DMRB)
(Highway Agency, 2006 The general structure is presentedFigure 4.3 as an
examplg(Nunn etal., 1997 Kent County Council, 20QtHighway Agency, 2006 The

CBR value ofthe compacted subgrade is arbitrarily denotexd 28 with infinite

thickness, and Poissonbds ratio (modetats)O.
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The moisture conditions of the subgrade layer considered in this study are assumed as
0  (full modulus),0 +1%,0 +2%,0 +4% and0 +6%, respectively, to

cover a wide range of wetting since it will induce lower subgrade strength and is more
critical to structural stability. According to the correlatiorvof with MC shown in Eq.
(2.21a), the varying of subgade soils is estimated for each moisture condition. To
achieved , a code with flexible parameter inputs has been developed through
MATLAB R2018a to solve the equation, and the results are preserfeglire4.4.

Based on the density and elastic modulus of thewster reaction double
component polymer materials obtained in previous experiment3 dbée4.4) (Xu et
al., 2013, a composite layer is designed for pavement drainage. The components of the
PDL are illustrated ifrigure4.5. The PDL is designed as an wthan polymer layer
sandwiched between two permeable geocomposite layers installed at the interface of
the subgrade and subba$éis polymer layer was impermga and was expected to
prevent water migration upward or downwartlie permeable geocomposite is covered,
top and bottom, by permeable geotextiles. The geotextile will limit fine contents in the
adjacent layers from migrating into the geocomposite, wivimhld be likely to block
water transmissianThus, thiswill limit the undermining of the structure due to fines
loss. The polymer layer is made of reater reactig polymer (i.e. doubleomponent
polyurethane foam), which exhibits excellent propeii&so et al., 2018 makirg it a
novel candidate for application in foundation drainage. Furthermore, the polymer layer
of the PDL may deliver mechanical benefits to the pavement. In this way, it may
provide an alternative approach for pavement drainage design. With high petyeabili
the geocomposite will accelerate the collection and removal of water from the structural
layers.

For the analysis, the impermeable polymer layer is assumed to have been
prefabricated in a thin rectangular mould, based on the construction of ththwultra
antiseepage wall by the Nemater Reacting Polymer Grouting Technoldiyang et
al., 2015. This layer will inhibit the water movement across the layers. During the
numerical analysis, the PDL is treated as a polymer lalpee since the stiffness of
the polymer layer dominates in the composite structure. Based on the simplified
calculation, its mechanical effect on the pavement response will be revealed. Regarding
notations, 0D6 indicates PmLP aredh®dlastite ans nc

modulus, thickness and position of the RDéspectively. The thickness and elastic
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modulus of the polymer layer will be studied. According to the experimental results by
Xu et al. (2012)the antiseepage polymer layaras 5 cm in thickness, which showed
good antiseepage performance. The elastic modulus®@polymer with the density

was also revealed, as shownTable 4.4 Thus, the thickness and modulustioé
polymer layer are selected, ranging from 25 mm to 200 mm and from 20 MPa to 229
MPa, respectively. Various positions of the polymer layer will be investigated, i.e.
subbase top, 5 cm below subbase top, &bove subbase bottom, subgrade top and 5
cm below subgrade top.

Axle load
Asphaltic layer  {Ei, v=0.3 By Asphaltic layer | E1,v=03 Iy
Base course E,,v=035 M Base course ! E2,v=035 hy
Subbase course £y, v=10.35 By Subbase course | E;,v=035 By
; —_—h
iPoEmer lger " Ea,v=0.25
Compacted subgrale Es,v =04 Compacted subgradle Es,v=0.4
W - Y g
+ Stress point |
a b

Figure4.3 Multilayered elastidlexible pavement: (a) without and (b) with polymer

layer (e.g. on the top of subgrade)
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Figure4.4 Resilient modulus variation d¢iie subgrade with moisture content
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Table4.4 Elastic modulus and density of polymer mater{xls et al., 2012

Specimen 1 2 3 4 5 6 7 8 9 10

Density /genm3 0.16 0.27 0.29 0.35 0.36 0.40 0.42 0.47 0.49 0.53

Elastic modulus
IMPa

18.2 20.3 40.8 109 136 202 214 218 225 229

Figure4.5 Polymer drainage layer

The wheel load was taken to be a single axle with dual wheels, approximated by
two circular loaded areas, and the contact pressure depended on the scenarios with
different0 at the same radius. As traffic load was exerted over two circular dreas, t
maximum stresses, strains or deflectimtsurred at the centre or the edge of the tyre
or directly at stress points located at the midpoint between two dual tyres along the axle.
Response at, or immediately below, these stress poanesalected and compad for
pavement analysis to determine the most critical location. Vertically, stress points at

the bottom of the AC layer and the subgrade top were studied.
4.3.3 Parameter selection

Based on HD 26/0@Highway Agency, 2006 the thickness of each layer is
selected. According to the classification of foundation stiffness classes equivalent to
the halfspace longerm stiffness of the composite foundation under the completed
pavement, the assumed subgrade belongs to Foun@ddiss 2 (stiffness 100 MPa).
Referring to HD 26/06, this foundation should not be adopted for design traffic volume
exceeding 80 msé.e. million standard ax)e unless 150nm or more of a bound
subbase is used, and in this case a subbase with a thickness of no less than 200 mm is
adopted. Hydraulically bound mixture (HBM) is denoted as the base material. The
value ofthestiffness modulus of HBM used is no less than 400 MRa.thickness of
the AC layer in mm’Q over the HBM base is given ljlighway Agency, 2006

O p@uv 1T pripl TIC 1@ (4.14)
whereOis the thickness ahe AC layer in mm and is the design traffic volume in
msa with a maximum of 400 msa. The calculated thickness will be rounded up to the

next 10 mm with a minimum thickness of 100 mm4<at msa, and a thickness of 180
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mm for> 80 msa. Derived from the design nomographs for flexiblement Figure

4.6), the thickness dhesurfacing layer and baseselected. Due to the significant role

of AC layers in pavement response, a widegeaof values irtheir thickness and

modulus will be chosen.
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As claimed in HD 26/06, for Highways England schemes, the typical figures for
long-term elastic stiffness modulus of standard UK asphalt materials for analytical
design are required. These are adopted as follows: DBM125: 2500 MPa; HRA50: 3100
MPa; DBM50/HDM50: 4700 MPa; EME2: 8000 MRBlighway Agency, 2006 Based
on these typical figures, interpolation is adopted to cover a wide range of moduli.
Considering the factors that affect moisture damageTabke4.5), various values of
the following parameters will be selected: axle [dattkness and modulus of subbase,
base and AC layers, and drainage (with or without proposed PDL).

Table4.5 Factors affecting moisture dama@xholz & Rajendran, 2000

Major Factors Descriptions
Composition (degree of acidity or pH, surfa
chemistry, type of minerals, source
aggregate)
Aggregate Properties Physical characteristics (angularity, surfa
roughness, surface area, gradation, poro
and permeability); Dust and clay coatin
Moisture content; Resistance to degradatior
Grade or stiffness; Chemical compositic
Crude source and refining process
Air void level and compaction; Type of HM,
(densegraded, gaqgraded, opefmraded)
Temperature; Freezbaw cycles; Moisture
Environmental Factors vaparr; Dampness; Pavement age; Mic
organisms; Presence of ions in the water
Percent of trucks; Gross vehicle weight
trucks; Truck tyre pressure
Compaction; Drainage; Weather; Segregati
Contractor expeeince
Air void content; Subsurface drainage; HN
Design of HMA Pavements mix selection; Designer experience; Desig
site visit

Asphalt Binder Properties

HMA Mixture Characteristics

Traffic

Construction of HMA Pavement:

4.3.4 Simulation scenarios

In order to demonstrate the effects of various parameters in a concissmavéy
exploit the Morris Onat-a-Time approachall other parameters are fixed at reasonable
values while parameters under consideration are varied to reveal their effects (Huang
2004). The spacing of dual wheels is determined by a typical tyre deésignat
295/80R22.5, i.e. 345 mm. A contact radius of 10.3 casssimed in accordance with
an 80kN single axle exerting a contact tyre pressure of 600 kPa.

The matrix for parameter arrangement is presentethbie 4.6 and Table 4.7.

Parameters for the polymer layer are tabulatelthivle4.8 in detalil.
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Table4.6 Matrix for parameters selection

Fixed values

Variables

AC

0=0.3

Base

L=0.35

Subbase
0=0.35

Load

0

/mm

(0]
/MPa

Q
/mm

(0]
/MPa

0
/mm

(@)
IMPa

/KN

PDL

O
<

TH1~ THo

4700

250

300

200

100

80

Ei~Eo

180

250

300

200

100

80

n/a

Base

TH1 150
TH2 200
THs 250
TH4 300
THs 350

180

4700

300

200

100

80

n/a

150
200
250
300
350

O © C OO

180

4700

250

200

100

80

n/a

Subbase

TH1 150
TH2 175
THs 200
THs 250
THs 300

180

4700

250

300

100

80

n/a

75

100
125
150
200

0 0 0 0O

180

4700

250

300

200

80

n/a

AL

AL1 60
AL> 80
ALs 100
ALs 120
AlLs 180

180

4700

250

300

200

100

n/a

PDL

Without

With

180

4700

250

300

200

100

80

Without

With

Table4.7 Thickness and modulus variables of AC layer

Thickness /mm

25, 50, 75, 100, 150, 180, 225, 270, 300

Elastic modulus /MP¢ 2000, 2500, 3100, 3500, 406%,00, 5700, 6600, 800
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Table4.8 PDL charateristics(Xu et al., 201

Condition Q /mm O /MPa 0 Position

DO 0 0 0.25 No PDL

DE1 25 20 0.25 Subgrade top (SgTop)

DE2 25 41 0.25 SgTop

DE3 25 109 0.25 SgTop

DE4 25 202 0.25 SgTop

DE5 25 229 0.25 SgTop

DTH1 25 202 0.25 SgTop

DTH2 50 202 0.25 SgTop

DTH3 100 202 0.25 SgTop

DTH4 150 202 0.25 SgTop

DTH5 200 202 0.25 SgTop

DP1 25 202 0.25 Subbase top (SubTop)

DP2 25 202 0.25 5cm below SubTop (SubTopB!
5cm above Subbase bottc

DP3 25 202 0.25 (SubBottAS)

DP4 25 202 0.25 SgTop

DP5 25 202 0.25 5cm below SgTop (SgTopB5)

4.3.5 Results and discussion

The results under different conditions are illustrated FSgere 4.7~Figure4.26
to present the tensile strain at the bottom of asphalt concrete, the ssivgpsdrain at
the top of the subgrade and the correspondingnd( . Even though the effects of
the thickness and the modulus of AC layer, base and subbase,@mthe pavement
response are well known in principle, the sensitivity of the pammesponse to MC
increment at each conditiaa presented, and they are also presentetterningthe
effects of the PDL. The mechanical effects of the proposed PDL on the pavement
structure are then revealefihe effects of moisture content were incagied by
changing the resilient modulus of subgrade, i.e. using the resilient modulus model to
calculate the resilient modulus at each moisture content and then inputting the resilient

modulus into the model.
4.3.5.1Effects of asphalt concrete

Figure4.7andFigure4.8show that with the increase of AC modulus and thickness
(O andQ ), 0 and0 both increased significantly, while showing a decreasing
trend with moisture content. Elastic modulus and thickness of AC generated larger

effects ond thanO . At a lower modulus and thickness, no clear decreasing trend was
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found in0 with increagng MC. 0 exhibited larger decrease with the same increment

of MC, which was consistent witRigure 4.9 and Figure 4.1Q0 At higher moisture
contents, the positive effects of increasing AC modulus and thiclaoregs were
attenuated. Generallthe sensitivig of 0 was 1620 times larger than that 6f . The
sensitivity of0 increased by 1.3 times with the modul@s,. The sensitivity of(

showed a decrease by 91% with increasing from 25 mm to 75 mm, while it
increased by about 10 times as the thickri@ssyaried from 75 mm to 300 mm. Thus,

a 6 GPa change in modulus is almost equivalent to a 50 mm change in thickness in
terms ofthe sensitivity of0 . The sensitiity was significantly influenced by the
parameters (i.e. elastic modulus of asphalt concrete). This can provide a perspective for
guantitatively analysing the pavement response due to moisture variAtios.
thicknesf 75 mm, the overall sensitivity 6f and( to moisture variation presented

a minimum value. It may indicate that a thinner pavement could maintain a more stable
performance at changing moisture conditidrise sensitivity of) decreased by 0.9%

and 5.2% with AC modulus and thiclssrespectively Thus, in terms of pavement
design for rutting control at higher water levels, a thicker or stiffer pavement will not

be an effective way to prevent foundation deformation development.

7 x 10
2 XlO T T T T T 45

&
{,

[Axle]

N

~
)
1
1

_ Aw [%]
Figure4.70 and0 atvariousO (Y0 indicates the moisture contesftsubgradés

above optimum moisture content)
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4.3.5.2Effects of base layer

0 and0 showed similar trends with MC at various base thickeeand modul
(0 andQ ) for the same AC modulus, as showrFigure4.11landFigure4.12
In terms of thesensitivityin Figure 4.13 andFigure4.14 0 and0 both showed a
decreasing trend. Theensitivityof 0 decreased by 11% and 5&#6ngwith thebase
modulus and base thickne&3 ( andQ ), respectively, anthe sensitivityof 0
decreased by 4% and 2% accordingly. Althoughstesitivityof 0 showed a slight
variation with base thickness and modul@s ( and’Q ), the increase of moduli
and thicknesses of base layer gaomote the service life of road and reduce the
foundation sensitivity to higher water level. It was found that a 200 MPa change in base
modulus is equivalent to aboat50 mm change in base thickness in terms of the

sensitivityof 0 .
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4.3.5.3Effects of subbase layer

0 showed a decreasing trend with the increase of subbase modlug, (
contrary to that with subbase thickn€Sk, , as seen ifrigure4.15andFigure4.16
With Y0 increasing by 1% showed different patterns with subbase thickness, i.e.
decreasing to a certain point and then increasiiggire4.17andFigure4.18illustrate
that apart from the change sensitivity of0 completely different from that af at
various thicknessthey did not have a consistent pattern at various modulus. The
sensitivity of0 hardly showed changes with subbase moddlhs sensitivity of 0
started to show a decreasing trend at the mod@us)(of 150 MPa. Regardless of the
increase ofy and0 , a subbase thicknes§200 mm showed a similar effect on their
sensitivities to the rising moisture witi@ of 300 mm. It implies that increasing the
thickness of subbase layer at higher water levels may not be an effective way to reduce

the sensitivity for pavement design when the subbase ieadsetain thickness.
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Figure4.150 and0 at variousO
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4.3.5.4Effects of=,

0 and0 both dropped significantly whethe axle load increased from 60 kN to
100 kN, asshown inFigure4.19 The sensitivity ofy and0 in Figure4.20showed
slight changes and similar trends with axle loading. The sensitivity afas about 12
times the sensitivity a . The axle lod imposed larger effects on the sensitivity of
rutting life. From the axle load() of 100 kN, the sensitivity ai and0 was found
to become steady. The adverse effects of axle load on fatigue and rutting life attenuated,
particularly at higher ater levels. At a higher axle load, andb showed slight
variation with the moisture increase. In terms ofrdgons subject to similar moisture
conditions, the method of limiting the axle load during heavy rainfall or flooding could
be more effetive for the regions usually experiencing axle loads below 100 kN in order

to reduce moisture deterioration.
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4.3.5.5Effects of PDL

The proposed PDL was studiegfjardingts thickness, modulus and position. The
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results are presented kiigure4.21~Figure4.26 The insertion of the polymeric drain
can certainly be expected to change strains in the highway (or railway) structure, but it
may also have a disruptive effect on the relationship between rutting at the surface and
the subgrade straifTang et al., 2016al'ang et al., 2016b For exampleTang et al.
(2016b)calibrated the permanent deformation model of Eq. (2.39) and incorporated the
effects of geogrids on the subgrade deformation into the model by adjhstivertical
resilient strains. It is found that although the model could demonstrate the geogrid
reinforcement on pavement response, an underestimate of the permanent deformation
of the subgrade was recognized. However, the disruptive effects of PDlrfanes
rutting relationship were beyond the scope of the analysis. For simplification, the
effects on the relationship were not considered.
Thickness

In Figure 4.21, with the thickness of PDL increasing, and0 showed clear
upward trends, anitherewas a particularly large effect @n. Decreasing trends were
noticed in the sensitivitpf 0 and0 at various drain thicknessé®, , while the
sensitivity of 0 did not vary widely with theithicknesses when over 100 mm, as
shown inFigure 4.22 There may be a maximum PDL thickness that should be

considered during design in order to reduce the expenditure.

Figure4.210 and0 at variousQ
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