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TopicsTopics

•• History of pavement designHistory of pavement design
•• MechanisticMechanistic empirical design methodsempirical design methods
•• Short comings of existingShort comings of existing methodsmethods
•• FascinatingFascinating world of modelingworld of modeling
•• Micro Micro –– and Mesoand Meso levellevel
•• Practical implicationsPractical implications
•• The roadThe road to the futureto the future
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History of pavement designHistory of pavement design

•• GoodGood qualityquality roads have roads have 
always been essentialalways been essential forfor
economiceconomic development, development, 
military action and official military action and official 
business.business.
•• WithWith increasingincreasing nr of nr of 
vehicles and loads, goodvehicles and loads, good
qualityquality pavementspavements became became 
more and more important. more and more important. 
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In the oldIn the old daysdays grandpa had a seriousgrandpa had a serious
problem, the road was notproblem, the road was not designeddesigned toto
carrycarry hishis car …….car …….
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… and according… and according toto this picture littlethis picture little
hashas changedchanged sincesince then !then !
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Kids are excellent road engineers by birthKids are excellent road engineers by birth
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Pavement design: traditional Pavement design: traditional 
approachapproach

•• Select thickness of coveringSelect thickness of covering layerslayers suchsuch that  that  
stresses in subgrade are reducedstresses in subgrade are reduced toto suchsuch anan
extentextent thatthat subgradesubgrade deformations are limited. deformations are limited. 

•• Select materialsSelect materials forfor coveringcovering layerslayers suchsuch thatthat nono
excessiveexcessive deformationdeformation takes place there.takes place there.

•• Designs wereDesigns were basedbased onon limitinglimiting shearshear stresses stresses 
in unboundin unbound layers.layers.

•• ThinThin surfacingssurfacings werewere usedused toto provideprovide
smoothnesssmoothness forfor driving comfort.driving comfort.
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CBR (penetration) testCBR (penetration) test

penetrationpenetration

loadload

0.10.1””

FF

CBR = F/FCBR = F/Frefref * 100%* 100%
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Empirical design chartsEmpirical design charts allowedallowed toto determinedetermine
thickness and CBR of granular base and thicknessthickness and CBR of granular base and thickness asphaltasphalt
layerlayer givengiven CBRCBRsubgradesubgrade

increasingincreasing amount of trafficamount of traffic

log CBRlog CBRsubgradesubgrade

totaltotal
pavementpavement
thicknessthickness

minimumminimum
asphaltasphalt
thickness =thickness =
50 mm50 mm
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CBR designs however are notCBR designs however are not alwaysalways
succesfulsuccesful

BhutanBhutan

ZimbabweZimbabwe

USAUSA

GhanaGhana
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Modern flexibleModern flexible pavementpavement structures structures 
are muchare much thicker and quite diverse …thicker and quite diverse …

SouthSouth AfricaAfrica the Netherlandsthe Netherlands

5 cm asphalt concrete (4%)                                5 cm p5 cm asphalt concrete (4%)                                5 cm porousorous asphalt concrete (>20%)asphalt concrete (>20%)

15 cm high quality15 cm high quality crushedcrushed stone                       20 cm aspahlt concrete (6%)     stone                       20 cm aspahlt concrete (6%)     

25 cm cement treated subbase                          30 cm unbo25 cm cement treated subbase                          30 cm unbound base of recycledund base of recycled materialmaterial

CBR CBR ≥≥ 15%                                                            15%                                                            CBR CBR ≈≈ 10%10%
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... but... but theythey still suffer fromstill suffer from damagedamage..

permanent deformation of           (fatigue) cracking of boundpermanent deformation of           (fatigue) cracking of bound layerslayers
asphalt mixture asphalt mixture 
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PavementPavement damage is notdamage is not onlyonly duedue toto
traffic traffic (deformations(deformations duedue toto settlementssettlements//frostfrost//swellingswelling soilsoil))
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SettlementsSettlements cancan alsoalso result in severeresult in severe
crackingcracking
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ButBut traffic is a maintraffic is a main source of problems and source of problems and 
these loadsthese loads come in differentcome in different
sizes and sizes and 
shapesshapes
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Overloading is a serious issue in Overloading is a serious issue in 
manymany countriescountries
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Consequences of overloading are Consequences of overloading are 
enormousenormous

191 191 kNkN AXLEAXLE

40 40 kN   kN   56 56 kN                                      kN                                      5 5 kN   kN   90 90 kNkN

Legal wheel load = 25 Legal wheel load = 25 kNkN
Damage due to violator (90 Damage due to violator (90 kNkN) equals (90/25)) equals (90/25)44 = 169 = 169 
times legal wheel loadtimes legal wheel load
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Dual wheels, super super single and 
super single

20 cm                                        50 cm         34 cm20 cm                                        50 cm         34 cm
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Contact pressureContact pressure distributionsdistributions

Vertical                                         LateralVertical                                         Lateral
pressure distributionpressure distribution
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Load 50 kN, φ = 
300 mm

Asphalt

Unbound or 
Bound
Base

Subbase

Subgrade

1. Tensile strain at 
pavement surface.
2. Tensile strain at bottom 
asphalt.
3. Compressive stresses in 
top unbound base.
4.Tensile strain at bottom 
bound base
5. Vertical compressive 
strain at top subbase.

6. Vertical compressive 
strain at top subgrade. 

Critical stress and strainCritical stress and strain locationslocations
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CommonlyCommonly usedused mechanisticmechanistic approachapproach

•• UseUse linearlinear elasticelastic multimulti layerlayer system, sosystem, so characterisecharacterise
materialsmaterials with E and with E and µµ..

•• AssumeAssume fullfull adhesionadhesion between the layers.between the layers.
•• Use static load(s).Use static load(s).
•• CalculateCalculate stresses and strains at criticalstresses and strains at critical locations.locations.
•• Use transfer functions (fatigue relations) toUse transfer functions (fatigue relations) to calculatecalculate

pavementpavement life.life.
•• Drawbacks: materials are NOT linearDrawbacks: materials are NOT linear elastic. They are elastic. They are 

non linearnon linear elastoelasto--viscovisco--plastic and oftenplastic and often rate and rate and 
temperaturetemperature dependent. dependent. 
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Required transfer functionsRequired transfer functions

•• Fatigue and crack resistance of asphalt Fatigue and crack resistance of asphalt 
concrete.concrete.

•• ResistanceResistance to permanent deformation of asphalt to permanent deformation of asphalt 
concrete.concrete.

•• ResistanceResistance to permanent deformation of to permanent deformation of 
unbound base materials.unbound base materials.

•• ResistanceResistance to permanent deformation of to permanent deformation of 
subgradesubgrade materials.materials.

•• Fatigue and crack resistance of bound base and Fatigue and crack resistance of bound base and 
subbase materialssubbase materials..
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Fatigue of asphalt mixturesFatigue of asphalt mixtures

4 p bending               2 p bending4 p bending               2 p bending

direct tensiondirect tension

indirectindirect
tensiontension
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FatigueFatigue resistance is a specimen, not resistance is a specimen, not 
a materiala material propertyproperty

p bendingp bending p bendingp bending

strainstrain
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indirect tensionindirect tension loadload contr.contr.
4 p bending load4 p bending load contr.contr.
4 p bending displ4 p bending displ contrcontr..

NN

101066

101044

101022

4040

1010

11

εε
10101            1            10102           2           101033

FatigueFatigue resistance isresistance is
a specimen, not aa specimen, not a
materialmaterial propertyproperty
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SubstantialSubstantial correctionscorrections neededneeded to to 
match lab resultmatch lab result withwith practicepractice

log log εε

log Nlog N Field fatigueField fatigue

Lab fatigueLab fatigue

Shift factor (healing, lateralShift factor (healing, lateral
wander, damagewander, damage propagation,propagation,
stress redistribution etc. 2.5 stress redistribution etc. 2.5 -- 40)40)
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Fatigue performanceFatigue performance

•• Field fatigue Field fatigue ≠≠ lab. fatiguelab. fatigue
•• Nevertheless we need lab. fatigue tests toNevertheless we need lab. fatigue tests to getget

anan ideaidea aboutabout fatigue performance.fatigue performance.
•• FatigueFatigue testing is time consuming and costly.testing is time consuming and costly.
•• ThereforeTherefore fatigue is notfatigue is not suited as a performance suited as a performance 

relatedrelated specification.specification.
•• Can we estimateCan we estimate fatigue performance of fatigue performance of 

mixtures? mixtures? 
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Theory on crack growth in Theory on crack growth in viscovisco--
elastic media is of helpelastic media is of help

•• Crack growth law: dc/Crack growth law: dc/dNdN = = AKAKnn

•• A = f(A = f(SSmixmix, m, , m, σσtt, , ΓΓ))
•• n = f(2/m and void content)n = f(2/m and void content)
•• Fatigue law: N = kFatigue law: N = k11 ((εε))--nn

•• kk11 = f(A, m, specimen geometry) = f(A, m, specimen geometry) 

•• m is slope of master curve !m is slope of master curve !

==
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Slope of the master curve m is Slope of the master curve m is 
extremely important parameterextremely important parameter

•• GivesGives informationinformation aboutabout fatiguefatigue behaviourbehaviour
•• GivesGives informationinformation aboutabout resistanceresistance to to 

permanent deformation. permanent deformation. 
•• The lower m and the higherThe lower m and the higher SSmixmix the better the the better the 

resistanceresistance to permanent deformation!to permanent deformation!
•• StiffnessStiffness measurements are very important !measurements are very important !
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StiffnessStiffness measurementsmeasurements usingusing
repeatedrepeated loadload ittitt
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From the lab to the fieldFrom the lab to the field

the big unknown,the big unknown,
advancedadvanced theoriestheories
requiredrequired

n cann can bebe estimatedestimated withwith
confidenceconfidence

log Nlog N

log log εε
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ChallengeChallenge

•• Fatigue analysis is still highly empirical.Fatigue analysis is still highly empirical.
•• kk11 is the big unknown.is the big unknown.
•• How do we deal with damage propagation and How do we deal with damage propagation and 

redistribution of stresses.redistribution of stresses.
•• Improved models are needed in order to be able Improved models are needed in order to be able 

to analyse effects of new generation loads, to analyse effects of new generation loads, 
benefits of better materials etc. benefits of better materials etc. 
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Performance predictions have a high Performance predictions have a high 
degree of uncertaintydegree of uncertainty

timetime

conditioncondition
estimation: 40% of uncertaintyestimation: 40% of uncertainty
is causedis caused byby improperimproper modelling modelling 
and for 60% byand for 60% by naturalnatural variationvariation..
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UncertaintiesUncertainties

•• Uncertainties in predictionsUncertainties in predictions cancan bebe balancedbalanced byby
experience.experience.

•• We have enoughWe have enough knowledgeknowledge toto makemake succesfulsuccesful
thickness designs for traditional structuresthickness designs for traditional structures
usingusing knownknown materials. materials. 

•• ButBut whatwhat if traditional structures and materialsif traditional structures and materials
cannot do the job ?cannot do the job ?

•• WhatWhat ifif risks have torisks have to bebe quantifiedquantified forfor
contractualcontractual purposes ?purposes ?

•• BetterBetter modelling is a must !modelling is a must !

September 21, 2006
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ElastoElasto--viscovisco--plastic models describing plastic models describing 
behaviour under 3D stress conditions are behaviour under 3D stress conditions are 

the futurethe future
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Principle of the model Principle of the model 
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Principle of the model Principle of the model 

I1

J2

II11 = = σσ11 + + σσ22 + + σσ33

σσ11 -- σσ22))22 + (+ (σσ11 -- σσ33))22 + (+ (σσ22 -- σσ33))22

( ) ( )

( )

2
1 1

2 2

2
2 0

1 cos 3

n

a a
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I R I R
p pJf

p

α γ

β θ

    − −
 − +   
     = − =

−

Curves indicate stressCurves indicate stress
conditions where changeconditions where change
in material conditionin material condition
occurs, e.g. end of occurs, e.g. end of elaselas--
ticityticity etc.etc.
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Compression testCompression test

-25

-20

-15

-10

-5

0
-0,3-0,2-0,100,10,20,30,40,50,6

εaxial [m/m]

σ [N/mm2]

10  mm/s
  5  mm/s
  1  mm/s
  0.1mm/s

ε radial [m/m]

-70

-60

-50

-40

-30

-20

-10

0
0 0.05 0.1 0.15 0.2 0.25 0.3

strain rate [ s-1]

fc 
[N

/m
m

2 ]

ACRe data (0, 15 and 30'C)
ACRe fit

0.322426086.3

1108 1

1 *
.c

T

f

eε
 − + 
 

 
 
 
 = − −
  
 +  
    

September 21, 2006 40

Tension testTension test
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(1) (2)

(3) (4)

(5) (6)

crack width

3.34 mm

(1) (2)

(3) (4)

(5) (6)

crack width

3.34 mm

Simulation of an indirectSimulation of an indirect
tension testtension test
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Simulation of failure in an indirect Simulation of failure in an indirect 
tension testtension test
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Principle of damagePrinciple of damage analysisanalysis
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Simulation passage B 777Simulation passage B 777

X

Y

1

12

2

200 mm Asphalt200 mm Asphalt
E = 3000 MPaE = 3000 MPa

400 mm Base400 mm Base
E = 300 MPaE = 300 MPa

SubgradeSubgrade
E = 100 MPaE = 100 MPa
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Volumetric and deviatoricVolumetric and deviatoric damagedamage

1 Volumetric

compression

tension

2      Deviatoric
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Simulation passage B 777Simulation passage B 777
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Exiting developments in surface Exiting developments in surface 
materialsmaterials

•• Noise reductionNoise reduction
•• Intelligent pavementIntelligent pavement
•• Energy productionEnergy production
•• Rapid repair and Rapid repair and 
maintenancemaintenance
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Wearing coursesWearing courses

•• Modelling on macro scale not good enough.Modelling on macro scale not good enough.
•• MesoMeso scale (grain size) and Micro scale scale (grain size) and Micro scale 

(molecular level) are becoming important.(molecular level) are becoming important.

•• Problem layers:Problem layers:
-- porous asphalt concreteporous asphalt concrete
-- thin noise reducing wearing courses thin noise reducing wearing courses 
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PorousPorous asphalt concrete (PAC) forasphalt concrete (PAC) for
noisenoise reductionreduction
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Double layer porous asphalt concreteDouble layer porous asphalt concrete
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Ravelling is the mainRavelling is the main problem of PACproblem of PAC
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RavellingRavelling

“black rock” “black rock” “naked” stone“naked” stone
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Model to predict ravellingModel to predict ravelling

•• Discrete FEM.Discrete FEM.
•• Characterisation of bituminous mortar (stiffness Characterisation of bituminous mortar (stiffness 

and fatigue).and fatigue).
•• Characterisation of adhesion (fatigue).Characterisation of adhesion (fatigue).
•• Effects of Temperature, Oxygen, UV radiation Effects of Temperature, Oxygen, UV radiation 

and moisture should be taken into account.and moisture should be taken into account.
•• Validation with test track experiment. Validation with test track experiment. 
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Transform skeleton into FE meshTransform skeleton into FE mesh
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Modelling of PACModelling of PAC
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Detail PAC modelDetail PAC model

stonemortar

binder

adhesive

zone

void
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Fatigue testing binder using DSRFatigue testing binder using DSR
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Fatigue of bituminous mortar 44 Hz, Fatigue of bituminous mortar 44 Hz, 
20 20 ooCC, f/b = 1, f/b = 1

September 21, 2006 60

Tension test on interface Tension test on interface 
aggregate aggregate –– bituminousbituminous mortarmortar
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ShearShear testingtesting on interface on interface 
aggregate aggregate –– bituminousbituminous mortarmortar
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WeatherometerWeatherometer for aging of for aging of 
bituminous materialsbituminous materials
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Change in compositionChange in composition duedue toto agingaging

2000                 1800                 1600                  1400                   1200                   1000           800                    600
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Test track experiment for validationTest track experiment for validation
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Quality of production and laying has Quality of production and laying has 
enormous influence on enormous influence on perkormance perkormance 
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Influence of layingInfluence of laying onon pavement pavement 
performanceperformance
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Variation of bitumen content in PAVariation of bitumen content in PA
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Variation in void content of PAVariation in void content of PA
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Influence of compactionInfluence of compaction onon pavement pavement 
performanceperformance

September 21, 2006 70

ModellingModelling compactioncompaction byby means of means of 
critical state theorycritical state theory

q

ν

p'

CSL

NCL

c

a
b

d

a = elastic stress path, wet side
b = elastic stress path, dry side

c = plastic deformation, compaction, increase yield locus
d = plastic deformation, shear, decrease yield locus

loose partic
le pattern

low specific volume

ModifiedModified Hveem Hveem 
stabilometerstabilometer



36

September 21, 2006 71

CompactionCompaction characteristicscharacteristics

September 21, 2006 72

DueDue toto largelarge deformations, special deformations, special 
femfem shouldshould bebe usedused

(a) Initial Setup (b) Updated Lagrangian
calculation

(c) ALE calculation

ALE = arbitraryALE = arbitrary
Langrangian Langrangian 
EulerianEulerian
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Finite element meshFinite element mesh for roller for roller 
simulationssimulations

Compacted
material

"streams out"
the mesh

Fresh un-
compacted
material is

"pushed in"
the mesh

Free rotating rolling drum outline
Rolling direction

Fixed boundary

Free material surfaceFree material surface
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Decrease of VMA as a function of the Decrease of VMA as a function of the 
nr of roller passesnr of roller passes
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Laboratory measurement techniques will Laboratory measurement techniques will 
change with changing emphasis from change with changing emphasis from 

macro to macro to mesomeso and micro level and micro level 
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Laboratory tests forLaboratory tests for today and tomorrowtoday and tomorrow

Universal sorption deviceUniversal sorption device
WilhelmyWilhelmy plateplate
Dynamic shear Dynamic shear rheometer rheometer 
Tension and compression testsTension and compression tests
Sieve analysisSieve analysis
XX--ray tomographyray tomography
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Great need for high speed non contact Great need for high speed non contact 
evaluation techniques providing detailed evaluation techniques providing detailed 

insight on quality of pavementinsight on quality of pavement
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SASW SASW (spectral(spectral analysis of surfaceanalysis of surface waveswaves))
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InfraInfra--redred forfor detectiondetection potentialpotential
weak spotsweak spots
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Radar forRadar for assessment assessment 
bitumen content, VMA, h etc.bitumen content, VMA, h etc.
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MedusaMedusa

MeasuringMeasuring natural backgroundnatural background
radioradio--activityactivity radiationradiation allowsallows
assessmentassessment aggregate typeaggregate type
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THANK YOU FOR YOUR ATTENTIONTHANK YOU FOR YOUR ATTENTION
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