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SUMMARY

This research is focused on damage developmehtiadhesive zone and the mortar
of porous asphalt concrete. The motive of thisaedeis the loss of stone from the
pavement surface, the so-called ravelling of noéskicing surface wearing courses.
Ravelling is the dominant defect of porous asphelulting in huge costs of
maintenance and resurfacing in the NetherlandselRay is a mixture-associated
problem and is directly related to the bindingueel within the stone-to-stone contact
regions. This research is thus towards a bettererstathding of the processes
responsible for ravelling, i.e. cohesive failure tre mortar bridge and adhesive
failure at the mortar/aggregate adhesive zone @asis of meso-mechanics.

An intensive experimental program was carriatl an various adhesive zones
and mortars at a meso-sale of millimetres. Thigram was designed based on a
better understanding of stress/strain states inysoasphalt concrete under moving
traffic loadings. The aim was to develop fatigueddge models for the adhesive zone
and mortar which allows life expectancy to be présti.

Tension and shear tests as well as tests ichwténsion and shear were
combined were performed on the adhesive zones. griwese tests, uniaxial tension
testing was conducted using Dynamic Mechanics Anmsaly Shear testing was
performed using Dynamic Shear Rheometer. A testhvbombined tension and shear
was specially designed. Various types of load dggmaere applied accounting for
complex stress signals to which the adhesive zamessubjected in practice. A
damage model based on a linear cumulative damdgewas used to explain the
obtained test data. The proposed model is makirg aisthe integration of an
equivalent uniaxial tensile stress signal to coragghé development of damage. To do
this, an internal-friction theory was applied tartslate any combination of shear and
normal stresses into a simple equivalent uniaxdabite stress. Model fit indicated
that the predicted number of cycles to failuranigagreement with the measured data.

A practical mortar fatigue model based on tiesidated energy concept was
developed for the life predictions under complexlitiaxial loadings. The fatigue
model is based on the initial dissipated energyqyete. Model parameters can be
determined on the basis of commonly used fatigatst&'he proposed model gave
very good results in explaining the laboratorygaé data.

By combining the mortar stress and strain dgynaovided by response
calculations the dissipated energy per tyre passagee calculated and the number
of load repetitions to failure can be estimatedigishe mortar fatigue model.

The developed fatigue/damage models were appbieexplain the ravelling
damage of four different porous asphalt mixturesdugr a full-scale accelerated
pavement testing (APT) experiment. Finite elemémutations of the behaviour of
these four mixtures were made. A 2D idealized meded used for practical reasons.
The life expectancy predicted by this way was indjagreement with the results of
full scale ravelling tests.

The life time predictions as made explain thiéiation of ravelling. In reality
however maintenance will only be applied if ravajlihas extended over a certain
area and at a certain level of severity. To refa¢ecomputed life expectancy with the
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actual lifespan of porous asphalt or the mainteeanement, a ravelling development
model was proposed. By combining this model witk thitial ravelling damage
obtained from the simulations, the moment for ne&iance and resurfacing can be
estimated for planning pavement preservation gfiege

Finally, it was concluded that the meso-scaltigfie characterization of the
adhesive zone and mortar is feasible. The develapb@sive zone damage model
and mortar fatigue model together with the finikengent model for the prediction of
stress, strain and dissipated energy allow to @@iva proper ranking in performance
of porous asphalt mixtures. It has been shown ttiatdeveloped models are very
useful tools to design porous asphalt concrete willetter raveling resistance and a
longer lifetime.
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SAMENVATTING

Dit proefschrift beschrijft een onderzoek naar dewikkeling van schade in de
mastiek en de hechtzone tussen mastiek en steggeimOpen Asfalt Beton, ZOAB,
en andere typen open geluidreducerende deklagefeliiga steenverlies aan het
wegoppervlak, is het dominante schadebeeld van dpklagen en resulteert in een
toename van verkeersgeluid. Herstel van rafelingnvceen omvangrijke jaarlijks
terugkerende kostenpost. Rafeling ontstaat wartedrechtbruggen tussen steentjes
bezwijken. Dit kan een gevolg zijn van zowel schadde mastiek als schade in de
mastiek/steen hechtzone. Rafeling is een mengselageerde schadevorm die direct
verband houdt met het bezwijken van de hechtbruggsesen steentjes. Dit onderzoek
richt zich op de processen die rafeling veroorzakemohesief falen van de
mastiekbruggen en adhesief falen van de mastiek/stechtzone - en maakt gebruik
van meso mechanica principes.

Het onderzoek omvat een omvangrijk experiméni@®gramma, waarin
verschillende hechtzones en typen mastiek zijn defgr Het betreft een
experimenteel onderzoek op meso-schaal, de schaahglividuele steentjes.

Het onderzoek is gericht op interpretatie van densmg-/reksignalen die in open
deklagen onder belasting door rijdende wielen aatst Daarom zijn
vermoeiing-/schademodellen ontwikkeld die complé&ezekende spanningsignalen
als invoer gebruiken en waarmee de levensduur kadem berekend.

Op de hechtzones zijn trek- en schuifproevegeuberd. Ook proeven waarin
combinaties van normaal- en schuifspaningen zigetsgd zijn uitgevoerd. De reeks
aan proeven omvat onder andere: één-assige trelgragp de Dymanic Mechanics
Analyzer , DMA, en schuifproeven op de Dynaminc @heheometer, DSR. Tevens
zZijn gecombineerde normaal-/schuifproeven ontworpanuitgevoerd. De proeven
zZijn gedaan onder verschillende lastsignalen, ditat de spanningsignalen in de
praktijk zeer grillig zijn. De ontwikkeling van satle in de hechtzones is beschreven
met een schade-model dat gebaseerd is op de éneainulatieve schaderegel. Het
model bepaald schade door een equivalente treksgpover de tijd te integreren. De
equivalente trekspanning wordt bepaald met behaipde Intern-onenigheidstheorie
waarmee elke combinatie van nominaal- en schuifspgrwordt omgezet naar een
equivalente trekspanning. Met regressietechniekeaangetoond dat het model de
beschikbare data goed beschrijft.

Voor mastiek is een praktisch vermoeiingsmaatevikkeld dat gebaseerd is op
het concept van gedissipeerde energie. Met dit Mmaderden complexe
belastingsignalen vertaald in levensduur. De madalpeters kunnen worden
bepaald met gangbare vermoeiingstests. Het mo@é# gen zeer goede voorspelling
van laboratoriumdata.

Uit de combinatie van berekende spanning- eksignalen afkomstig van
mengselrespons simulaties kan de gedissipeerdgienger lastherhaling worden
bepaald, zodat de vermoeiingslevensduur van menbgeetkend kan worden.

De ontwikkelde vermoeiings-/schademodellen tgegepast om rafelingschade
in vier verschillende open asfalt mengsels te aedd. De vier mengsels zijn in een
full-scale versnelde verhardingtest beproefd. Oigk Eindige Elementen simulaties
van de beproefde mengsels gemaakt. Om praktisdea is gebruik gemaakt van 2D



geidealiseerde modellen. De aldus voorspelde leuees vertoonde een grote
overeenkomst met de resultaten van de versnelti@nngstest.

De gemaakte simulaties verklaren allen het prnvan schade-initiatie. In
werkelijkheid echter wordt onderhand pas uitgevoalsl rafeling zich over een
bepaald oppervlak en met een bepaalde ernst heefikkeld. Om een relatie te
leggen tussen het moment van schade-initiatie ewet&elijke levensduur is een
schade-ontwikkelingmodel voor rafeling ontwikkeldloor dit model te configureren
met het schade-initiatiemodel kan het moment vatedroud of reconstructie worden
voorspeld.

Tot slot wordt geconcludeerd dat de karakteirg op meso schaal van de
vermoeiingsweerstand van zowel mortel als hechti@ay nuttig is. De ontwikkelde
vermoeiing-/schademodellen maken een ranking njegein ZOAB mengsels.
Aangetoond is dat de modellen zeer bruikbaar zgorvhet ontwerp van ZOAB
mengsels met een hogere rafelingsweerstand ermegeré levensduur.
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LIST OF USED SYMBOLS AND ABBREVIATIOS

Symbols

ar = the temperature shift factor

A = model constant

b = model constant

C.C, = model constants

d = the equivalent grain diameter, [mm]

d, = the distance between stones, [mm]

D = the accumulated damage

D = the damage rate, s

AE, = the apparent activation energy, [J/mol]

E = Young's modulus, [MPa]

E, = the instantaneous stiffness, [MPa]

f = frequency, [Hz]

f, = location parameter, [Hz]

f = the reduced frequency, function of temperatjiie]
f. = the natural frequency, [Hz]

F = force, [N]

F = force amplitude, [N]

G = shear modulus, MPa or torsion stiffness, [Naafjr
G = complex modulus, [Pa]

G, = the equilibrium complex modulus, [Pa]

G; = the glass complex modulus, [Pa]

h = the gap width between two parallel plates, [mm]
hq = the specimen effective height, [mm]

[ = moment of inertia, [N.nmp

IDD = Integral der differenzen, [mm]

J = clamp compliance, [rad/(N.m)]

K = the stiffness of beam, [N/m]

k,,k, .k, =the factors

K, = the normal stiffness of the adhesive zfd&a/mm]
K, = the shear stiffness of the adhesive zjdEa/mm]
| = the effective length of the solid rectangukamsple, [mm]
Lft = serve life, [year]

M = the mass of weight, [Kg]
me = shape parameter

n = model constant

N = number of cycles

N, = number of cycles to failure

X



r = specimen radius, [mm]

R = universal gas constant, 8.314 J/(K.mol)

R, = the arithmetic average of the absolute valdiesidace deviations, [um]
R, = the root mean square average of height denigfion]
Raf = percentage of ravelling, [%]

t = the thickness of the solid rectangular sanjpieg]

t =time, [s]

t, t, = time constants, [s]

T = torque, [N.mm]

T, = torque amplitude, [N.m]

Tow = raw torque that is applied by machine, [N.m]
Tampe = torque in sample, [N.m]

T, = torque induced by moment of inertia, [N.m]

T, = torque induced by air-bearing friction, fiN

T, = reference temperature, [K]

T = test temperature, [K] of¢]

w = the width of the solid rectangular sample, [mm]
W = the sum of hysteresis loop areas from the siiress components, [MPa]
W, = the energy limit, [MPa]

Wiiia_ooe = INitial dissipated energy per cycle, [MPa]

X = displacement, [mm]

Z = model constant

a, ,a, = stiffness reduction parameters

g = tensile stress, [MPa]

g, = the nominal strength that material will failthin a second, [MPa]
o, = the equivalent tensile stress, [MPa]

g, = normal stress, [MPa]

; = stress components, [MPa]

£, = strain components

T = shear stress, [MPa]

T, = amplitude of shear stress, [MPa]

T, = the longitudinal shear components, [MPa]
7, = the transverse shear components, [MPa]
1% = shear strain

Yo = the amplitude of shear stain

B,, B, =model constants

a = radial deflection angle, [rad]

g, = amplitude of radial deflection angle, [rad]
6, = raw radial deflection angle, [rad]

Xt



= the phase lag between stress and strain inlsaffjp

= the raw phase lag between displacement amplénd torque amplitude?] [
= the internal friction angle for adhesive zormendige model,’]

= material parameter

= Poisson’s ratio

= angle velocity, [rad/s]

& T €8 &Y

Abbreviations

1D = One-Dimensional

2D = Two-Dimensional

3D = Three-Dimensional

APT = Accelerated Pavement Test
DMA = Dynamic Mechanical Analyzer
DSR = Dynamic Shear Rheometer

LB = Long-term aged Bitumen

LM = Long-term aged Mortar

LOT = Lifetime Optimization Tool

SB = Short-term aged Bitumen

SM = Short-term aged Mortar

STUVA = Research Association for Underground Tramtgtion Facility, Germany
TUD = Delft University of Technology
WHUT = Wuhan University of Technology
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CHAPTER 1: INTRODUCTION

1 INTRODUCTION

1.1 Problem definition

Unlike traditional dense-graded asphalt mixes aap-graded stone mastic asphalt,
porous asphalt is an open-graded asphalt mixtir@gigregate gradation consists of a
large amount of coarse aggregates combined witimadl @mount of fine materials
resulting in a very open structure. After layingdaoompaction, porous asphalt
concrete typically has an air void content highemt 20% by volume. As a result, a
large amount of interconnected voids or pores éated, which are essential to the
fundamental functions of porous asphalt, i.e. nogsRiction, water drainage as well
as driving safety in wet weather [Elvik & Greibe(®) Nielsen 2006].

Porous asphalt was firstly applied on the Duybcimary road network in the
early eighties and in 1987 it was decided to stpglying porous asphalt wearing
courses on a larger scale in the Netherlands. Ppécation on the Dutch primary
road network has increased rapidly and nowadaysedo 90% of the primary road
network has been surfaced with this type of weacmgrse. Noise reduction, driving
comfort and driving safety in wet weather are obsiaeasons for this extensive
application. The road user satisfaction with porasghalt is forcing a change in
attitude and will lead to a general applicatiorthia future [van der Zwan, Goeman et
al 1990; Swart 1997].

Durability of porous asphalt has been a maifetoncern due to its open mix
design. Among other durability issues, the losstohe from the pavement surface
(see Figure 1.1), so-called ravelling, is the damtrdefect resulting in frequent road
maintenance and thus in reduced road network &iigtygvan der Zwan, Goeman et
al 1990; Swart 1997; Miradi 2004; Miradi & Molena2®06]. The average life span
of porous asphalt on the slow lanes of Dutch modyswis currently about 10-12
years. Compared to dense asphalt mixtures that hisezvice life of approximately
18 years, the service life of porous asphalt istdich

Figure 1.1 Ravelling damage on porous asphalasanfvearing courses
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Ravelling occurs on the pavement surface due tifictrand environmental
loadings. Therefore, it is much more a problem dfterial damage rather than
structural damage, i.e. typical fatigue crackingttimitiates at the bottom of asphalt
layer and then propagates gradually upwards to siimgace. This means that
conventional pavement structural design, i.e. gjvstrength to the pavement by
increasing the structural layer thickness, can m&vent this type of pavement
distress. Ravelling is in fact a type of failurattfinds its cause within stone-to-stone
contact regions. Therefore, it is more likely to denixture-associated problem and
thus information about the mechanical behaviouthefrelated material components
in the stone contact region is of great importaficeravelling investigation. Apart
from this, the states of stress/strain in the nEteomponents under moving traffic
loadings are also of importance. By combining thege factors, better insight into
ravelling resistance can be obtained.

1.2 Potential causes for ravelling

It is believed that ravelling is related to bindifagjure within the stone contact region.
Therefore, the potential types of failure in stapatact regions must be considered. It
is known that the coarse stone fraction in por@phalt is bonded in small localized
regions, referred as stone-to-stone contact regrarifer. As schematically indicated
in Figure 1.2, a typical contact region may conefsthree components including an
interface, an adhesive interlayer and the morthe hterface is formed by direct
adhesion between the aggregate and the bitumerit frther from the aggregate
surface the bitumen forms a very thin adhesiverlenfer that binds the smaller
mineral particles in the mortar to the bitumen cedecoarse stone surface. Such a
bituminous interlayer is believed to exist becaesige effects prevent the larger
mineral particles in the mortar to be present iis thterlayer. Definition of this
bituminous interlayer would be difficult. Howevatr,is known from theory that this
bitumen-rich interlayer must be very thin and mayjyacontain a limited amount of
very fine mineral particles. Even further away frahe stone surface the third
component is distinguished, i.e. pure mortar cdingjsof fine sand, filler and
bitumen.

At meso-scale, ravelling is directly relatedth® performance of the material
components within the stone contact region. Faslunay occur in the interface, the
bitumen-rich interlayer and in the mortar, whick &urther described as follows:

(1) Interfacial failure (adhesive failure) - this is rply debonding at the
stone-bitumen interface. The stone surface is aggghrcompletely without
bitumen binder remaining on its surface.

(2) Cohesive failure through the bitumen-rich interlay¢his implies that bonding
fracture occurs very close to stone surface andrdwured surfaces are still
coated with bituminous material after failure.

(3) Cohesive failure through pure mortar - this implieat the location of fracture
is not close to stone surface; the fractured sagace coated by mortar.

Failure might also happen through the stondgbes if an internal crack already
exists. However, the probability of such a failiséelieved to be fairly small and is
thus not taken into account in this study. The typéailure that will lead to ravelling
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damage depends on the mechanical behaviour of #terial components (response,
strength/fatigue) and mixture geometry and loadinghould be clear that failure will

firstly happen in the weakest link of the local eréls mentioned above. Figure 1.3
shows that failure types 2 and 3 as described qusly really occur in practice. As

observed, pure interfacial failure is not predominavhile cohesive failure in the

bitumen-rich interlayer or pure mortar is import@sues leading to ravelling.

[] stone

— Stone-bitumen Interface

=== Bitumen-rich interlayer

B Mortar

Figure 1.2 Schematic illustration of idealizedigrgrain contact model

Adhesive failure F-oesive (e

Figure 1.3 Ravelled coarse aggregates indicate the type laféai

1.3 Objectives of the research

This Ph.D research is an integral part of reseprofect “Lifetime Optimization Tool
of Porous Asphalt”, which is called the LOT projdot short hereafter. The LOT
project, which was commissioned to the Road antiv@giEngineering Group of the
Delft University of Technology by the Dutch Minigtof Transport in 2007, aimed for
the development of a meso-mechanical tool thatsgivgight into the phenomena that
take place in porous asphalt mixes when subjectednoving tyre loads. By

-3-
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application of finite element modelling, the modebsically translates the

tire-pavement contact loads, mixture geometry armdtan response into signals of
stress/strain at various locations within the migtuThe life expectancy of porous
asphalt is estimated by interpretation of the imtome stress/strain signals. More
information on the LOT project can be found elsesghé&luurman 2008]. Figure 1.4

gives a simplified schematic of the LOT designtstyg. At the end, LOT predicts the

type of failure that results in ravelling and thember of tire passages that are
required to cause this type of failure. It alsovidies information on which material

component properties should be changed to achibetter ravelling resistance.

Mortar Mortar Initial Contac! Contact
response |::> response volumetric stress stress
tests models de3|gn prognose researcr

Climate issues: Mlxture

-Temperature, Test analysis, i.q

-Aging effects,| B)/ conditions response Modified

—\é\{ater nQgress, calculatlon mixture volumetry or

-Etc. oo h
application of different

component materie

Mortar Componer Stress / Strai
damage damage in mixture .
tests models COmponen S

Adhesicn Componer Componen Design Fi_na
damage damage =) damage_ -—) meets Y mixture
tests models calculation demand design

Figure 1.4 Simplified schematic of LOT design strategy[Huum2908]

The LOT project consists of the following pariaboratory tests, mortar
response models, component damage models, num&nuahtions of porous asphalt
and in-door accelerated ravelling tests. In thidDPtesearch, the focus is on damage
models for the mortar and the adhesive zone. Heredfie mortar is referred to the
mixture consisting of fine sand, filler and bituméme adhesive zone is defined as the
region where the mortar meets the stone surfacedidsussed earlier, such an
adhesive zone includes the bitumen-stone intenfifiee the bitumen interlayer, thus
two potential types of failure can be investigatiedthis study, the adhesive zone is
represented by using two stone columns bound tegétha very thin bitumen layer
with a thickness of 15um.

As stated, the LOT project focused on the nmsde structure consisting of
stone chippings. It is common practice to charésehe fatigue resistance of asphalt
mixture on, e.g. beam specimens. Such a macro apal®@ach however is not good
enough for analyzing the ravelling resistance ofope asphalt mixtures. Fatigue
characterization on meso-scale implying the fatigugracterization of the mortar and
the adhesive zone is required. Therefore, new pettuat allow meso-scale fatigue
testing have to be developed.
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Finite element simulations on road surfacingls@nd porous asphalt indicated
that the adhesive zone is subjected to a complexbir@tion of shear and normal
stresses [Huurman, Milne et al 2003; Huurman, Male2007; Mo, Huurman et al.
2007, 2008]. Furthermore the stress signals duthéomoving tyre loadings are
complex. Therefore, a damage model that takesaiotount the combined action of
normal and shear stresses as well as the complessssignal is needed for the
adhesive zone.

With respect to the mortar, the traffic loadsate complex 3D states of stress
and strain, which change from one location to agottithin the mixture [Huurman,
Mo et al. 2007; Mo, Huurman et al. 2007, 2008]. Mehile, there is no predominant
stress or strain component that accounts for méatmyue; the stress/strain signals are
complex and far from sinusoidal as commonly appiredlassical fatigue tests. By
combining these factors, it is clear that mortdigtae in this study is a problem of
multiaxial fatigue under complex stress/strain algnA mortar fatigue model that is
capable to explain such stress/strain states ssréquired.

As an integral part of the LOT project, the eleped fatigue or damage models
in this research will be combined into a designl foo porous asphalt (see Figure
1.4).

For the purpose of model verification, full kcaavelling test sections were
conducted in Cologne, Germany [van Hinthem 2008; TRW2007; Huurman,
Molenaar et al. 2008]. The entire tool is validatydcomparing the computed life
with the ravelling behaviour as observed in theebmated pavement test (APT).

1.4 Organization of this thesis
This thesis consists of three parts: an experinhgrae, a part in which fatigue or
damage models are developed and a model appliGatibwerification part.

After this introductory chapter, Chapter 2 s a literature review on the
binding properties of bitumen-aggregate systemsap€n 3 briefly introduces the
materials used in this study including stone, faad, filler, bitumen and mortar.

Material testing for the development of theigiaé/damage models for the
adhesive zone and the mortar is described in thkeamapter. Information on the test
description, test interpretation and the obtairesallts is presented there too.

Chapter 5 provides information on the calilmmatof various test instruments
used in this study. Differences in the data produme different instruments are thus
understood, allowing to minimize their effects. ®abrrection is carried out and the
loss of accuracy due to improper test interpretaticthe LOT project is investigated.

The development of the damage model for theesitl zone is discussed in
Chapter 6. For reasons of simplicity, the proposediel is making use of a linear
cumulative damage rule to explain the damage bebawf the adhesive zone in
combination with the internal-friction theory.

In Chapter 7 mortar fatigue models based orctimeept of dissipated energy are
presented. The initial dissipated energy per cpolé the total dissipated energy are
used as the fatigue damage parameter. A practicaanfatigue model that is capable
of translating complex multiaxial loadings intoeliéxpectancy is given.

In Chapter 8 the model predictions are compavitld the actual ravelling that
developed during the APT and which was measurednbegpns of laser texture
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measurements and determined by means of visualedtisp performed after
completion of the APT.
Finally, conclusions and recommendations arergin Chapter 9.
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2 LITERATURE REVIEW

2.1 Introduction

Bitumen serves as binder for mineral aggregatebituntminous paving mixtures.
Bitumen is present in bituminous mixtures in thenfoof a thin film with various

thicknesses around the aggregate particles. Asndehi bitumen sticks to the
aggregate surfaces, thus bitumen-stone adhesiatefined at their boundaries.
Bitumen in thin films has properties that diffeorin those of the bulk bitumen.

Furthermore, fine aggregates and filler canrdgarded as part of the binder
phase. In this study, the mixture containing firggragates, filler and bitumen is
defined as mortar; the mixture that only consistiller and bitumen is called mastic.
The critical size that divides the contribution fofe fraction into part of binder or
aggregate skeleton is dependent upon type of neixtduraya (2007), in his study
concluded that for porous asphalt concrete, alteggge particles smaller than 0.5mm,
i.e. find sand, belong to the mortar.

The introduction of the fine fraction and fillasually changes the rheological
properties and improves the stiffness and the toegh of the binder phase. Addition
of these materials sometimes imparts drawbackkeadsulting composites such as
making them brittle.

In asphalt mixtures, stone aggregates are mstiffar and stronger than other
material components, i.e. the bituminous binder Possibility of failure through
aggregates tends to be very small. Most of tharaitan be found in the binder phase
that connects neighbouring particles. The potefdiaires may be as follows:

(1) Interfacial failure at the bitumen-stone boundaries

(2) Cohesive failure through the bituminous interphiaghe adhesive zone;

(3) Cohesive failure through the mortar or mastic.

The actual type of failure that occurs in adplnsixtures may be one or a
combination of these failure modes. In any cadariahappens at the weak locations
in the mixture.

Porous asphalt concrete is an open, bitumemdgbmaterial. The binding is
generated at the stone-stone contact regions vehiaréted amount of mortar acts as
binding agent. Ravelling is the result of failuretiee weakest link within the stone
contact region. This binding failure may be introdd by repeated traffic loads only.
Although non mechanical associated effects, eslheaging, moisture, chemical
attack, etc. may enhance the development of ragelit is believed that ravelling is
directly related to fatigue damage of material comemts within the stone contact
regions. Therefore, a critical parameter relevanavelling resistance is the binding
properties of bitumen-aggregate system.

The aim of this chapter is to review the bimdproperties of bitumen-aggregate
systems. In such systems, the binder phase caitupeeln in a thin film, a mastic and
a mortar. The substrates can be various solidsdirgy steel, aluminium, glass and
stone. The focus is on test methods that could e 0o measure the binding
properties of bitumen-aggregate systems as welelvant issues that affect the

-7-



CHAPTER 2: LITERATURE REVIEW

binding fatigue/strength and failure charactersstic

2.2 Bitumen-substrate binding property

Mack (1957) is the pioneer to measure the streafjthitumen films. Use was made
of steel plates as substrate and a thin bitumendd adhesive. Uniaxial tensile tests
were done under force-controlled mode with a constate of loading of 5 pounds
per second and at a temperature dC25he bitumen film thickness varied from 20
Km to 200um. The average film thickness was caiedlay dividing the volume of
bitumen used by the actual area between the twed pltates. Mack found that the
strength of a thin film of bitumen varied linearlyith the film thickness to a
maximum and then decreased. The strength alsoasetewith surface tension.
Figure 2.1 shows an example of the film strengthhasfunction of film thickness.
Mack concluded that at film thickness between 70 tpr200Oum, bitumen behaved
like a solid. Another finding was that the optimditm thickness increased with the
viscosity of bitumen. As the viscosity varied withmperature, the optimum film
thickness was considered to depend upon tempera#sra result, the optimum film
thickness for certain bitumen increased as temperaeduced. Mack also discussed
the relation of film strength to mechanical projesrf asphalt mixtures. It was found
that the ratio of maximum film strength to maximbearing strength of sand-asphalt
mixtures is approximately 3.00.

2.4
Western Canadian reduced
+ 5% GR-S rubber
Pen 80
23] /:P\ ;:F‘\-.ﬂ‘
]
V4 N

22| 0/0 /QD
oA

Log Film strength (psi)

21 ™ Western Canadian reduced
! Pensg6.5
| o
20/ '
0.3 04 0.5 0.6 0.7

Log Film thickness (10°cm)
Figure 2.1 Film tensile strength as function of film thickngbtack 1957]

Majidzadeh and Herrin (1965) investigated thehdviour of thin films of
bitumen subjected to uniaxial tensile stresses. fbhas was on the effects of film
thickness, rate of extension and temperature. édtst were conducted by using a
butt-type specimen arrangement. A small amounitafrien was placed between two
aluminium blocks of known area and weight. The agerbitumen film thickness was
calculated using the same method as reported by NIE&57). By doing this, an
average film thickness ranging from 10um to 1000yas obtained. The rates of

-8-
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extension varied from 0.005 to 1.0 inch/min. A wid@ge of temperatures fromi@®
to 45C was considered. Several important results asinaatafrom this study are
given below.

1)

)

®3)

The tensile strength of thin bitumen films decrelaas the film thickness
increased, and finally the tensile strength appredca constant value that
did not change as the film thickness further inseela The hydrodynamic
theory can be used to predict the tensile strenfjithick films of bitumen.
The theory of potential energy and cavities withtaia assumptions can be
applied to very thin films of bitumen which tendlehave as a solid. Figure
2.2 presents the influence of film thickness onsilenstrength and the
theoretical prediction.

The behaviour of bitumen over a wide range of fimcknesses can be
explained by the restraining action, flaws and tasi The restraining action
of the boundary conditions produced transverseiléerstresses in the
specimen which changed the state of simple tertsidriaxial tension. This
change, occurring gradually as the film thicknesxrdased was partly
responsible for the different types of behaviousebed in the bitumen
films. In addition, the influence of the flaws awdvities that might be
present in the bitumen on the behaviour of specimas more pronounced
in thin films where the material behaved more asolid than thick films
where bitumen behaved more as a plastic material.

Three types of failure were observed in the bitunspecimens: brittle
fracture, tensile rupture and failure by flow aretking. Depending on the
test conditions, brittle fracture occurred in tHilms, whereas thick films
failed predominately by flow and necking. The fadwof intermediate film
thicknesses is by tensile rupture which is charastd by the formation of
cavities and filaments in the film. The range dimfithickness at which
different types of failure occurred depended on test variables, e.g.
temperature, rate of extension and size of specimsnthe temperature
decreased or the rate of extension increasedjrtits lof brittle failure and
flow condition were shifted to the thicker film @& Figures 2.3 and 2.4
give an example. As indicated, the tensile strenmgtheases as the rate of
extension increases or the temperature decreases.
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Figure 2.4 Influence of temperature on tensilersth and limits of brittle failure
and flow condition [Majidzadeh & Herrin 1965]

Sisko (1968) conducted a study on the tensingth of thin films of 12 types
of bitumen in different conditions of aging. Speeims were aged in the thin film
oven test (TFOT), and aged specimens were taken foads being up to eleven
years in service. All uniaxial tensile tests weerfprmed on 13um thick bitumen
films between two aluminium holders at an extengiate of 0.10inch/min. These
conditions were selected to cause failure by briticture. The spacers of aluminium
foil are used to control the film thickness by meaf spacer legs (see Figure 2.5).
Besides of aluminium substrate, Sisko also stdtatlan attempt to use holders with
stone faces in contact with the bitumen film wasuatessful. The reasons were due
to the problem of holder preparation and the inistest facture modes occurring at
low temperatures.

The tensile strength of thin bitumen films e&sed with decrease in temperature
to a maximum value which was about the same attémaperatures for all bitumen
binders in newly constructed roads (see Figure.2%)bsequent weathering
developed appreciable differences in tensile sthebgtween bitumen binders. The
TFOT aging showed that there was no correlatiowéen tensile strength and the
source of the bitumen or its composition. Changelitumen composition were not
significant enough to show the contribution tha thdividual components made to
the tensile strength of bitumen. Sisko finally sththat the failure of thin films was a
complicated mixture of cohesive and adhesive failur

Based on the extensions measured by meansnedrlivariable differential
transformer (LVDT), Sisko found that the tensile dutus of bitumen in very thin
films was within an order of magnitude of that &drainium. Due to this, extension
measurements may not reflect the actual deformaticthe bitumen film and thus
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were discontinued. Determination of the strainhi& thin bitumen film seemed much
more troublesome than that of the stress.
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Figure 2.5 Section view of holder(left) and gehelgpendence of tensile strength
on temperature (right) [Sisko 1968]

Marek and Herrin (1968) presented an extensiveystudthe tensile behaviour and
failure characteristics of eleven bitumen binderghin films. Variables in their study
included film thickness (20~600um), rate of extensi(0.005~1.0inch/min),
temperature (0~3C), consistency and source of the bitumen bind&®&-Z10
penetration). Two types of substrates, aluminium Bncite cylindrical blocks were
employed. Again, the average film thickness wastrotied by a procedure quite
similar to the procedures described previously [Md®57]. Besides the tensile
strength, the extent of cavity formation prior tpesimen failure, the amount of
volume change to failure caused by tensile strgsaimd the magnitude of specimen
necking to failure were measured by means of phafdgc techniques. Some
important conclusions from Marek’s study are akfos.

(1) The tensile strength of bitumen in thin films walsiaction of film thickness
and three regions can be classified as shown iar€&ig.6. In very thin film
region, the tensile strength appeared to increastme film thickness was
increased. Tests in this region were limited beeaofslimitations of the
experimental technique and the inability to formyéhin films that were
uniform. In the next region, the tensile strengdtréased with increasing
film thickness and followed a linear relation isemilogarithmic plot. In the
very thick film region the tensile strength appioed to a constant value and
a cohesion type of failure was always observed.

(2) The tensile strength of thin bitumen films increhseith increasing
deformation rate or with decreasing temperaturés &in agreement with
the conclusions from Majidzadeh'’s research.

(3) The penetration grade of the bitumen binder haseersignificant influence
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(4)

(®)

(6)

(@)

(8)

)

on tensile strength compared with the source of Witemen binder.
Generally the lower penetration bitumen binders &éyher tensile strength
than the high penetration bitumen binders. Biturbgmlers from the same
source which possess higher asphaltene conteniisitegha greater tensile
strength.

The type of material used in the test block comsin did not significantly
affect the apparent tensile strength. This effeevailed as long as cohesive
failure was observed.

Three modes of failure were observed and the rasfgélm thickness
exhibiting each failure mode was dependent uponctimbinations of test
conditions. Each failure mode showed a distinctlufai surface
characteristic.

As the temperature was decreased and as the ratefofmation was
increased, or as the bitumen penetration gradenteeterder, the limits of
brittle fracture or flow failure occurred at inceiagly thicker film
thicknesses.

The type of failure that occurred in thin bitumeéimé subjected to tensile
stresses can generally be classified as cohesiueefaather than adhesive
failure. Exceptions to this latter failure phenomeroccurred at very thin
films, at low temperature, and/or rapid deformation

A constant rate of loading test appeared to be e mesirable test method
than a constant rate of deformation test for déténg bitumen behaviour
characteristics. The use of a stiff enough but petfect rigid testing
apparatus may result in a significant influencetenrate of deformation.
Bitumen in thin films subjected to tensile stressabibited a cavitation
phenomenon. Visible internal cavities developed grelv until specimen
failure. Specimens which exhibited the brittle ded never had cavity
development progress to the extent that one catityfered with the growth
of another. There was no apparent sign of a craocgggation phenomenon
on the separated fracture surfaces.

(10)The strain at maximum load increased as the filickttess was increased in

the thin film region. After some limiting film thkmess was reached, the
strain to failure tended to remain constant.

- 13-
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Figure 2.6 Influence of film thickness on tensteength and limits of brittle failure
and failure caused by flow @dbrittle failure; H-failure caused by flow.) [Marek &
Herrin 1968]

Frolov and Vasieva et al. (1983) presented eareh on the strength and structure
of thin bitumen films. Steel and marble cylindersrevused as substrate surfaces. The
displacement rates varied from 100mm/min to 1000mim/Various film thicknesses
up to 400um were considered. All tests were coretliat a temperature of 22 At
high displacement rates attempts were made toadser¢he possibility of adhesive
failure. However, it was found that determinatidrihee conditions of the formation of
adhesive detachment was troublesome. In the regforadhesive detachment,
cohesive detachment may also take place. Adhesitacldment required higher
speeds and higher stresses at thinner film thicknesmpared with cohesive
detachment. Frolov et al. concluded that the stherig adhesive detachment
exceeded the strength in cohesive detachment &gterfof 1.1~1.5.

Frolov et al. proposed a complete curve to emplae relation between strength
and film thickness. Figure 2.7 gives an example.oA9 types of bitumen with
different grades, the maximum cohesive strengthgewebtained from film
thicknesses ranging from 20pum to 36pum and in mests, 25um was found to be the
average film thickness. The film strength increasbén the samples were stored for
3 months. The force of detachment of the aspHaitfiom the marble substrate was
considerably greater than that from steel. Frolbalerelated the sharp rise of film
strength at 20~25um to the start of intense folwnadf strong bitumen structures.

In a later study, Frolov and Frolova et al. §4p presented the relationship
between the film strength- thickness curves andghizrographs of bitumen films
separated by direct detachment. From the optimakilee strength and the
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microstructure of the film after failure, it was gmible to estimate the
physicomechanical properties of the bitumen andoredict its properties in an
asphaltic concrete.
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Figure 2.7 Relationship between strength and fliilnkness (BND bitumen, steel
substrate, 2€ and 100mm/min) continuous curves are for freshnién, cohesive
detachment; points plotted as circles are for bénafter holding for 3 months,
cohesive detachment; 1= Bitumen Pen 50; 2= BituRem 69; 3=Bitumen Pen 163)
[Frolov & Vasieva et al. 1983]

Chang (1994) studied the cohesive and adhestremgth of various bitumen
binders using a poker-chip geometry, i.e. the bénrs used to bind two rigid steel
plates together. Two types of steel plates, 15.2dach 5.08mm in diameter, were
used. Three ranges of film thickness were involwhitknesses larger than 2mm,
thicknesses between 120um and 2mm, and thickndsiseer than 120um. These
film thicknesses were controlled by casting, corapien with spacer control and
compression with extensometer control respectiietperimental variables included
the rate of loading, temperature, film thicknesd areparation conditions. Uniaxial
tensile, uniaxial compression and repeated loads tegere performed. Some
conclusions from Chang’s study are given below.

(1) The mechanical properties were strongly affected thg specimen

preparation temperature.

(2) Based on the load-deformation characteristic aednéture of the fracture
surface, four types of failure, i.e. brittle frayutenacious rupture, semiflow
rupture and failure by flow were observed.

(3) The tensile strength increased as the film thicknéscreased. When a
specimen was really thick, however, depending an tést condition, the
tensile strength can approach quite a small vadushawn in Figure 2.8.

(4) The cavities in the central region were larger dedser than at the edge.
Most of the failures were due to cavitations. Sanbesive and adhesive
failures were observed. Strength properties of pokg specimens
depended on the bitumen’s cavitation resistance.

(5) Long stabilizing/equilibrium time introduced the -salled physical
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hardening effect, which was reflected by the grestiiness, the tendency of
interfacial failure and brittle bulk failure.

(6) The mechanical properties of bitumen in the pokep-geometry subjected
to a stress significantly lower than the yield s¢rean be described by means
of a linear viscoelastic model.

Chang stated that the measurements of defamatid apparent stiffness of the
bitumen films, especially when the films were véhn, were difficult. Since the
stiffness of bitumen in thin film was very highetltompliance of the measurement
system can not be neglected. Thus the stress sderbedhe most reliable parameter
that can be used.
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Figure 2.8 The influence of thickness on the bretkngth of bitumen films in
tensile tests [Chang 1994]

A modified blister test was developed for ewdilug the adhesive strength of
bitumen-aggregate systems [Chang 1994; Andersorrigte@isen et al. 1994]. This
test consisted of a coating of bitumen binder avédiat aggregate surface. A hole,
drilled through the aggregate under the coatingwald the application of steady or
varying water pressure to the underside of theirmgalo prevent a “blow out” of the
bitumen film during pressurization, an aluminiunhmfiwas placed on top of the
bitumen film. Adhesion is measured by the forceuneyl to displace the film from
the aggregate. It was expected that in the presehweater adhesive failure would
occur along the bitumen-aggregate interfaces. Hihmen binders and two types of
aggregates were tested using this blister teatastfound that no adhesive failure was
observed with either of the aggregates or any efdlght bitumen binders. After
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adding a freezing step, adhesive failure was prediudHowever, it failed to
differentiate between two aggregates with radicdilferent susceptibility to water
damage.
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Surface

Figure 2.9 Main features (left-upper) of the PAT3¢hematic drawing (right-upper),
specimen preparation (left-bottom) and type ofufail (right-bottom) [Kanitpong &
Bahia 2003]

Some researchers used the Pneumatic AdhesiosileleTesting Instrument
(PATTI) to evaluate the adhesive loss of bitumegragate systems exposed to water
[Nguyen & Byrd 1996; Youtcheff & Aurilio 1997]. Theests were performed
according to ASTM D 4541 “Pull-Off Strength of Caf using Portable Adhesion
Testers”. Figure 2.9 gives an impression of puiltesting using the PATTI. Pull-off
tests were usually done at room temperature ortuambn or mastic layer with a
thickness of 200um. Specimens were prepared ampetature of approximately
100°C [Youtcheff & Aurilio1997; Kanitpong & Bahia 2002004, 2005; Copeland &
Youtcheff et al. 2006, 2007; Copeland 2007]. Irulmien-aggregate systems, some
researchers found that the weakest link in the abgdition and after moisture
conditioning is the bitumen binder since all dnesimens had cohesive failure and
adhesive failure between the bitumen-substratefates could only be found in a
few water conditioned specimens [; Kanitpong & BaBb03, 2004, 2005; Copeland
& Youtcheff et al. 2006, 2007; Copeland 2007]. Moais conditioning was shown to
influence the bond strength of the bitumen-aggeeggstems as determined by means
of pull-off test method; however, it did not alwagegrade the bond strength
[Copeland 2007].

The bond strength of mastic-aggregate systesimg)uhe same pull-off test was
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also reported [Copeland & Youtcheff et al. 2006020Copeland 2007]. Copeland
(2007) reported that the mastic used consistediénal filler smaller than 75um and
bitumen at a volume ratio of filler: bitumen=30:7he addition of filler increased the
bond strength at dry conditions but did not charige failure mode. All dry
specimens failed cohesively within mastic. Afteristiare condition, most of the
tested specimens experienced a clear adhesiveefailu

Kanitpong and Bahia (2003) suggested differéintiathe bitumen-stone adhesion
and the cohesion of bitumen by using different testhods. Pull-off tests were
proposed to measure adhesion while the DSR wagdppl measure the tackiness of
thin bitumen films. A tack factor, which was calatdd by integrating the area under
the force vs. time curve, was used to evaluatéatidgness of bitumen in thin films. It
was found that the tack factor increased as terhperdecreased from 82 to 16C.

A strong relationship between the indirect tensitength of asphalt mixtures and the
tack factor of related bitumen binders was reported

Figure 2.10 Specimen preparation (left-upper) naeg of specimen (left-bottom),
and test setup with an environmental chamber [Bab&oStatz et al. 1998]

Babcock and Statz et al. (1998) conducted dysti various asphalt binders
using lap shear bonds as shown in Figure 2.10.W@se bitumen and three types of
polymer modified bitumen binders were used. Gléideswere used at a temperature
range of 0~62C, while metal slides were applied at temperatbetaeen -6C and 6
°C since the glass slides broke prior to the asgfhdihg in lap shear at very low
temperatures. The thickness of bitumen layer beivibe two slides was 1.6mm.
Tests were done by pulling the specimens at a spé&d51cm/min. All the tests
showed that lap shear testing is reproducible wattious polymers and temperatures.
Polymer maodification increased the tensile strengththe binder at temperatures
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above 12 °C. At temperatures of 12 °C and below,dnength of all the bitumens
became approximately equal. Specimens failed in aalhesive manner at
low-temperature, while cohesive failure was obsgttemperatures abovis

Yan and Liang (2001) measured the shear addmeesig between bitumen and
rock by using the lap shear test. Two types ofrbén and two types of rock
(limestone and granite) were used. Test specimene prepared by using two stone
slices (10cmx5cmx1cm) sandwiching with a bitumém fwith an overlap area of
5cmx5cm. Various temperatureS@-30C) and displacement rates (1.0~9.0mm/min)
were applied. It was found that the maximum sh&angth decreased exponentially
with temperature and increased exponentially widpldcement rate. Bitumen-rock
combinations with better adhesiveness can be diftexted by the shear strength and
the moisture susceptibility can be evaluated byewabnditioning.

Little and Jones (2003) stated that the tygdailure that occurred had a strong
relationship with the nature of the bitumen/mosdad the binder film thickness (see
Figure 2.11). Asphalt mixtures with thin asphding fail in tension by adhesive bond
rupture, while those with thicker asphalt films (orastic films) fail because of
damage within the mastic (cohesive failure) as spgoto interfacial debonding
(adhesive failure).
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Figure 2.11 Adhesive versus cohesive bond failargelation to bitumen film
thickness [Little & Jones 2003]

In the pre-LOT phase, uniaxial tensile and shests on bitumen-stone adhesion
samples were performed using Dynamic Mechanicallyxea (DMA) (see Figure
2.14) [Mo & Huurman et al. 2006, 2007; Cao 2007; RD7]. Two types of stone
(Greywacke and Basalt) and two types of bitumerd1{0®@ Pen and 60/80 Pen) were
used. Both monotonic and repeated load force-chhedirdests were performed at
temperatures of 268 and 5C. The stone surfaces were polished using fine
carborundum powders and thus the obtained surfaght mot be the same to the
actual surface of crushed stone. The thicknes#whbn film was 20um. A specially
designed clamp was used to press the bitumen bettheeends of the two blocks
down to the required thickness by means of a spficeas found that some tests at
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5°C were difficult to perform because of the increhdsond strength of the
bitumen-stone systems and the limited loading dapatthe used instrument. It was
found that the bond strength increased with in@éasaite of stress, or reduced
temperatures. The fatigue resistance of the bitusb@me bond was increased as
temperature decreased fron’@30 5C. For the shear tests, cohesive failure seemed
to be the predominant failure mode, while mixedufai was observed for tensile tests.
Finite element simulations showed that the biturfilem thickness and the change of
the bitumen properties due to temperature did fiettethe stress states significantly.
However, the local loss of interfacial bonding beémw bitumen and stone would be
significant to the overall interfacial fracture. M& Huurman et al. (2006) also
proposed a damage accumulation model for intefwataf monotonic and repeated
load data based on the stress-time histories.

0.1 mrQ\ Asphalt film
Stone: = [
width 3 X length 3 X height omm  —
T J=
Bitumen film: b
thickness 20 micrometer = £
=
(=] - - @
> e =
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&
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Figure 2.12 Schematic illustration of test specisméeft: uniaxial tensile test; right:
shear test ) [Mo & Huurman et al. 2006, 2007]

Khattak and Baladi et al. (2007) performed wadgton the binder-aggregate
adhesion and mechanical characteristics of polymtified asphalt mixtures at low
temperatures. The lap-shear test was used to #itkedinterfacial adhesion between
bitumen binder and aggregate. As shown in Figui8,2he bitumen binder with a
thickness of 0.13mm was sandwiched between twoitgranck substrates and a
tensile force was applied to break the bond betvixteimen and stone. Two types of
bitumen and five types of polymer modified systemese involved. Test temperature
varied from 26C to -20C. In situ tensile tests in Environmental Scanriiiigctron

Microscope (ESEM) were conducted on the cut sestiohasphalt concrete (see
Figure 2.14).
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Figure 2.13 Fixture schematics of lap-shear tesaftak & Baladiet al. 2007]

Figure 2.14 Test specimens used for in situ tensjKhattak &Baladiet al. 2007]

It was found that the failure mode of bitumeygHeegate systems changed from
cohesive failure (0~2C) to adhesive failure with the decrease in tentpesa(at
-10°C and -26C). The polymer modification slightly improved thav-temperature
adhesive properties of the processed binders.

In situ tensile tests in ESEM showed that csagided to propagate along the
interface. The exposed aggregate surface, whichonaed by the crack, reveals
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some bitumen residues. Bitumen fibrils along thkifa surface were formed. Based
on these observations, Khattak stated better aath@soperties were obtained by the
use of polymer modified binders. Figure 2.15 gives example of the ESEM
micrographs showing the failure processes and fifmmation.

Figure 2.15 ESEM micrographs showing failure psses and fibrils of AC10
mixture modified with 2% SBS polymer content at 0°(Khattak &Baladiet al.
2007]

Figure 2.16 Thin section images from road sectioitis poor (left) and good (right)
performances. From top to bottom: slow lane, serfatd top zone; slow lane, bottom
zone [Nielsen & Bendtsen 2006; Nielson 2007; Nielased Raaberg et al. 2007].

Nielsen and Raaberg et al. presented an analydisassessment of cores drilled
from road sections in the Netherlands with singlget porous asphalt. Figure 2.16
gives an example. It was found that the main oleketerioration mechanism was
related to the adhesion and cohesion between nwsfiaggregate. Deterioration of
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the mortar was also observed. The finding that itécessary to improve the adhesion
between aggregate and mastic in order to avoidlirayés certainly valid. However,
improving materials requires an appropriate setabbratory test and assessment
methods that reflect and simulate the behaviotinérfield [Nielsen & Bendtsen 2006;
Nielson 2007; Nielsen and Raaberg et al. 2007].

2.3 Summary of the literature review

A substantial amount of research has been performmethe binding behaviour of

bitumen-substrate systems. Many different test odthhave been developed to
measure the bitumen-substrate binding propertiesst Mf the used substrates are
metal solids and thin bitumen films are used asesdl. Based on the literature
review, the following observations are made.

(1) The direct measurement of the interfacial adhegietween bitumen and
stone is very troublesome. In most studies, cokefsilure or mixed failure
mode is reported. It indicates that the adhesioength may exceed the
cohesive strength.

(2) The strength of thin bitumen films increases wigdlucing film thickness
and cohesive failure was observed when the bitufitenis thick. This
indicates that the measurement on bitumen-stones#uth should focus on
very thin films to obtain a high possibility of aglive failure.

(3) The failure mode of thin bitumen films subjecteddasile stresses depends
on the film thickness, temperature, rate of extamsas well as the
consistency of bitumen. In very thin films, britflacture may occur with no
apparent sign of crack propagation. Very thick élfail by excessive flow.
In intermediate film thicknesses, cavitation magyphn important role on
tensile rupture.

(4) Bitumen in very thin films behaves like a solid.€Thtiffness of bitumen in
thin films may be within an order of magnitude lo&t of aluminium, or two
orders of magnitude of that of steel. This impliest the compliance of the
measurement system can not be neglected when iparpmeasurements
on very thin films. The real deformation of thenthhitumen film is very
difficult to determine. Therefore, the stress seembe the most reliable
parameter to be measured in such tests compastio.

(5) The above indicates that force-controlled modestsisbuld be performed to
evaluate bitumen-stone adhesion because of thethierpitumen film.

(6) The laboratory aging effect on bitumen tends torowp the adhesive
strength of bitumen-stone systems. However, waterdrsion shows a great
influence on adhesive failure, i.e. stripping. ®inwater increases the
possibility of adhesive failure, it implies thatlrnen-stone adhesion is more
sensitive to water damage than the cohesion ofmigitu

(7) The bitumen-stone binding tends to fail in an adlesvay at low
temperatures, while in a cohesive way at relativegh temperatures. The
temperature at which the failure changes from dobefsilure to adhesive
failure depends on the combination of bitumen aondes This temperature
can be changed by modifying the bitumen with polyrReeeze-thaw cycles
tend to increase the chance of adhesive failure.
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(8) Most studies have focused on the binding strendtibitnmen-substrate
systems. In practice, repeated traffic loads playimportant role on the
bonding failure. This is especially true for losé aggregate from the
pavement surfaces. It indicates that fatigue beha\is of great importance
for ravelling investigation.

(9) Most of tests were performed at a scale larger tharsize of aggregate. It
should be noted that ravelling is a type of failwithin the stone contact
regions. This indicates that tests on larger spegare not good enough for
ravelling investigation and thus new test setups #fiow meso-scale fatigue
characterization have to be developed.

(10) Previous researches were focused on uniaxial léengdsting of
bitumen-substrate systems. It should be noted thetlling occurs on
pavement surface. This indicates that the mateciainponents may
experience very complex shear stress induced bgctdityre-pavement
interaction. Finite element simulations of porowptwlt concrete showed
that the effect of shear stress is more signifithah the effect of tensile
stress. As a result, shear tests become very immoidr analyzing such a
problem.

2.4 General approach and test program

Figure 2.17 (see at the end of this chapter) gikkesgeneral approaches to problem
analysis in the field of asphalt pavements. Asdat#d, the scale of modelling, macro,
meso or micro scale, is dependent on the scaleegpitoblem in which one wants to
have insight. At each scale, a tool is neededit@kstructural geometry, loading and
material properties together to allow for mecharanslysis. The life expectancy is
usually estimated combining the computed stresstain with the corresponding
material fatigue/damage models. The mechanics sisailows to bring up material
measurement data (i.e. response) one level of. ddalgever, the loadings of a model
at a certain level of scale can be derived fromntioelelling results at the upper level
of scale. The objectives of modelling at differestiales are briefly described as
follows

(1) Pavement thickness design is to solve the loadifzp@apacity, or structural
support by the determination of the overall thidseof the road and the
thickness of the individual layers. The scale aftsproblems is in an order of
meter.

(2) Bulk mixture design aims to achieve high-qualityplet mixtures by
improving deformation resistance, fatigue resistamow temperature cracking
resistance, durability, moisture damage resistanoeability, etc. The scale of
such problems is in an order of decimetre.

(3) Meso scale research aims to improve asphalt mixtertormance by analyzing
the mixture as if it were a structure. Performaicalependant on mixture
geometry (structural geometry) and component behav{i.e. mortar and
adhesive zone). The scale of such problems is order of millimetre.

(4) Micro-scale design aims to improve the performaot@sphalt mixtures via
insights into the chemical/physical properties e binder-stone combination.
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In this case, a scale of at least micrometer magtpeired.

With respect to ravelling damage as is disalissethis study, the focus is on
meso-scale with a structural geometry of stonepthgs bonded by the mortar. As a
result, the adhesive zone and mortar are the impbraterial components that
account for fatigue damage. Based on the previtersiure review, it is known that
basic knowledge on meso-scale fatigue charactemzaif the adhesive zone is
needed. Therefore, a test program taking into atdbe following issues is required:

(1) the scale level of millimetres;

(2) complex stress states and shape of stress signal,

(3) fatigue behaviour rather than material strength;

(4) shear stress in the mix close to pavement surface;

(5) temperature;

(6) aging;

(7) water immersion.

Table 2.1 Test program on bitumen-stone adhesion

Bitumen Short-term aging & long-term aging
Stone Sandstone & greywacke

Water conditioning Water immersion

Temperature From -2Q to 20C

Uniaxial tensile tests| Various load signals, fatoatrolled
Shear tests Various load signals, force controlled

The above discussion resulted in the following tgsbgram on the
bitumen-stone adhesion as shown in Table 2.1. fhbig lists some important issues
that were analyzed in the test program. Specimelhd& made use of small stone
substrates sandwiching a very thin bitumen filmiddial tensile and shear fatigue
tests will be considered since shear and tensiéss#s are two important issues that
account for the debonding of bitumen-stone adhesidintests are planned to be
conducted in force controlled mode and various Is@ghals will be considered to
account for the complex state of stress to whiehdtihesive zone is subjected in the
actual mixture. Furthermore, non-mechanical effemish as aging and moisture will
be taken into account in the test program. Laboyadocelerated aging protocols will
be applied to simulate the effects of short-ternd &mg-term aging of bitumen.
Similarly, a laboratory water immersion protocollvaie used to investigate the water
susceptibility of bitumen-stone adhesion. To ddfdiate between various
bitumen-stone combinations with different suscelitigs to water damage and aging,
different types of stone and bitumen should be idemed. Finally, a wide range of
temperature e.g. from -0 to 20C is also considered.

A similar test program is also required for mortatigue characterization at
meso-scale. As shown in Table 2.2, the test progrdhtake into account the effect
of aging (short-term aging and long-term aging) tevammersion, temperature,
complex stress state (shear and tensile) and stigrsal (i.e. frequencies of 10Hz and
40Hz).
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CHAPTER 3: RAW MATERIALS

3 RAW MATERIALS

In this chapter, the materials used in this stuaiuding stone, fine sand, filler,
bitumen and mortar, are briefly introduced. Soméeke materials were also used in
other researches that have been completed at the ofaRoad and Railway
Engineering of the Delft University of TechnologilUD) and in this study, use was
made of those data. A limited amount of additiotests was done to provide extra
information. More detailed information on the makproperties can be found via
the given references.

3.1 Stone

Two types of stone, i.e. sandstone and greywackeg wsed in the LOT project and
this research. The adhesive zone is defined asdhesive interface zone plus a
bitumen interlayer. As will be described in moretailelater in Chapter 4, the
characteristics of the adhesive zone in relatiothéotype of stone, were determined
using specially designed specimens. These speciooasssted of two stone columns
with a thin layer of bitumen in between (see FigBre-i). For specimen preparation,
boulders of each stone were casted in cement amd ttie stones were sawn into
slices with a thickness of approximately 10 mm ($égure 3.1-a). To obtain a
relatively constant surface roughness, one sidthefslice was sand-blasted. After
that, stone columns were drilled from the slicee(Bigure 3.1-c). Due to limitations
in loading capacity of the various test machinest tere used in this study, two
different diameters of stone columns, i.e. 2.7mrd &8mm were drilled from the
stone slices (see Figure 3.1-e). All stone colummese cleaned in boiling distilled
water for 15minutes and dried in an oven at a teatpee of 108C for half an hour.
After cooling the stone columns were stored in rlptastic bags. Specimens were
produced by using the DSR at a temperature ofCL7A pair of stone columns was
clamped into the open-hole in the upper and lovamnps. A small drop of bitumen
was placed between two surfaces and then presgsbd tequired film thickness (see
Figure 3.1-e). After cooling, specimens were rendofrem the DSR and stored at
5°C before testing. More details on the preparatibstone columns can be found
elsewhere [Khedoe & Moraal 2007].

Among other properties, the surface morpholsgyface energy and the mineral
composition may be of great interest. Figure 3@shimages of crushed aggregate
surfaces and the treated surfaces of stone coluiset in this study. These images
were captured by a Scanning Electron MicroscopyMBBnd an Atomic Force
Microscopy (AFM). As observed, the surface morphylof the crushed aggregate is
much rougher than that of the prepared stone cauffihe 3D AFM images show
that the maximum roughness depth, that is, the-peaklley height is approximately
3~5um [Mo & Huurman et al. 2009]. Table 2.1 lidie roughness of the sand-blasted
surfaces of stone columns at macro-level and nmsaal-hs determined by van Lent
(2008). The table shows that the sandstone andvgike specimens show a similar
surface morphology.
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Figure 3.1 Impressions of the specimen preparatiah size for adhesive zone (a:
cement casting and slices; b: sand-blasting tregtreedrilling cores; d: cleaning; e:
stone columns; f: select stone pairs; g: prepaeeisgen using DSR; h: cooling and
remove specimen from DSR; i: 6.8mm diameter starlenens) [Khedoe & Moraal
2007]

Figure 3.2 Surface morphology analysis using SEM AFM images (a: SEM,
sandstone aggregate; b and c: 2D and 3D AFM, samgstolumn; d: SEM,
greywacke aggregate; e and f: 2D and 3D AFM, grek@aolumn)[ Mo & Huurman
et al. 2009]
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Table 3.1 Morphology measurement results repdiyedan Lent

Magnification Type of stone Hum] Ry [m]
7% Greywacke 50.67 59.47
Sandstone 49.07 58.51
20X Greywacke 4,99 6.85
Sandstone 6.63 8.57
50X Greywacke 5.15 7.00
Sandstone 7.45 9.60

Note: R = Arithmetic average of the absolute values ofaae deviations
R = Root mean square average of height deviation

Table 3.2 Chemical composition of sandstone and greywackerteg by van Lent

Composition Sandstone Greywacke Composition Sandstone Greywacke
Wt % Wt %

SiO, 60.628 53.052 S 0.00 0.268
CO, 10.776 8.446 s 0.117 0.077

CaO 8.244 8.27 Ti© 0.4196 0.7896
Al,O3 10.368 15.67 YOs 0.0082 0.0212

KO 2.114 3.326 GO3 0.0588 0.0444
MgO 1.886 2.832 MnO 0.1638 0.0978
Na,O 2.022 0.6624 NiO 0.1874 0.1046
Fe,03 2.908 6.128 BaO 0.1034 0.0986

Table 3.3 Surface energy components of stone eeugported by van Lent

Stone Greywacke Sandstone
yo' IStdev 63.71/0.42 60.05/3.8
ys" IStdev 50.53/0.09 48.49/0.22
y.” IStdev 13.18/0.36 11.56/3.72
¥, IStdev 0.95/0.06 0.68/0.41
Vs IStdev 45.57/0.55 48.98/2.98

yI°T = total surface free energyy." =free energy of Lifshitz-van der Waals force;

ySAB =suface energy of polar acid-base interactiq»ﬁs;contribution of Lewis acid;

¥ = contribution of Lewis base; unit=mJ/MinStdev= standard deviation

Tables 3.2 and 3.3 (see above) give the ctensiemposition and surface
energy components reported by van Lent. As listediable 3.2, sandstone shows a
higher Si3 content compared with greywacke stone, indicatimat sandstone is
slightly more acidic, that is, less basic than gragke. With respect to the surface
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energy as indicated in Table 3.3, it can be coreduthat there are not distinct
differences between these two types of stone.

3.2 Fine sand and filler

In this study, fine sand and filler was blendedhwbitumen to prepare mortar. The
composition of the mortar is discussed in SectighTdhe sand used is crushed sand
with a nominal maximum aggregate size of 2mm. Ttaeling is shown in Table 3.4.
The density of the fine sand is 2.677kg[wan Hinthem 2008].

Table 3.4 The grading of fine sand [vdinthem2008]
4.0 2.0 1.0 0.5
100 85-99 50-70 20-45

0.18
5-20

Sieve size [mm]
passing percentage

The applied filler is a Wigro 60 limestonddil with 25wt% hydrated lime [van
Hinthem 2008]. Its characteristics are listed ibl&z3.5.

Table 3.5 Characteristics of Wigro 60 filler

Bitumen . . Hydrated . Solvability | Cumulative
number Voids | Density lime Limestone in HCL retained
ml/100g | vol% Kg/m wit% wit% wit% %
2mm: 0
56-62 44-50| 2475-2675 65-75 25-35 68-88 0.09mm: 0-15
0.063mm:5-25
3.3 Bitumen

In this study, use is made of Cariphalte XS, a SBS/mer modified bitumen
provided by Shell. Some of its specifications asef@lows: Penetration 50-85 at
25°C, softening point higher than 85 and ductility at 8C larger than 35cm [Shell
2003]. This polymer modified bitumen is commonlyedsn the top layer of double
layer porous asphalt concrete in the NetherlandbleT3.6 gives the measurement
results of surface energy reported by van Lent.

Table 3.6 Surface energy components of the shar-taged bitumen reported by
van Lent

yrer/ Stdev y:v/ Stdev y’e/ Stdev  y:/ Stdev y-1 Stdev
SDM 35.28/0.56 35.09/0.49 0.19/0.08 0.01/0.00 0.8
WPT_A  34.38/3.10 31.73/2.77 2.65/0.62 2.17/0.24 1083
WPT_R 45.18/4.02 41.62/3.38 3.84/1.82 -0.44/0.32  40/8.63

Note: unit=mJ/mm?; SDM= Sessile Drop Method; WPT_Withelmy Plate Test from advancing contact
angle; WPT_R= Wilhelmy Plate Test from recedingtachangle.
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Figure 3.3 Master curves of the complex shear medahd phase angle for the fresh
bitumen, short-term aged bitumen (STA) and longiterged (LTA) bitumen at a
reference temperature of M

To investigate the effect of aging, the SBSlified bitumen was subjected to a
short-term and long-term laboratory acceleratedhgagirotocol. In the short-term
aging protocol, the bitumen is spread in a 2 mrmktfilm (which reflects the nominal
maximum size of sand used in porous asphalt mixamd stored in an oven at 75
(which is equal to the mixing temperature) for hdurs. This was done to simulate
the aging during mixing, transportation, laying ailmnpaction. The long-term aging
regime consists of a 1000-hour aging by using ahtoation of ultraviolet light
(60W/nf, 300~400nm wavelength), a temperature of’@D70% relative humidity
and oxygen (open environment). Long-term aging performed on specimens that
were already subjected to the short-term agingopodt According to Hagos’
research, the used long-term aging reflects th@lir8-year field aging of porous
asphalt in the Netherlands [Hagos 2008]. More etz the aging regimes can be
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found elsewhere [Khedoe & Moraal 2007; Hagos 2008].

Figure 3.3 gives the master curves of the demphear modulus and phase
angle for the fresh bitumen, the short-term ang{term aged bitumen. Hereafter, the
phase angle is defined as the phase lag betweanakienum stress and strain. The
reference temperature is AD. It is shown that the complex modulus increasiis w
extending aging while the phase angle decreaseseTtinends are especially strong at
low frequencies. At high frequencies the effecextiending aging is relatively limited
as shown in the zoom-in linear-scale plot. The erastrves of the phase angle of the
fresh bitumen and the short-term aged bitumen é&iplateau region. According to
other studies on aging of polymer modified bitumiers known that such a plateau
region can be used as a sensitive indicator oexigtence of a polymeric network
structure in the base bitumen [Airey & Brown 199&u & Pang et al. 2009].
Obviously, this plateau region becomes indistimctlie master curve of long-term
aged bitumen, indicating the network structure BESnodified binder was damaged
by long-term aging.

3.4 Mortar

The mortar used in this study consists of bitunfilar and fine sand mixed at a mass
ratio of 0.34:0.30:0.36 (bitumen: filler: fine sgnd’he fine sand used to prepare the
mortar is smaller than 0.5mm. The reason for thighiat according to Muraya'’s
research, the aggregate skeleton of porous asphigltconsists of aggregates larger
than 0.5mm [Muraya 2007]. It means that the mdrtgrorous asphalt can be defined
as a mixture of bitumen and any of aggregates smididn 0.5mm. The filler and fine
sand is uniformly blended with bitumen at a tempaeof 175C. The obtained fresh
mortar is aged using the same aging regimes thet applied to the bitumen as
described before. Therefore, two types of mortdprtsterm aged mortar and
long-term aged mortar were considered. More infdionaon mortar preparation and
aging can be found elsewhere [Khedoe & Moraal 2007]

Figure 3.4 gives the master curves of the cermpiodulus and phase angle for
the fresh mortar, short-term aged mortar and lengi¢d aged mortar. For the
purpose of comparison, the corresponding masteresuof fresh bitumen are also
plotted in this figure. The data for short-term égend long-term aged mortar are
obtained elsewhere [Huurman & Woldekidan 2007]. Brsizains were applied to
assure that measurements were done within therlinszoelastic region. By
comparing the master curves of the mortar withftegh bitumen, it is shown that the
introduction of the fine sand and filler increases complex modulus. However the
effects of the fine sand and filler on phase aagéelimited. Mortar aging also results
in a complex modulus increase and a phase angleats; but the order of aging
effect on mortar is not consistent with the ordeaging effect on bitumen based on
the limited amount of tests available. Long-terrmgghows to have a smaller effect
on mortar's rheological properties than short-terging. This unexpected
phenomenon was further examined by execution eaédgsts on short- and long-term
aged mortar. The extra data is shown in Figure Bie difference between two
short-term aged mortar tests strongly indicates tthe reproducibility of tests on the
mortar is not as good as for tests on the biturttéa.believed that this is due to the
heterogeneity in mortar specimen preparation dulkeadntroduction of the
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Figure 3.4 Master curves for the fresh bitumeesHhrmortar, short-term aged (STA)
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Figure 3.5 Extra data on the short-term aged (Séitar and long-term aged (LTA)
mortar at a reference temperature diC10
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filler and fine sand. Since only a limited amouhtest data is available, conclusions
regarding the effect of short- and long-term aginghe mortar’s characterization are
is hard to establish. In any case, the results gshatvample attention should be paid
to the preparation of mortar specimens.

3.5 Summary

Two types of stone, i.e. sandstone and Greywakokkeoae type of SBS modified

bitumen were used in this study. Based on surfaamlnology measurements, surface
energy measurements and chemical composition asalysvas concluded that no

distinct differences exist between the sandstong gmeywacke specimens. The
bitumen was subjected to short-term aging and teng- aging, thus in effect two

different binders were considered for the fatigesting of adhesive zones. The fresh
bitumen was blended with one type of filler and tyy@e of fine sand at a mass ratio
of 0.34:0.30:0.36 (bitumen: filler: sand) to produe fresh mortar. This fresh mortar
was subjected to short-term and long-term laboyadging. As a result, two types of

mortar, i.e. short-term aged mortar and long-tegedamortar were involved in this

study.

-34-



CHAPTER 4: TEST PROGRAM & DESCRIPTION OF THE RESIA.

4 TEST PROGRAM & DESCRIPTION OF
THE RESULTS

4.1 Introduction

The LOT project aimed at the development of a destgategy for ravelling resistant
porous asphalt concrete wearing courses [Huurm&8]2Because a strategy in
which porous asphalt mixture is modelled on maexell is not good enough to fully
understand the behaviour of skeleton type mixtlikes porous asphalt, this design
strategy should focus on the meso-mechanical steiconsisting of individual stone
particles being bonded by mortar. Such a meso-staleture allows to analyze the
potential crack paths which are expected to devieldhe mortar bridges or/and the
adhesive zones when the meso-scale structure jecsedh to repeated traffic loadings.
The so-called cohesive failure occurs when thekchaitiates and propagates within
the mortar bridge and adhesive failure happens wvthencrack grows along the
mortar-stone interface zone.

The model that enables to analyze ravelling emakise of finite element
modelling to translate the tire-pavement contaat]amixture geometry and mortar
response into signals of stress and strain at wariocations within the modelled
mixture [Huurman & Mo et al. 2006; Huurman 2008toim the stress and strain
signals, the life expectancy of porous asphalthentestimated. It is obvious that
fatigue/damage models for the mortar and the adbe=ine need to be available in
order to be able to perform such analyses.

In previous chapter the materials used inghigly are briefly introduced. In this
chapter, material testing for the development tftee/damage models for the mortar
and the adhesive zone is addressed. Informationthen test methods, test
interpretation and the obtained results is presente

4.2 Adhesive zone damage test

4.2.1 Introduction

Initial finite element simulations of porous asghalxtures showed that the adhesive
zones are subjected to complex 3D states of sivitisa combination of one normal
stress and two shear components. Since the thikofethe adhesive zone is far
smaller than the other dimensions, 2D state obsti®g a sufficient representation by
using one normal stress and one shear stresgh@eesultant stress of two shear
components). The stress states within the adhezives are fully dependent on
where these zones are located in the mixturesré&igl gives an example and more
data can be found elsewhere [Mo & Huurman et ai72@008; Huurman 2008].
Besides the location, the aforementioned stresssstdso vary over time during tire
passages. Therefore, complex stress signals ofah@na shear components can be
expected. Apart from the observation that shear monal stresses coexist it is
difficult to distinguish the predominant stress gament between these two stresses.
Furthermore, the stress signals to which the adbesines are subjected are far from
sinusoidal, a shape that is commonly applied irssital fatigue tests on asphalt
mixtures. In conclusion, it can be stated that eéffects of 3D states of stress and
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complex stress signals must be taken into accoomthie damage model of the
adhesive zone. For these reasons, tests using Inandashear stresses as well as
combinations hereof were planned. Among these, tasiaxial tension testing was
conducted using Dynamic Mechanical Analyzers (DMAShear testing was
performed by Dynamic Shear Rheometers (DSR). Cosdbimormal-shear tests were
also carefully and specially designed. Various $ypé load signals were applied
accounting for complex stress histories.

Tire-pavement interaction
Mortar ¢

Normal stress

Shear
stress

Stone

- } \
Bitumen

2D porous asphalt image 2D idealized representation
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Figure 4.1 Porous asphalt is loaded via tire-pamdrmteraction (upper-left) which
results in normal and shear stresses in 2D idehligpresentation of the adhesive
zone (upper-right). The shear stresses are showheirmiddle figure. The normal
stresses are shown in the bottom figure. Thesess&ts are due to two tyre passages
and are calculated for two locations by means witefi element analysis [Mo &
Huurman et al. 2008]
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4.2.2 DMAuniaxial tension test

4221 Test description

The specimens that were prepared for DMA uniaxdakion testing consisted of two
stone columns as shown in Figure 4.2 (right). Estome column had a diameter of
2.7 mm and a height of approximately 10mm. The eizihe specimen used for this
type of testing is determined by the maximum logdoapacity of the machine of
approximately 15N in combination with a rough estiion of bitumen fatigue
strength of 2.5MPa. The stone columns were glugdther at two ends using a thin
layer of bitumen. The thickness of the bitumen riatgeer was controlled during
specimen preparation and was set to a thicknetSunf by means of a DSR machine
(see Figure 4.2-left). The reason for this selefitedthickness is due to the fact that
the bitumen films showed a peak strength valuesalfum and thicker film tended
to result in cohesive failure prior to adhesivéuia [Marek & Herrin 1968; Frolov &
Vasieva et al. 1983].

Figure 4.2 Specimen preparation by means of D8®) @nd the overview of the
specimen that is used for DMA uniaxial tensileites{right)

To obtain the desired thickness of the bitunm@erlayer between two stone
columns, a special clamp system was designed, vdainteasily be assembled in the
DSR instrument by just replacing the upper and ftostandard parallel plates. A pair
of stone columns is clamped into the open-holéhenupper and lower clamps (see
Figure 4.2). Care should be taken to make suretheste stone columns are well
centred and the contact surfaces are parallel andomtal. A zero gap between the
upper and lower stone columns can be estimatecdnatitally by spinning down the
moveable top clamp. The zero gap was reached wieemdoveable stone column is in
full contact with the stone column fixed at thetbot. Finally, a gap setting of 20 mm
was established by spinning the stone columns.aplaig gap will facilitate putting a
small bitumen drop on the contact surfaces. Theestolumns were heated to 16
using the DSR temperature control chamber. Aftachéng a constant temperature for
half an hour, the temperature chamber was opengcaamall drop of hot bitumen
was quickly placed on the contact surface of thaobo fixed stone column. The
upper clamp was then lowered to the required gajthvaf 15um. After cooling down
to room temperature for at least 1 hour, the specimas removed from the clamp
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system and stored at a temperature % 5More details on the specimen preparation
can be found elsewhere [Khedoe & Moraal 2007].

It must be noted that the aforementioned tiésk (i.e. 1om) of the bitumen
interlayer is the minimum layer thickness betwebe two stone surfaces. This
thickness is controlled by the peak-to-peak helggitveen the two surfaces. It is
obvious that the actual distribution of film thidss is different from one point to
another dependent on the surface morphology. Uistilite this, a sketch was made
of the 2D surface morphology and the correspondingkness of the bitumen
interlayer (Figure 4.3). If the surface morphology defined as the maximum
roughness depth, that is, the peak-to-valley hdight, the maximum value of film
thickness Rax is approximately equal tah = hnint2Rnax AS shown in the previous
chapter, the results of roughness measurementoe surface really depend on the
scale level. As a result, the thickness distributad the bitumen interlayer is also
dependent upon which scale level is consideredndJshe data of roughness
measurements which were given in Chapter 3, theermet of the average thickness
distribution of the bitumen interlayer at variousle levels are given in Table 4.1.

Aggregate

Aggregate

Figure 4.3 Schematic of 2D surface morphology #radthickness distribution of
bitumen layer

Table 4.1 Surface roughness and thickness disiibof bituminous layer

Magnification Type of stone Hum] Phin~ Rma{tm]
7x Greywacke 50.67 15~116.3
Sandstone 49.07 15~113.1
20X Greywacke 4.99 15~25.0
Sandstone 6.63 15~28.3
50X Greywacke 5.15 15~25.3
Sandstone 7.45 15~29.9

Note: R =Arithmetic average of the absolute values ofazefdeviations

Figure 4.4 shows the DMA set-ups for tests dhesive zones. Due to the
limited time that was allowed for testing and giba relatively large number of tests,
two DMA instruments were used to perform uniax@idion tests. One is the DMA
800 (TA Instruments Ltd., USA) located at the WuHaniversity of Technology
(WHUT), China. The other is the DMA 2980 (TA Ingmants Ltd., USA) at the Delft
University of Technology (TUD). To perform this #ypof testing, special clamp
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systems were designed to clamp the specimens hetge ttwo DMA instruments.
Specimens were firstly fastened at the upper clamy, the bottom end of the
specimen was glued using adhesives. The used adhesere capable to solidify
within minutes. The reason for using adhesive wasvbid specimens to be damaged
when attached to the lower clamp.

Figure 4.4 DMA test set-ups for tests on adhegiwees (left: DMA 800; Right:
DMA 2980)

The test program for adhesive zones was caedum the materials mentioned
in the previous chapter. Two types of stone colufsasdstone and greywacke) and
two types of bitumen (short-term aged bitumen amfjiterm aged bitumen) were
involved. To investigate the effect of water on #uthesive zone, the specimens that
were prepared by using the stones and the bitumamioned above were subjected
to water conditioning. Based on measurements amigit/aggregate system exposed
to water, Nguyen found that bitumen lost adhesionboth soda glass and granite
substrates within a few hours by immersingl2mme-eéi@m specimens in distilled
water at room temperature [Nguyen & Byrd et al. @]9%or this reason and the fact
that the specimens used in this study are much lemnad laboratory water
conditioning was considered. This protocol consisiEsubmerging the specimens in
5 °C water under vacuum for 1 hour. As a result, altof 8 material combinations
were tested.

(1) Sandstone + short-term aged bitumen

(2) Sandstone + long-term aged bitumen

(3) Sandstone + short-term aged bitumen, watereirsion
(4) Sandstone + long-term aged bitumen, water irsioe
(5) Greywacke + short-term aged bitumen

(6) Greywacke + long-term aged bitumen

(7) Greywacke + short-term aged bitumen, water éngion
(8) Greywacke + long-term aged bitumen, water imsioa
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In order to investigate the effect of tempemattests were done at temperatures
ranging from -16C to 20°C.

Three different types of test were planned. Tin& type is DMA dynamic
testing performed at 10 Hz by using a repeated kigdal i.eF,(sinat+1.25)(see

Figure 4.5). The second type is DMA monotonic testiConstant static testing was
performed by applying a constant tension forceht dpecimens. Finally, additional
DMA repeated load tests were performed by applypoge sinusoidal-wave stress
signal, i.eF,sinat .

The thickness of the adhesive zone is so ththies distribution is so complex
that an accurate definition of strain is not pogsili was thus decided that tests need
to be performed in force controlled mode. Thislsodelieved to be more consistent
with the loading conditions to which the individsibnes in the pavement surface are
subjected in practice.

The signals as applied in the various teststiomed above are graphically
shown in Figure 4.5. Table 4.2 summarizes thepesgram for all of DMA uniaxial
tension tests.

DMA static test

Force

DMA dynamic test
sin(at +1.25)

LVAVAVAVAY.
VYV VN

Additional DMA dynamic test
with pure sine-wave

Figure 4.5 Schematic of applied signals for DMAaxial tension tests
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Table 4.2 Test program for DMA uniaxial tensiostse

Stone

Sandstone (B) Greywacke (G)
Bitumen .

Short-term aged bitumen (SB).ong-term aged bitumen  (LB)
Water
condition Water ingress (W)
Test B+SB B+LB | B+SB W | B+LB_W| G+SB | G+LB| G+SB_ G+LB_W
combination

Temperature’C)

DMA dynamic | 10,0, -10,0, -10,0, | -10,0,
tests 10,20 10,20 0,10,20 0,10,20 10,20 10,20 0,10,20 0,10,20
DMA  static
tests -10, 20 -10, 20 - - -10,20|  -10,2p
Additional
DMA tests 10 10 - 10 10

Note: the number e.g. -10, 0,10 and 20 indicatesetbt temperature.

4.2.2.2 Testinterpretation

As mentioned above, uniaxial tensile tests on ftilieesive zones were performed
under force controlled mode. However, it was fothmat the available DMA machines
had difficulties in performing force controlled tesn a straight forward way. The
DMA 800 at WHUT may operate in the so-called fotcacking controlled mode.
This mode requires that a certain deformation ipliap under displacement
controlled mode at the start of the test. The maetiien measures the required force
and computes the stiffness of the tested item dougly. As the stiffness decreases
the machine automatically increases the appliedrdeftion (and thus the force
remains constant) accordingly. Effectively the tess now become, in an indirect way,
a force controlled test.

The force tracking control mode can only operglhen a substantial deformation
is measured. It might be clear that the stone cotuare too stiff to deform and the
bitumen interlayer is too thin to develop consitigadeformation. To introduce
ample deformation, a soft material, e.g. rubbethésefore introduced into the set-up;
this is shown in Figure 4.4. The deformation ouss tsoft material remains fairly
constant during the test. Furthermore, almostfate displacement measured by the
machine follows from the deformation in the rubleégment. As a result the DMA
machine does no longer experience difficultieseédgrm a force tracking controlled
test.

Figure 4.6 gives a typical example of the faand displacement signals obtained
by the DMA machine at WHUT under the force trackemmtrol mode. As indicated,
the total displacement measured by the machineases during the test, while the
measured force still remains relatively constante Tincrease of the measured
displacement is in good agreement with the analysstioned above since the
machine tries to compensate the increasing defmatue to the reduction of
stiffness, thus inducing a constant force. The eraament of failure is obtained by
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forward and backward extrapolation of the measdisplacement signal as indicated
in Figures 4.6 by arrows.
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Figure 4.6 Typical displacement and force sigdalse by DMA machine at WHUT
under force-tracked controlled mode

The DMA at TUD it is only capable to operatedanthe displacement controlled
mode. Like was done for the DMA 800 at WHUT, a rebkelement was also
introduced in the TUD DMA (see Figure 4.4). Fortighg it appeared that the force
during the displacement controlled test remaindtegonstant during the test; only a
slight decrease happened at the end of the te#. iffiplies that although only
displacement controlled tests could be performeith whe TUD DMA, these tests
almost “looked like” force controlled tests

To demonstrate this, finite element simulatiohshe test setup were performed
using the finite element software package ABAQUSr§ibn 6.6). In Figure 4.7 the
simulations of the test item before and after lngdire shown. All of the materials
involved are defined as deformable bodies with fiilowing properties (Young's
modulus and Poisson’s ratio):

- Stainless steelE =2x1FMPa and v =0.3
- Rubber: E=50MPa andv =0.48

- Bitumen: E=10MPa andv =0.45

- Stone: E=4x10'MPa and v =0.25

A 20-node hex-structured element was usedtHer analysis. As shown in
Figure 4.7, the boundary conditions were that tlewvements at the bottom of the
model were fully restrained. A dynamic force wagplegal at the top of the model. The
effect of mesh refinement was checked to reachirly feonstant result. Figure 4.8
shows the simulation results of the total displageimof the test setup, the
deformation in rubber element and bitumen interagspectively. As can be seen
from this figure, the total displacement is almidgntical with the deformation in the
rubber. 99.5 percent of the total deformation ie ttuthe deformation of the rubber.
This value is dependent upon the stiffness of tier element.
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Figure 4.7 Finite element simulation of the testup including the rubber element
(left: material sections, boundary conditions andd} right: calculated stress and
deformation)

0.25
——— Deformation in rubber element
—— Deformation in bituminous layer
—— Total displacement
0.2 A
€
E
€ 0.15 A
o)
IS
)
Q
S 0.1 A
[=}
£
(a]
0.05 A
O T 1 T
0 0.05 0.1 0.15 0.2

Time [s]

Figure 4.8 Computed total displacement and deféoman bitumen interlayer and
rubber element

Figure 4.9 shows a typical example of the dispnent and force signals as
obtained by the DMA machine at TUD under displacet@ntrolled mode. After
introducing the rubber element, relatively high pthEement amplitudes can be
applied. Taking into account the very thin bitumererlayer and its limited
deformation before failure, the force induced by ttubber deformation remains
relatively constant. A significant reduction of theeasured force is only observed
during a short period of time before the two stookeimns are separated. For this type
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of test, failure is defined as the point at whible measured force is reduced to 90
percent of the steady-state force. The load timeyste at which failure occurs is
interpolated from the test data.
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Figure 4.9 Typical displacement and force sigmdgined from the DMA 2980 at
TUD under displacement controlled mode

Figure 4.10 gives an impression of the stréstsiloutions in the cross-section of
the adhesive zone when subjected to an averagetstisss of 1 MPa. The data are
obtained from a finite element simulation of the BMniaxial tensile test. The model
consists of two stone columns that are bonded lhegdty a bitumen interlayer with a
thickness of 15um (see Figure 4.10). The materigqrties of stone and bitumen are
the same as those used in the previous modelidrsitihulation, the stone columns
are defined as rigid bodies. Since the bitumerrlaer is very thin, a very fine mesh
is needed to meet the requirement of the aspéctlraing less than 10. Due to such a
fine mesh the whole model setup with mesh generasonot visible. Only an
example of the cross-section is given (see Figut8)4The boundary conditions are
such that the movements of one of the stone columadully restricted; the other
stone column is loaded at the end surface witmsileestress of 1MPa as shown in
Figure 4.10. The effect of mesh refinement on tbmpmutational results has been
checked to obtain a stable value by using multipledels, e.g. coarse, fine and
double fine meshes (see Figure 4.11).

Figure 4.11 shows the stress distributions ftlhencentre to the edge of the cross
section of the adhesive zone. As shown, there sigrificant difference between the
stress distributions as observed with the varioeshes. Except for the edge of the
cross-section, a very uniform stress distributoltained. The effect of the edge on
the stress distribution is very limited. For exaepthe model is loaded with a
uniform tensile stress of 1MPa via the cross-sactid the stone column. The
computed tensile stress in the bitumen interlaydr01 MPa.
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Figure 4.10 Stress distributions in the crossigedh the adhesive zone
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Figure 4.11 Effects of mesh refinement on strésisildutions from the centre to the
edge

Besides the effect of the edge, the stone mminfaorphology may also have a
great influence on the stress distribution wittia adhesive zone. This concern arises
because the bitumen interlayer has a minimum tieiskrof 15um and the roughness
of the stone morphology ranges from 5 um to 10 grmeasured at meso-scale. As a
result, the thickness of the bitumen interlayerwitthe adhesive zone is different
from point to point. When such an adhesive zonsulgjected to a tensile loading,
very complex stress states that are far from baimitprm can thus be expected. To
get insight into the stress states at a meso-$ead taking into account the stone
surface morphology and the actual thickness ofhiwemen interlayer, two finite
element simulations were performed, the resultgtoth are shown in Figure 4.12.
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Figure 4.12 Stress distributions in the adhesimees with different stone surface
roughnesses (left; schematic of uniaxial tensigt; tmiddle: a small local section of
the adhesive zone; right-upper: 5um roughnesst-dgtvn: 10um roughness)

As discussed in Chapter 3, the stone morphoillo@D nature is very complex.
Due to this a huge amount of degrees of freedaragsired to model a small section
of stone morphology. Compared to 2D models, 3D risoaiee complex and expensive
to use in terms of data preparation and computaltime.

For practical reasons, a 2D stress analysistinasfore made. The length of the
model was selected as 200um. This length was leeliew be long enough since the
morphology measurement described in the previoagten indicated that a square
section of several hundreds microns was good entargmorphology analyses. The
rough surface was generated by using a randomidmncthe increment of distance
was 1um, which is in the same order of the resmiutif the roughness measurements.
The model consisted of two stone plates with lergtB00pum and height of 600um.
These two stone plates were bonded together bytuanémn interlayer of 15um
thickness. Two different levels of stone roughnesg, the maximum peak-to-valley
height, 5um and 10um were considered. Again, theeniah properties used in this
model are the same ones as mentioned earlier. Sewtmns were defined as rigid
bodies due the huge difference of stiffness betwstene and bitumen. One of the
ends of the model was fully restricted and the ot was loaded with a tensile
stress of 1MPa as shown in Figure 4.12. Due tartegular shape, an 8-node triangle
element was used and very fine meshes were gedes&hown in image zooms.
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Figure 4.12 gives an impression of the nonarmnif stress distributions. High
stress levels are found to occur at the peakspihiat to the bitumen interlayer and
low stress levels happen at the valleys that poithe stone. The stress levels at the
peaks also differ from location to location. Thiguire also indicates that cavitation is
likely to occur in these types of tension test.
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Figure 4.13 Computational tensile stresgghe peaks

In order to investigate the differences amdrege high stress levels, data points
at the peaks were selected for each model andeglatt Figure 4.13. When
comparing the data obtained with the 5um roughmesdel and 10um roughness
model, it is found that the rougher surface resulta higher stress level as well as a
larger scatter. The average of data obtained frben 3um roughness model is
1.23MPa and a higher value of 1.41MPa can be féonthe 10um roughness model.

Based upon the analysis above, it is clear thatstress experienced by the
adhesive zone can not simply be determined by usiagso-called uniform stress
approach, which is determined using the force @ity the cross-sectional area. The
factors that may affect the stress should be takeraccount. Among these, the edge
effect of the adhesive zone can be neglected;ishshown by the computational
results given in Figure 4.11. However, the stonghmess shows to have a significant
influence on the stress distributions. Hereto, ftilwing transfer function is given
for interpretation of the tensile stress in theesie zone.

(4.1)

Where
o =tensile stress, [MPa];

k, = the factor that accounts for surface roughnéss,0.5 x (1.23+1.41) =1.32;
F =force, [N];
r = specimen radius, 1.35mm.
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4223 Testresults
Figure 4.14 shows the data from DMA dynamic testimgr a temperature range of 0
to 20°C. Please note that the applied stress signal ignat +1.25). The results show

some scatter, but clearly indicate trends. Test$®€E could not be performed due to
limitations of the loading capacity of the machihe.total, 8 material combinations
and three different temperatures were involved.
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Figure 4.14 DMA dynamic test results using a strggnal of g,(sinat+1.25) (The

legend of test series is given in Table 4.2. tensifess is determined according to
Equation 4.1)

Figure 4.15 shows the data from DMA staticitesperformed at -1%T and 20
°C. The data obtained from DMA additional testingfpened at 1°C using a
sinusoidal-wave stress signal are also plottedh Wispect to DMA static testing, the
time to failure was recorded in seconds, whilerthmber of cycles to failure is used
for DMA additional testing.
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Figure 4.15 Time to failure for DMA static testsdanumber of cycles to failure for
DMA additional test results using a pure sine digngsinat (The legend of test

series is given in Table 4.2. tensile stress isrd@hed according to Equation 4.1)

4.2.3 DSR shear test

4231 Test description

Shear tests on adhesive zones are also performetkags of DSR instruments. The
specimens used for DSR testing are similar to gezimens used for DMA testing.
The difference is that two stone columns with arditer of 6.7mm replace the stone
columns with a diameter of 2.7mm. The size of gpecis used for DSR testing is
determined based on a machine capacity (maximuquédrof about 150N.mm and
estimated maximum bitumen strength of 2.5MPa. Agtiiese larger stone columns
are glued together using a bitumen interlayer \lith same minimum thickness as
described in Section 4.2.2.1. The procedures dfispn preparation for DSR testing
are similar to those for DMA testing and are thu® described here. Detailed
information can be found elsewhere [Khedoe & Mo2G07].

Figure 4.16 gives the DSR set-ups for adhemive testing. As can be seen, two
DSR instruments were used to perform shear tesis.i©a DSR Physical MCR 101
(Anton Paar Ltd., German) located at the Wuhan &hsity of Technology (WHUT),
China. The other is a DSR AR 2000ex (TA Instrumdris., USA) at the Delft
University of Technology. The used test procedamessimilar for both instruments.
Special clamp systems are required to clamp theirspas into the DSR instruments.
One end of the specimen was fixed into the uppenplvia the stone column, but the
bottom end was glued using adhesives.
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Figure 4.16 DSR set-ups for adhesive zone shstinge(left: DSR Physical MCR
101; right: DSR AR 2000ex)

In total, 8 material combinations including ¥és of stone (sandstone and
greywacke), 2 types of bituminous binders (shamtaged bitumen and long-term
aged bitumen) and water immersion, were considered:

(1) Sandstone + short-term aged bitumen

(2) Sandstone + long-term aged bitumen

(3) Sandstone + short-term aged bitumenemiatmersion
(4) Sandstone + long-term aged bitumen, mEtmersion
(5) Greywacke + short-term aged bitumen

(6) Greywacke + long-term aged bitumen

(7) Greywacke + short-term aged bitumengwaihmersion
(8) Greywacke + long-term aged bitumen, watenersion

Shear testing was performed under torque cibedranode. As shown in Figure
4.17, two different torque signals were applied.eQs pure sinusoidal oscillatory
torqueT,sinat  and the other is haversine sigrggsinat+1). To obtain such a

haversine torque signal, a combination of oscitiattorque T, sinaet and constant
rotation torque T, was used. Both torque signals were performed atree §requency

of 10 Hz. Most of the shear tests were performddguthe pure sinusoidal signal

under the so-called standard operation mode. Therethese tests hereafter are
defined as DSR standard shear tests. Only a linnitexdber of tests were carried out
by using haversine torque signa|(sinat +1) . This part of the tests is hereafter defined

as additional DSR shear testing.
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Additional DSR test, 10Hz

Torque

DSR standard test, 10Hz

Figure 4.17 Applied torque signals for DSR sheatihg on the adhesive zone

Test temperatures ranging from°@Qo 20°C were considered. However, it was
found that tests at -PC proved to be difficult to perform due to the sgth of the
adhesive zone and the limited machine capacity.attmesive zone is so strong at -10
°C that the DSR instruments can only bring specintenfailure after a very long
period of loading at the maximum torque output. #dg reason, only limited data is
available at -16C. To compensate for this loss, it was decidederfopm a complete
series of DSR standard tests 4€5

Most of the DSR standard tests were performethé DSR Physical MCR 101
at WHUT except for the tests at -4D. The reason is that the DSR AR 2000ex at
TUD has a more powerful torque output than the D3f#gsical MCR 101 and the
former DSR was applied for standard tests at°€LOAdditional tests also were
performed by the DSR AR 2000ex. Table 4.3 summarittee DSR shear test
program.

Table 4.3 Test program for DSR shear tests

Stone Sandstone (B) ‘ Greywacke (G)
Bitumen Short-term aged bitumen (SB), Long-ternddgieumen  (LB)
Water condition Water immersion (W)

Test B+SB ‘ B+LB | B+SB_W| B+LB_W‘ G+SB‘ G+LB‘ G+SB_V\L G+LB_ W
combination Temperature®C)

Standard tests | 0,5, 0,5, 0,5, 0,5, 0,5, 0,5, 0,5, 0,5,
(DSR 301) 10,20| 10,20| 10,20 10,20 | 10,20| 10,20| 10,20 10,20
Standard tests

(DSR 2000ex) -10 -10 i i -10 -10 i i
Additional tests

(DSR 2000ex) 10 10 10 10

Note: the number e.g. -10, 0,5,10 and 20 indictesest temperature.
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4.2.3.2 Testinterpretation

The following steps were undertaken for test imetgdion: firstly, insight into the
edge effect on the stress states within the adbesiue is required. To do this, finite
element modelling was used to investigate if tteeehigh stress gradients occurring
at the free boundaries of the bitumen interlayecoBdly, the non-uniform stress state
in the adhesive zone will be taken into accountridans of finite element models at
meso-scale. Again, the morphology of the stoneaserfvas considered in the models.

Figure 4.18 gives the computational resultstlom shear stress distributions
within the adhesive zone. As indicated, the modeksts of two stone columns glued
by a thin bitumen interlayer of 15 um thicknesse Thodelled stone columns are
6.8mm diameter by 10 mm height. The material priigeused as model input are the
same as those used in the previous simulation$. &dhese materials are defined as
deformable bodies.

As shown in Figure 4.18, the movement of th&dmo stone column is fully
restricted. However, the movement of upper storlanwo is only restricted in the
horizontal direction; it is allowed to rotate aroumhe central axis. A 20-node
hex-structured mesh element was used. The torqapiged at the end of the upper
stone column by means of forces. As a result, al torque of 61.739N.mm was
applied to the adhesive zone and the correspormdagmum shear stress to which
the adhesive zone is subjected is, in theory, 1MBacan be seen from Figure 4.18,
the shear stress varies linearly with the distdaadbe centre and the maximum shear
stress that occurs at the edge is the same alsgbietical value. It thus indicates that
the edge effect of the bitumen interlayer on tihesst state is negligible.
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Figure 4.18 Schematic illustration of the sheat {kft) and linear variation of the
shear stress with the distance to centre (righteferr =[r, +7,]°° with z axis

normal to the bitumen film).

Figure 4.19 gives the computed stresses iadhesive zone when stone surface
morphology is taken into account. For the simik&sons as mentioned earlier, the
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meso-scale model hereof is making use of a liméiedsection of the adhesive zone
(see Figure 4.19). The shear stress in this limésed section can be regarded as
constant since the distance of each point to tiéreaes the same. This limited arc

section can be further simplified by using a snpddite section when the length is

limited. Finally, the meso-scale model only coretisbf two small stone plates glued

with a bitumen layer (see Figure 4.19).

4

__A_A___
7
\ 4

/ s i
/' 1.0MPa

Bitumen

Figure 4.19 Schematic illustration of the sheat {epper-left) modelling, a small
arc section where the shear stress is constaneifupiddle), 2D illustration of a

limited arc of the adhesive zone(upper-right), nmiform state of shear stress within
the adhesive zone taking into account the surfamphology (bottom)

For reasons of simplicity, use is made of thee morphologies as used for the
tension simulations described in Section 4.2.2.@wéler, the boundary conditions
and the loading are different. As shown in Figur£94the bottom stone section is
fully restricted. The upper stone section is limdiie rotation while the vertical and
longitudinal movements are free.

A shear force of 0.2 N was applied on the umgpene section. The corresponding
theoretical value of shear stress in the adhesbree is then equal to 1MPa (see
Figure 4.19). As a result, the computed stresshénddhesive zone is based on a
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reference stress of 1MPa. For any other appliegsstrthe resulting stress in the
adhesive zone can be calculated by means of tharlule.

Figure 4.19 shows that the states of sheasstwithin the adhesive zone are
highly non-uniform as indicated by the various cwfo The red parts in the plots
show high stress concentrations. These stress mwatiens occur at the peaks of the
bitumen-stone boundaries in the direction that thawnt to the bitumen. The bitumen
that is embedded in the texture of the stone serf@ems to experience very small to
no shear stress. As one can find, the stress ctvatiens are much larger than the
uniform shear stress of 1MPa calculated theordfidalirthermore, the rougher stone
surface will result in a higher level of shear witlthe adhesive zone. For example,
the maximum shear stress is 1.934MPa whgg=R5um; while the maximum value
becomes 2.585MPa whenp, &= 10um.

Figure 4.20 gives an impression of the datattsc of the shear stress
concentrations due to surface textures. Largeescedin be observed in this plot. The
average value of the stresses concentrations ist 4b®MPa when R,= 5um. The
rougher surface with R,= 10um shows a higher average value of 1.46MPa.
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Figure 4.20 Data scatter of shear stresses coatiens due to different surface
morphology

The analysis considering the edge effect onsthess state indicates that the
shear stress can be calculated using the convah@ioalytic function. However, high
stress concentrations due to are surface morph@ogjound through finite element
simulations at meso-scale. A combined function rigppsed to calculate the shear
stress at the outside edge of the adhesive zaamtesthhe so-called maximum value.

2XT
X
xr?

T=k (4.2)

Where:
T = shear stress, [MPa];
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k, = the factor that accounts for surface roughnéss;0.5 x (1.34+1.46) =1.40;

T =torque, [Nmm];
r = specimen radius, 3.4mm.

It is expected that the stress concentratiory iovern the failure of the
adhesive zone. In Equation 4.2 the actual valu&kpfthat stands for the factor of

stress concentration is difficult or impossible tetermine due to complex
morphology of stone surface. Finite element simortest show thatk, can range from

1 to 2.6. For the reason of simplicity, the averafjpoth factors determined from the
models is used.

4.2.3.3 Testresults

Figure 4.21 shows the data obtained from DSR stdnéitigue testing using a
sinusoidal-wave stress signal. The number of cytefilure is plotted on log-log
scale against the shear stress determined by Bgua®. The scatter and temperature
effect can clearly be observed. Again tests afClproved to be difficult to perform
due to the strength of the adhesive zone andrfitel machine capacity. Most of the
data at -16C were thus obtained by setting the machine tduitscapacity. Due to
time constraints, only a limited amount of testsoater stress levels is performed at
-10°C. Considering the large scatter of the fatigua ddie effects of the type of stone,
aging and water conditioning cannot be clearly imtigtished in this plot. Only
temperature effects are visible. Five distinct terapure trends are observed by
drawing straight lines in this log-log plot. In $hivay the effect of temperature on the
shear fatigue behaviour of bitumen-stone adhesias heen established. As
temperature drops, all of the material combinatisinew a better fatigue resistance.
The slope of straight line tends to be steeper witlecline in temperature.
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Figure 4.21 DSR standard fatigue test results unihe-wave stress signal (shear
stress is determined using Equation 4.2. the legéndst series is referred to Table
4.3)

Figure 4.22 shows the DSR additional fatigist tesults obtained at %D under
a haversine signaf, (sinat+1). For the purpose of comparison, the DSR standard

fatigue test results at 30 under a pure sinusoidal-wave stress signahat are

also plotted in this figure. Generally speaking #uditional shear fatigue tests tend
to result into a smaller number of cycles to faltinan those done by standard shear
fatigue tests. The lower number of cycles to falabtained in the additional tests is
most probably caused by creep effects. It indictitasthe shape of stress signal has a
significant influence on the fatigue life of the hadive zone. This strongly
demonstrates the premise that the desired damadel fito the adhesive zone must
take into account the stress history to which ftifleeaive zone is subjected. The data
obtained from additional fatigue tests will be usknt the purpose of model
verification but not for the determination of mogelrameters.
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Figure 4.22 Comparison of DSR additional testltesising haversine torque signal
T,(sinat+1) with DSR standard test results using pure sin@asig, sinat at 10C

(Shear stress is determined using Equation 4.2.18dend of test series is given in
Table 4.3)

4.2.4 Combined normal-shear test

4.24.1 Test description

As stated earlier, the adhesive zone is subject@edcombination of normal and shear
stresses. The test plans for DMA testing and DS®Rnig only provided information
on the damage development of the adhesive zone whpariencing either pure
tension or shear. Insight into the effect of thenbmed stresses on fatigue damage is
thus of great importance. A new type of test thbows for application of a
combination of shear and normal stresses on thesaghzone is required. For this
reason, two different test set-ups were develogeshawn in Figure 4.23. Firstly, a
special test set-up with an oblique angle of 45&edo vertical was designed at the
Adhesion Institute of the Faculty of Aerospace Begring, TUD. Tests were carried
out on a hydraulic machine in the force controledde. The used specimens are the
same as the ones used in the DSR testing mentieadidr. Before the specimens
were placed into the machine they were first glieesgpecial socket head cap screws.
During the whole process alignment is assured bggua simple but effective
V-shape alignment tool. More detailed information these tests can be found
elsewhere [Hofstede 2007]. Due to the oblique aw§ld5’, the normal and shear
forces acting on the adhesive zone can be detedntigedecomposing the applied
hydraulic force according to the parallelogram r#leschematic impression of these
force signals is given in Figure 4.24. Hereafteis type of test is called oblique shear
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test in short.

Figure 4.23 Combined normal-shear test setupt @8t oblique test; right: DSR
combined test)

Normal tension force (DSR)
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Figure 4.24 Schematic representation of the l@pdignals used for the combined
normal-shear testing on the adhesive zone (OTqoélshear test)

An attempt to achieve a combination of nornmal ahear stresses was also made
by application of the DSR instruments in the wayshswn in the right hand side of
Figure 4.23. To do this, both normal and sheare®meeds to be applied on the
specimens. The available DSR instruments can opptyaa constant static force,
while an oscillatory torque can be applied at thme time. The applied static force
and oscillatory torque signals are graphically shawFigure 4.24.

As can be seen in Figure 4.23, the main diffeeecbetween the DSR test and the

-58 -



CHAPTER 4: TEST PROGRAM & DESCRIPTION OF THE RESIA.

normal-shear combined test on the adhesive zorikeisntroduction of a rubber
element for the latter. The reason for this is thatthickness of the adhesive zone is
very thin and thus hardly deforms. As a result, dpplied normal force was quite
difficult to control by adjusting the vertical defoation during the test. A small
change in the vertical deformation may result isignificant change of the applied
normal force. Initial trials indicated that the mal force signal is fairly noisy. After
introduction of the rubber element, ample defororats allowed for the whole set-up
thus making the machine more flexible to contra trertical deformation and the
normal force accordingly.

Table 4.4 gives a summary of the test progranttfe combined normal-shear
testing. Please note that data obtained from tiveseypes of combined stress tests
will be used for model verification purposes. Omllimited amount of tests were
planned and the effect of water immersion was nosidered.

Table 4.4 Test program for combined normal-shestirtg

Stone Sandstone (B) Greywacke (G)
Bitumen Short-term aged bitumen (SB) or Long-tegadabitumen (LB)

L B+SB B+LB G+SB G+LB
Test combination

Temperature’C)
-10,0, -10,0, -10,0, -10,0,

Oblique test 10,20 10,20 10,20 10,20
DSR combined test 10 ) 10 ]

Note: the number e.g. -10, 0,5,10 and 20 indicttesest temperature.

For the oblique shear tests, four material commnatincluding 2 types of stone
(sandstone and greywacke), 2 types of bituminonddss (short-term aged bitumen
and long-term aged bitumen) were considered:

(1) Sandstone + short-term aged bitumen

(2) Sandstone + long-term aged bitumen

(3) Greywacke + short-term aged bitumen

(4) Greywacke + long-term aged bitumen

Test temperature varied from °00to 20C. All the oblique shear tests were
done at a frequency of 10Hz with a pure sine-wave.

DSR combined normal-shear tests were done omaterial combinations:
(1) Sandstone + short-term aged bitumen
(2) Greywacke + short-term aged bitumen

The tests were only done at a temperature0€.1The frequency of the
oscillatory torque is 10Hz with a pure sine-wave.
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4242 Testinterpretation

As stated earlier, the stone surface morphologyahgseat influence on the stress
states for both DMA tension testing and DSR sheatirtg. It is expected that the
same influence also holds for the combined normakstesting. For this reason, the
same factors that account for the effect of théaserroughness on tension and shear
stresses will be applied to the stress componenitsgaon the adhesive zone during
the combined normal-shear testing. Due to the obliangle of 4% the normal and
shear stresses that the adhesive zone is subpetedpressed as follows.

_ . _Fsin4® : F cos 48
g, —k1><7andr—k2><—2 (4.3)
Where
o, =normal stress, [MPa];
T = shear stress, [MPa];

k, = the factor of normal stress due to surface roegbk, =1.32;
k, = the factor of shear stress due to surface roeggrk, =1.40;

F = applied force via the machine, [N];
r =specimen radiusr =3.4mm.

With respect to DSR combined normal-shear téisésnormal and shear stresses
are calculated by using Equations 4.1 and 4.2 otispdy.

4243 Testresults

Figure 4.25 shows the results obtained from théqoblshear tests. The number of
cycles to failure is plotted against the net sttéss consists of the normal and shear
stresses acting on the adhesive zone. Due torthitedi number of data points and

scatter, the temperature trends could not be vigihduished. Dashed lines are used
to indicate the temperature trends.
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Figure 4.25 Fatigue test results of the obliqutstér, : normal stress;7 : shear
stress. k, and k, are applied for stress calculation.)
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Figure 4.26 Typical deflection and gap (verticaspthcement) signals for the

combined tension-shear testing

Figure 4.26 gives a typical result from DSRnbined tension-shear testing. As
can be seen, the radial deflection angle (e.giciwrangle) and the gap distance, that
is, the vertical displacement, remain fairly constantil the two stone columns are
separated. The combined compression-shear testawy faund to be difficult to
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perform. The reason for this is that the two stemdaces that are glued together by
the bitumen interlayer can not be perfectly paradled horizontal. Furthermore, a
normal compressive force will further reduce theckhess of the bituminous
interlayer. Direct contact of the two stone surfao®y occur when the stone columns
try to rotate. As a result, the friction inducedthis direct stone to stone contact is so
large that it is able to resist the applied tordiies phenomenon has been proven by
doing tests on two bare stone columns without bétarninding them together. It was
found that this type of testing lasted a very ldinge and the moment of failure was
very hard to define. As a result, only data under combined tension-shear testing
are available, as listed in Table 4.5. The tabteashthat tests were done using three
tension-shear combinations.

Table 4.5 DSR combined tension-shear test reault€C

Bitumen Stone Shear stress Normal stress Fatifpue li
[MPa] [MPa] [cycle]
SB B 0.80 0.40 8790
SB B 0.80 0.80 4860
SB B 0.40 0.80 2070
SB G 0.80 0.40 2610
SB G 0.80 0.80 2580
SB G 0.40 0.80 600

4.3 Mortar fatigue test

4.3.1 Introduction

Ravelling is a surface defect caused by repeatathcbloads occurring between the
tire and the road surface due to moving wheelsa Assult of this, the mortar bridges
connecting the coarse particles are subjectednplex 3D states of stress, changing
from point to point. Figure 4.27 gives an impressdd the stress state in the mortar
bridges as determined by means of finite elememiulsitions of porous asphalt

concrete [Mo & Huurman et al. 2007, 2008]. Furtlaalysis of the stress/strain

signals indicated that there is no predominantctiva of stress that allows for the

prediction of mortar failure. Also the stress/siraignals are far from sinusoidal as
commonly applied in classical fatigue tests.

It was foreseen that a model that is able fgaéx mortar fatigue under any 3D
state of stress requires laboratory data obtainederua range of stress states.
Therefore, the fatigue behaviour of the mortar determined using a combination of
DSR shear testing and DMA bending testing.
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Figure 4.27 Complex stress development during fge passages (Ki,j=1,2,3):
stress components in 3D nature) [Mo & Huurman €2@08]

4.3.2 DSR shear test

4321 Test description

The mortar discussed hereafter is described inptiegious chapter. Two types of
mortar being, short-term aged and long-term agedanavere subjected to fatigue
testing. After aging, the mortar was heated to°C7and agitated until it was ready to
pour. The mortar was carefully poured into a spetgaigned mould made of silicone
plastic to prepare samples as shown in Figure 4A28r casting, the mould was
placed in an oven with a temperature of C7%or 5 minutes to remove air voids in
the specimen. Then, the mould was first cooled datvroom temperature and then
stored at -1¥C for 2 hours before the mould was opened to rentheesamples.

Further information on specimen preparation canfduend elsewhere [Khedoe &
Moraal 2007].

-63-



CHAPTER 4: TEST PROGRAM & DESCRIPTION OF THE RESIA.

Figure 4.28 Preparation of the mortar specimeppdtleft: steel rings and silicone
mould; upper-right: casting hot mortar into the mapubottom-right: opening the
mould to remove the samples; bottom-left: the otetdisample.) [Khedoe & Moraal
2007]

Figure 4.29 shows the entire test set-up hrdspecimen. The total height of
the specimen is 20mm, in which a column with 10 hemght and 6 mm diameter is
the effective section for testing. At each endeglsring with an inner diameter of
7mm, an outer-diameter of 8 mm and a height of 4was placed for the purpose of
clamping. Therefore, the clamps did not touch tretam directly, but only touched
the two steel rings at both ends. This was doneaussx the elastic-visco
characteristics of mortar would result in loosetashdue to relaxation effects. The
adhesion between the mortar and steel ring wasdféarbe strong enough and no
failure between the ring and the mortar was obskdering testing.

The mortar shear fatigue tests were perfornmedhort-term aged and long-term
aged mortar as well as the samples which had redeiwater conditioning treatment.
The water conditioning protocol consisted of sulgirey the specimens in% water
under vacuum for 1 hour. As a result, the followéhgombinations were tested:

(1) Short-term aged mortar;

(2) Long-term aged mortar;

(3) Short-term aged mortar plus water imnoersi

(4) Long-term aged mortar plus water immarsio
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20 rn

lortar

Steel ring

Figure 4.29 Mortar shear fatigue testing (lefe@men assembled in modified DSR
test set-up; middle: overview of specimen; rigbtevant sizes of specimen section)

The tests were performed at two temperaturé€ (@nd 10°C) and two
frequencies (10Hz and 40Hz). The applied torque-tgignal was a pure sinusoidal
wave under torque controlled mode. Table 4.6 gavasimmary of the mortar shear
fatigue tests. Given the number of tests that hadbé performed, two DRS
instruments, the DSR AR 1000 and DSR AR 2000ex wsesl to perform the tests.
The DSR AR 1000 has smaller torque capacity andmaisly used to carry out the
tests at 16C, whereas the DSR AR 2000ex is more powerful,\aag mainly used
for tests at 6C and for tests for which a relatively high striessels were required.

Table 4.6 Summary of mortar shear fatigue tests

Mortar Short-term aged mortar (SM) Long-term aged mortar  (LM)
Water conditioning 8C water, vacuum, 1 hour

Test combination SM SM W LM LM W
Temperature 0°C and10C

Frequency 10Hz and 40Hz

4.3.2.2 Testinterpretation

Mortar shear fatigue testing was performed undeu® controlled mode using a pure
sinusoidal-wave oscillatory torque. During testinthe applied torque was
continuously recorded. Also the induced radial elegtfon angle (torsional angle) was
measured and recorded accordingly. The phase &egieen the torque signal and
the displacement signal also was recorded. Figige dives typical results of these
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signals. The moment of failure is obtained by favand backward extrapolation of
the measured displacement signal as indicatechur&$ 4.6 by the arrows.
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Figure 4.30 Typical results of mortar shear fagigesting

For fatigue life analysis, the applied torcamed the measured displacement
were translated into shear stress and strain régplgcby taking into account the
geometry of the specimen.
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Figure 4.31 Mortar specimen for DSR shear tedief: ABAQUS representation;
Middle: real specimen; right: CAPA 3D representalio

In order to determine the relevant geometrydiagstfinite element simulations
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were performed. Both the ABQUS and CAPA-3D [Scarp2@3] programs were used
to perform the analysis. In both cases, the moda$ wubjected to a torque of
70N.mm acting on the upper steel ring while restraj the bottom ring. The material
properties of mortar were: shear modul@&=100MPa (that i€ =290MPa) and
v =0.45. The computed displacement is 0.06967 rad @06951 rad for the
CAPA-3D and ABAQUS simulation respectively. Thefelience between these two
computations in the computed radial deflection ariglonly 0.2%, which indicates
the accuracy of the finite element models. Only tesults from CAPA-3D
simulations were used for the following analysis.

Figure 4.32 shows that the highest shear stresgrs along the curved edge in
the vicinity of the steel ring where the diametéthe sample is varied from to 6mm
to 7mm. It is stated explicitly that the observeteipomenon is independent of the
mesh topology; this was demonstrated by varyingntiesh generation. Due to the
stress concentration, the redesign of the speciwes considered with the aim of
achieving a specimen shape in which the stressegdwme fully homogeneous.
However, various finite element simulations witlfetient specimen shapes shown
that the concentrated shear stress will always|ldpvat the specific location where
the middle part of the cylinder specimen widensnteet the rings. An indication
hereof is given in Figure 4.33.

m
fe— Location of highest

{ | shear stress

+1.815

S | Straight edged
—— : middle part

3 i Location of highest
e shear stress

i
gl
Figure 4.32 Shear stress distributions along thgancolumn

-1.815

The analysis above showed that a redesigneoklecimens was needed. This
however was not an option because of time limitetidt was therefore decided to
determine the significance of the observed phenomdryy means of finite element
modelling. In this way, the transfer functions $tress and strain can be determined.

Figure 4.34 gives an impression of the sheasstdistributions at the mid height
of the mortar column (middle section) and at theatmn where the highest stress
occurs (edge section), when the specimen is s@ject a torque of 70N.mm. The
maximum shear stress at the middle section is M&&E which is almost identical
with the theoretical value of 1.650MPa. Howeveg thaximum shear stress in the
edge section is 1.812MPa, approximately 10 peraighter than the one in the middle
section. Figure 4.34 also shows that except foisthell area close to the outer edge,
the main area of the edge section is subjectedidwer stress level than the middle
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section. This observation leads to a conclusionhttie effect of stress concentrations
would probably remain limited as specimen failuegndinds for material failure over

a full cross section. On the other hand, the sttesgentrations might lead to early
failure at these locations resulting in a redisttiitn of stress at those locations. If this
is the case, failure near the caps is likely touacéfter observing the location of

failure in numerous specimens, it was found that@axdmately 50% of the specimens
failed at the location where the highest stress ggasputed (see Figure 4.35). The
other 50% failed in the straight edged middle pathe specimens.

Figure 4.33 Shear stress concentrations in diffespecimen shapes
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Figure 4.34 Shear stress distributions in the iddd edge sections
The transfer functions to relate the torquée #re displacement to shear stress

and strain at the outer edge of the mortar coluambe explained using the following
standard equations.
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2xT

r= rxrd (4.4)
_rxg
- Py (4.5)
Where

r = shear stress, [MPa];
T =torque, [N.mm];

r = specimen radius, 3mm;

y = shear strain;

6 = measured deflection angle, [rad];

h, = specimen effective height, 12.742mm.

Figure 4.35 Impression of locations of speciméaiurfa

The CAPA-3D simulation mentioned above showeat & torque of 70N.mm
induced a radial deformation angle of 0.06971 rectordingly, the computed shear
stress and strain at the outer edge of the modiammn are equal to 1.645MPa and
0.01640, respectively. Combining the applied torgith the induced stress, one can
calculated backward that the stress factor thabwads for the sample geometry is

equal to 0.02357 MPa/(N.mm), which is identicamm]tw%. Similarly, the strain
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factor can be calculated as 0.2354 /rad. Sincesttzen factor stands for—, the

ff

effective heighth,, is thus equal to 12.742mm. This value is largenttiee total

height between two steel rings, 12mm, indicatingt tihe mortar embedded in steel
rings contributes a little bit to the total defoina. This is demonstrated by the shear
stress distributions in the vertical cross-sectashown in the left-hand plot of
Figure 4.32.

Please note that Equations 4.4 and 4.5 aretosealculate the stress and strain
at the straight edged middle part of the specirientake into account the effect of
stress concentrations at the location close to rthgs, a calibration factor is
introduced.

_, 2xT
T_ksnxr"’ (4.6)
rxg
y=k
he, 4.7
Where:

k, = the calibration factor that accounts for stremscentratiork, = 1.10.

The analysis above indicates that determinatiothe stress/strain for a mortar
fatigue test can only be performed in combinatidthwhe torque/deformation and
the failure location which is known after the costn of test. In the cases that
failure occurs at the middle section, Equations @i 4.5 can be used for the
calculation of stress/strain. In the cases thduriaioccurs close to the steel ring,
Equations 4.6 and 4.7 must be used.

It must be noted that this knowledge was wailable at the early stage of the
mortar fatigue testing and information on the fagllocation of each specimen was
not reported in relation to the specimen number.

Due to lack of information of the failure lowat of each specimen and taking
into account that approximately 50 percent of thecémens failed at the middle
section and 50 percent failed at the edge sedtiervalue of k, is determined as the

average between 1 and 1.10 to minimize the effestress concentrations. For this
reason, Equations 4.6 and 4.7 are applied foritgstpretation together with =

(1+1.10)/2=1.05.

It must state that this method is conservativesome extent and it is not
suggested for the future mortar fatigue tests.eéffit equations should be applied for
the calculation of the stress and strain dependenthe failure location. For each
specimen this location should also be reportedttegeavith other data.

4323 Testresults

Figure 4.36 shows the results of mortar fatiguéstdene at temperatures of 0 and 10
°C and frequencies of 10 and 40Hz. It must be nttatithe shear stress shown on
the x-axis was determined by Equation 4.6 with1k05. Due to data scatter, the
effects of frequency and water conditioning can Ietclearly distinguished in this
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plot. Only temperature and aging effects could lzlenvisible. These are indicated
by means of the trend lines. The figure shows ttiaimortar exhibits a better fatigue
resistance under torque controlled mode when tinpeeature decreases. This figure
also indicates that aging has a positive effecthenfatigue life at 1. However,
when the test temperature reduces 16, ahe effect of aging becomes mixed. In
general, the effects of aging or temperature apemgent on the applied stress levels
and both of them tend to be negative at relatiely stress levels. This may be
explained by the fact that damage grows more rapadl bituminous materials
become harder.
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Figure 4.36 Results of mortar shear fatigue tastarious test conditions
(Shear stress = theoretical shear stress x 1.8%¢gend is referred to Table 4.5)

4.3.3 DMA dual cantilever bending test

DMA dual cantilever bending tests were performegnavide information on fatigue
behaviour under stress states which differ from #fear stress conditions as
mentioned above. The bending test was chosen beceaimsxial tension fatigue tests
are difficult to perform by using the available DMiAstruments due to the limitations
of the machine capacity. Figure 4.37 gives an isgion of the specimens and the test
set-up. It was found that these tests could ngidréormed successfully. The reason
for this is that the contacts between the speciamehthe clamp became loose during
testing because of the stress relaxation of thdamdrhe confining stress acting on
the specimen via the clamps was relaxing over tikigea result, the measured data
was very noisy and the moment of failure proveddsgible to be clearly defined.
Further efforts were made to overcome this problesishown in the left-bottom plot
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of Figure 4.38, one of the improvements tried wees émbedment of brass elements
at the locations where the clamps needed to mak&aowith the specimen. By
doing this, the problem of contact was solved. Heeveanother problem arose from
the mortar-brass interface zone. Specimens repgatedwed failure at the locations
where the mortar meets the brass elements.

Figure 4.37 Mortar bending specimens (left-up: nmar specimen; left-bottom:
specimen embedded with brass elements) and DMAdtsp
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Figure 4.38 Finite element simulation of speciméth brass embedment (upper:
specimen geometry; middle and bottom: computed ingrténsile stress from top and
bottom views; S11: stress componety)

Figure 4.38 shows the finite element simulatiriests done on the specimens
with embedded brass elements. In this model, thewfing material properties were
used:

Brass: E =1x1FMPa v = 0.35
Mortar: E =300MPa v = 0.45

Movement of the brass elements at both endsfuigsrestricted. The middle
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brass element was loaded by a force of 10N. Cortipotd results show that the

highest bending tensile stress occurs at the lmestiaround the mortar-brass
boundaries. Apparently, the mortar-brass interfacgibjected to unfavourable stress
conditions. Failure at such a location can onlpt®yented by improving the bonding

properties between brass and mortar. Further sfferyy. using rough brass surface
were tried on this issue, but failed to solve theerface problem. The analysis
described here resulted in the conclusion that DddAding tests on the mortar using
this test setup could not be performed.

4.4 Fatigue test on stone-mortar-stone system

The test program described above focused on thesaghzone (adhesive interface
plus pure bitumen layer) and the pure mortar séplgraro obtain insight into the
actual bitumen-rich interlayer, the fatigue behaviof two stone columns glued by a
thin mortar layer was also investigated. In thisesaan entire system including the
interfacial adhesion, bitumen-rich interlayer angdepmortar was tested. Obviously,
failure could only occur at the weakest link amaimg different material components.
Specimens used for this testing were similar tsé¢hfor adhesive zone testing. The
only difference is a mortar layer of 1mm insteadh# bitumen film. Therefore, the
procedures of specimen preparation were similarwifidnot be explained further.
For the stone-mortar-stone system, only a few t@ste performed. Effects of aging
and water conditioning were also involved. Agaie tvater conditioning is the same
as described before. Three test temperatures, 8nd 20C were selected. Table 4.7
gives a summary of fatigue test results of stonetametone systems. The stress
listed in this table is the theoretical maximum ashstress at the outer edge of the
sample column. Based on the limited amount of tistied in Table 4.7, the following
observations are made:(1) the fatigue lives of {targy aged specimens are generally
higher than those of short-term aged specimenswgpr conditioning tends to
impair the fatigue life; (3) the effect of type stbne is not clear.

Table 4.7 Fatigue test results of stone-mortanesgystem

Tem. B+SM B+LM  B+SM_W G+SM G+LM G+SM_W
2°C Stress [MPa] 0.81 0.81 0.81 - - -
N 1920 3060 540 - - -
10°C Stress [MPa] 1.296 1.296 1.296 1.296 1.296 1.296
N 2220 6420 1740 2070 1920 1440
o°C Stress [MPa] 1.944 1.944 1.944 1.944 1.944 1.944
N 1410 6210 200 4590 10500 1410

Note: N= number of cycles to failure. B=sandstdBegreywacke; W=water condition
SM=short-term aged mortar; LM=long-term ageuttar;

The examination of the fractured surfaces efdtone-mortar-stone system were
also performed and showed that all of the specirhexisfailed at a location which is
very close to the stone surface. To illustrate, thigure 4.39 visualises the difference
in fracture surfaces obtained from the adhesives zoTd mortar-stone-mortar testing.
The images were captured using an AXIOSHOP 40, rbgdearlZeiss Far East Co.
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Ltd., Hong Kong.

As indicated, adhesive failure only occursha binder-stone interface, resulting
in bare stones after failure. Cohesive failure noggur through the bitumen-rich
interlayer so that the stone surface is still cedewith bituminous material after
failure. The remaining binder on one of the fraetur surfaces of the
stone-mortar-stone system (see Figure 4.39c) islasino that remnant on the
adhesive zone tested by DMA and DSR instruments Esgures 4.39a and b) and
some local areas are uncovered by bitumen, thusttime surface can be inspected.
On the other fractured surface (see Fig 4.38dhefrbortar-stone-mortar system, the
filler particles embedded in bituminous binder ¢@nobserved. The analysis above
indicates that the bitumen-rich interlayer betwestane surface and mortar may
contains much fewer (if any) fine mineral partictban the undisturbed mortar far
from stone surface and the mechanical behaviouhiefbitumen-rich interlayer is
more like the bitumen film than the mortar. Suchitamen-rich interlayer seems to
be the potential weak zone.

o < b
a\\/‘lﬂ
»
g

Filler

Figure 4.39 Typical fractured surfaces after failat10°C (a: DMA tensile testing
of adhesive zone; b: DSR shear testing of adhesine; ¢ and d: DSR shear testing
of stone-mortar-stone system)

Table 4.8 gives a comparison of the fatigue lkiff the adhesive zone, the
stone-mortar-stone system and the mortar under EfiBue testing. Since the
stone-mortar-system tended to fail at a locatiaselto the stone surface, its fatigue
life should be determined by the lifetime of thénesive zone that is represented by
the stone plus bitumen interlayer, while much sendtan the one of the mortar. This
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expectation is in agreement with the data liste@aible 4.8. For example, the ratios of
Ny/ N, are in a range of 10t010% However, the ratios of NNz are much smaller.

Table 4.8 Life comparison of the adhesive zone, ittealized stone-mortar-stone
system and the mortar under DSR testing

Test conditions Shear stress SMS AZ Mortar N/ N, N1/ N3
MPa N N, N3

B_SB_20C 0.810 1.92E+03 2.51E+04 - 7.66E-02 -

B LB 20°C 0.810 3.06E+03 3.13E+04 - 9.78E-02 -

B _SB W _20C 0.810 5.40E+02 1.21E+04 - 4.47E-02 -

B_SB_10°C 1.296 2.22E+03 3.00E+04 1.10E+07.40E-02 2.02E-04

B_LB_10°C 1.296 6.42E+03 2.00E+04 4.30E+(3.21E-01 1.49E-04

B_SB_W_10C 1.296 1.74E+03 9.00E+03 8.50E+06.93E-01 2.05E-04

G_SB_10C 1.296 2.07E+03 4.20E+03 1.10E+0¥.93E-01 1.88E-04
G_LB_10°C 1.296 1.92E+03 5.20E+03  4.30E+(F.69E-01 4.47E-05
G_SB_W_10C 1.296 1.44E+03 4.05E+03  8.50E+0B.56E-01 1.69E-04

B_SB_0°C 1.944 1.41E+03 1.50E+04 1.00E+0%40E-02 1.41E-03
B_LB_0°C 1.944 6.21E+03 5.00E+04 1.28E+0K24E-01 4.85E-03
B_SB_W_CC 1.944 2.00E+02 9.00E+03 7.50E+0B22E-02 2.67E-04

G_SB_CC 1.944 4.59E+03 7.01E+04 1.00E+0&55E-02 4.59E-03
G_LB_0°C 1.944 1.05E+04 8.96E+04 1.28E+0617E-01 8.20E-03
G_SB wW_CC 1.944 1.41E+03 2.56E+04 7.50E+0R51E-02 1.88E-03

Note: SMS= stone-mortar-stone system; AZ= adhesivee; N , == fatigue life of SMS, adhesive zone and
mortar.

4.5 Summary and conclusions

In total, two types of stone and the effects ohggishort-term aging and long-term
aging) and water immersion were considered for sighezone testing. A wide range
of test temperatures from ADto 20C was used.

New test set-ups were developed to perform sidbeone testing at meso-scale
level. For this purpose, DMA instruments were uf@duniaxial tension testing and
DSR instruments were applied for shear testing. ©héque shear tests were
performed, in which a combination of normal stresd shear stress were successfully
applied. Meanwhile, a simple and practical norntedes combined test set-up was
developed within the platform of DSR instruments.

Finite element modelling was carried out to gefight into the stress states
within the adhesive zone. It was found that theeeelffect was negligible, while the
effect of stone surface morphology on the strestributions was significant. The
stress acting on the adhesive zone can not bededjars a uniform stress since local
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stress concentrations occurred. A factor that ausofor these stress concentrations
was thus introduced.

The fatigue data of the adhesive zone showrgk lacatter, but the effect of
temperature was clearly visible. Data scatter aigid that the testing was not fully
under control. This is logical because it is difficor impossible to fully control the
thickness of bitumen film and the stone surface phology. Non-uniform stress
distributions will have contributed to the datatsma

In the mortar fatigue tests, the effects ofnggi{short-term and long-term),
temperature (BC and 16C), frequency (10Hz and 40Hz) and water immersi@new
taken into account. Shear and bending fatigue teste performed using the DSR
oscillation shear testing and the DMA dual canglebending testing respectively.
However, the DMA bending test was not successfdlthns only DSR shear fatigue
tests could be performed.

Finite element simulations on the mortar shfatigue showed that local stress
concentrations occurred indicating that such regioray be potential locations of
failure. The computational results were in agreeméth the laboratory observation
that approximately 50% of the cases of failure leayga in the section where the
stress concentrations occurred. To take into addbereffect of stress concentrations,
a factor accounting for this was thus introduced.

Fatigue tests were also done on the idealitatbsmortar-stone systems in order
to find out the weak link in the stone contact osgiResults showed that failure
happened at a location which was very close tetbee surface. Compared with the
mortar, the fatigue life of the adhesive zone wasshorter and this zone thus tends
to be the potential weak link. Image analysis sttt the adhesive zone where the
mortar meets the stone surface was a bitumen-aigér | which can be represented by
stone plus a thin bitumen film.
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5 INSTRUMENT CALIBRATON

5.1 Introduction

In this study, tests were performed using vario®Rand DMA instruments located
at WHUT, China and TUD, the Netherlands. Concermssex whether these
instruments lead to the same results. The instrutfiaetor theoretically becomes 1
when all instruments are equal. To obtain insigiib ithe differences between the
instruments an instrument calibration procedure fabewed.

Furthermore, tests in this research were sihedasigned and they differ from
the standard tests for which the instruments arsigded. Theoretically, the
instruments should be capable to perform the siheaiesigned tests since the
measurement principles do not change. Special clapgtems were designed to
clamp the desired test specimens into the instrtsném the case of data analysis,
reliable stress and strain in the specimen becomportant. To obtain this
information, the following two issues arise: (1)espnen force and deformation; (2)
specimen geometry that translates the specimer #ord deformation into stress and
strain in the specimen.

For standard tests, the stress and strainraséded by the instrument software
automatically. In the case of the non-standard tétt were done in this study, more
effort is required to obtain the real stress amndirstin the specimen. For this purpose,
the post-processing approaches that have beenopedeto determine the true stress
and strain values will be discussed hereatfter.

In general, test equipment must be calibrateidtarvals by comparison with a
standard or a calibrated testing apparatus. THibragon also applies to DSR and
DMA instruments. In this case, different referersamples are available for the
comparison with the corresponding reference equipmehis so-called instrument
self-calibration assures that the instrument igaad condition.

Table 5.1 Instrument multipliers for various testruments

Instrument Test mode Multiplier [-]
static test 0.969
DMA 800, WHUT .
dynamic test 1.135
static test 1.000
DMA 2980*, TUD .
dynamic test 0.964
DSR MCR 101, WHUT dynamic test 0.831
DSR 2000, TUD dynamic test 0.894
DSR 1000, TUD dynamic test 0.796

Note:DMA 2980 is the reference instrument.

Unfortunately, there is neither a universakrefice sample nor a clamp system
that is available for both DSR and DMA calibratiof®r this reason, a calibration
study was carried out by using different referesamples as well as different clamp
systems. By doing this, the differences betweerintbiguments used in this study are
obtained as given in Table 5.1. It indicates thia¢ tinstrument accuracy is
within £ 20% in terms of stiffness measurement. An instrunmeutiplier larger than
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1 indicates the instrument underestimates the mhtgiffness, while an instrument
having a multiplier factor smaller than 1 overesiies the material stiffness when
comparing to the reference instrument. To minintieedata spread, the measurement
data obtained from various instruments should bédtiplied by the corresponding
instrument factors listed in Table 5.1. More infation on these instrument
multipliers is given hereafter

5.2 Theory
In this section, the theories related to DSR andADtelsting will be discussed by
means of an example. Figure 5.1 gives the flowdegutesenting the data collection
and processing by the DSR instrument. As indicatetiis figure, information about
translation of the raw torquer(,) and the raw radial deflection angle,() into the
corresponding specimen torque,(,. ) and the real radial deflection angle,(,. ) is
required. Sitting in between is machine input idohg moment of inertiay ),
air-bearing friction () and compliance of clamp(). Also the T, and 4,
needs to be translated into stress and strain.eStaapors of the specimen geometry
are needed in order to be able to do so. Findlly,known shear stress_(,.) and
strain (y,,.) allow to calculate the shear modulas,,,, -
Since the mathematical models are identica,approach described in Figure
5.1 also holds for DMA testing. Table 5.2 showsahalogous quantities in the DMA
and DSR mechanical systems in mechanics [Wiki, Hiimoscillator].

Table 5.2 Analogous quantities in DMA and DSR nagtbal systems
DMA testing DSR testing
Position x Angle @

de

. dx .
Velocity — Angular velocity —
y dt 9 y dt

Mass M Moment of inertia |
Spring constantK Torsion constantG
Friction u Rotational friction ¢

Drive force F Drive torque T

Resonant frequency

ENLS 16
2r\M 2\ |
Differential equation
M;<+y>'<+Kx:F Ié+,ué+GH:T
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T, = Raw torque thatis applied by machine
6., =Raw radial deflection that is applied by maehin

0., =Raw phase angle between maximl and &,

raw

U

J

Raw variables
= Moment of inertia
= Air-bearing friction

= Compliance of clampl

Sample variables

vV
Tsarrple = Torque in the sample
Ocirole = Radial deflection in the sample
O = Phase lag between maximuhale and [ZA—
=
Sample geometry
I = Sample radium
h =Sample heightm:I
= Sample sub-variables
vV /
Tsamme = Maximum shear stress in the sample
Veample = Maximum shear strain in the sample
G*Sample = Shear complex modulus of the sampl

Figure 5.1 Flowchart for data collection and pssieg of DSR parallel-plate
testing

52.1 Instrument parameters

5.2.1.1 Massand moment of inertia

Inertial mass is the mass of an object measuredsbyesistance to acceleration.
Similarly, moment of inertia is a measure of anegb§ resistance to changes in its
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rotation rate. The mass can be measured directiywdighing the object. However,
the moment of inertia (with respect to a given afisotation) of any object is given
by:

| =Ir2dm (5.1)

Where:
m =mass, [Kg];
r =the perpendicular distance to the axis of rotation,

When friction is neglected, the moment of fi@ercan be measured by
combining a constant drive torque with the angatzueleration.

1=T/8 (5.2)

5.2.1.3 Air-bearing friction

Air friction is velocity dependent and is alwaysetditly opposite the velocity. At low
speeds and for small particles, air resistancepsoximately proportional to velocity
and can be expressed in the form

T,=-u6 or F,=-ux (5.3)

Equation 5.3 indicates that an object will contitaeccelerate to higher speeds until
it encounters an amount of frictional resistancectvhis equal to the drive force or
torque. In this way, the coefficient of friction, can be determined. In general, the
value of y is fairly low and thus the frictional resistancancbe neglected for
practical reasons.

5.2.1.4 Compliance of clamp

The clamp system is very stiff but not rigid. Asresult, the actual deformation
measured by the instrument consists of the corioibsi of the clamp system as well
as the test specimen. The deformation of the clengpproximately proportional to
the drive force and can be expressed in the form

6. =TxJ or x,=FxJ (5.9

The value of J can be approximately determined by performing st ien a
specimen having a much higher stiffness when coeaptr the clamp system. In this
case, the clamp system is responsible for almbef tie deformation.

5.2.1.5 Resonant frequency

Resonance is the tendency of a system to oscillatarger amplitudes at some

frequencies than at others. These frequencies efieed as the system's resonant
frequencies. At resonant frequencies, even smaibglie drive forces can produce
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huge amplitude vibrations, because the system sstoitgation energy. When the
damping of the system is small, the resonant frequés approximately equal to the
natural frequency as determined as follows.

_ 1\/? 1[G (5.5)
f,.=—,— or —, |—
2\ M 2\ |

The ratio of the frequency of the drive force otrex natural frequency can be used as
an indicator of the resonance effect. A very lowiorandicates that the effect of
resonance is very limited and the force to which thst specimen is subjected is
approximately equal to the drive force and no aiioes need to be made for the
resonance effect.

5.21.6 Specimen force and deformation
During the steady state, the following differentiuations hold for the DMA and
DSR test system.

M X+ 3+ KX=F O | 6+ 16+GO=T (5.6)

As mentioned earlier, these two systems are earivakor this reason, the DSR test
system is chosen as an example for the followisgudisions.

According to the differential equation abovéye tvalue Ty can be
determined as
2 5.7
7 =7, -1 9 gfaW—ydefaW:T -T -T ®.7)

sample raw dt 2 dt raw H

Where:
2
T =1 % , the torque induced by moment of inertia, [N.m];

T, :ydi'taw , the torque induced by air-bearing friction, [N.m]

The values ofg,,. is equal to the total measured displacemegntminus the

contribution of the clamp system.

Ompe = Graw ~ Traw ¥ J (5.8)

When the external torque is applied to the speniusing a pure sinusoidal wave
T, () =T, sin(at) (5.9
Where:
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T, = torgue amplitude, [N.m];
w = angle velocity, [rad/s].

The displacement induced by the sinusoidal torguebe written as:
Ga(t) = Gysin(at +3,,,) (5.10)

Where:
g, = displacement amplitude, [rad];

J... = raw phase angle between the displacement ande@gplitude, [degree].

raw

and ¢

sample

6,0, (1) _ | 0Gn(t) _

The signals of over timecan be computed as:

Tmnpl e

Tmle(t) :Traw(t) =1 dtz dt Traw(t) _TI (t) _Ty(t) (511)
Oampie () = G (1) ~ T (1) X I (5.12)
When o, reaches a peak value within a cycle, the displaneamplitude can

be determined by

e,

sample_ max

=max[é,

sample

t) at t=t, or J,=t,xw (5.13)

Where:
t,,d, =the time and angle at which the peak displac¢mecurs, [s] and [degree]

respectively.

Similarly, the torque amplitude in the sampd® be expressed by the peak value
within a cycle

T

sample_ max

=maxT,.t)] at t=t; or & =t xw (5.14)

Where:
t;,d, =the time and angle at which the maximum disptaar& occurs, [s] and

[degree] respectively.

Combining the angles at which the maximum @ispinent and torque in the

sample occur, the phase anglk,, between the displacement, , and the
torquer, . can be determined.
5sample = 56 - d’ (515)

To obtain the displacement and the torque $gnahe samplet,,. and &,

g )

it was decided to used an Excel spreadsheet toe sthle above equations in
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combination of the instrument input parameters iyiveTable 5.2.

Table 5.2 DSR instrument input parameters for ardesting

Instrument Inertia | Air-bearing friction u clamp complianceJ
10°N.m.€ N.m/(rad/s) rad/(N.m)
DSR mortar tests
DSR 1000, TUD 14.96 0.969 0.008040
DSR 2000, TUD 16.64 1.046 0.006961
DSR adhesive zone tests
DSR 1000, TUD 14.92 0.942 -
DSR 2000, TUD 16.63 - -
DSR 301, WHUT 96.26 - -
Inertia M Air-bearing friction u clamp complianceJ
Instrument
kg N/(m/s) m/(N)
DMA adhesive zone tests
DMA 800, WHUT 0.0301 - -
DMA 2980, TUD 0.0305 - -

Figure 5.2 gives a typical example of the cotaponal results based on the raw
variables including,, , 9., andg,, . As one can observe, the torque and the
displacement in the sample (. and 6., ), the torque induced by the inertia and the
air-bearing friction of the test systerfl @nd T,) are computed and plotted against
time within a complete cycle. Compared with the tavgue T, , the torque induced
by inertia effectT, is quite significant, while the torque induced foigtion effect
T, isvery limited and thus can be neglected. Theeof T_,,. clearly differs from
the raw torqueT,, . This demonstrates that the raw torqug may not well
representT,, . to which the sample is subjected. Based on thealsgof 7, and
f.e» the peak values of these two variables withiryeleccan be defined and the
angles @, and ¢4, ) at which the maximum values take place are obthaccordingly.
As indicated in Figure 5.2, the difference of thege angles denotes the phase angle

d.me DEtween the torque and the displacement in thelsamp

-83-



CHAPTER 5:  INSTRUMENT CALIBRATION

0.1 30000
0.06 + 20000
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£ -0 =
[0 (0]
2 -0.02 9 00 &
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3 < Applied torque
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Relative time

Figure 5.2 Computational results based on rawabées (g, = 0.0504rad,
T..=11671pN.m and,,=96.9) and instrument inputs of the DSR 2000 @,,,. ; 2:

T

3T, 4T,

raw sanpl

IS HE

In this way, the following information relatinp the test specimen can be

obtained or calculated:

the amplitude of the torque in the sampte,,,. ;

the amplitude of the deformation in the samplg,,. ;

the phase angle between the torque and the disptaten the sampleg,,.;

the maximum stress in the samplg,, calculated by multiplying the torque
amplitude by the shape factor;

the maximum strain in the sample, . , calculated by multiplying the
displacement amplitude by the shape factor;

complex modulusG*_ ., using the maximum stress divided by the maximum
strain.

Proof of the approach discussed above will iverglater by combining with

test data.

5.2.2 Shapefactors

5.2.2.1 Introduction

DSR and DMA instruments performed tests in difféleading modes. Furthermore,
there is no unique clamp system available for &lithee instruments. Therefore,
several standard materials were considered contpimiith the available clamp
systems of the various instruments. Figure 5.3 shibve samples and the test setups
for the following instrument calibration. As indie@l, some of them are making use
of the special designed clamp systems (see FiguBds and c) in the study.
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B B - 3-point bending for DMA
E ~Tawm. W 29808800
| m_ b: Cylindrical torsion for DSR
LSy § i umey | 1000 & 2000
= | c: Rectangular torsion for DSR
‘ MCR 101
- e | Rectangular torsion for DSR
N
= o oanams  sr-useeemm | ©: Standard parallel plates for
L o
L o DOvEE LS as

Figure 5.3 Test setups for various instrumentcations

Stress and strain cannot be measured direntlyase derived from measured
force and deformation signals. Transfer functionat ttake into account specimen
geometry are applied to transfer specimen load deidrmation into desired stress
and strain. Equation 5.16 gives the general equativat may be applied.

o=k xFand &=k, xAx (5.16)
Where:
k, , k, = Shape factors dependent on specimen geometry.

Hereafter, the determination of the shape faabd various test setups that were
used for instrument calibration will be discussed.

5.2.2.2 Bitumen films
When bitumen films are tested by DSR standard lghnallates, the shear strain and
the shear stress are calculated at the outsidedcédige disc using

_@xr
Y= (5.17)
_ 2T
r Txrs (5.18)
Where:
r = specimen radius, mm;
h = film thickness, mm;
T =torque, N.mm.
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5.2.2.3 Cylindrical torsion

For cylindrical torsion test, use is made of aidetample and the clamp system that
was used for the mortar tests. Figure 5.4 showsld¢iin sample and test setup. The
equations that relate the specimen torque and mef@n to stress and strain are as
follows:

y= axr
hy (5.19)
2T
r= s (5.20)
Where:

h, = specimen effective height, [mm].

N

P P

S T T ey

Figure 5.4 Cylindrical delrin sample and test pefleft: delrin sample; middle:
specimen size; right: test set-up)

By means of finite element simulations, the eatd h, is determined equal to

be 10.727mm taking into account the specimen gegng@ten in Figure 5.4. Here,
this value is obtained when delrin specimen waslddaby = 5.110x1C0rad,
resulting iny equal to 1.3220x1H Since the finite element modelling of the
cylindrical torsion test is similar to the respormséculation performed on the mortar
as described in the previous chapter, detailednmdtion is not given here.

5224 Sed strip

As shown in Figure 5.3, a stainless steel stripn®®12.41mmx0.43mm) was used
to perform DSR rectangular torsion test and DMAIldwsantilever bending test. With
respect to the rectangular torsion, the maximuesstand strain in the specimen was
determined by using the following equations [TAtingnent, DSR]:

L= 3AXT
"~ Bwt? (5.21)
_GgxA
T

(5.22)
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Where:
I,w,t = the effective length, width and thickness of $bbéd rectangular sample, [mm]
A,B = geometry factor,A D[(i)2 +(V—V)2]°‘5and B= [1—35—ttan(n—w)].

2 2 T w t

When using the DMA dual cantilever clamp, theess and strain are not
constant throughout the sample thickness. The maxitevel of strain occurs at the
sample surface, while the center experiences amsit all. This also means that both
stress and strain can have a positive or negaitive depending on whether it is on
the top or bottom surface of the sample. The falhgwequations express the
maximum stress and strain levels and do not incirdecontribution from the clamp
[TA instrument, DMA:

_ 3F
" owt? (5.23)
_ 3xtF, : _ [ [
g=——>—*—— with F=0.7616- 0.02718 ot 0.1083H[q( (5.24)
P+ @+v)()°]
5 |
Where:
I =sample length (one side), [mm];
v = Poison’s ratio, [-];

F. = clamping correction factor, [-].

C

: DMA 800

: DMA 2980

: DSR MCR 101
: DSR 1000

: DSR 2000

® Q0T

Figure 5.5 Image of the used test instruments
5.3 Calibration

Figure 5.5 gives an image of the various DSR andADiNstruments used in this
study. The test conditions that were used for moota adhesive zone tests by
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application of these instruments are summarisedainle 5.3. Here the instrument
calibration will also focus on these test condition

Table 5.3 Test conditions for various instruments

Type of test Instrument Loading Mode Frequency
. DSR 1000 Oscillatory torque
Mortar fatigue test DSR 2000 controlled 10Hz and 40Hz
DSR MCR 101 Oscillatory torque
. DSR 1000 fy forq 10Hz
Adhesive zone shear controlled
. DSR 2000
fatigue test Rotational+ Oscillator
DSR 2000 y 10Hz
Torque controlled
Dynamic force
Adhesive zone tensior DMA 800 -controlled 10Hz
fatigue test DMA 2980 Dynamic displacement 10Hz
-controlled
Adhesive zone static DMA 800 Static force-controlled -
test DMA 2980 Static force-controlled -

Table 5.4 gives the calibration plan for theimas instruments. First of all, four
different types of bitumen were used as test sasmpleeompare the DSR 2000 with
the DSR MCR 101 by using the standard parallekglaSecondly, a cylindrical delrin
specimen was used to relate the DSR 1000 with tB& R000 by means of the
specially designed clamp system used for the mdests. A stainless steel strip
(60mmx12.41mmx0.43mm) was applied to compare thek D@th the DMA
instruments. These strips were used in DMA duatilesrer bending test and the DSR
2000 and DSR MCR101 torsion tests. By doing alk¢htests, the relation between
the four instruments could well be established.

Table 5.4 Calibration plan for various instruments

Location TUD WHUT
Material DMA DSR DSR DMA
ateria 2980 1000 | PSR?2000 MCR101 800
bitumen S53.1
) ) Standard parallel plates i
Stainless steel strip | s5.3.4 S53.3 S534
DCB ) Rectangular torsion DCB
Cylindrical delrin S5.3.2
) Cylindrical torsion ) i

Note: DCB =dual cantilever bending

531 Sandard parallel plates

In this instrument calibration procedure, four hiten types; 30/45 Pen, 40/60 Pen,
70/100 Pen and 160/200 Pen produced by Q8, werd. Use allow for proper
comparison, parallel sampling was carried out fitim bitumen of the same batch.
The sample of each type of bitumen was stored m dmall cans. One of the cans
was brought to WHUT for testing and the other wsesduat TUD The following tests
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were performed using standard parallel plates:

(1) Check of the measured linear visco-elastic bielia by means of a small strain
amplitude sweep testing at an interval of@Grom -10C to 60°C. The obtained data
are used to determine the strain levels which atleiwthe linear visco-elastic range
at various test temperatures.

(2) Frequency sweep tests: for temperatures beldRC3 8mm diameter parallel
plates used with 2mm gap width; for temperaturesval20°C , 25mm diameter
parallel plates used with 1mm gap width. The oyetemperatures for these test
geometries are at 2@ and 30C. Test frequency ranged from 0.05 to 50Hz.

(3) The difference between the DSR 2000 and DSR MCRwas evaluated based on
the shear complex modulus obtained from the twisingents.

Figure 5.6 gives the typical results of frequermsweep tests at various
temperatures as conducted on the 35/40 Pen bituf@eth DSR instruments
produced similar data. However, a direct compariebrthe data is not possible
because the output is at different frequenciesaAssult, the data produced by one
DSR instrument needs to be well described by a indte model must be accurate
and flexible to calculate the complex moduli undarious conditions. With the aid of
the model, the complex modulus that should be nredshy the other instrument can
be back-calculated. By doing this, the modulus eslcan be compared.

1.E+09 2
nﬂﬂs%38§§§§§§_§_2§.§.§. RRABAA
T X o000 oS
& 1E+07 + Xxxxxxxxx ST Lt
%) 8(25*&6( -d-t"'ﬁ:‘-:'
=2 S -h+‘5+d— 0o
=] >6<’8K o ©
3 & ﬁ-}d-'ﬁ'-ﬁ-i-dr 00 ® Lab N
€ 1.E+05 ﬁ_ﬂ.—d‘ 0000 AAA ooO
x 0 © a2 50°
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Figure 5.6 Complex modulus of 30/45 Pen bitumedeurirequency sweep tests at
various temperatures

It is known that the rheological propertieskifuminous binders can be well
described by a master curve using the time-temperaiuperposition principle. This
principle allows to shift data obtained at varidamperatures with respect to time.
The master curve of the complex modulus construateal reference temperature in
this manner, usually is a function of reduced tondrequency. In general, this curve
can be mathematically modelled by a sigmoidal-sHapetion described as [Bahia,
Hanson et al 2001]:

-89 -



CHAPTER 5:  INSTRUMENT CALIBRATION

— G* + G; _G;

¢ A/ F)K (5.25)
Where

G, =G'(f - 0), equilibrium complex modulus; =0;

G, =G (f - =), glass complex modulus;

f. = location parameter with dimensions of frequency;
f°  =reduced frequency, function of temperature;
k, me= shape parameters, dimensionless

The reduced frequency is determined by muliiglythe test frequency by a
temperature shift factora, :

f'=fxa (5.26)

This shift factor is usually described using thellMfs—Landel-Ferry (WLF)
formulation:

C(T-T,)
lo =—-— 0
9(a) C,+(T-T,) (5.27)
Where:
T, = reference temperature, [K];
T = test temperature, [K];
C,,C,= model constant.

or using the Arrhenius Equation:

_ M, 11
9@ =5 30R T f) (5.28)

Where:
AE, = apparent activation energy, [J/mol];

R = universal gas constari= 8.314 J/(K.mol).

To construct the complex modulus master cuofdébese four types of bitumen,
a reference temperature of’"@was chosen. The experimental data were thed fitte
the sigmoidal-shape function given by Equation 5i25ombination with a shift
factor as per Equation 5.27 or Equation 5.28. Athe model parameters or constants
can be automatically obtained by minimizing the meaative error using the Solver
function in the Excel spreadsheet.
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Figure 5.7 Complex modulus master curve of thd3®en bitumen constructed by
using the optimal temperature shift factors a exfee temperature of 4D

Table 5.5 Temperature shift factors for varioysety of bitumen

Temperature Bitumen
[*Cl 30/45 Pen 40/60 Pen 70/100 Pen  160/220 Pen
-10 698.8 482.5 336.2 196.8
5 149.2 146.9 113.0 122.2
27.1 25.5 25.2 25.2
5.2 5.0 4.7 5.1
10 1 1 1 1
20 3.67E-02 3.85E-02 4.07E-02 4.46E-02
30 2.34E-03 2.56E-03 3.04E-03 4.06E-03
40 1.98E-04 2.30E-04 2.94E-04 5.04E-04
50 2.94E-05 3.37E-05 4.85E-05 9.00E-05
60 5.99E-06 6.81E-06 1.08E-05 2.24E-05

Initial fitting results indicated that neithehe WLF formulation nor the
Arrhenius Equation is capable to acceptably desctite measured rheological
behaviour. The data at high temperatures (low reducequencies) do not fit the
model perfectly. This indicates that both Equatidrd7 and 5.28 can't describe the
temperature dependence of the bituminous bindees twe wide range of test
temperatures.

To get a better model fit, the shift factor fach temperature was determined
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without applying any temperature shift equationminimize the error. Figure 5.7
gives an impression of fitting results obtainede Temperature shift factors are listed
in Table 5.5. As shown in Figure 5.7, a perfecisfibbtained for all test data over the
wide temperature range.

1.E+10
_, 1LE+08
[
a,
8
S 1.E+06 |
8 .
c . © 30/45 Pen
S Model fit p
3 1.E+04 + o P +40/60 Pen
e ‘
g ) o 70/100 Pen
@)
1E+02 + 4 160/220 Pen
1.E+00 1 1 1 1 1

1.E-09 1.E-06 1.E-03 1.E+00 1.E+03 1.E+06

Reduced frequency [Hz]

Figure 5.8 Model accuracy of master curves froem@isR MCR 301

Table 5.6 Determination of model parameters for master curves
Model parameters 30/45 Pen 40/60 Pen 70/100 Pen  /22®@Pen

G, 0
G, [Pa] 7.411E+08  6.959E+08 6.511E+08 6.386E+08
f. [Hz] 0.5642 0.7045 2.521 12.352
me[-] 1.062 1.053 1.055 1.066
k[] 0.2147 0.2202 0.2165 0.2086
R? 1.000 0.999 0.999 0.999

Figure 5.8 gives an impression of the modeliemxy for the master curves for
these four different types of bitumen. Due to vsiyilar properties, the difference
between the data obtained from the 30/45 Pen bituamel those of the 40/60 Pen
bitumen is so small that they are not clearly digtished in this log-log plot. The
statistic results listed in Table 5.6 demonstratd the fit of the master curves is very
good with B values very close to 1.

To obtain the difference between these two Di@Rruments, the mean
percentage relative error (MPRE) between the maddhta measured by the DSR
2000 and the DSR MCR 301 is evaluated:
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i T2%100

(5.29)

Where:

j =the j-th testdata,

i =the i-th type of bitumen;

n = the total number of test data for each bitumen;
m = the total number of types of bitumem=4.

The mean percentage relative errors are listefable 5.7. The overall mean
percentage relative error is equal to 3.4%. Sushmall error indicates that the DSR
2000 and DSR MCR 301 are comparable with each.other

Table 5.7 Mean percentage relative errors
MPRE, %

Overall 30/45 Pen 40/60 Pen 70/100 Pen 160/220 Pen

3.4 3.5 2.8 3.2 4.3

Figure 5.9 gives a comparison between the cexnplodulus measured by the
DSR 2000 and the complex modulus estimated basédeomodel for the DSR MCR
301. As one can observe, the data obtained fromm B&R instruments are identical
with each other. Thus it is concluded that theredsclear distinction between these
two DSR instruments as used for bitumen measurenignmneans of parallel plates.
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Figure 5.9 Comparison between the modulus meadwedtie DSR 2000 and the
modulus estimated based on the model for the DSIR IZTL

5.3.2 Cylindrical torsion
5.3.2.1 Introduction
In previous section, the two DSR instruments wemagared when using the standard
parallel plates as well as the standard test puoeedn this case, the data outputs, i.e.
stress, strain, complex modulus as well as phagke d&etween stress and strain are
automatically processed and generated based drlable box behind the instrument,
(see Figure 5.10). However, these functions arievs not to be valid any more for
non-standard tests because of complex specimen ejgonThis concern was
evaluated and the results will be discussed heneaft

For non-standard tests, the tough problemesdefinition of the so-called gap
distance, i.e. the distance between two paralikpl Figure 5.11 gives an illustration
of the gap distances in the DSR standard parddgtpand the non-standard tests, i.e.
mortar and adhesive zone tests. As indicated, #pedjstances in the mortar and
adhesive zone are really dependent on the locatimre the specimen was clamped.
Furthermore, the geometries of these test specirmaendeyond the DSR standard
parallel plates that are used for bitumen testiAg.a result, the gap that was
determined by the DSR instrument is not reallyewfhg the effective specimen
height that allows the instrument to determine shape factors. For example, the
effective height of the mortar specimen is 12.742asrdetermined in the previous
chapter. With respect to the adhesive zone, iectife height may be very small, i.e.
15pum.
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4 Rheology Advantage Data Analysis - [sf2000-40Hz-10C-A-S_07-00000]

[<] File Edt User Columns Yew Graph Database Report Options ‘Window Help

== - ) S L kuE ? N

e
H e L B = [Time swesp step 60 bum 60 min v] & Tsample ysan‘ple ngme G
Traw Hraw‘ @ j
|4 4 Time sweep step 60 Nmm/&0 min - Abarted fry User 14

tme | [requency [ aap [asc. torque | displ [rawphase  |osc. stress (sample] | strain (sample) [delta IE ]

s 't [Hz [ micre m | microH.m |rad |degrees [Pa | derees [Pa
1lsz87 100 40.00 TEE 53350 00123 27.43 1.280E6 0.053763 2330 {2 3E0ET
21312 100 1000 TEE 59950 0.0136 2868 1.289E6 0.056657 24.08 2.276E7
32832 100 40.00 66 53950 00141 2353 1.297E6 0.059359 2462 21397
4370 100 40.00 7EE 53350 00146 038 1.303E6 0.080881 25,09 21377
54248 100 4000 76E 53350 0.0150 .08 1.309E6 0.062826 25,50 2.084E7
65823 100 40.00 766 53950 00154 3170 1.314E6 0.064473 2587 2.038E7
76200 100 40.00 766 53350 00157 3228 1.319E6 0.086011 2620 1.938E7
gl77.78 100 4000 76E 53350 0oen 3273 1.3236 0.067333 2643 1.983E7

Figure 5.10 Typical data output obtained from@&R 2000

<H>

The upper plate

BN Bumen |

The bottom plate

Figure 5.11 lllustration of the gap distanceshia DSR standard parallel plates (left),
the shear mortar test (middle) and the shear tet@adhesive zoon (right)

The difference between the actual gap distaar the effective specimen
height indicates that the test procedure for nandsdrd tests can not fully copy those
of the standard parallel-plate mode for bitumetirigs As a result, the data output of
some variables, especially those having a relatiith the specimen geometry, need
to be corrected. Data post processing for non-stahdSR testing is discussed
hereafter.

As shown in Figure 5.12, the sample varial{gg,., 6., anda,,.) are
dependent on the input of instrument includingz andJ and have nothing to do
with the input of specimen geometry (r.@ndh) during data processing by the black
box of the instruments. However, as the terminahdaoth the specimen stress
T.me @nd strain y_ . is influenced by the input of instrument parametas well as
the specimen geometry as mentioned above. By isglthis, it is clear that proper
instrument parameters (¢ andJy) must be used for any tests. It also indicates tha
when proper instrument parameters are used as,irthet sample variables
(Tome @ande,,. ), which may be output by the instrument if possilere the corrected
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values for direct stress and strain analysis.

T =Raw torque that is applied by machine

raw

6,

raw

= Raw radial deflection that is applied by maehin

0., =Raw phase angle between maximly and &,

raw raw

Raw variables

Machine self-calibration variables

| = Moment of inertia Excel spreadsheet
M = Air-bearing friction

J = Compliance of clamp

Sample variables

A4

Tsanple = Torque in the sample

Oairple = Radial deflection in the sample
Ogmpe = Phase lag between maximt]-rgme and G

Sample geometry

Back calculation

Sample sub-variables

Tsarmle = Maximum shear stress

= Maximum shear strain

y sample

G" = Shear complex modulus

Figure 5.12 Two potential approaches of data ppsicessing including
straight-forward and back calculation df, ,.and 6,

Unfortunately, this kind of knowledge was neaiable during the LOT project.
As a result, the raw outputs,( ,4,,and g,,) were mistaken for the sample outputs
(Tarmpe » Bampe  ANAJ, ) @and were used directly to calculate the stresssarain. The
error of this mistake is still unknown and thus chée be evaluated. For this reason,
data correction will be discussed after ample imsigto various instruments is
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obtained.

Figure 5.12 shows two potential approachesl&ta post processing that allows
to calculate the real specimen loading and defoomat,_,,. and 6, . Besides the
straight-forward approach based on the raw varsabtenbining with the instrument
parameters, the other approach is back-calculdtjonsing the “wrong” outputs of
the sample sub-variables(,. and y,..) together with the “wrong” specimen
geometrical inputs. This approach seems to be cbartyt is very practical indeed.

As indicated by the flowchart in Figure 5.12,., and y,, are firstly
affected by various instrument parameters (i.e.4 and J) and thus proper
instrument parameters must be used as input. &kiady data processing will only deal
with the influence of the specimen geometry. As tioeed earlier, the correct input
related to the specimen geometry is not availabtenbn-standard tests during this
procedure. The instrument just continues the dategssing by using the wrong input
since it is outwitted to perform the testing. Timsplies that the cause of error in
Teme and y_.,. only roots in the specimen geometrical inputshié instrument
parameters are correct.

The above discussion results in the conclusiat the real specimen torque
T and deformationg,, . can be obtained by means of back-calculation. ildhase,
a relatively simple dada post processing is nedéaedexample, dividing the “wrong”
T.me DY the “wrong” stress factor leads to the mggl; similarly, dividing the
“‘wrong” y.... by the “wrong” strain factor leads to the reg|,. . After obtaining the
real T, and é,,., the actualr_ . and y,,. inthe sample can be determined by
using the correct shape factors as discussed itio8ét2. For practical reasons, this
approach appears to be very promising. Proof afwlill be given later. An appendix
will be given at the end of this chapter shows howise this practical approach for

data post processing.

5.3.2.2 Resultsand discussion
In the following, the cylindrical delrin specimerag/used for calibration tests on the
DSR 2000 and DSR 1000 instruments. To get insigiib ithe instrument
performances the test conditions below were consitle

- frequency sweep tests from 1 to 100Hz in displaceroentrolled mode;

- frequency sweep tests from 1 to 100Hz in torquerotiad mode.

Figures 5.13 and 5.14 show the frequency swestresults under displacement
and torque controlled modes by means of the DSR.20@nhust be noted that in these
figures, the raw torque and displacement are mdfieio the output of torque and radial
deflection angle,T_, andg_, obtained from the instrument directly. The torgondhe
sample and the displacement in the samplg,. and 6,,,., were computed by

using the two approaches for data post processisg@vn in Figure 5.12.
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Figure 5.13 Frequency sweep test results und@ladisment-controlled done by
using DSR 2000 (hereafter, raw torque and displacgénT,_, andg,, ; sample torque

and displacement: and 6, ; 1. straight-forward calculation; 2:
back-calculation)

Tmnpl e

Figure 5.13 shows that,, exhibits a strong frequency dependence, while the
computed T, remains fairly constant. The latter is in good agment with the
constant applied displacement,. Moreover, there is a slight difference between
g..and 6,.,.. This is due to the contribution of the clamp eyst However, such a
contribution is limited compared with the actuataeation of the specimen.

Similar trends can also be observed in the cdeequency sweep testing in
torque controlled mode, as indicated in Figure 5\Wen the applied torque remains
constant, the measured displacement shows a sfreqgency dependence. The
trends amongg,, , T...and é,.,.are all logical. Again, a small gap exists between
the displacement in the sample and the total medslisplacement.

The computedr,,,. and 4., on the basis of the proposed approaches are
comparable with each other, indicating that bottambroaches are capable to derive
the correct values ofr_, and 4, dependent on different output data obtained

from the instrument. This is important for the datarection in the case of the LOT
project in which only the raw measured value weported from the laboratory.
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Figure 5.14 Frequency sweep test results undeuescontrolled done by using
DSR 2000
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Figure 5.15 Frequency sweep test results in teoguérolled mode done by using
the DSR 1000

The above tests that were performed by usiegt8R 2000, were also carried
out by using the DSR 1000. Figures 5.15 shows fraqu sweep test results in the
torque-controlled mode done by means of the DSRO1@bmpared to the data
obtained from the DSR 2000 (see Figure 5.14), ittascluded that the DSR 1000
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behaves in the same way as the DSR 2000.
Another important remark is that don’'t mistakg, for 4., during the data

analysis. It must be noted that the definitiondhafse two parameters are different.
Figure 5.16 gives an example using the delrin sampk the applied frequency
increases, the raw phase angig, deflects from the sample phase anglg,. more

obviously. Only when the applied frequency is mughaller than the resonance
frequency, thegs,, is comparable with thes, . . This will be demonstrated by

le *
means of the test data obtained on the steelwtriph is discussed in the following
section.

4
m]
¢ Raw phase angle@ DSR 1000
— 3 O Raw phase angle@ DSR 2000 <©
$ X Sample phase angle@ DSR 2000
§’ + Sample phase angle@ DSR 1000 2
> 2 -
= u]
2 o
©
2 o e
s @ 3
O T T T T T
0 20 40 60 80 100 120

Frequency [HZ]

Figure 5.16 Impression of the differences betwegn and &,

mple

For the purpose of comparison between the t8& Ihstruments, the stiffness
measurement results in Figures 5.14 and 5.15 wsee. Ut should be noted that these
tests were done under the same conditions, i.eénde&mple, frequency sweep from
1Hz to 100Hz with an applied torque of 100 microN.m

As indicated in Figure 5.17, the DSR 1000 tetwdsmeasure a higher stiffness
than the DSR 2000. If the mean value of the stiénie selected as the reference value,
then the stiffness values measured by the DSR D@pproximately 12.5% higher
than those measured by the DSR 2000.
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Figure 5.17 Indication of instrument differencesrbgans of stiffness measurements

5.3.2.3 Rectangular torsion
This section will focus on the comparison betwden SR 2000 and the DSR MCR
301. Emphasis is on investigating the instrumenrfiopmances with application of the
special designed clamp system. Use was made aifirdests steel strip with a length
of 60mm and a width of 12.41mm and a thickness.4Bidm in stead of the thin
bitumen film. For the DSR MCR 301, the speciallysidaed clamp system for
adhesive zone testing was utilized. However, foe BSR 2000 its standard
rectangular clamp system was used. After clampinghée test setup, the effective
length becomes 50mm. The test program describeshfter, which is similar to the
one that was used for the delrin specimen, was ins instrument calibration.
Figure 5.18 shows the test results on the sl obtained by means of the
DSR 2000. As can be seen, a strong resonance effectred during the torque
controlled frequency sweep test. When a constagu&amplitude ofT,, is applied,

the signal of g,, exhibits frequency dependence and a sharp peak wealcurs at a

test frequency of approximately 25Hz, the so-catksgbnance frequency. This figure
clearly shows thatr,, fails to representr, .. Again, 6,.,.is slightly smaller than

6,

raw *
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Figure 5.18 Torque controlled frequency sweepresilts obtained by means of the
DSR 2000 using the stainless steel strip

200
2 DAANYAAAAMNMNNAAANNNAAAANNAAARANN
160 - 4 8
iy . + phase angle
(&) 1
> 150 | : Araw phase
O, |
o |
8 .'
80 - .' Resonance frequency
(U 1
g |
40 - ;
0. I i

0 20 40 60 80 100 120
Frequency [HZ]

Figure 5.19 Comparison betwees,,. (phase angle) ands, (raw phase)
obtained by means of the DSR 2000 using the s&srgeeel strip

Figure 5.19 shows thag,, depends on the test frequency. However, the phase

-102 -



CHAPTER 5:  INSTRUMENT CALIBRATION

angles,,,. remains relatively constant. This should be theecsince the stainless

steel strip used is an elastic material. As indidain Figure 5.19,5,, is only
comparable withg,,,, when the applied frequency is smaller than thenasce

frequency. This is in good agreement with the desé obtained on the delrin sample
(see Figure 5.16).

When the same tests were done by means of SiReMICR 101, different results
were obtained; this is shown in Figure 5.20. Thadaown in this plot were obtained
from the frequency sweep test in the torque cdetiomode. A huge increase in
torque and displacement is observed at the frequeh@pproximately 12Hz. This
frequency is clearly the resonant frequency. Despftthe resonance effect,, is

exactly equal toT_,. . This also holds for the relation betweep, and 4, .

60000 300
50000 7 b o Raw torque T 250
= x Torque in sample 8
o 40000 " © Raw displacement T 200 g
“'jo + Displacement in sample g
=% 30000 - = - 150 g
(<) B [5)
> Q
g ® K]
S 20000 - X . X -+ 100 &
2 o™ X4
N =4 ¢ o »r», 4 °
10000 o RN o S o S 50
e %600, N %
O T T T T T 0
0 10 20 30 40 50 60

Frequency [Hz]

Figure 5.20 Frequency sweep test results undguéocontrolled mode done by
DSR MCR 301 using the stainless steel strip

More tests were performed to check these phenanby using different test
mode, i.e. torque sweep tests with a maximum agpieque of L10N.mm at various
frequencies. As can be seen in Figure 5.21, thee hmgrease in torque and
displacement is also observed at the frequencyoninal 12Hz. As discussed previous,
the resonance effect would lead to a nonlineatioglship between the raw torque
and displacement. However, a linear relationshiphesvn in Figure 5.21 is obtained
when DRS MCR 101 was applied for the measurements.

Combining all these discussions leads to theelosion that the data processing
of the DSR 2000 differs from the one of DSR MCR .10he later directly provides
the actual torque and displacement in the specimkith can be directly used for the
stress and strain calculations.
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Figure 5.21 Torque sweep tests done by meaned®8R MCR 301 using stainless
steel strip
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Figure 5.22 Difference between the DSR 2000 ardX8R MCR 301 indicated by
test data from the steal strip

To obtain insight into the difference betwebka DSR 2000 and DSR MCR 301
instruments, the sample stiffness obtained fromh bostruments was compared.
Figure 5.22 shows the measurement results undesatime test conditions. Here the
stiffness is related to the stainless steel stith & width of 12.41mm, a thickness of
0.43mm and an effective length of 50mm. As can bheeoved, the DSR MCR 301
measured a higher stiffness compared with the gabi¢ained from the DSR 2000.
Due to data scatter, the representative stiffneasmsndicated by two dashed lines.
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These lines are mainly determined based on ddtavdtequencies since they are less
influenced by frequency and thus more reliable. ddyng this, the representative
stiffness for the DSR MCR 301 is determined as ®.48m/rad, while the
corresponding one for the DSR 2000 has a lowerevafu0.408N.m/rad. Therefore,
the shift factor for the DSR MCR 301 can be detesdias 0.929 when the DSR
2000 is chosen as the reference instrument.

5.3.24 Dual cantilever bending

From the findings of the DSR calibration presenitedhe previous sections, it is

known that in frequency sweep tests one should ewathe dynamic effect on the

data output. The frequency dependence of the ragefdisplacement could be used
to investigate the data processing. Besides dynamsiing, the DMA instruments

were also used to perform static tests on the aghesne. Therefore, the difference
between dynamic and static test modes should bep@@d. For these reasons,
frequency sweep and constant force-rate statis veste performed.

Figure 5.23 gives the overlook of the test getamd the results of frequency
sweep testing under displacement controlled modenbgns of the DMA 2980. As
observed, the raw displacement and force remairly fabnstant as the applied
frequency increases. As known from the calibratidnthe DSR instruments, the
resonance effect can only become significant whentést frequency is close to the
resonant frequency. Furthermore, the resonant émmu is close to the natural
frequency. At this point, the applied test frequendll be compared with the natural
frequency of the test item and then the ratio ahlie used as an indicator of the
resonance effect.

120 8
100 BB OB OB BB OB BB
1
E g PP FRFPRFFgrEaRLE
B z
3 60 1 ¢ Measured amplitude 14 3
S o
= X Modelled amplitude 2
g 40 1 O Dynamic force 9
20 | + Modelled force
0 : : : : : 0
0 20 40 60 80 100 120

Frequency [Hz]

Figure 5.23 Test set-up (left) and typical resuits displacement controlled
frequency sweep test done by means of the DMA 2980

The test data in Figure 5.23 resulted in a $amspiffness of K = 55000 N/m.
According to Equation 5.5, it results in a naturaquencyf, = 215Hz. Apparently,

this computed natural frequency is beyond the umsént capability (i.e. maximum

-105 -



CHAPTER 5:  INSTRUMENT CALIBRATION

frequency of 100Hz) and thus can not be checkestjr

Similar to the DSR calibration, the force am@ tisplacement amplitudes to
which the sample is subjected were also computeahdgns of post data processing.
The back-calculation was done using stress anthalreided by the corresponding
shape factors. Figure 5.23 shows a comparison eettve computed values and the
raw output values obtained from the DMA instrumehs. observed, the computed
values are in good agreement with the output vallibgs indicates that the DMA
2980 is capable to directly provide the actual éoemd displacement to which the
sample is subjected.

The difference between dynamic and static tests also investigated. Figure
5.24 presents the test results obtained from ataonslisplacement-rate controlled
test and a frequency sweep test from 1 Hz to 1Q0tHz observed that the dynamic
data is consistent with the static data irrespecti the change in frequency. The
linear fit of the data obtained indicates that amrall error is 3.7% for dynamic
testing when static testing is used as the refergatue.

20
Dynamic
y = 58.497x
15 1 R% = 0.998i e
— -
Z 2N\
8 10 1 :g—/-""' y = 56.407x
5 - R®=0.9993
LL e
& Static
7 L -
-
0 ; ; ; ; ;

0 0.05 0.1 0.15 0.2 0.25 0.3

Displacement [mm]

Figure 5.24 Comparison between static and dyné&sicesults done by DMA 2980

As shown in Figure 5.25, similar results amoalbtained for the DMA 800. The
computed force and amplitude is identical with tiaev ones obtained from data
output. With respect to sample stiffness, dynamtst result in a mean value of 49.67
N/mm. However, static tests show a higher meanevafu58.20 N/mm. Combining
these two mean values leads to an estimated efrdd.3% when static testing is
selected as the reference.
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Figure 5.25 Frequency sweep test results by mefaDMA 800

Table 5.8 gives the stiffness measurement teesabtained from both DMA
instruments. Compared with the DMA 800, the ersoapproximately 3.1% for the
DMA 2980 based on the static stiffness data. A maxn error of 14.7% is found in
the case of dynamic testing by means of the DMA. 8B0general, both DMA
instruments are comparable with each other.

Table 5.8 Stiffness measurement results by melaD§é\ instruments

Instrument DMA 2980, TUD DMA 800, WHUT

Test mode Dynamic test Static test Dynamic test Static test
Sample stiffness 58.50 56.41 40.67 58,20
[N/mm]

Error [%)] 0.5 -3.1 -14.7 -

5.3.25 Correlation between DSR and DMA instruments
As discussed above, the calibration tests for tMADaNd DSR instruments were
executed under different stress modes, i.e. shehbending tensile stresses. In order
to relate DMA data to DSR data, the material modbliained from DSR and DMA
testing were compared. Because the calibration leangmains the same, i.e. steel
strip, the material modulug,calculated from DSR and DMA testing should be equal
to each other. If different values would occumgant that a calibration factor should
be introduced to correlate DMA data to DSR data.

According to Equations 5.23 and 5.24, the masliquation for a rectangular
cross section sample, analyzed on the dual caetildamp, is as follows.
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1+ 2 aenytyy
E :fx5—| =

y (5.30)
X 2wWtF, kxS

Where:
13[1+1—52(1+v)(|5)2]

“ 2WtF,

, shape factor;

S = F , sample stiffness.
X

Based on Equations 5.21 and 5.22, the trafigfetion for rectangular torsion is
written in the form

E=Gx2(+v)=Lx201+v)= 6(;+")'
y

T_
W g S (5.31)

Where:

k=28 shape factor;
Bwt

:% , torsion stiffness.

Based on the specimen geometry, one can olkgin2.567x16MPa.mm/N and
k,= 427.2MPa.rad/(N.mm) withv= 0.3 via the empirical formulas. Hereafter, these

factors will be further checked by using finiteralent simulations.

ABAQUS package (Version 6.6-1) was used taugpethe finite element models.
In Figure 5.26, the DSR test set up (bottom) andfiiile element model (top) are
shown. The steel strip and the clamp system ali@atbfis a deformable body. The
contact between steel strip and clamps is a fullyded one obtained by means of a
tie element. The effective length between the tdanps is 50mm as indicated in
Figure 5.26. The end of the bottom fixed clampui$y/frestricted. However, the upper
clamp is only allowed to rotation. The type of etrhused for the steel strip is
8-node hex-structured and the rest is 4-node tediraim due to the irregular shapes.
The torque is applied at the upper clamp by meérisroe acting on the edge of the
rounded bar and normal to the radial direction. fitesh refinement was checked by
varying multiple-levels of mesh density.
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Figure 5.26 DSR test set up (down) and 3D finléenent model (upper)

To determine the value df,, the following material parameters are given as

input: E =2x10MPa v=0.3for both the stainless steel sample and the clamp
system.When a torque of 12.5Nmm was applied, the compuleitection angle
obtained from FE modelling was 0.02389 rad. Base&quation 5.31, the specimen
constantk, was back-calculated as 382.2MPa.rad/(N.mm).

1.6mm —> 7.8mm 16.7mm 7.8mm 16.7mm 7.8mm <|_1.6mm

Figure 5.27 DMA test set up (up-left), 3D finitéement model (up-right) and
clamping positions and sizes on the sample (bottom)

Figure 5.27 shows the DMA test set up (upp#)-knd the 3D finite element
model (upper-right). The whole set-up is definegateformable body. Similarly, the
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constraints between the steel strip and clampsra@elled using tie element. The
movement at the bottom ends of four support baesfalty limited. The type of
element used for the steel strip is an 8-node krextsired one and for the rest a
4-node tetrahedron is used because of the irreghbgres. To simulate the actual load
that is applied by the DMA, the model is loadednbgans of concentrated force that
is acting on the end of the loading bar. Figure7 5o gives an impression of the
locations where the clamps contact the sample disated by the gray parts. The
mesh density was also checked to obtain stable gtatipnal results.

To determine the specimen constaqobf the DMA set-up, the same material

parameters as used for the DSR simulation are Wigkdn a force of 12N was applied
via the load bar, the displacement of the load dmanputed by means of the FE
modelling was 0.1484mm. Based on Equation 5.30y#thee of k, was calculated

as k = 2.473x16MPa.mm/N.

Combining all these discussions leads to tmelosion that the values ok and
k, determined by means of empirical formula are iestifby performing finite
element simulations. Hereafter, the values lofand k, determined from finite

element simulations were used to translate the leasijffness into material elastic
modulus.

Table 5.9 gives the modulus of the steel satspcomputed from the DSR and
DMA measurements. In Table 5.9, the modul&npf the steel strip was determined
by using Equation 5.30 for DMA measurements andgigquation 5.31 for DSR
measurements, respectively. After that, the diffeeebetween the various instruments
was compared in terms of the modulus. Since the D&R did not perform tests on
the steel strip, the modulus listed in Table 5.8pomsible for the DSR 1000 was
estimated from the relation of delrin stiffness sw@aments by means of the DSR
1000 and DSR 2000.

Table 5.9 The computed modulus of the steel diyipmeans of DSR and DMA
measurements

K S k, S E Error
Instrument [MPamm/N] [N/mm] [MParad/(N.mmj) [N.mmirad]  [Mpa] [%0]
DMA 800, WHUT 2473 58.2 - - 1439286 3
DMA 2980, TUD 2473 56.4 - - 1394772 g
DSR 101, WHUT - - 382.2 439 167785.8 203
DSR 2000, TUD - - 382.2 408 155937.6 118
DSR 1000,TUD - - 382.2 458* 174946.2 554

Note: *DMA 2980 is the reference instrument; **dstimated by the relation of delrin stiffness meagu
by DSR 2000 and DSR 1000.

Based on the test data listed in Table 5.%laive instrument calibration was
carried out. To do this, a reference instrumemédgiired. It should be noted that both
DMA instruments used in this study are able to qrenfan absolute calibration. The
absolute calibration allows to perform the forced atisplacement (i.e. position)
calibration. This procedure ensures the DMA insegamis in good condition. The
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data listed in Table 5.9 also show that the eretwben the DMA 2980 and DMA 800
is fairly small, i.e 3.1%. With respect to DSR mshent, the absolute calibration is
more troublesome. As a result, a relative calibrats provided by the manufacturer
to examine the DSR instrument.

Combining the discussions above leads to theclasion that the DMA
instruments used in this study seem to be moraldeli For practical reasons, the
DMA 2980 was chosen as the reference instrumentddyparing other instruments
with this reference instrument, the errors wereaBined as given in Table 5.9. The
errors for other instruments range from 3.2% to4%2&. This indicates that the
instrument accuracy is withinl15%.

It should be noted that the errors listed ibl@eb.9 are related to the material
modulus. For example, the DSR 1000 tends to measurigher material stiffness
compared with the DSR 2000. To minimize the diffie the stiffness obtained from
different instruments should be multiplied by aresponding instrument correction
factor.

Similarly, such an approach may also be usedcdaect the force or
displacement. For example, the same material defitom may result in different
material load that are measured by different imsemits and vice versa. An instrument
factor that accounts for such a difference showdssigned to each instrument and
then allow to correlate the measurement data odddiom various instruments.

200000
Measured modulus
-g- 160000 | [ After correction “ §
§120000§555 \ §3:3: § % —
e
40000 - : | -] -

DMA 800 DMA 2980 DSR101 DSR 2000 DSR 1000
Type of machine

Figure 5.28 Example of using instrument factorsdorect various moduli obtained
from different instruments into a unique modulusewhthe DMA 2980 is the
reference instrument

Combining all the calibration results leadgshe instrument factors as given in
Table 5.1. For the purpose of minimizing the dateead, these factors can be used as
a multiplier of the measurement data obtained fthenvarious instruments. Figure
5.28 gives an example on modulus correction. Agcatdd, various moduli obtained
from different instruments are corrected into aquei modulus by multiplying the
corresponding instrument factors as given in T&ble In this study, all the tests were
performed in force or torque controlled mode. Ipii@s that the stress, to which
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material is subjected, is more important for datalgsis. Considering the fact that
various instruments were used for material testintpis study, it was decided to use
the instrument factors listed in table 5.1 as atipliér on the stress to minimize the
spread of the fatigue data hereafter.

5.4 Data correction

The results of the instrument calibration indictitat the raw load provided in the
data output may not be equal to the real matesid Idepending on the instrument
used. Among these five test instruments used B1ghidy, the DSR 1000 and DSR
2000 instruments fail to provide the real,,. and 4, directly. The other

sample
instruments are capable of providing an acceptabtput. Therefore, data provided
by these two DSR instruments need to be verifietlcamrected.

As mentioned earlier, the test data producethénlaboratory during the LOT
project were reported by the raw variables, ewm, , 4, and g, for the

raw raw

non-standard DSR tests. The stress and strain there directly calculated using
T, and g, and the specimen geometrical factors. The materdalulus was obtained

by dividing stress by strain. The instrument cailom shows that the mentioned
above approach that was used for stress and stesgnmination may lead to loss of
accuracy. Hereafter, the data correction is cawigdn the available raw data and the
reverent instruments parameters. Detailed infolonas given in Section 5.2.1.6.

It should be noted that the DSR 2000 and DSROI®@inly used for mortar
fatigue tests in this study. Only a limited amowit adhesive zone tests were
performed by these two DSR instrument. In the feitg, focus is on the correction
of the mortar fatigue data using an Excel spreagistie Section 5.3.2.2, it is shown
that the correction calculated by means of the #opsgused in this Excel spreadsheet
is correct.

The following data correction includes the teeqthe displacement, phase angle
as well as initial total dissipated energy per eydhe initial dissipated energy per
cycle was also involved because it was used asdioaitor for mortar fatigue in the
initial phase of LOT project [Huurman & Mo 2007]h& initial dissipated energy per
cycle was calculated using the following equation:

W = 7% 1, x ) xsing (5.32)
Where:

W, = dissipated energy at th& cycle, [MPa];

I, = shear stress amplitude at tlifecycle, [MPa];

¥ = shear strain amplitude at th& cycle, [-];

3 = phase angle between maximum stress and stdgigrde];

Figure 5.29 gives a comparison betwegpand 4. . It must be noted that the
data points in this plot stand for the initial vaduofg,, for all of mortar fatigue tests.
As observed, g, is larger thang,_, since the former consists of the sample

1 Yraw mple

-112 -



CHAPTER 5:  INSTRUMENT CALIBRATION

deformation and the contribution of the clamp gystéAs the displacement reduces,
the ratio of g, over 6, increases, indicating that at very small displaeets, the

difference betweeng, and o, becomes significant. It is suggested that special

attention should be paid to tests done at displaogsrsmaller than 0.01rad since the
deformation of the clamp system may become siganitic

0.04
= 0.03 1 °
g g
£ 5
2 0.02 £
] (0]
O Q
@ <
2 7]
2 0011 © Raw displacement r04 3
% X Displacement ratio L 0.2
@ &CQ :

//
0.00 \ ‘ ‘ 0
0.00 0.01 0.02 0.03 0.04

Sample displacement [rad]

Figure 5.29 ¢, compared withg,,,, using the mortar fatigue data obtained from
the DSR 1000 and DSR 2000 ( displacement ratiof), 7 6,,,.)

Figure 5.30 shows a comparison betweagpand T, using all of the mortar
fatigue data. As can be seen, a highgfresults in a higherr, .. However, T,

tends to underestimate,, . because it does not take into account the torguecid
by inertia effects. The ratio of,,, over T, varies from 0.8 to 1.

raw sample
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Figure 5.30 T, compared withT_,

Figure 5.31 shows a comparison betwegpand 4, .

Sample torque[10°N.m]

mple

using mortar fatigue data

Most of the data points

are close to the line of equality as indicated g tliagonal of the plot. The ratio

obtained by g,/ ... remains within a range from 0.8 to 1.2.
e
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Figure 5.31 g,, compared withg,_ . using mortar fatigue data

Figure 5.32 shows a comparison between theimdial dissipated energy per
cycle and the computed initial dissipated energy qy&le, in which the former is

calculated based on the raw variables, (9., and g_,) while the later is dependent
on the sample variables (. ,6..,. ands,,.) obtained by data post processing. As

observed, the raw initial dissipated energy petecigexactly equal to the computed
initial dissipated energy per cycle in the samplais indicated that almost all of the
dissipated energy in the whole test setup is foentést specimen.
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Figure 5.32 Raw dissipated energy compared witmpeded dissipated energy

using mortar fatigue data
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Figure 5.33 Relationship between
stress by means of.

sample

number of cytdefailure with corrected shear

Figure 5.33 shows the relationship between rarmolb cycles to failure and the
corrected shear stress in a log-log scale. Wherpadny these results with the data
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obtained from the uncorrected shear stress showligare 4.36 in the previous
chapter, it was found that the fatigue lives artesth to a slightly higher stress level.
This is in agreement with the overall relationshgiween T_, and as shown in

Figure 5.30.

Tsanpl e

5.5 Conclusions

In total two DMA instruments and three DSR instrumsewere calibrated using
different reference samples and different clampesys. By comparing the calibration
data obtained from the above-mentioned instrumeittds concluded that the
instrument accuracy is within15%. This could play an important role in the data
scatter.

Among the mentioned above instruments, the OB8B0 and DSR 2000 are
unable to provide the actual torque and radialedéifin angle to which the test
specimen is subjected. The rest instruments arbbapo directly provide this kind of
information for the stress and strain calculations.

The raw torque, radial deflection angle and phase that were measured by the
instrument itself are not exactly equal to the egponding values to which the
specimen is subjected. Demonstration of this i thase variables are frequency
dependent when an elastic material is tested. Taverethe direct calculation of stress
and strain based on the raw values may resulsmadbaccuracy.

A practical procedure that leads to proper itgstrpretation has been given for
the non-standard tests on mortar and adhesive gaeimens (see Appendix 5.1).
These non-standard tests can be performed in #melatd control mode, i.e. using
parallel-plate mode. However, data post processmgneeded for proper test
interpretation. In this case, strain and stresslishioe derived from the raw measured
values (torque and deflection angle) and the relewvestrument parameters or should
be based on the back-calculation of the torquedafiéction angle in the specimen as
discussed in this chapter. The later approachagqat to be more practical and thus is
recommended for other users.

Data correction has been performed and the dbsaccuracy due to improper
test interpretation was investigated. In the LO®jget, the mortar strain tends to be
overestimated by a factor of 1.02~1.20. The mostaess was underestimated by
0~25%. The overall error in the phase angle seamsetlimited. The raw initial
dissipated energy per cycle is identical with tioéual initial dissipated energy per
cycle.

A final remark is that checking the measuretnuata is very necessary for the
non-standard tests. To do this, a complete da@rtrém the laboratory is required.
This report should consist of detailed input infatmn on instrument parameters,
specimen geometry and relevant output data obtainedg a test. This information
allows to correct the obtained data by means & past processing.
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Appendix 5.1

Practical procedure for mortar test using DSR 200@&nd DSR 1000

The general procedure for conducting mortar shesting using the DSR 2000 and
the DSR 1000 is described in this appendix. Foswnihow to perform the so-called
nonstandard tests by outwitting both instruments laow to obtain the correct data
for stress/strain analysis by means of data pastgssing. Information on sample
preparation is thus not described.

1. Instrument self-calibration
1.1 Instrument inertia calibration
On the “Options” menu, point to “Instrument”, athen click.

.Rheology Advantage Instrument Control AR - [Instrument status]

Fle Edt Instrument Geometry Procedure MNotes Experiment wizard Help
=] 2N
Experinent
Settings
2ero elapsed timer
dure Alaflex PH 25
\ & szt L sencrceasoe Al Cl it i
—_— User level >
& Parameter Actual' Value Required Value
@ temperature 225 60.0
Ta
£g torque -2.743E-3
)| ¥| shear stress -8.941E-4 [
b ir
11| 14| velocity 2.582E-3
13 | shear rate 0.01281 Unknown
i
»
displacement 7523.4400
strain 37336
normal force -0.2359
viscosity -0.06979
gap 2519 2519
sample compression mode none
gap monitor mode gap value
oven Tully open
< -]
Read and display instrument options O|o:00:40 M

In the Options Instrument, click “Inertia” menu,ipbto “calibrate” and click.
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Options Instrument E‘El
Temperature | Gap | Miscellsneous | Inertia i| 1D
Instrument inertia [micro M.m.s"2) [1575 | [ cCalbrate |
Total system inertia fmicro N.m.s"2) 17.73

Instrument was last calirated 10 days ago

The instrument will automatically calibrate thetmsnent inertia. After completing
this procedure, it will report the value of thetimsnent inertia and edit it in the box.

1.2 Select test geometry
On the “Geometry” menu, Click “Open”, select “25n#MC steel plate”. Or directly
click “25mm ETC steel plate” under the “Geometry&mu if available.

. Rheology Advantage Instrument Control AR - [Instrument status]

Fle Edt Instrument Procedure Notes Experiment Options Wizard Help
e
Open.
» Hiew
B SummayIfemation.. -
== Oscilltion procedre fieq Alaflex PH 25mm ]
‘ ﬂ, AR-2000EX T = R sneep 01400 12cs g (sfaltaflesph-Thich 000Z0) el ]
—————————— 2emmETCsteel plate
& 1 Paramei 3 RAP Cylindrical 6 mm solid sample. Actual Value Required Value
4 Cyindrical 6 o solid samp
s tempera _* Grindidl § mm soid sanele 25 60.0
%
a
v torque 0.013980
1) ¥ | shear stress 4.557E-3 0
o 1t
1o | 24| velocity -0.01316
1 3| shear rate -0.06530 Unknown
i
o .
displacement 7523.2200
strain 37335
normal force -0.2376
viscosity -0.06979
gap 2519 2519
sample compression mode none
gap monitor mode gap value
oven fully open
< 3
[open this grometry Les03:20 MO
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1.3 Set zero gap
Fix the upper and bottom clamps into the DSR imsémnt.
Point to “zero gap” bottom and click.

[S9]C=eS|
|Ji e ‘ L et asspns sl e ] e
bty Parameter Actual Value Required Value
o | temperature 225
5
5 ™| torque 1.407E-4
1) Y| shear stress -4.585E-5 0
o 1t
1. Lt| velocity 1.349E-4
1 1| shear rate 6.693E-4 Unknown
.
Ezmgeslisplacement 7523.4500
strain 37337
normal force -0.2370
viscosity -0.06851
gap 2519 2519
sample compression mode none
gap monitor mode gap value
oven fully open
< | £
zer0 Gop Jo e oM

1.4 Calibrate the geometry inertia and the gap teperature compensation
Highlight the “25mm ETC steel plate”, select theett;ng” menu and click the
“calibrate” bottom of the geometry inertia (i.eetblamp plus the mortar specimen).
After completing, edit the obtained value into Hox.

Click the “calibrate” bottom of the gap temperatwwempensation then edit the
temperature range. The instrument will calibrateghrameter automatically.

; Rheology Advantage Instrument Control AR - [ArGeomz] [ (=E5]

Fle Edit Instrument Geomelry Procedure Notes Experiment: Opfions Wieard Help
D& d & N B TN
L4
& snasoet B =it A L1 i e
4 Description | Dimensians | SeCtngs [Factors
5 Colbration
jy Geometry inettia (micro Mm.s*2) | cobrate |
1 Complance (rad/i.m) 313063
e 1 Gap temperature compensation (micr m{C) | 3.1 Enah\etn[vectmr\
1 2
1 e Backoff distance (micro m) 10000
o i Apprasimate sample valume () 049
L
For Help, press Fi O|n02i27 [T
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1.5 Calibrate the compliance of the test setup

This step has to be performed manually. It requier$orming a static rotation test on

a very stiff material by using the same clamp. Wss made of a stone column and a
stainless steel strip. Based on the relationshipvden the applied torque and the
induced deflection, the compliance of the testsean be derived and edited in the
required box as instrument input.

1.6 Calibrate the air-bearing friction
On the “Options” menu, point to “Instrument”, areéhb click.
In the Options Instrument, click “miscellaneous’

Options Instrument

Temperature | Gap | M

[¥] Bearing fiction correction

Bearing friction [micra N.m/(rad/s)] | 1.083

Torque oifset [micro M.m] o

Temperature calibration

System

Peltier plate

Torsion aven - plate
Tarsion aven - salid sample
Pellier concentic cylindsrs
Starch cell

Upper heated plate
Electrically heated plates

5| Inertia | ID

Span
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000

Offset ['C)
0
1]
1}
0
0
0
1]

‘maepoint to “calibrate” and click.

5]
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1.7 Edit the specimen geometry
Highlight the “25mm ETC steel plate”, select theménsions” menu and edit the

sample diameter and the gap. The diameter of timplsacan be measured and thus
the input is known. However, for a nonstandard bestond the parallel plates, the
gap is troublesome. In this step, the instrumentold to perform the standard
parallel-plate testing. So it is suggested to use default value, for example,

Diameter = 25mm and Gap = 1000 microm.

; Rhenlogy Advantage Instrument Control AR - [ArGeom2] LEX

Fle Edt Indtnmert Geomelry Procedie hotes Experiment Options Wiard Hep
Ded = & A | B N

»

o ETC steslplate == Oscllation procedure freq g Alusfles PH 25mm

Ji, LS L e et %= sweep 01400 1adis (staiaflesph T hich-00020]
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1.8 Edit the test procedure
Highlight the “test procedure”, click the “Test” me
Select “Test type” , e.g. Time sweep for fatigustitey.

Edit all the test settings according to the tegtin@ments from the “Test” menu to the
“general” menu one by one.

& Rheslogy Advantage Instrument Control AR - [OscProc2] [E]=E]
File Edit Instrument Geometry Procedure Notes Experiment Options ‘Wizard Help
DEME » & A BE 2R
»
Alraflex PH 25mm
ﬂ. AR-2000EX L o5mmETC stesl plate 8 | Shster o J
§ | name | Aedvanced | Cortrled siess | Generl
o | T2 | [osstatonprocedursfeq swesp o-1-400 ras
& | sees
»
a
gl Dursen e [roteag |
Tl
1
o o
=7 g i vt
» || [COE00EE]
=] ~
Nakes D
Frequency
@© Single O Muliple
frequency (Hz) v 1000
For e, press i Doz o

1.9 Edit the experiment notes

Highlight the “Notes”, click the “Experiment notesihenu and edit the run
information. Save the data file by selecting “Dimg”.

 Rheology Advantage Instrument Cantrol AR - [ArExpN2]
Fle Edt Instrument Geometry Procedure Motes Experiment Options Wizard Help

EEIX

D@~ [ Em e | EE BN
» .
e ETC sl == Dscilation procedure freg g Alaflex PH 25mm
ﬁ, L L 2o T s %" sweep 01400 1adds " fck-ahvafloxpheT High-00020)
) |
)
]

o

. |

; |

’ ‘ \

1 File name |staliaflenph-Thigh Fun Number B = |
o L[| Doy Dot o St e DocurentsT] [ Browe
| 3| | Operatr [Defouit User ] ‘
13 1" ‘ Vaiiables
2 Sample densiy 1000 alen" |

Expeiment Notes

stianseep 01107

A
Alraflex PH
temp: +60 tat +200
conlr stess

For Help, press Fi Dlo:1e:15 )
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2. Run the test

3. Data Report

The data report from the laboratory should incltidefollowing:

(1) Instrument self-calibration: moment of inertiair-bearing friction and

compliance.

(2) Report the inputs of the sample geometry: samiameter and length.

(3) Report the variables including time, tempermatufrequency, gap, torque,
deflection, raw angle, stress in sample, strageimple and phase angle.

M Rheology Advantage Data Analysis - [sf2000-40Hz-10C-A-5_07-00000]

[<] Eile Edit UserColumns View Graph Dstsbase Report Options Window Help

(=)= N S L kR 2 @eN

*
B e L B = |Tlme swieep step 60 himm 60 min v| <= Tsampl e yyimple Jsmple G
Traw Hraw 5'3
| :
‘ V‘ Tihive swieep step 60 Nmm/60 min - Aborked By User
time I [frequency  [gap [osc toque | [rawphase  |osc. stress (sample] | stiain [sample) [deka |l [
s [’c Hz [wiciom [micro Nom [1ad [ degrees [Pa | |deqrees [P
1]9.237 100 40.00 TEE 53350 00123 27.43 1.280E6 0.053763 2330 12.380E7
21313 100 40.00 TEE 53350 00136 22,68 1.283E6 0.056857 2406 2.276ET
3|2e92 100 40.00 TEE 53950 00141 2959 1.297E6 0056959 2462 21997
4)38.70 100 40.00 TEE 53950 00146 3033 1.303E6 0.060931 25.09 2137E7
54848 100 40.00 TEE 53350 00150 31.08 1.303E6 0.062826 2550 2.084E7
65823 100 40.00 766 53950 0.0154 .70 1.314E6 0.064473 2587 2.038E7
7|68.00 100 40.00 TEE 53950 00157 2 1.319E6 0.066011 26.20 1.998E7
87778 100 40.00 TEE 53350 00181 3279 1.323E6 0.067393 2643 1.96367

(4) For mortar fatigue tests, report the failuvedtion: close to the steel ring or not.
For adhesive zone tests, estimate the percenthefsack and cohesive failures in
accordance to their respective areas and locations.

4. Data post processing: real strain and stress lcalation

The data post processing is a must for strain tredsscalculations. First of all, export
the test data to an Excel sheet and do the follpwsiaps:

Stepl: determine the torque and displacement itamspecimen

3
T _ T ample X R
€ 2
Yeampie X H
emmple: =
R
Where:

H = gap distance;
R =the radius of the parallel plates, 12.5mm.

Step 2: calculate the mortar stress and straimeaptiter edge of the mortar column

- 2XT e

m3
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esanple xr

Py
Where:
h, = the effective length of the mortar specimen742mm.;

r  =the radius of mortar specimen, 3mm.

y:

Step 3: the shear complex modulus is determinadyusi
="
y

Step 4: the steps given about are only valid fortamoresponse measurement and
mortar fatigue tests that failure occurs at thedi@dsection. For mortar fatigue tests
that specimens failed at the location close to dteml rings (see Figure 4.35), a
calibration factor that takes into account the lostiess concentration must be
introduced:

2xT
T:k3 s@snple
m

9 le xr
y=k—=F
hy
Where:
k, = the calibration factor that accounts for lostaéss concentratiok,= 1.10.

Similar procedure is also applicable to adhesiveezests by means of DSR or DMA
instruments. In this case, only adhesive zone sigesf interest. Since the definition
of the bitumen film thickness is impossible, thdcakation of strain and stiffness
modulus thus becomes unavailable.
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6 ADHESIVE ZONE DAMAGE MODEL

6.1 Introduction

Porous asphalt is a special asphalt mixture witloid content of 20% or more after
laying and compaction. In such an open structine cbarse aggregates form a stone
skeleton that creates the load bearing capacity sggistance to permanent
deformation. The mortar, made up of fine sandgrfilnd bituminous binder, binds the
aggregates together. An adhesive zone, where tismmoeets the stone surface can
thus be defined. Failure of this specific adheshame, called adhesive failure,
contributes to ravelling of porous asphalt. Thedfrgon of the fatigue life, i.e. the
number of cycles of repeated traffic loadings tbemive failure is thus important for
the design of ravelling resistant porous asphalt.

In general, the efficient prediction of théidae life must take into account the
state of stress to which the material is subjedt@tte element simulations of porous
asphalt mixtures showed that the adhesive zonesufjected to 3D states of stress
(i.e. a combination of two shear components and oenal stress), which are
changing from location to location within the mists [Huurman & Mo 2006;
Huurman 2008; Mo & Huurman 2007, 2008]. Furthermdhe stress signals that
develop in the adhesive zones during tyre passagesfar from sinusoidal as
commonly applied in classical fatigue tests. Thamef translation of such complex
stress signals into life expectancy requires a d@maodel that accounts for 3D states
of stress and complex stress signals.

This chapter describes the development ofraage model for adhesive zones
taking into account the 3D state of stress and ¢exngtress signals. The model is
based on extensive laboratory tests on specimenstimsist of two stone columns
bonded by a bitumen film. In the test program senade of dynamic mechanical
analysers (DMA) and dynamic shear rheometers (D8@&)h uniaxial tension and
shear fatigue tests on adhesive zones were perforittee effect of complex stress
signals was investigated by application of varifarse/torque signals, i.e. sinusoidal,
haversine and static. The model was further vadifldty using extra data from test
setups which allowed the application of a comboratif normal and shear stresses.

6.2 Damage model

6.2.1 Failurecriterion

The thickness of the adhesive zone that binds ttwnescolumns together is far
smaller than the other two dimensions. The statstrefss to which such a zone is
subjected, can be explained by one normal stredst@o shear components (see
Figurer 6.1). The strength properties of bitumethin films differ significantly from
the ones of bulk bitumen [Mack 1957; Majidzadeh &riih 1968]. This is especially
true for the compressive strength. It is believet such a thin bitumen film is able to
withstand very high compressive stresses. Usutilly, failure mode of thin films
under compression is different from the one undasite or shear loads. In general,
the tensile and shear stresses are great of inmoerta investigate the failure of thin
films that act as adhesive between two solid satestr Under mixed shear and tensile
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stresses, the failure behaviour of the adhesive iI@m®expected to be very complex.

Several failure criteria have been proposed toamphe combination of shear and
tensile stresses [Broek 1991]. For example,

5 + L =1

T, (6.1)

ﬁ 2 + L 2 =1

@) ) (62)
Where:

o, =normal tensile stress, positive for tension ntligee negative for compression,

[MPa];

o, =tensile strength, [MPa];

r = shear stressy = (r? +12)°°, [MPa];

r, = shear stress component witks1, 2, [MPa];

1, = shear strength, [MPa].

g
Stone

A5
Bitumen
Stone

Figure 6.1 Idealized adhesive zone (left), théestd stress in 3D nature (middle)
and the 2D representation (right)

Rearranging Equation 6.1 results in the follogviorm;
r=-0tg(g)+c (6.3)

Where:

o, =normal stress, positive for tension and negdtveompression, [MPal];

@ =r,/0,angle of internal friction for mixed shear and ienstresses, [degree];
¢ =cohesion,c=17,, [MPa)].

Equation 6.3 explains that when the adhesive Ze subjected to the combined
action of tension and shear stresses, the sheargstr at the moment of failure
reduces as the tensile stress increases.

The shear strength of the adhesive zone magfibdrom the applied normal
compressive stress. The reason is that the shreas sicting along the facture plane to
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promote failure is opposed by the compressive simeing across the fracture plane
which tends to close the crack and prevent faillitee relation between these two
stresses can also be explained by using the irttficizon theory.

T=-0,tg(@)+c (6.4)

Where:
@ = angle of internal friction for mixed shear aranpressive stresses, [degree];

¢ =cohesion,c=7, [MPal].

By combining Equations 6.1 to 6.4, the relatizetween the normal and shear
stresses can be illustrated by means of the caweshown in Figure 6.2 depending
on what kind of function is used. The states oéssirlocated at the area below the
curve will not result in instantaneous failure it result in fatigue.

A T, shear

r=-09(¢) +c

—
»

tension o, , compression

Figure 6.2 Failure envelops for the adhesive zone

It must be noted that the failure behaviourtted adhesive zone may be very
complex and the functions described above might metable to explain this
behaviour properly. Figure 6.3 gives an illustratiof various potential failure
envelopes under mixed shear and normal stressesbt@im the real failure envelope,
it is foreseen that data from the following testditions are required (see Figure 6.3):
uniaxial tensile tests;

- pure shear tests;
- the combination of normal tensile and shear tests;
- the combination of normal compressive and shets.tes
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A 7, shear

Mixed compression & shear

Pure shear |

Mixed tension & shear

Uniaxial
tension ..

tension o, , compression

Figure 6.3 lllustration of various failure enveéspunder mixed shear and tensile
stresses

In the case that the effect of normal tendiless on shear strength is similar to
the effect of normal compressive stress, the failmvelope becomes a straight line
(see Figure 6.3).

r=-o,tg(¢p) +c (6.5)
Where:
¢ = r1,/0,angle of internal friction, [degree].

To determine such a straight line, only twoadabints are required, indicating
that a test program including uniaxial tensile ahdar tests can meet such a purpose.
Most of all, these tests are commonly used in #imodatory and thus available.
However, the extrapolation into the combinatiorsloéar and normal stresses needs to
be validated.

In reality, the adhesive zone is subjectedh®s ¢combined action of shear and
normal stresses. In most of the cases, such a oechbiction may not lead to failure.
It indicates that the effective stress to which dld&esive is subjected is smaller than
the strength. For comparison purpose, the combain of shear and tensile
loading conditions should be transferred into aniveent uniaxial tensile stress or
shear stress. After that, the equivalent tensitehear stress will be compared with the
uniaxial tensile/shear strength. The stress camditithat result in the same/similar
ratio of stress over strength may have a samegsirsifety capacity for strength
design or number of repetitions to failure for dag design.

Any combined action of normal and shear se®san be represented in term of
an equivalent shear/tensile stress by using:

r,=otg(@) +7 <1, for equivalent uniaxial shear stress
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(6.6)

g,=0,+ <g, forequivalent tensile stress

r
[(2)

Where:
o, = equivalent uniaxial tensile stress, [MPa].

r, = equivalent uniaxial shear stress, [MPa].

e

Since the mathematical model for the equivaleridxial tensile and shear stress
is similar, the following discussions are focused the equivalent uniaxial tensile
stress.

Figure 6.4 is an illustration of how to trarisléghe combined action of shear and
normal stresses (red dots) into an equivalentlessiess (green dots). When the state
of stress is below the red line on Figure 6.3,@heivalent tensile stress,, becomes

negative. This indicates compression leading tmitef design life.In this case, a
small shear stress and a high compressive stregistoAs a result, the effect of the
compressive stress is strong enough to countdraatffect of the shear stress. Crack
closure and no crack opening can be expected uhe@ombination of such stresses.
Therefore, it is assumed that the induced damadjenited, or will even not occur
when the adhesive zone is subjected to an equividesile stress smaller than zero.
Therefore, the following discussion is focussingsituations showing an equivalent
tensile stress larger than zero.

A 7, shear

r=-0,tg(p +c

»
tension o, , compression

Figure 6.4 Simplified failure criterion for thelaesive zone

Due to the effect of temperature the failuiree lis expected to change as
indicated in Figure 6.5. As the temperature inasathe angle of internal frictiorp

may increase while the tensile and shear strengfhand r,, decrease. The increase
of gindicates that the benefit of shear strength froemapplied normal compressive
stress increases with increasing temperaturesst$ are done at various temperatures,
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these parameters may also be expressed as funcfiteraperature.

A 7, shear

»
tension o, , compression

Figure 6.5 Model explanation on the effect of tenapure

! Equivalent tensile stress
A 30 degre
0.5 1 N\ 45 degre§ 7
[M| 60 degre
= 0 “ T T !
< 0.02 0.04 0.08 0.1
& 0.5 4
o
& 14\ /|| “Shearstress

"""""""" Normal stress

Time [s]

Figure 6.6 Example of translating normal and sh&egss-time signals into the
corresponding equivalent uniaxial tensile stregetsignal and influence of

Figure 6.6 gives an example of how to trandlagesignals of shear and normal
stresses into the corresponding equivalent terssikss. It must be noted that the
normal and shear stress-time signals in this figuesobtained from a finite element
simulation of porous asphalt. The signals indidhie loads in the adhesive zone
during two tyre passages. More information on dirgte element simulations can be
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found elsewhere [Huurman & Mo 2006; Huurman 2008; &Huurman 2007, 2008].
As indicated, the model described previously camygied to translate the complex
loading conditions to which the adhesive zone igjetted into a simple equivalent
uniaxial stress. Figure 6.6 also shows the infleesfcthe angle of internal frictionp

on the equivalent uniaxial tensile stressAs can be seemultiple values of ¢(i.e.
30°, 45’ and 60) are used to calculate. o, decreases with increasipg

6.2.2 Fatigue damage under regular signals

In this section, we will discuss a fatigue damageleh for the adhesive zone since it
is subjected to repeated traffic loads in realitgd shus material strength is not good
enough for design purpose. Focus is on the fatdtpreage under tensile and shear
stresses as well as the combination of both ssegsediscussed in Chapter 4, the
bitumen layer in the adhesive zone is fairly thiw és thickness is far from uniform
due to surface morphology. Furthermore, the stif§nef thin bitumen films is so high
that the contribution of the stiff, but non-rigithmp system on the total deformation
can not be neglected [Mack 1957; Majidzadeh & HtertD68]. As a result, the
accurate determination of adhesive zone strainatifall definable, becomes
troublesome. Thus stress seems to be a more eeliabibble for further data analysis
than strain. For this reason, investigation offttgue behaviour of the adhesive zone
will be based on stress only.

In the following discussion, a so-called strsgength ratio is used as an
indicator of fatigue damage. The stress-strengtio tia defined as a ratio of the
applied stress amplitude to the static ultimateerggth. Apparently, a higher
stress-strength ratio indicates that the matesaéxperiencing worse damage per
cycle which will result in a shorter fatigue lifAs discussed in the previous section,
the equivalent uniaxial tensile stress was useghdadicator of the load to which the
adhesive zone is subjected. As a result, for ataohstress amplitude and frequency,
the fatigue life can be written as the functiomfor

o,
Ny = f(=)
o,

0

6.7)

Where:
N, = number of cycles to failure, e.g. fatigue lifd,

This equation also holds for uniaxial tension anteshear fatigue following.

g
N, = £ ()
(o}

0

(6.8)

N, = f(—) (6.9)

The above discussion is illustrated in Figurgé &irst of all, it is assumed that
only the states of stress located between the doldered lines may induce damage.
These states of stress are identifiesdgrger than 0. All the points with the same
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value of g, indicated by the green line which is parallelhatite blue line, have the
same fatigue damage behaviour.

A 7, shear

r=-0tg(p) +c

»

tension Oim o, , compression

Figure 6.7 lllustration of the lines of fatiguevdgplence and fatigue limit

When taking into account the fatigue limit, wini is defined as the
stress-strength ratio below which the material wéthstand an infinite humber of
loading cycles, Equation 6.6 becomes:

N, = £(Ze"%my with 7, =0, tg(e) (6.10)

0

Where:
o, = tensile fatigue limit, [MPa];

lim

I, = shear fatigue limit, [MPa];

The line for the fatigue limit is also shownRigure 6.7 by means of the black
dashed line.

Usually, the relation between fatigue life aheé stress level applied using a
constant frequency follows a power law. TherefdEguations 6.7 and 6.10 are
rewritten as follows:

— Je -n
=) (6.11)
and
— Ue — a'lim -n
N, (70 ) (6.12)

0
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Equation 6.11 and Equation 6.12 show two differantels that are capable of
explaining the fatigue behaviour of the adhesiveezonder mixed shear and normal
stresses. The parameters of these two models catleteemined by combining
uniaxial tensile fatigue and pure shear fatiguadaigure 6.8 shows an example of
such a stress-life plot.

4 Stress level

Shear fatigue

Uniaxial tensile fatigue

v

Log N
Figure 6.8 Example of the idealized stress-lifat pl

To determine the fatigue limitsg,,, and r,,, , fatigue tests using very low stress

levels are required and these tests are fairly-iomsuming. Failure usually occurs
after a large number of loading cycles, e.d. dfles. For practical reasons, test are
normally done using stress levels that result imemiban 16 cycles and less than 10
cycles to failure. Any fatigue model that was depeld on the basis of these data
would be only valid on such a wide range of cycksa result, the model may show
its limitations on the predicted fatigue life le#mn 16 cycles or higher than 10
cycles.

3D stress translation

o,=9(r,0,)
Parameter determination
0y, T5,N, @, o

— o 1 > N=f(=®)
sz(fﬂ) lim * £ lim 0’0

O 3D Fatigue verification

T
N=f(—)

Ty

1D Fatigue model

Figure 6.9 Model development for adhesive zonigdatdamage

The discussion above is summarised in Figu@eThe final goal of this study is
targeted at the fatigue characterization of theeanle zone under a combination of
normal and shear stresses by using a simplifiedeindd should be possible to
determine the parameters of this simplified modetdmmonly used uniaxial tension
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and pure shear test data. As indicated, first bfaafunction should be applied to
translate the complex 3D state of stress into leiquivalent uniaxial tensile stress.
By combining the 1D fatigue model derived from widh tension and shear fatigue
tests, the desired 3D fatigue model can be devdldp@ally, the 3D fatigue model

must be verified by means of fatigue data obtaiinech tests in which a combination

of shear and normal stresses is applied. The ancofdhe model will increase when
more fatigue data under complex stress states wadable. Proof of these

assumptions will be given later.

6.2.3 Damage accumulation model for complex signals

The procedure used in road engineering for life eeigncy determination is
illustrated in Figure 6.10. The life expectancyrafelling of porous asphalt concrete
is determined in a similar way. At this moment altd.e. LOT is available for
response calculations of porous asphalt. The oditpat the response calculations is
the strain and/or stress to which the adhesive msabjected (see Figure 6.11). By
using these signals as input for a fatigue model life expectancy of the considered
material is obtained.

Numerical analysis tool Material test
v . v
[Response calculatior [ Fatigue model ]

J

A

Stress & strain Life
expectancy

Figure 6.10 Typical procedure of life expectanogtedmination used in road
engineering

Figure 6.11 gives an example of shear and nostress signals as a function of
time obtained from a finite element simulation dgritwo tyre passages on porous
asphalt concrete [Mo & Huurman 2007, 2008]. It banseen that the obtained stress
signals are very complex and the shape is unligesithe-wave that is commonly used
for fatigue tests. It is furthermore noted that titgained shear and normal stress
signals differ strongly from location to locatiomréughout the mixture structure. As
demonstrated in Chapter 4, the stress signal tlaat applied on the adhesive zone
plays an important role on fatigue life. This iraties that interpretation of these
complex stress signals into damage must take iotoumt the influence of stress
signal. Tests in which only one single type of sdreignal is applied are not enough
for analyzing such a problem. It indicates that degired damage model should at
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least be able to explain the damage under varivassssignals, e.g. static, repeated
load or combinations of these.

0.02 4 0.06 0. 0.1 0.12

Stress [MPa]

-4 Time [s]
Figure 6.11 Typical shear and normal stress ssgobtained from a finite element
simulation during for tire passages on porous dsplwacrete (S: shear stress; N:
normal stress; Number 1,2 and 3 indicate variouations where the adhesive zone
is.) [Mo & Huurman 2007, 2008]

At the start of this project, it was foresebatta complex state of stress may
occur in the adhesive zone and the output of fiaieanent modelling demonstrates
this concern. For this reason, a damage model ithaapable of explaining the
damage development in the adhesive zone under eartgiisile or shear stresses was
developed [Mo & Huurman et al. 2006; Mo 2007].

[o[D I o

— =D =(—\"

a - P@=0) (6.13)
Where:

D =the accumulated damage, [-];

D = the damage rate, {5

t =time,[s];

o =the applied stress, [MPa];

o, =the nominal strength of the material, [MPay;

n = model parameter, [-].

For any given stress-time signal the damageraatation is now described by
the following equation
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D(t) = [ D(o)et Dkf D(o)At (6.14)

The boundary conditions for Equation 6.14 are devis:

D()=0 at t=0 for no initial damage (6.15)
D(t)=1 at t=t for failure occurs (6.16)

As indicated by Equation 6.14, this damage rhaukes use of the integral of
the stress-time signal raised to the powerThe damage is the sum damage
increments based ora linear cumulative damage rule that is known as
Palmgren-Miner’s rule [Palmgren 1924; Miner 1945his is illustrated in Figure
6.12. The model explains that an increase in stresslts in an increase of the
damage rate. The resulting damage increases messdiinearly with time.

4 0.1
—— Stress _
A | \‘ Damage rate 1 008 @
3 [ | | D ' [
| \‘ N amage Q
— YN o
s /] | ) [ RN + 006
s ALV N :
@ 2 | | Q
8 | | | | B
B . | ‘ 4 0.04 °
173} | I | “ | L
“ | . o
14 | ! =
‘ + 0.02 %
A [a]

/,’ \\
0 T T T T T 0
0 0.2 0.4 0.6 0.8 1 1.2

Time [s]

Figure 6.12 lllustration of applied stress and toeresponding damage rate and
damage development over time<1.5,0,=10MPa)

This damage model was verified against data fneonotonic and repeated load
tests. Two different bitumen-stone combinations eveonsidered. Monotonic and
repeated load uniaxial tensile and shear tests wene. The model is capable of
explaining the following phenomena.

(1) For constant stress static tests, the moddigieethe duration of time to failure by

- 0-0 n
=00 (6.17)
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A higher applied stress level will result in a dkeoduration of time to failure.

(2) For constant force rate tests, the model ptedie ultimate strength at failure by

1

o, =[(n+1)x 0y x o] (6.18)
Where:

o = the rate of applied stress, [MPa/s].

A higher applied stress rate will result in a highkimate strength at failure.

(3) For constant stress amplitude repeated loasl wéth a signal of, (sinat + 1)), the
model predicts the number of cycles to failure as

N, = 1
f 7 2nlw . 6.19
J- [Ja(S'2M+l)]”dt ( )
0

0

Where:
o, = applied stress amplitude, [MPa];

w = frequency, [rad].

As indicated, an increase in applied stress anga@itwill result in a reduced life. An
increase of frequency will result in an increas¢hef number of cycles to failure.

It must be noted that the damage model dest@beve is based on the linear
and stress independent accumulative rule. Becaluge simplicity, this rule is still
widely used. But this rule fails to predict whemseguence of various stress levels is
applied [Hwang & Han 1986; Amoz 1990; Fatemi & Ya8P8].

In fact, the damage development is complex ndurfiatigue tests. When a
nonlinear damage model is considered, the damag#elnman be expressed as
follows:

_o
@ _A=D)n (6.20)
dt g,

Equation 6.20 indicates that the cumulative amo@f damage will affect the rate
of damage. In this case, the determination of darda&yelopment is not possible
unless some physical variables are defined as ditaiion of fatigue damage.
Changes of stiffness modulus and/or the appliegirstare usually used for such a
purpose [Hwang & Han 1986].
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For a constant amplitude fatigue test, the dpms expressed using either of the
following two functions:

D(N;) =[E, —E(N)I[E, —E(N))] (6.23)
D(N;) =[&, —&(N)I/[ £, — & N{)] (6.24)
Where:

E, = initial modulus, [Mpa];

E(N,) = modulus ati —th cycle, [Mpa];

E(N,) = modulus at failure, [Mpa)].

£, = initial strain, [-];

&(N;) = strain ati -th cycle, [-];

&(Ny) = strain at failure, [-].

The damage model expresses the damage developwezrg oycle as

_ N‘ N N‘ o N
DIN) =280 = 2 i (N o, (6.25)

Therefore, the model parameters are determinedttiygfthe stiffness modulus or
strain data.

A
Modulus

0,<0,<0,

v

Number of cycles

Figure 6.13 Change of stiffness modulus duringtigfie test

Figure 6.13 gives an example of the trendghef change of the stiffness
modulus during a fatigue test. By using the chasfgle stiffness modulus as damage
indicator, the value ofn at a certain stress level can be determined. By
various stress levels, the function afo) is obtained.

The linear and nonlinear damage rules exprebgeHquations 6.13 and 6.20
present different damage accumulation processes Hgpire 6.14). However, both
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models will finally predict the same fatigue liferfconstant amplitude tests.

1.2
14 =]
¢ Linear rule
0.8 - @ Nonlinear rule
o o
)
2 0.6
IS
8 o
04 4
o
=]
0.2 4 o
o
o a
0 nﬁ:m—ﬂ m I ‘ ‘ ‘
0 0.2 04 0.6 0.8 1 1.2
Ni/N¢ [-]

Figure 6.14 Damage as a function of cycle ratib/(, ) determined by means of
linear and nonlinear rules1(=2.28)

For example, the linear damage rule predicts ttigua life as

1
AT (6.26)

For a nonlinear damage rule, the fatigue life iingel as the moment at which the
sum of damage increments is equal to 1.

DN =3280, =3 {r—p st =L with D(N;) =0 (6.27)

For a random stress signal, both models explain mivenent of failuret, at
D(t,) =1 independent of damage accumulation proceshidrtase, the time to failure

predicted by the nonlinear damage rule is morerateuhan the one predicted by the
linear damage rule [Hwang & Han 1986; Amoz 199GgFRa & Yang 1998].

D(t,) ZZ(:AD“ =1 with D(t,) =0 and D(t,) =1. (6.28)
t=0

For reasons of simplicity and difficulty in éemining the stiffness and strain of
the adhesive zone, the linear damage rule has &eelied to explain the damage
behaviour of the adhesive zone in combination it equivalent uniaxial tensile
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stress.

db - o . T
—=D =(=%)" with =g +—>0,
at () =( 0) 0. =0, tgg (6.29)

otherwise b(ae) =0 wherp, <0

Figure 6.15 gives an example of how the danmgedel translates the complex
state of normal and shear stresses into the ratarohge and damage development
over time. As mentioned earlier, the normal andaslséress-time signals are obtained
from a finite element simulation on porous asphaticrete during two tyre-passages.
As indicated, the damage accumulation after theseyre passages is approximately
0.0023 by using model parametergpf 10MPa, n =3 andg=30 (which are arbitrary

values). As a result, the fatigue life under suohdl repetitions is estimated as
2/0.0023=870 cycles based on the linear damage This example shows that the
model is capable of analyzing the adhesive zoneadanbehaviour under complex
states of stress. This indicates that life time lmapredicted for design purpose.

g

1 0.0025 ¢

Q.

N o

| [}

0-5 4 0.002 3

\ °

b o

’E‘ T T <
o s+ 0.0015

s 0.02 0.04 ol %

9 2

a o

g 1. Normal stress + 0001 =

n 2. Shear stress ‘\S_

3. Equivalent stress 1 0.0005 =,

4. Rate of damage o

5. damage development g

o8

i o

Time [s] o

©

©

Figure 6.15 Example of how the developed damaggehtoanslates the normal and
shear stresses into the rate of damage and damager dime
(0,=10MPa,n=3 ¢=30)

Figure 6.16 shows the procedures that werevi@tl to determine the model
parameters ,,n andg) and to verify the model. Initially, the model pareters were

only determined by using uniaxial tension and stiesr data. To take into account
complex stress signals, two distinct loading signa.g. static and repeated load
stresses were used for the determination of theempdrameters. After that, the
model was verified by using extra data, coming fiests using a mixture of normal
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and shear stresses as well as other signals. $@ste were done at various
temperatures, the temperature dependencies of thdelnmparameters could be
determined. By incorporating the functions of mogerameters, , n andg on

temperature into the damage model, a generalizedge model was obtained.

1
A 7, shear :T_ _______ Static test i
1
i Repeated loa
| Ipppfereadioat
1 1
! Damag model |
! |
Parameter //:" IrreQular stress |
determination 20 !
7 fMV\ M/\\q |
4 | l > |

D S . g 1
Pure shear s 4
. /O Model
i VAR verification
Uniaxial 1,7
tension . /‘ ................... Mixed normal & shear
, A4 >

tension o, , compression

Figure 6.16 Procedures of parameters determinatidrmodel verification

6.3 Model parameter determination and model veriftation

6.3.1 Introduction

In this section, a brief introduction of the teststhe adhesive zone is given. It should
be noted that hereafter “stress” means the codesiresses in which the specimen
geometrical and instrument factors are taken ioctmant. More detailed information
on these two factors can be found in the previtapters.

Figure 6.17 shows the test set-ups for the sidhdests. The applied signals for
the tests are shown in Figure 6.18. All tests wdome in force controlled or
torque-controlled mode. Repeated load tests weme dba frequency of 10Hz. Table
6.1 lists the test plan for parameter determinatma model verification. DMA
repeated load testing, DMA static testing and D%Reated load testing were
suggested for this purpose. With respect to modegfigation, extra tests at different
temperatures and using different stress signalse weerformed. It should be
mentioned that approximately 200 adhesive zone imges were tested at
temperatures ranging from -10 to 2D. In total 8 combinations (2 types of stone,
short-term and long-term aged bitumen, water c@rditg and no water conditioning)
were considered. More detailed information candumdl in Chapter 4.
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Figure 6.17 Various set-ups for adhesive zons {@stDMA uniaxial tension test; b:
DSR shear test; c: Oblique shear test with an anflé5’; d: DSR normal-shear
combined test).

DMA static test

DSR Static normal force

DMAdynamic test
DSR additional test

Time

Torque / force

DSR dynamic test
DMA additional test
Normal-shear test

Figure 6.18 Graphical representation of the agpdignals in the DMA, DSR and
normal-shear combined tests
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Table 6.1 Test plan for determination of modebpagters and model verification

Bitumen Short-term aged bitumen (SB) Long-term dgjadnen  (LB)
Stone Sandstone (B) Greywacke (G)
Test Water
conditions condition Water immersion (W)
Material B+SB ‘ B+LB ‘ B+SB_W ‘ B+LB_W G+SB‘ G+LB| G+SB_W‘ G+LB_W
combination
Temperature®C)
DMA 0, 0, 0, 0,
dynamic test 10,20 10,20 0,10,20 0,10,20| 10,20 10,20 0,10,20 0,10,20
Parameter DMA static -10, -10, -10,
determination | test -10, 20 20 - - 20 20 - -
DSR -10,0, -10,0, -10,0, -10,0,
dynamic test 10,20 10,20 0,10,20 0,10,20| 10,20 10,20 0,10,20 0,10,20
DSR
dynamic test 5 5 5 5 5 5 5 5
DMA
additional 10 10 - - 10 10 - -
Test
DSR
Mode! ion | additional 10 10 . - 10 10 - -
test
Oblique -10,0, -10,0, -10,0, | -10,0,
shear test 10,20 | 10,20 ) ) 10,20 | 10,20 ) )
DSR
normal-shear 10 10
test

Note: number, e.g. -10, 0, 10 and 20 is test teatpez,°C

6.3.2 Model parameter determination
As mentioned above, the proposed damage modepabtsa of determining damage
development under any stress-time signal. By chofcéhe model parametersy,,

nand ¢ the damage will reach the value of 1 at the entkstf e.g. at the moment

of failure. In the following, the model parametersre determined and optimized by
least error fitting:
Step 1:estimate the value of model parametgrs andg at each temperature.

Step 2:determine the amount of damage during a singleptatm cycle in the case of
repeated load or the amount of damage during andeicothe case of static load for
each individual test using

o (t+a)+o,t) |

6.30

DO=Y4{|——2——| xat (6.30)
UO

Where:
D) = the amount of damage in a single complete aycla a second [-];
o,.(t) = the equivalent tensile stress at tihe[MPa];
o,(t+At) =the equivalent tensile stress at time At , [MPa];
At = the time increment, [s].
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Step 3:determine the fatigue life in seconds to failuse a

t; =0.1x N, = 0.1x 1 for repeated load test
D@

(6.31)
1 .
t, =—— for static test
T D) (6.32)
Where
N, = number of cycles to failure for repeated tests WOHz;
t, = time to failure, [s].

Step 4: compute the relative percentage error betweemtbdelled and measured
log(t, )and apply a solver to minimise the average of #iative errors by alteration

of the model parameters.

The results of the procedure discussed abowemsuized in Table 6.2. As
indicated by the correlation coefficients ot iR this table, a good fit was obtained for
most of material combinations. More detailed disguss on the model parameters
will be given later.

As shown in Figure 6.19, the predicted time ddufe compares well with the
measured time to failure. The data plotted in thgsire include the effects of
stone-bitumen combination, water immersion, tempeea and type of testing. One
can see that the time to failure as predicted byntiodel is in good agreement with
the measured time to failure.
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Table 6.2 Summary of determination of model patanse

Material

n

Temperature erial [ @ R2

[°C] combination [MPa] [-] [degree]

B+SB 20.69 3.17 54.8 0.96

10 B+LB 18.91 2.57 74.2 0.87

G+SB 22.21 2.90 66.5 0.45

G+LB 22.34 2.90 66.2 0.49

B+SB 12.85 459 275 0.98

B+LB 13.75 4.33 27.1 1.00

B+SB_W 13.01 4.52 27.0 1.00

o B+LB_W 11.10 5.49 25.1 0.98

G+SB 11.10 5.49 25.1 1.00

G+LB 11.93 5.36 24.0 0.95

G+SB_W 15.03 4.64 22.8 0.39

G+LB W 11.93 5.36 24.0 0.96

B+SB 14.53 3.09 33.1 0.90

B+LB 14.89 3.01 326 0.69

B+SB_W 13.24 3.16 31.6 0.09

10 B+LB_W 10.99 3.55 30.1 0.66

G+SB 10.99 3.55 30.1 0.81

G+LB 8.18 3.83 324 0.39

G+SB_W 9.78 3.03 35.7 0.82

G+LB W 8.18 3.83 32.4 0.98

B+SB 8.69 2.89 40.4 0.93

B+LB 7.51 3.33 38.2 0.98

B+SB_W 10.53 2.69 38.5 1.00

20 B+LB_W 9.00 3.15 27.0 0.78

G+SB 7.49 2.90 443 1.00

G+LB 9.98 2.77 39.6 0.60

G+SB_W 10.81 2.30 49.6 1.00

G+LB W 6.92 3.41 37.0 0.81
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Figure 6.19 Comparison of the predicted and meakslife time to failure

Figure 6.20 shows more details of the modedipability to predict life time
under both static and repeated loading. Use wag mBBMA and DSR repeated test
and DMA static test data. Two temperatures,’@@nd 20C are considered. As can
be seen, all data points from the repeated loadstaiit tests are well dispersed along
the line of equality. This indicates that the modelcapable of explaining life
determined by means of static and repeated lo#l tes
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Figure 6.20 Model capability for predicting liferie from static and repeated load
tests (a: -1C; b: 20C)

6.3.3 Mode verification
The model above was further validated by compatireg predicted with measured
fatigue life time obtained from additional testdi€Be additional tests were done at
additional temperatures and using different stiggeals (see 6.18). The data for
verifying the model are shown in Figure 6.21. Isiated explicitly that the extra data
used for model verification purposes are not used the model parameter
determination shown in Table 6.2 and for fatigée firediction shown in Figure 6.19.
The model parameters for the additional tentpezaof 5°C as shown in Figure
6.21, are obtained by interpolation of the pararselisted in Table 6.2. The DMA
and DSR tests performed using additional stresgakig see Figure 6.18, are
described by direct application of the parametisted in Table 6.2. The same holds
for describing the combined shear-normal streds.tes
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Figure 6.21 indicates that the predicted lifieet for 5C correlate well with the
measured data. The trends in the tests in whiclitiewlal stress signals are applied
are also described properly. However, it is obskrtteat the fatigue life of the
additional DSR and DMA tests as predicted by thaatpe model tends to be smaller
than the measured one. Furthermore, some datasgmm DMA and DSR additional
fatigue tests are out of the boundary. The modeioisvery sensitive to the DMA
additional test data since the predicted life tseems more or less constant while the
measured life time varies. The reason for this t&yhat a pure sine signal is applied
for these tests and the healing effect due to dingpcession period within a cycle may
play an important role. A similar trend is also eh&d on the predicted life time for
DSR normal-shear tests, for which a combined aatioshear and tensile stresses is
applied. The data obtained from the oblique sheatstare described properly.
Generally speaking, the proposed model is capablexplaining damage that
develops under a combination of normal and sheasss.

6 -
< DMA additional test A DSR additional test L ’
5 O Oblique shear test + DSR normal-shear test ,/'
X DSR dynamic test at 5 degree el el il
o 41 e KK e
= T xR ﬁ%K el
o e LB [p g
- <X 2T
2 3 /"XD X ?’ o %ogz’Q o
S .ot X7 Do X6 0
s B %’A <
.- S .-
g 21 4 et
| P SV e
1+ ey
0 -7 \’/ T T T T
0 1 2 3 4 5 6

Log measured life [s]

Figure 6.21 Model verification using data obtain&dm tests at additional
temperatures and different stress signals

6.4 Observations on the basis of the model
6.4.1 Temperature dependence of model parameters
Figure 6.22 shows the temperature dependencidseaibdel parameters. Based on
this figure some observations are made which arengbelow:
- The model parametet,, which denotes the nominal adhesive strength stémd

increase with reducing temperature. This phenomeagrees with the
temperature dependence of the tensile and shesargttr of bitumen in thin
films, (see Figures 6.23 and 6.24). As indicathd,walues of, are in the same

order of magnitude with the tensile strengths afirben in similar thin films
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[Majidzadeh & Herrin 1965; Sisko 1968; Marek & Hard968]. However, the
values of g, are much higher than the lap-shear strengthsiok thitumen

films [Babcock & Statz 1998; Yan & Liang 2001; Ktelt & Baladi 2007].
Comparing data reported by several researcherkg@sithe conclusion that no
universal relation between the strength of thimien films and temperature
can be derived. In general, the strength of thinrbén films tends to increase
as temperature reduces, while the strength tendsdetdine at very low
temperatures. This is in agreement with the relatiqp between bitumen
stiffness modulus and tensile strength as showhigare 6.25 [Heukelom &
Wijga 1973]. A very high stiffness modulus (low teemature) may result in a
low tensile strength.

- The model parameteris the exponent for the damage development. A lower
value of n will results in a relatively faster damage devehlgmt. As shown,
the value of n tends to increase with declining temperature f&9fiC to OC
and finally drops down at -1. The initial increase ofindicates that the
decrease in temperature has a positive effect erfatigue resistance of the
adhesive zone. However, the sudden dropnofat -10°C indicates that the
damage development of the adhesive zone is rapédvaemperatures.

- The model parameteris the internal friction angle that indicates tHfee of
the compressive stress on the shear resistandghérhvalue of ¢ results in a
stronger positive effect of compressive stress lom shear resistance. As
indicated, ¢ tends to decrease when the temperature decragase20°C to
0°C. However, the sudden increase at°€lOndicates that the compressive
stress may have a significant influence on the rshesistance. The initial
decrease ofp with decreasing temperatures is in agreement witht can be
expected. At high temperature, the bitumen filmdoees softer and the chance
that the stone columns are touching each other igh hesulting in
higherpvalues. The reason for the large value at’Cl® not clear at this
moment and more data at low temperatures is thosresl to further explain
this phenomenon.

Taking into consideration the temperature ddpane of the model parameters, a
generalized damage model for the adhesive zonbeanitten as follows:

dﬁ: : = 70-9 n(T) = r
pm D(O'e) [JO(T)] and g, =0, +tgm) (633)

As indicated in Figure 6.22, these parameters shbémear relation with temperatures
ranging from OC to 2CGC. To fully understand the influence of temperatomethese
parameters, more data at low temperatures are aie@deen a generalized model is
applied, it is of vital importance to verify the del over a wide range of temperatures
and attention must be paid when extrapolating tloelehto higher and/or lower
temperatures.
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Figure 6.22 Temperature dependencies of modeiyteas
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Figure 6.23 o, compared with the tensile strengths of bitumethin films (a: data

reported by Sisko, film thickness13um, extensiae falinch/min; b: data reported
by Majidzadeh & Herrin, film thickness 20um, exti@ms rate 0.02inch/min ; c:
reported by Marek & Herrin, film thickness 20pumtension rate 0.02inch/min)
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Figure 6.25 Relationship between bitumen stiffnesxdulus and tensile strength
[Heukelom & Wijga 1973]

Figure 6.26 gives an impression of the intefriation theory for the adhesive
zone. The trends in this figure are based on tleeages of the model parameters at
each temperature. Again, the trends at temperatarggng from 8C to 20C are in
agreement with what was predicted. However, atGléhe adhesive zone becomes
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very strong. For example, the damage model prethetso, is equal to 23MPa and
7, =46MPa. Combining these two strengths, a high mateangle of friction of 65is
obtained from the internal-friction theory.

0]
o
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Figure 6.26 Internal-friction theory for the adhe zone

6.4.2 Model interpretation on effects of aging, water and type of stone

Figures 6.27 to 6.28 show the capability of the elad determine the effects of

material combination, stress level as well as teatpee on the damage rate. The

damage rates at various equivalent stresses asriie¢d by means of Equation 6.29.

Please note that a higher damage rate at a gikessdevel indicates a bitumen-stone

combination that is susceptible to damage developnigased on the figures, the

following can be observed:

- Higher stress level results in higher damage ssde Figure 6.27).

- As temperature drops, the damage rate at the saess fevel tends to decrease.
However, a further decrease in temperature regulgs) increased damage rate
(see Figure 6.27). The influence of temperatur¢henrdamage rate indicates that
both very low and high temperatures enhance theldpment of damage.

- Due to the scatter in the fatigue data and the tfaatt only two data points for
each test set are available, it is difficult to @to conclusions on the effects of
aging, water conditioning and combinations of baghwvell as type of stone.

- In general, aging tends to promote the bitumenestadhesion and the aging
effect seems to be very significant afQ@s shown in Figure 6.28-a.

- The effect of type of stone on the damage rateety xomplex. As shown in
Figure 6.28-a, sandstone exhibits a slightly bdttdraviour than greywacke at
20°C. However, greywacke is much better than sandstn@C (see Figure
6.28-c). At 10C, both types of stone behave similarly exceptctirabination of
G+SB_W (see Figure 6.28-b).

- Water immersion tends to have a negative effectrwtie short-term aged
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bitumen is applied. On long-term aged bitumen, #fisct seems to be limited.
Compared with short-term aging, it is found tha tombination of long-term
aging and water conditioning leads to a relatitely damage rate, which further
demonstrates that aging has a positive effect tumigin-stone adhesion.
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Figure 6.27 Effect of stress level and temperaturehe damage rate (values for
o, and nare the average at each temperature)
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Figure 6.28-a Effects of material combination ceimdge rate at various stress
levels at 20C
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Figure 6.28-d Effects of material combination oamdige rate at various stress
levels at -16C

6.4.3 Failure mechanisms

Debonding, or failure of the adhesive zone may petulifferent locations within the
adhesive zone. The major failure types are cohdailre in the bitumen film and
interfacial adhesive failure along the bitumen-stdroundary. In the first case, the
surfaces of both stone columns after debondingavered by fractured bitumen; in
the last case, only one of the surfaces afterriils covered by bitumen. Besides
these two cases, other types of failure, e.g. mifetldre may happen within the
adhesive zone. Mixed fracture surfaces are chaiseteby a certain percentage of
the area that shows adhesive or cohesive failure.

To investigate the failure mechanisms of vasiaghesive zones, the fractured
surfaces after testing were visually inspected #red percentage of the area that
showed adhesive failure was estimated. It mustdiednthat not all of the fractured
surfaces after fatigue failure could be used fahsestimations. Some of them were
distorted because lack of control at the momertheffailure. For the DSR tests, the
failure surfaces tend to be worn off under the fiamcof shear force and finally only
the distorted failure surfaces was observed atetite of the test. Therefore, it was
difficult to clearly define what type of failure ogrred. With respect to other types of
test, it was felt that the information on the faluisurfaces is more reliable when a
pulling-off effect is applied during the test. Baesa the combined normal stress-shear
stress fatigue tests resulted in failure surfabas easily could be inspected. Only the
results of those tests will be presented hereR&pee 6.29).

Figure 6.29 shows the influence of temperatagéng and material combination
on the type of failure. Data plotted in this figunelude two types of stone, short-term
and long-term aged bitumen and four test tempegattanging from -16C to 20°C.
Since the data is obtained by visual inspectide ot exact; three modes of failure
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were defined:
- adhesive failure which occurred over an area latggn 70% of the total area;
- mixed failure; in this case, adhesive failure ocedrover an area between
30% to 70% of the total area;
- cohesive failure; in this case, adhesive failureuoed over an area less than
30% of the total area.

As shown in Figure 6.29, aging increases thssipdity of adhesive failure
especially at relatively high temperatures. Forrsterm aged bitumen (SB) there is
an obvious transition temperature for the failuredes. For example, when
temperatures are abovéC; failure tended to be cohesive failure, while exihe
failure seemed dominant at temperatures beRv 5
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Figure 6.29 Influence of temperature and agingtlo® percentage of adhesive
failure

The change in failure mode can also be usedptai@ why aging shows a strong
positive effect on the damage rate at relativeghitemperatures, but a limited effect
at low temperatures as shown in Figure 6.28. it aglicates that aging has a more
positive effect on cohesion than on bitumen-stalfteeaion. Once the adhesive failure
occurs prior to cohesive failure, further aging @mtes the contribution of adhesive
failure.

It must be noted that the aging procedure lier gpecimen preparation in this
study is different from the actual field aging. Bhattention must be paid when using
these laboratory-testing data for the analysifiefiehaviour of real porous asphalt in
the field.

With respect to the type of stone, there is mirttt difference on the failure
mode between sandstone (B) and greywacke (G) . fiaig be explained by the
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similar relevant properties including surface mailplyy, surface energy and
chemical composition as discussed in Chapter 3.

From all these discussions, it is concluded thatmodel parameters discussed in
this chapter are actually valid for mixed failureodaes. Pure adhesive or cohesive
failure is difficult to obtain over a wide range t@imperature. As indicated in Figure
6.29, the type of failure at -30 and 26C may be completely different from each
other. However, the model fit shown in Figure 6d&nonstrates that the developed
damage model is capable to explain both of thesengiena. Therefore, it is
concluded that the developed damage model candgktasnterpret different types of
failure due to cohesion and adhesion in the adbezbone. However, it is also
concluded that it is difficult to compare e.gr, values obtained at different

temperatures because at higher temperatateseems to be related to cohesive
failure while at lower temperatures, seems to be related to adhesive failure of the
adhesive zone.

6.5 Conclusions

A damage model for adhesive zones based on thar lshemage accumulation rule
was developed. The proposed model is capable ofgdkto account stress history
and 2D states of stress. Model predictions of dadeyelopment are in agreement
with experimental data.

A generalised model, taking into account the perature dependency of the
model parameters, is proposed. To do this, test datvarious temperatures are
needed.

The developed damage model can well distingtiigh effect of temperature.
However, since the tests used in this study didwedt capture the effect of water
immersion and type of stone as well as aging, tbdehfitting based on these data
also show the similar results. It indicates thatbgression results are consistent with
the data obtained from laboratory tests.

The above also indicates that improvementsesh procedures are needed to
distinguish the effects of type of stone, water agihg. For the purpose of material
optimization, more tests are suggested to reduceftect of data scatter.

The visual inspection of the fractured surfaafsr testing indicated that different
failure mechanisms occurred depending on temperaind amount of aging. Low
temperature and extended aging tends to increaspassibility of adhesive failure.
The combination of both makes bitumen-stone adhessitra sensitive to damage.

The developed damage model for the adhesive isocepable of interpreting the
damage development under adhesive failure, cohdaikge and mixed modes of
failure.
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7 MORTAR FATIGUE MODEL

7.1 Introduction

In porous asphalt mixtures, the mortar binds tlenestparticles together. Failure
within mortar bridges that connect the coarse stwamticles, the so-called cohesive
failure, may contribute to the development of rémgl The complex 3D
characteristics of tyre-pavement interaction createery complex state of stress. In
combination with the heterogeneous mixture geomdtiig indicates that multiaxial
loadings will play a very important role in the gietion of the fatigue life. Besides
the complex 3D state of stress, the signals osstcemponents are complex and are
not alike the conventional sinusoidal stress wénag s commonly used for fatigue
testing. Combining these facts, one should redha¢ the mortar fatigue in porous
asphalt is a problem of complex multiaxial loadings a result, the development of
any mortar fatigue model must take into accountetfiects of 3D states of stress and
complex stress signals.

The aim of this chapter is to develop a mofatigue model based on the
dissipated energy concept. It must be noted thaptbposed model will be used to
interpret the mortar stress and strain signalsioddafrom finite element simulations
of porous asphalt such that the mortar fatiguedde be estimated. To perform tests
using complex 3D loadings that reflect the actuattar loadings is difficult or even
impossible. For this reason, model developmenttbasake use of the data from
simple unaxial tensile or shear fatigue tests. preposed model can and will be
verified by using extra data from other fatiguetdeim which more complex stress
states were applied. However, in this study, attamperform combined tensile-shear
fatigue tests by means of the available DSR and DM&S unsuccessful. For this
reason, the model will be developed by the use 8RBhear fatigue data without
further verification.

7.2 Multiaxial fatigue failure

7.2.1 Energy criteria

Special attention has been paid to the energy-bestatia of multiaxial fatigue.
Several reviews and comparisons of existing enbaged criteria can be found
elsewhere [Garud 1981; Macha & Sonsino 1999; Alettea & Ewald 2005; Lagoda
& Ogonowski 2005]. These criteria have used diffiérkinds of strain energy, i.e.
elastic stain energy, hysteresis energy or the sfifmoth energies, as the damage
parameter [Garud 1981, Ellyin & Golos 1998; El\8nXia 1993; Lee, Kim et al
2003]. Identification and calculation of the compats of strain energy under cyclic
and random loading can be found elsewhere [LactowiB01l]. The energies
described above can be from a specific materiaumel or plane. The former
considers that the energies due to volume chanded&tortion are associated with
damage. In later use is made of the energies franmal and shear stresses acting on
a specific plane. The so-called critical plane lig plane showing the maximum
energy by choice of the orientation of the planeiBD system. From a review of
literature it appeared that the criteria which &dng into account the energy in the
critical plane appear promising [Aleksander & Ewald05, Lagoda & Ogonowski

-159 -



CHAPTER 7: MORTAR FATIGUE MODEL

2005]. However, it is difficult or even impossibte find the critical plane from
infinite orientations under a complex multiaxiedtst of stress in 3D systems.

7.2.2 Hysteresis energy criteria

When a solid is subjected to cyclic loadings, tmaph of stress against strain is
frequently a closed loop. The area of this loogdsial to the energy dissipated per
unit volume per cycle. Many observations have maske of this quantity and of its
variation with stress and with repeated applicatibconstant stress. It is commonly
believed that the dissipated energy is for thedapart translated into heat. A small
part of the dissipated energy will contribute tordge. Dissipated energy was thus
used as an indicator of fatigue damage of varioaterials. Erber (1993) stated that
the sustained hysteresis is a necessary conddrdiatigue and is related to the rate of
damage accumulation. An estimate of the fatigue &&n thus be based on the
relations between the area of stress-strain hyssel@mps and the number of cycles to
failure. Dimove and Andonova (1995) reported thad telationship between the
hysteresis energy per cycle and the number of syiefailure of low-alloy steel
followed a power law. Sugimoto and Sasaki (200&)ppsed a fatigue model for
structural plywood under panel shear load basetherdissipated energy per cycle.
The proposed model can explain the observed phemmthat the fatigue live at
higher loading frequencies was longer than th&vatfrequencies.

The dissipated energy concept was also usedpiaie the fatigue behaviour of
bituminous materials [van Dijk 1975; Pronk & Hopm&890; Khalid & Carpenter
2006; Jaeseung et al 2006]. Research done by jkr(19i75) showed that a unique
relationship exists between the total dissipatestgndissipated per volume and the
number of cycles to failure.

W, = AN; with W, =iw_ | = NWoia_ovie
0 o = 2, Moo w (7.1)
Where:
W, = total dissipated energy, [Jm
N, = number of cycles to failure, [-];
W .. = dissipated energy in i-th cycle, [FIm
liia_ooe — INitial dissipated energy per cycle;
A,Z = model constant, [-];
7 = factor, [-]. For displacement controlled testsy < 1.5; for force

controlled test8:5<y < 1,

Hopman et al (1992) proposed a fatigue modea$phalt mixtures based on the
initially dissipated energy per cycle:

T 1

)l—Z

N, == (AW
T W

c initial —cycle

(7.2)

-160 -



CHAPTER 7: MORTAR FATIGUE MODEL

Where:
T. =the loading cycle time;

[

¢ = 1.2 obtained from displacement controlled fatigests using sinusoidal
load signals.

Some other researchers defined the dissipatedyy ratio (DER) based on the
change in dissipated energy between the i-th cgnk i+1-th cycle divided by the
dissipated energy in the i-th cycle:

W Vvi_qlde

DER = i+1_cycle B

[ e (7.3)
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Figure 7.1 The dissipated energy ratio (DER) verswmber of load cycles
[Ghuzlan & Carpenter 2006]

Plotting the value of DER against load cycle=e(§igure 7.1) in a constant load
test gives a curve that decreases during thedodton of loading, remains constant
(plateau value as indicated in Figure 7.1) for ejuebme time and then increases
rapidly. The moment of true failurel, , is defined at the point where the value of

DER increase rapidly. The plateau value of DER shawstrong relationship with the
true failure [ Ghuzlan and Carpenter 2006, Shenagp€nter 2005]:

N, = A(PV)® (7.4)

Where:
N, = number of cycles to true failure;

PV =the plateau value of DER;
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A, B = model constants.

Numerous multiaxial fatigue failure criteriadeal on the dissipated energy
concept have been reported [Garud 1981; Macha &iBonl999]. However, the
effectiveness of these individual methods variegsngfly with materials, fracture
mechanisms and loading conditions. No universalehbds been applied to various
materials under complex multiaxial loadings. Ga(Léi81) proposed the sum of the
hysteresis energies per cycle from various stresmponents, as the damage
parameter that influences the fatigue life undeltiadial loadings.

Vvinilial _cycle = ZWij = J.o—ijd‘gij = CNf_ﬂ (7'5)

Where:

> W, = the sum of hysteresis loop areas from variogsstcomponents during a
complete cycle;

o; = stress components, [Mpa];

& = strain components;

C, B = material constants;

To better relate the hysteresis energy per cyctbdaxial and torsional fatigue data,
various weight coefficients smaller than 1 haverbegroduced on shear hysteresis
energy [Garud 1981; Macha & Sonsino 1999; Andrews&wvn 1989].

7.3 Mortar mutilaxial fatigue model

In this section, focus is on the development of artar fatigue model under
multiaxial loadings. At the moment, the tool thdtows performing response
calculations on porous asphalt concrete alreadsteXHuurman 2008, Huurman &
Mo 2007]. The tool is making use of the linear visdastic properties of mortar as
material inputs without taking into account damagecumulation during the
calculation. The output of the response calculatiprovides mortar stress and strain
signals at any location within the mixture. By camibg the mortar load signals, e.g.
hysteresis loops and a fatigue model based onitisgdted energy concept, the life
expectancy of the mortar is obtained. lllustratdnhis will be given hereafter.

Figure 7.2 gives an example of mortar strase-tsignals obtained from a 2D
finite element simulation during four tyre passages porous asphalt [Mo &
Huurman 2007, 2008]. As observed, the obtainedstsegnals are very complex and
the shapes are much different from the sine-wageithcommonly used for fatigue
tests. The state of stress also differs stronglynftocation to location throughout the
mixture structure (see Location a and b). Furtherdyssis of the stress/strain signals
indicate that there is no predominant directiorstoéss that allows for the prediction
of mortar failure. It appears that interpretatidntttese complex stress signals into
fatigue damage must take into account the influericgress history and the effect of
3D loadings.
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Figure 7.2 Example of mortar stress signals obthifrom a 2D finite element
simulation as a function of four tyre passageshahiven wheel is followed by a free
rolling wheel) (a, b: different locations; S11,12;,8tress components)

On the basis of the above, use is made of agamtatigue model based on the
sum of the dissipated energy from various stresspoments as proposed by Grand
(1981). According to Equation 7.4, the number afley to failure can be explained as
the function of the sum of dissipated energy petecysing a power law form:

Vvinii ey—- 5 _ _
Nf :($) b Wlth Vviniliajicycle —ZW” _J‘o-iidgii (76)
Where:
W, = the energy limit that will lead to failure withbne cycle, [MPa];
b = model constant, [-].

In reality, the relationship between the initissipated energy per cycle and the
number of cycles to failure may not be well expdinby a simple power law
described above. For example, Equation 7.1 indsddie following function.

_ Whita_gre Z%
Ny == (7.7)

Where:
Vvinilial _cycle - vamj

m N the mean dissipated energy per cycle, [MPa].
f
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In Equation 7.7, three parameters are needéa tmown for life prediction on
the basis ofW,, ... The parameters (0.5<¢ <1 for force controlled mode) is

not a constant value but depends on test matearalstest conditions. Fatigue life
predictions based on this function thus requirediimate the value ofy firstly. For
this reason,y should be correlated with some variables thataedlable both from

testing and finite element modelling, for exampteess, strain or dissipated energy.
The general formulation can be explained by

W=g(g;.&.W..) (7.8)

As indicated above, the proposed fatigue maottes use of the integral of the
stress-strain signals, e.g. initial dissipated gyneiue to volume change and distortion,
within a complete loading cycle. The fatigue partameés the sum of initiatlissipated
energy per cycleThe model explains that an increase in initial igs®d energy per
cycle results in a decrease of fatigue life.

lllustration of the model will be done usingetdata as plotted in Figure 7.2.
Plotting the stresses against the correspondirgnstshown in Figure 7.2 gives the
hysteresis loops in Figure 7.3. The area of thgstelesis loops can be determined by
using the following equation.

o, (t+At) + 0 (1)

Wiiia oy = ZV\/” = Iaijdfij = z{ l

i : g (t+AY) —&(O] (7.9)

The sum of dissipated energEWij from different stress and strain components as

the function of each passage of driven wheel ia thetermined as 0.000464MPa and
0.000218MPa for Location a. By combination of ampwn model parameters, e.g.
W, =0.5MPa andb=2.5, one can estimate the life expectancy by uSipgation 7.6.

W _ 0.000464
N. = initial _cycley-b _ 2.5
= W, y=t 0.5 3
W _ 0.000218_.
N - initial _cycley-b =
= W, yu=t 0.5 %

=3.82x 10 for each driven wheel at Location a

25=252x 10 for each free rolling wheel Location a

Similarly, one can also compute the fatigue &tcording to Equation 7.7 when
the related model parameters are known. It mustdbed that the value ofy varies

strongly with different values ofA,, ... Proof of this will be given later. For
reasons of simplificationyy was assumed to be a constant in other studiesijlan

1975; Hopman 1990]. However, one should be carefusing this assumption.

When different stress magnitudes in a spectrum eoasidered, the
Palmgren-Miner linear damage hypothesis are usuadlgd for design purpose.
Failure occurs at
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Z% =1 (7.10)

Where:
N, =the number of cycles to failure of a constaresst reversalo; ;

n  =the number of repeated cycles of a constardsteversalo; .

Combining the stress spectrum at Location shasvn in Figure 7.2 leads to an
estimated number of.66x 10 repetitions of such four wheel passages.

-0.003 0.002

Stress [MPa]

4
4

Strain [-]

Figure 7.2 The hysteresis loops obtained fronsthess and strain data in Figure 7.1
(a, b: different locations; S11,12,22: stress comepds)

For simple uniaxial tensile or shear fatigests, the state of stress to which the
test material is subjected is known. For thesestdbe energy is dissipated in one
direction. On the basis of fatigue data, the desdrimodel parametexy, andb can

be determined by fitting the initial dissipated &yyeper cycle with the number of
cycles to failure. Similarly, Aandz can be determined by fitting the mean dissipated
energy per cycle or the total dissipated energi thie number of cycles to failure.

7.4 Mortar fatigue results

In this study, shear and bending fatigue tests wersidered for the mortar fatigue
testing program. However, as stated earlier, DMAdirg fatigue testing was not
successful. Data on bending fatigue are thus nailadbte for model development.
Therefore, the discussions hereafter are relateshddar fatigue data obtained by
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means of the DSR.

As mentioned above, the initial dissipated gnerer unit volume per cycle will
be used as a damage parameter of mortar fatigupréatical reasons. For mortar
shear fatigue testing, a sinusoidal oscillationjoerwas applied to the specimen in the
torque-controlled mode. The induced radial deftectiangle and the phase lag
between torque and radial deflection angle weresomea accordingly. The transfer
functions that are required to translate toque gttess and displacement into strain,
have been derived based on finite element simuatiMore information can been
found in Chapter 4.

2xT

r=k e (7.11)
rxg

y=k 7.12
e (7.12)

Where:

r = shear stress, [MPa];

T =torque, [N.mm];

r = specimen radius, 3mm,;

y = shear strain,[-];

6 = deflection angle, [rad];

h, = specimen effective height, 12.742mm;

k, = the calibration factor that accounts for stremscentration, k, =1.05.

The sample stress can be expressed by

T =71,Sinat (7.13)

Where:
r, =amplitude of shear stress, [MPa];

w = angular frequency, [rad/s].

The sample strain will be oscillatory with a freqag equal to the applied frequency
and lagging by a phase angle

Y = y,sin(at - 9) (7.14)

Where:
¥, = amplitude of shear strain, [MPa];

d =phase angle, [rad];

The initial dissipated energy per unit volume pgele, which is equal to the area of
the hysteresis loop obtained by plotting the steggsnst the strain, is calculated by
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Icycle

: d(y,sin(at -0
Vvinitialicycly = I [(Z’ﬁlna,t)x%]dt
0

Icycle
= | rosinat x[wy, cos@t - )it (7.15)

0
=Tm,Y,Sind

Figure 7.3 gives a typical example of the cleamgdissipated energy per cycle
over the number of cycles. In torque controlled madtie strain amplitude as well as
the phase angle of each cycle increase with incrgamimber of cycles. As a result,
the dissipated energy increases with increasingoeunof load cycles. Apparently, the
trend can be divided into three periods. Firstlyirmesrease is observed after starting
the test. Then a steady increase can be obsencedirealy the dissipated energy
increases rapidly at the end of the test. The asmeaafter starting the test indicates
that the test is not in a steady state and thusniliel dissipated energy per cycle
W, should not be determined based on the first feglesy As shown in this

initial _cycly

figure, the dissipated energy per cycle at therreégg of the steady stage, (which is
defined in the figure), is chosen as the energedhasamage parameter hereafter.

0.04

0.03 +

0.02 4 Initial dissipated energy

0.01 -

Dissipated energy pe rcycle [MPa]

0.00 \ \ \
0 500 1000 1500 2000

Number of cycles [-]

Figure 7.3 Change of dissipated energy per cywde the number of cycles

7.5 Determination of model parameters

7.5.1 Initial dissipated energy per cycle

Figure 7.4 shows the measured number of cycleailiwréN, that is plotted against
the initial dissipated energy per cycW,., .., on a log-log scale. Data shown in
this plot include 16 test combinations (short-teamd long-term aging, with and
without water conditioning, 2 temperatures and @qfiencies). As indicated the
number of cycles to failure follows a linear redatiwith the initial dissipated energy
per cycle on a log-log scale. This demonstratespifexious assumption that the
relationship between the number of cycles to failand the initial dissipated energy
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may follow a power law form as explained by Equaffo6.
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Figure 7.4 Relation between fatigue life and atitdissipated energy per cycle
(hereafter, SM: short-term aged mortar; LM: longrteaged mortar; W: water
conditioning; OT and 10T: test temperatures 6€Gnd 16C; 10Hz and 40Hz: test
frequencies.)

Table 7.1 Model parameters and model fit baseuitial dissipated energy

Temperature Material W, [MPa] b[-] R?
SM 0.453 2.748 0.93

0°C SM_wW 0.440 2.685 0.83

LM 0.530 2.677 0.91

LM_W 0.514 2.727 0.57

SM 0.518 2.760 0.84

10% SM_wW 0.526 2.593 0.98

LM 0.503 2.755 0.72

LMW 0.500 2.704 0.61

Based on the data shown in Figure 7.4, the egalof w, and b can be

determined by the method of least square fittingthk fitting procedure, the relative
error between the predicted number of cycles toriand the measured number of
cycles to failure is minimized on log-log scale.rFeach combination the model
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parameters were determined for the temperatureshath tests were done. The
obtained fits are summarized in Table 7.1. As itedidy the correlation coefficient of
R?, the model shows a good fit with the test dagshAown in Figure 7.5, the number
of cycles to failure as predicted by the modelniggood agreement with the actual
number of cycles to failure as measured.
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Figure 7.5 Comparison of the predicted and medsaotenber of cycles to failure
based on initial dissipated energy per cycle

7.5.2 Mean dissipated energy per cycle
Figure 7.6 shows the measured number of cycleailiard plotted against the mean

. AW,
dissipated energy per cycle,w—”, on a log-log scale. It must be noted that thermea

dissipated energy per cycle is equal to the ragiovben the total dissipated energy
and the number of cycles to failure. Plotting thenber of cycles to failure against
the total dissipated energy results in the relaisrshown in Figure 7.7. Again, data
shown in these two plots include 16 test combimati@as mentioned earlier. As
indicated the number of cycles to failure followdiear relation with the mean

dissipated energy per cycle on a log-log scale.

On the basis of fatigue dada shown in FiguBeof. Figure 7.7, the described
model parametersAand Z can be determined by means of regression accotding
either Equation 7.7 or Equation 7.1. Table 7.2 githe fitting results and Figure 7.8
gives an expression of the accuracy of model fit.cAn be observed, the model is in
good agreement with the measured data.
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Table 7.2 Model parameters and model fit basetbtah dissipated energy

. A 2
Temperature Material [MPa or 163/n7)] Z[] R
SM 0.732 0.621 0.91
0°C SM_W 0.732 0.621 0.91
LM 0.852 0.617 0.95
LM_W 0.852 0.617 0.53
SM 0.870 0.620 0.89
SM_W
10°C _ 0.870 0.620 0.99
LM 0.825 0.650 0.74
LM_W 0.825 0.650 0.86
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Figure 7.8 Comparison of the measured and pretlictenber of cycles to failure
based on the mean dissipated energy per cycle

With respect to the model parameterit has been observed that dose not
vary too much for common asphalt mixes and thisievadan therefore be taken as a
constant for practical purposes (&g 0.66) [van Dijk 1975; Molenaar 2007]. In this
study, it is also observed tha shows a limited variation (from 0.617 to 0.650 as
listed in Table 7.2). It should be noted that tbisservation is based on test data
obtained from only one type of bitumen (SBS polymerdified bitumen) and one
type of mortar composition.
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The relation betweerz and b in the model based on initial dissipated energy
per cycle can be approximately explained by using:

1
b=——
- (7.16)

100000

[
O V+0C+10Hz 1
© V+0C+40Hz 4
A V_W+0C+10Hz L
10000 + x V_W+0C+40Hz 2
X A+0C+10Hz o
- A+0C+40Hz b
o A_W+0C+10Hz P o8
1000 + + A_W+0C+40Hz 5
o0 V+10C+10Hz ﬁ -7
© V+10C+40Hz 4
A V_W+10C+10Hz A @E
100 H X V_W+10C+40Hz .
% A+10C+10Hz -
- A+10C+40Hz |-

10 L 3 AW Tocrdors Log Y= 0.866log X+0.488

R?=0.83

Total dissipated energy [MPa]

1 10 100 1000 10000 100000
NFWI[MPa]

Figure 7.9 Relationship between the, xW, ., ... and W,
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Figure 7.9 shows the relationship between texW,,., ... and W, . As indicated,

The parametey is the ratio of N, xW

W, Is larger thanN, xW,,., ... and a liner relationship is observed on log-log

scale. This demonstrates that the value4bfs not a constant value, but a correction
factor that can take many values.
Figure 7.10 gives an impression of the valigs can take. Based on this figure,
some observations are made which are given below:
- Wtends to increase as temperature reduces frol@ {@d points) to GC
(black points);
- Wtends to increase with increasing frequencies frodiz to 40Hz (see
V+0C+10Hz versus V+0C+40Hz.
- W tends to increase with extended aging (see V+0CzlOkrsus
A+0C+10Hz).
- A higher load level leads to a larger amount ofiahidissipated energy per
cycle, and thus resulting in a smaller valuef.
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- Avery small amount of initial dissipated energy pgcle may lead to a value
of W approaching to 1, meaning{; = «» and no damage occurs.

W
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Figure 7.10 Relationship between,,, ...and ¥

In general, one can conclude th#ét depends on the frequency, temperature,
load level as well as aging degree. One might algae that the bitumen type and the
composition of the mortar might also have an inflee2 This however can not be
investigated since only one type of bitumen andtype of mortar were used in this
study.

7.5.3 Practical mortar fatigue model

The above indicates that mortar fatigue can be ritest using either the initial
dissipated energy per cycle or the mean dissipatedgy per cycle (that is, the total
dissipated energy divided by, ). Both models give very good results compared

with the measured number of cycles to failure.

With respect to the life prediction on the kasf the mortar stress and strain
signals obtained from response calculations, thdetbased on the initial dissipated
energy per cycle is more practical than the moa@skld the mean dissipated energy
per cycle. As mentioned, the response calculatoagerformed only provide limited
information; only the initial dissipated energy pmfcle can be determined, but the
mean dissipated energy per cycle or the total mhssd energy can only be known
after failure.

In reality, the dissipated energy per cycld ehlange as a function of the amount
of damage that is developing in the mortar bridbes connect the coarse particles in
the porous asphalt mixture. This change is not knawadvance and the value of
W can therefore not be estimated. Given the limitetiof the current model, the
fatigue life predictions which will be discussetkla are therefore based on the initial
dissipated energy per cycle.
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7.6 Conclusions

A practical mortar fatigue model based on the getsid energy concept is developed
for the life predictions under complex multiaxiaabing conditions. The fatigue

parameter makes use of the initial dissipated gneeg cycle. Model parameters can
be determined on the basis of the commonly uségufattests. This approach gives
very good results in explaining the laboratorydaé data. Only data from the DSR
shear fatigue tests is available. For this reaBemtodel could not be verified against
data at other stress conditions. For this reasemtbdel should be applied with some
care.
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8 MODEL APPLICATION & VERIFICATION

8.1 Introduction

In this chapter, the mortar fatigue model and tkhibesive zone damage model
discussed in the previous chapters are appliedeidigi the life expectancy of porous
asphalt. To do this, finite element simulationgofous asphalt under repeated traffic
loadings are required. Numerical models that enabieh simulations were first
developed in the CAPA-3D finite element platformufitman & Mo et al. 2006; Mo
& Huurman et al. 2007, 2008]. During the LOT prajdarther model development
was done by application of the ABAQUS finite elempackage and finally formed a
tool, named Lifetime Optimization Tool, LOT [Huurm&008; Huurman & Mo 2007;
Huurman & Woldekidan 2007]. The tool contains 2[@atized, 3D idealized and 2D
photo geometrical models of porous asphalt. Thesenegtrical models represent the
mixture’s structural geometry on meso-scale. Tinéefielement models enable the
translation of the geometry of the mixture, the tads visco-elastic response and
traffic surface loadings into in-mixture stress ati@in signals. Given the scale of the
geometrical models, after simulation, stress amdirstsignals are available at any
location in the modelled mixture structure. Combingth the discussed fatigue and
damage models, the stress and strain signals inmtbear may be utilised to
determine the fatigue life of the mortar bridgesnifarly, signals of adhesive zone
stress may be utilised to determine the adhesine kfe expectancy.

From the above it should be clear that LOT fornisal that is able to predict
the ravelling lifespan of porous asphalt. The waibines models of; traffic surface
loading, mixture geometry (volumetrics), mortar passe, mortar fatigue and
adhesive zone damage.

For the purpose of validation a full-scale thrng test was done at the Research
Association for Underground Transportation Faeiiti (STUVA) in Cologne,
Germany. For this test use was made of the STUMWekxtated Pavement Test (APT)
[van Hinthem 2008; RWTH 2007; Huurman & Molenaagakt2008]. In the APT four
types of porous asphalt were tested. In two migtutesse was made of greywacke
stone while the other mixtures were made usingstand. For both types of stone the
performance of a bitumen-rich and low-void-ratioxtare was compared to a
bitumen-poor and high-void-ratio mixture. In totd@x1G wheel load applications
were applied at 80km/h. Ravelling developed orohthe mixtures. During the APT
the development of ravelling damage was monitonedaber texture measurements.
At the end of the APT ravelling damage was alscessexd by detailed visual
inspection by a qualified Dutch visual inspectoDMS.

In this chapter, LOT simulations of the foupég of porous asphalt mixtures
involved in the ravelling APT are carried out. Usenade of the 2D idealized model,
which has been demonstrated to be a more pratticetompared with 3D idealized
and 2D photo models [Huurman 2008]. The model gégmeas generated on the
basis of the available knowledge after constructidhis implied that the actual
volumetric properties were used in the simulatioith respect to the mortar
behaviour, the properties of laboratory preparedtamavere compared with those of
the mortar collected from the actual porous asphadture constructed at the STUVA
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test section. This ensured that the proper moghawiours were used as model input.
Besides the model geometry and material behavibarloading of the model is also

of great importance. The test set-up at STUVA @&reular test track. As a result, the
tyre-pavement interaction is significantly diffeteinom a real vehicle riding on a

normal road. To obtain insight into the complexetpavement contact stress
distributions for the real STUVA load, a researchswcarried out at Eindhoven

University of Technology [Lopez & Steen 2007]. Tresults of the above research
were used to simulate the tyre-pavement interaetidhe STUVA test section.

Using these inputs, the model provided thessteand strain signals in the mortar
and the stress signal in the adhesive zone. Tlyguéatnd damage models enabled to
translate the computed stress and/or strain irfiéo dkpectancies, e.g. number of
passages to cause failure.

Finally, the computed lifetime (e.g. number pdssages to cause failure) is
compared to the actual ravelling damage as detedmity means of the results of
laser texture measurements and visual inspectienwil be discussed later, LOT
focuses on the critical contact where failure osdinst. As a result, LOT gives an
indication of the initiation of ravelling and the@mputed life expectancy does not
directly correlate with the lifespan of the porasphalt. Furthermore, the evolution
of ravelling can not be explained by LOT. For tréason, a ravelling evolution model
is proposed to correlate the computed life expegtamith the life span, e.g. the
maintenance moment.

8.2 Finite element simulation

Geometry, loading, boundary conditions and matgniaperties are the critical issues
in finite element modelling. In the following theselevant issues will be discussed.
Effort is made to get the simulations as closelpassible to the situations that occur
at the STUVA APT.

821 Geometry

8.2.1.1 Structural geometry of porous asphalt

The spatial modelling of the actual structure ofgus asphalt concrete is a great
challenge. The structure of porous asphalt at seate is very complex as it includes
aggregates with a wide range of sizes and irregllapes. It should be known that
there are thousands of mineral particles includio@rse and fine aggregates even in a
small volume of porous asphalt. Due to this a haig@unt of degrees of freedom is
required to model each individual aggregate. Sghdnch a 3D model will be very
time consuming and impractical if not impossiblethvthe capability of modern
computers. Modelling of the structure of poroushadipthus asks for simplifications.
These simplifications, however, may not affect tapabilities of the model to
represent the mixture structure.

The aggregates in porous asphalt are gap gradec large amount of coarse
aggregates combined with a small amount of fineenas. As a result, porous
asphalt concrete is an open material with a voiib darger than 20% by volume.
Figure 8.1 gives a cross-section image of poropsals obtained from the STUVA
APT sections [Khedoe & Moraal 2008]. The finer aggates are mixed with the
bitumen to form the mortar that surrounds and glihes coarser aggregates. The
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coarser aggregates form a stone skeleton throughewthole structure. This implies
that coarse aggregates play an important role enstihuctural stability and force
transmission within the mixture, whereas the maoaizts mainly as an agent that acts
to bind the coarse aggregates.

Figure 8.1 gives an example of the real structgeaimetry of porous asphalt. To
enable structural modelling, the structure of perasphalt is simplified to the
following phases: (1) coarse aggregates, i.e. tatban 2mm; represented by
spherical grains with an equivalent size; (2) modansisting of bitumen, filler and
fine aggregates, i.e. smaller than 2mm; (3) aids@nd (4) the adhesive zones where
the mortar meets the stone surface.

Figure 8.1 Image of the cross-section of poroghals concrete [Khedoe & Moraal
2008]

8.2.1.2 Simplified structural geometry for ssimulations
In this study, Use is made of a 2D idealized moilee model geometry is generated
by using LOT which was developed during the LOTjg@ecb For this reason, only a
brief introduction will be given hereafter. For reatetailed information the reader is
referred to [Huurman 2008; Huurman & Mo 2007; Huam& Woldekidan 2007].
Figure 8.2 gives an overview of the 2D ideadimnodel obtained on the basis of
the discussed simplifications [Huurman 2008]. Aeweh in this figure, the idealized
model considers perfectly round spheres bound tegeia mortar bridges. The stone
particles are modelled by using rigid bodies. Mbdglthe aggregate particles as
rigid bodies is acceptable given the huge diffeeeincstiffness between stone mineral
and mortar. The stone particles themselves are uigible and formed by
implementation of restraints forming rigid bodid@fie model consists of three layers
of stone particles enclosed in a mortar film. Thertar films closer to the middle of
the model (see the blue box) are of special intéhesefore they are modelled using a
finer element mesh.

Only the five particles (see red box) closesthe centre of the model are fitted
with a layer of thin elements that represent thieeate zone. This adhesive zone is
modelled by using an ABAQUS element (code: COH2BA) each node has two
degrees of freedom, e.g. normal and tangentiagidracomponents.

-177 -



CHAPTER 8: MODEL APPLICATION & VERIFICATION

Finer mortar element Thin interface element

Interface element

Interface element\A

Figure 8.2 Overview of the 2D idealized model [IHuan 2008]

The model is rigidly restrained at locationsenmortar bridges form the outer
boundary of the model. The discussed mesh refinemeicates that the model is
aiming to be accurate in the central part congjstihfive particles. The remainder of
the model is made so that the effects of boundanditions are negligible in the
central area of the model.

In the 2D model use is made of rigid body stgeeticles to limit the
mathematical size of the model. For the same rettmmortar film surrounding the
particles is modelled less accurately at the edf&se model.

The meshes of the idealized model are genelgtede LOT input generator on
the basis of some parameters including aggregaidirgy, bitumen content, and air
void content as well as other volumetric propertdesre detailed information can be
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found elsewhere [Huurman 2008].

8.2.1.3 STUVA mixturesand simulations

LOT is a mechanistic tool for determination of ttavelling performance of porous
asphalt. Similarly, LOT also can serve as a tool derformance analyses for the
paved porous asphalt concrete in the field. In ¢hise, the analysis uses knowledge
obtained from the compacted porous asphalt conagtased in the STUVA APT
sections. Hereafter, examples will be given basedhe performance prediction of
the various porous asphalt concrete sections dbThéVA circular APT.

As mentioned before, accurate information ofeeglly aggregate grading,
bitumen content, air void content after compac{idegree of compaction) will be of
great importance for performance analyses. The ahciolumetric properties,
especially the real achieved void content, musidesl as model input.

In the following discussions, focus is on threalr properties of the STUVA
mixtures after production and compaction. Most leé required information was
available from additional research performed onumlmer of cores taken from the
STUVA test slabs [Khedoe & Moraal 2008].

Four different double-layered porous asphaktanes were tested in the STUVA
circular APT. In all cases the lower layer conslsté porous asphalt 11/16 mm with a
void content of 18.8vol% and 4.2wt% bitumen. Vaoas were in the top layer, see
Table 8.1.

Table 8.1 Top layer mixture compositiorap Hinthem 200B

Mixture A B C D
Aggregate Greywacke Greywack8andston&andstone
Grading 4/8 mm 4/8mm  4/8mm  4/8 mm
Bitumen content, wt% 6.6 5.0 7.1 5.4
Desired void content, vol% 20 26 20 26
Bitumen Cariphalt XS, SBS modified
Filler Wigro 60K with 25% hydrated lime

As indicated in Table 8.2 Mixture B had a veightent of 27.4%. Please note
that the 2D idealized model discussed above isthasédexagonal close-packing and
the maximum void content of such a close-packingibgle spheres is approximately
25.95%. A higher void ratio would lead to a sitoatiin which the spheres in the
packing no longer make contact. This means that @€ procedure that translates
mixture volumetrics into idealized model geometag lits limitations. Indications are
that the procedure works to a maximum void rati@&6%.

As mentioned above, the actual void conteoukhbe reflected in the model
geometry. To overcome this limitation of the modélwas decided that the life
expectancy of a mixture with a void content abo8é&5% was going to be made use
of a curve which relates life to void content. Thisve was developed by making a
number of calculations at void contents lower tBarb%.
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As listed in Table 8.2, all other mixtures haxtual void contents higher than
23.5%except for Mixture C. The life expectanciestioése mixtures need to be
determined by means of extrapolation using thegtefife vs void content curve
mentioned above.

The model is also limited in simulating mixésr with relatively low void
contents. The reason is that the void content rgrotbed by the distance between
neighbouring rigid spheres in the model. Howeuesg, minimum air void is obtained
when the neighbouring particles are directly intachwith each other. It has been
shown that the LOT procedure works for void contastlow as 18%. Due the
limitations of the model, simulations were done foree void contents, e.g. 18%,
20% and 23.25%.

Table 8.2 also shows that the actual gradihgasious STUVA mixtures is
comparable to the design grading used in the labgrdKhedoe & Moraal 2008].
For this reason, the design grading was used &rmdete the equivalent grain sizes
for these four mixtures. At the moment of writingist thesis, information on the
actual bitumen contents of the STUVA mixtures was$ available. Therefore, the
bitumen content for the mixture design was usedefresent the actual bitumen
contents of the STUVA mixtures.

Table 8.2 Relevant properties of the STUVA mituagginst mix designkhedoe &
Moraal 200§

Grading, wt%
Particle size, mm Type of mixture
Mixture A Mixture B Mixture C Mixture D
Lower limit upper limit Equivalent STUVA Mix design STUVA Mix design STUVA Mix design STUVA Mix design

8 11.2 9.5 6.7 6.7 3.0 6.9 4.0 12.7 4.9 13.2

5.6 8 6.7 50.7 537 511 554 518 594 546 614

2 5.6 3.3 325 28 34.4 28.9 28.7 154 294 15.9

Sand+filler 13.7 11.6 11.5 8.8 154 12.5 11.1 9.5

Equivalent grain size[mm] - 584 - 584 - 6.51 - 6.51

Bitumen content, wt% - 6.6 - 5.0 - 7.1 - 5.4

Void content, vol% 24.3 20 27.4 26 21.6 20 25 26
Computed void content, vol% 18, 20, 23.25

Based on the information listed in Table &® model geometries for various
mixtures were generated using the LOT generatae. gifide on how to use this tool
is available elsewhere [Huurman & Mo 2007]. Forteatxture, three void contents,
e.g. 18%, 20% and 23.25%, were computed to deterthia relationship of design
life versus void content. Using this relationshipe design lives at high void contents
which are beyond the model capability were estichdiemeans of extrapolation.

8.2.2 Loading

8.22.1 LOT Loading
The surface loading of the model should reflectdbtual traffic loading as well as
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possible. Some researchers published the resud® abntact stresses measurements
between a road surface and a tyre [Seitz 1971 ege B097; Blab 1999; Lopez 2008].
On the basis of the available information on tyaegment contact forces, a
scaled-down method that enables to translate tteepigvement interactions into the
meso-scale mechanics of porous asphalt concretebbes developed for LOT
[Huurman & Milne et al. 2003; Milne & Huurman dt 2004; Huurman 2008]. In
LOT, the model is loaded by simulating the moviggetcontact forces induced by a
real vehicle riding on a road. The load generatoL®T is able to simulate the
loading induced by free rolling and driven whedgre detailed information can be
found elsewhere [Huurman 2008]

8.2.2.2 STUVA Loading

The test set-up at STUVA is a circular test trasée( Figure 8.3). The load consisted
of a 50 kN wheel load applied via a Good Year 4Z5Réper single tyre inflated up
to 0.850 MPa, driving at a speed of 80km/h. Theytlerof the contact patch of this
tyre under the test conditions is 294 mm [Lopezt&eB 2007]. The tyre-pavement
interaction is significantly different from a reabhicle riding on a normal road. The
tyres at the STUVA set-up are forced to ride irrale which causes the tyre to rotate
around a vertical axis through the centre of thetact patch. This effect is known as
turn-slip and the result is an increase of, maitthg transversal forces and a net
moment around the vertical axis [Lopez & Steen 200his indicates that any
simulation of the STUVA mixture load must take irocount the effect of turn-slip.
It also indicates that the LOT load signals thatengerived from the normal vehicle
riding were not useful in the simulations for thEUS/A test set-up. New load signals
thus became necessary.

Figure 8.3 Overview of APT at STUVA (left) and senparallelograms that
combined make the test section (right)

8.22.3 Newinsightsinto STUVA loading

To obtain insight into the tyre-pavement contamss distributions of the test set-up
at STUVA, measurements and finite element modeliithe tyre-pavement contact
was carried out at Eindhoven University of TechagglgLopez & Steen 2007]. This
research provided ample information to simulateemily the tyre-pavement contact
at the STUVA APT section. In the following, someiméndings obtained from the
measurements and simulations on tyre-pavementatciten done at Eindhoven
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University of Technology will be given. By combiginthese findings, the new
loading signals for 2D idealized model to simul#te STUVA APT section were
derived.

First of all, dynamic simulation results indied that the contact forces for two
different travelling velocities (1.5 km/h and 80 kmare identical (see Figure 8.4).
Lopez and Steen thus concluded that that the iearid damping effects due to
increasing the velocity from 1.5 to 80km/h can leglacted and that the contact
vertical forces can be determined from a staticudation [Lopez & Steen 2007].
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Figure 8.4 Computed tire contact forces on a sgyeatch of 0.01mx0.01m by

means of 3D finite element models ( left: 1.5 kmight: 80 km/h) [Lopez & Steen
2007]

The second finding was that the effect of tslip- significantly changes the
contact stress distributions. Figure 8.5 givesllastration of the slip velocities at the
contact area (blue arrows) and the resulting foemgg on the road (red arrows).
Figure 8.6 depicts the resulting longitudinal andnsversal contact stress
distributions at the tyre patch.
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Figure 8.5 lllustration of the turn-slip velocifield (blue arrows) on the contact

patch and the resulting longitudinal and transuefsaes (red arrows) [Lopez &
Steen 2007].
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Figure 8.6 Estimated contact stress distributidne to turn-slip (a: Longitudinal
stress, b: Transversal stress) [Lopez & Steen 2007]

The contact stress distributions in Figure I8a&e further been used by Lopez
and Steen to estimate the average longitudinatrandversal forces. Figure 8.7 gives
the estimated results on various blocks undentfeeatch.

Combining Figures 8.4 and 8.7 lead to the 3Dtat forces as applied on the
STUVA accelerated pavement test sections. Theslaogn by the curves in Figure
8.8.
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Figure 8.7 Estimated contact forces on a area05f i’ due to turn-slip (a:
Longitudinal stress, b: Transversal stress) andtipns where the turn-slip forces
have been computed (strips of 0.01 m width) [Lofe&teen 2007]
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X Vertical
+ Longtudinal(turn-slip)
X transveral(turn-slip)
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Contact length [m]

Figure 8.8 Estimated 3D contact forces for STUMW<cederated pavement test
based on Lopez and Steen’s research ( contactidFéar)

8.2.2.3 Determination of new model loading
On the basis of the speed and tyre contact letig¢ghcorresponding loading time of
the moving tyre on a certain location can be comemgbuas 0.01323 second. In
combination of 3D contact forces as shown in FigBu& one can obtain the basic
time functions for the vertical, longitudinal angnsversal stresses to simulate the
moving 3D tyre contact stresses applied on the SYtéigt sections. As indicated in
Figure 8.9, high values of contact pressure andarsistress were applied for
simulations. This also appeared to occur in redé#gause during the STUVA APT,
there was a lot of tyre wear. This indicates thdeed a lot of shear occurred between
the tyre and pavement surface.

The 3D stress contribution can not directly pplied in the 2D idealized model.
As observed in Figure 8.9, the longitudinal stiesgery limited when compared with
the other two directions. For this reason, only ttemsversal and vertical stresses
were applied in the 2D idealized model.

In this study, the traffic surface loading wesnsferred to the forces that act on
the individual stones. These forces were determinyethe stresses in the transversal
and vertical directions multiplied by the foot griof individual stone particles. To
simulate the moving wheel loads, all of individstdne particles at the model surface
are loaded simultaneously according the time fonetigiven in Figure 8.9. In this
way, a complete load cycle during a tyre passagesivaulated.

Figure 8.10 gives an example of force signalshe individual particles during
two tyre passages. To save the computational timeeload case applied to the model
only consists of one axle and a long rest peritetr &ading.
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Figure 8.9 Basic time functions for simulating thertical, longitudinal and
transversal stress, respectively to simulate theimgd3D tyre contact stresses
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Figure 8.10 Example of load signals applied on itigividual surface particles
during two tyre passages

8.2.3 Material properties

8.2.3.1 Mortar response

Since the stone particles in the model are reptedehy rigid bodies, only the
response properties of the mortar and the adhesine are required as input. It is
known that pavement materials like porous asphaiinally have a life expectancy
that is larger than £@ycles. The amount of damage that accumulatesglarsingle
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load cycle is thus negligible and may be negleatestructural response calculations.
For this reason a linear response model that dams imcorporate damage
development can be applied in the mixture respsimselations. Of course this model
needs to be visco-elastic, so allowing computirggigated energy. Use was made of
a two-term Prony series constitutive model [Huurr@awoldekidan 2007].

E(t)=Ef1- 3 a (1-expet & ) (8.1)
Where:

E(t) = stiffness as function of time, [MPa];

E, = instantaneous stiffness, [MPa];

t = time, [s];

t, t, = time constants, [s];

a,, a, = stiffness reduction parameters.

Use is made of parameters that were determined.@r on the basis of 23
Direct Tension Relaxation Tests, 6 DSR frequencyeewtests, 2 DMA dual
cantilever bending tests and 4 DMA uniaxial frequesweep tests. By combining
these tests a complete insight into mortar response a range of frequencies and
temperatures was obtained [Huurman & Woldekidan7R0@ is noted that all
response measurements were done on the same amdiscussed in this thesis.

After the completion of the APT at STUVA, the adtmaortar was carefully
collected from hot and loose mixtures [Khedoe & &&Ir2008]. The obtained mortar
was used for the preparation of mortar samplesDBR testing as described in
Chapter 4. Two response measurements were cautdgyaoneans of DSR frequency
sweep tests.

Figures 8.11 and 8.12 show a comparison of thelog@al response between
the short-term aged mortar prepared in the laboraod the STUVA mortar obtained
from the mixtures. As indicated by the master csiimethese figures, one can observe
that the variation between two tests that were doméhe same mortar is significant
thus implying that the procedure of sample prepamamay play an important role.
Further observation shows that the data obtainech fone of the STUVA mortar
samples (STUVA-2) is comparable to those obtaimerdhfone of the short-term aged
mortar samples (SAM-1). Differences can only beeobsd in the phase angle master
curves at lower frequencies. These figures alsdcatel that the properties of
short-term aged mortar may partly overlap with pheperties of the STUVA mortar,
especially at relatively high frequencies.
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Figure 8.11 Complex modulus master curves fordhert-term aged (SAM) and
STUVA mortar at a reference temperature 6iCLO
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Figure 8.12 Phase angle master curves for shont-éged and STUVA mortar at a
reference temperature of’M

As mentioned earlier, the APT at STUVA has beerliegmt 80 km/h and the
loading time of such a moving tyre on a certainatmn was computed as 0.01323
second. Furthermore, it was assumed that the sar@dpf time is needed to allows
mortar completely relax after loading. Combining tlbading and relaxation time
resulted in the corresponding loading frequency approximately 40Hz. This
frequency was regarded as the predominant frequiemajne mortar loading during
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APT at the STUVA. Taking into account the frequendgpendence of mortar
response, the determination of the mortar properised for the following
simulations should be as accurate as possiblechtastrequency window.

On the basis of the above, it was concludetttieavisco-elatic behaviour of the
STUVA mortar is similar to that of the short-terigeal mortar at a frequency of 40Hz.
At the time of writing this thesis, only a limitednount of data was available for the
STUVA mortar. Based on these limited data, the eteudetermination of model
parameters is difficult. As a result hereof, theapseters determined from the
short-term aging mortar, which was prepared inlagheratory, were used as input for
the model. Table 8.3 gives the input parametetsfotiawed from that work.

Table 8.3 Response inputs for STUVA APT simuladion

Mortar response parameters | Adhesive zone Stiffness
Parameters EE t, a, a, v K, K,

Short-term aged|4250 0.016 0.311 0.9469 0.025 0.45 425000 146000

8.2.3.2 Adhesive zone Response
In LOT, the adhesive zone in the structural modéelassumed to be very thin, 0.01
mm, compared to the thickness of mortar bridgesiwvare in the order of 0.4 to 0.5
mm. As a result any relative movement between tteoes translates into mortar
deformation for approximately 95%, while adhesivmea deformation accounts for
only 5% of the total deformation. This clearly iogdies that the exact response
properties of the adhesive zone are far less matatian the response properties of the
mortar. Furthermore response measurements on adhesines are difficult if not
impossible due to difficulties in controlling the easurement and defining the
adhesive zone thickness. More discussions on dietation of the thickness of the
adhesive zone can be found elsewhere [Huurman 2008]

Given the previous it was decided to estimate tiffmass of adhesive zones on
the basis of mortar stiffness. Use is made of dflewing equations [Huurman 2008].
Table 8.3 lists relevant adhesive zone stiffnesses.

_ E*
K = 0.01mm (8.2)
__ G*
% = 001 (8.3)
Where:

k,,k, =normal and shear stiffness of the adhesive Zdffea/mm].

8.3 Material fatigue and damage models

8.3.1 Mortar fatigue model

Similar to the STUVA mortar response measureméhesyeal mortar obtained from
the STUVA mixtures was used to prepare the morpecisnens for DSR fatigue
testing as described in Chapter 4. Only a limiteshant of fatigue tests was done on
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the STUVA mortar [Khedoe & Moraal 2008]. The fatggbehaviour of the STUVA
mortar was compared with the fatigue data of thmordatory prepared mortar. As
shown in Figure 8.13, the fatigue behaviour of BIEBUVA mortar can be well
predicted by the fatigue model that was determimedhe basis of short-term aged
mortar fatigue data except for one data point. Fthim it was concluded that the
fatigue behaviour of the STUVA mortar is comparablth the one of the laboratory
prepared short-term aged mortar. Table 8.4 givep#rameters of the fatigue model
that may represent the STUVA mortar.

Table 8.4 Parameters of the fatigue model folSIhREVA mortar

. o W,
Temgerature Material combination 0 b )
[C] [MPal] [] Mixtures
10 Short-term aged mortar  0.518 2.760 A, B C,D

1.E+07
o STUVA mortar|
=} P
T 1E+06 +
S
g \e ___/’/ 8. o
S 1.E+05 - aX ik
) u N A X
o . ?(,/:’; 3
S 1E+04 R
=
2 - 4
© -
[ X
B 1.E+03 + L
5
®
£

1.E+02 += g
1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07
Measured number of cycles to failure [-]

0 SM-10T-10Hz @ SM-10T-40Hz & SM-0T-10Hz © SM-0T-40Hz

X SM_W-10T-10Hz SM_W-10T-40Hz + SM_W-0T-10Hz SM_W-0T-40Hz

A LM-10T-10Hz A LM-10T-40Hz X LM-0T-10Hz LM-0T-40Hz

0 LM_W-10T-10Hz © LM_W-10T-40Hz - LM_W-0T-10Hz = LM_W-0T-40Hz

Figure 8.13 Fatigue behaviour of the STUVA moriarrelation to laboratory
prepared mortar (SM: short-term aged mortar; LNhglderm aged mortar; W: water
conditioning; OT and 10T: test temperatures 6€Gnd 16C; 10Hz and 40Hz: test
frequencies)

8.3.2 Adhesive zone damage model

At the time of writing this thesis, information dhe fatigue behaviour of the real
STUVA adhesive zones was not available. It was sieea that it is difficult or
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impossible to drill a core with diameter of 3mm amgight of 10 mm from a real
porous asphalt concrete. Testing on such a smatisen is believed to be
troublesome. Furthermore, translation of the testlts into material stress becomes
impossible since the geometry of the real adhesoree is very complex and thus
remains unknown. Due to the limitations mentionédve, use was made of the
damage model that was developed on the basis dhbiveatory prepared adhesive
zone data. Considering the fact that the APT at $SAH&JVA was done under a
controlled surface temperature of the test sectibrli0°C and that the STUVA
mixtures were not subjected to long-termed agihgiais assumed that the behaviour
of the STUVA adhesive zones should approach thahetr of laboratory prepared
short-term aged adhesive zones. Table 8.5 listsattieesive zone damage model
parameters applicable for the STUVA adhesive zones.

Table 8.5 Model parameters of the adhesive zones

Temperature Material g, n @
[°C] combination  [MPa] [-] [degree] Mixture
10 B+SB 14.53 3.09 33.1 C,D
G+SB 10.99 3.55 30.1 A B

Note: B+SB=Sandstone + short-term aged bitumen;Bz+Sreywacke + short-term aged bitumen

8.4 Results and discussions

In the 2D idealized model, the main particle oknest is the central particle on the
upper row. Since this particle is far away from thedel boundaries, the effect of
boundary conditions on the computational resultexigected to be relatively small.
This stone particle has four contacts with the aurding material. Each contact is
numbered based on its location, as presented urd-i§.14. As indicated by the red
dots in the centre of each contact, four nodestmding for the mortar bridges and
are selected for stress analysis. Similarly, fonsles standing for the adhesive zones
are also selected at the stone-mortar interface uvery limited thickness, the
adhesive zone is not visible in this figure. Heteafthe analysis will focus on these
eight nodal locations as indicated in Figure 8.14.

Transversal _Longitudinal

directior 4—@ direction

Contact region

Y

Figure 8.14 Four contacts of the central stondigharand the selected nodal

-190 -



CHAPTER 8: MODEL APPLICATION & VERIFICATION

locations for stress analysis [Huurman 2008; Huur&a/io 2007]

8.4.1 Lifeestimation based on adhesive zone damage

The finite element modelling of the STUVA mixturpsovided the development of
relevant stress components during a tyre passagereF8.15 gives an example of
adhesive zone stresses. The corresponding deveatbpohehe equivalent tension
stress and the evolution of the damage are givéigire 8.16.

Stress [MPa]

Time [-]
Figure 8.15 Normal and shear stress developmeirigia tyre passage on the basis

of the simulation on Mixture D with 18% void conten(C-1, 2, 3, and 4: Contact
number as indicated in Figure 8.15; S: shear sthessormal stress.)

3 1.E-05

8.E-06

ol
N

0.025
+ 4.E-06

Damage development [-]

+ 2.E-06

Equivalent tension stress [MPa]

QOOOOOON o 1
PERRH@DER
gooommmm

0.E+00

Time [-]

Figure 8.16 Corresponding equivalent tension steesd damage development on
the basis of the stress signals given in Figur&.§@-1, 2, 3, and 4: Contact number
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as same as in Figure 8.15; E: Equivalent tensi@sstD: damage development.)

In Figure 8.16, the equivalent tension strésst represents the combination
effect of normal and shear stresses at any givem is determined as follows.

N 110
o, (t)=o,(t) + o9 (8.4)

Where:
o, = equivalent tensile stress, [MPa];

o, = normal stress, [MPa], (- for compression andrtéasion);

r =the shear stress, [MPa];
@ =the internal friction angle, [°];
t =time, [S].

The damage development is then determined éwuim of the various damage
increments.

O (t.) +o.(t) |

D(t) = Zm: 02 xAt for [o(t,,) +0.(t)] > 0 otherwise D(t) =0 (8.5)

Where

D(t) = the accumulated damage at time >t ;

i=1
o.(t) =the equivalent tensile stress at time [MPa];
o.(t,,) =the equivalent tensile stress at timeg, [MPa];

At =t,, -t , the time increment, [s],
a, = model parameter, [MPa];
n = model parameter.

The life expectancy of the adhesive zone isrd@hed by the reciprocal of the
cumulative damage in one cycle.

1
N=——
D) (8.6)
Where
N = predicted life expectancy, [repetition];

D(@) =the accumulative damage in one repetition.
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On the basis of the above, the life expectmef various mixtures with various
void contents are summarised in Table 8.6. As atdit in this table, the computed
life expectancies vary strongly at various contamten for the same simulation.
Among these four contacts, Contact 4 is the mogicalr location having the
maximum damage accumulation and thus the smalfesexpectancy in all of the
cases. It indicates that failure will occur firstgt Contact 4 and thus the life
expectancy of Contact 4 is responsible for théaitiitn of loss of stone, i.e. ravelling.
For this reason, this critical contact is takew iatcount in the following discussions.

Table 8.6 Summary of the computed life expectandg various mixtures with
various void contents

Void  Damage

Mixture content Life Contact 1 Contact 2 Contact 3 Contact 4
18% D(1) 5.851E-06 3.045E-11 1.269E-08  1.086E-05

1.709E+05  3.284E+10  7.877E+07  9.207E+04

A 0% D(1) 9.229E-06 4.270E-11 2.029E-08  1.373E-05
(Greywacke) N 1.083E+05  2.342E+10  4.929E+07  7.283E+04
03950 D(1) 1.404E-05 5.271E-08  2.788E-06  2.160E-05

N 7.124E+04  1.897E+07  3.600E+05  4.630E+04

18% D(1) 1.013E-05 1.862E-08  5.311E-07  1.479E-05

N 9.874E+04  5.370E+07  1.883E+06  6.761E+04

B 20%% D(1) 1.145E-05 5.050E-11 1.431E-07  1.689E-05
(Greywackg N 8.737E+04  1.980E+10  6.988E+06  5.922E+04
0395 D(1) 2.965E-05 1.794E-10  5.906E-07  4.464E-05

N 3.372E+04  5.574E+09  1.693E+06  2.240E+04

18% D(1) 4.258E-06 4.279E-11 1.004E-07  6.026E-06

N 2.349E+05  2.337E+10  9.956E+06  1.659E+05

C 200 D(1) 5.290E-06 6.055E-11 1.393E-07  7.497E-06
(Sandstonk N 1.890E+05  1.652E+10  7.179E+06  1.334E+05
23.25% D(1) 8.119E-06 6.896E-10  5.029E-07  1.224E-05

N 1.232E+05  1.450E+09  1.988E+06  8.173E+04

18% D(1) 5.601E-06 4.208E-11 1.044E-07  8.009E-06

N 1.785E+05  2.377E+10  9.582E+06  1.249E+05

D 0% D(1) 6.686E-06 4.203E-11 1.422E-07  9.524E-06
(Sandstong N 1.496E+05 2.379E+10  7.034E+06  1.050E+05
93950 D(1) 1.526E-05 2.625E-10  4.975E-07  2.219E-05

N 6.552E+04  3.809E+09  2.010E+06  4.506E+04

Based on the data listed in Table 8.6, thdiogiship of life expectancies versus
void contents for different mixtures can be esttdd. Figure 8.17 shows the critical
life expectancies that are plotted against the eoigtents. As mentioned earlier, the

-193 -



CHAPTER 8: MODEL APPLICATION & VERIFICATION

2D idealized model is not capable of making simafet for mixtures with void
contents above 23.5%. Due to this limitation, satiohs on Mixtures A, B and D
with void contents 24.3%, 27.4 and 25.0% respelstimee impossible. As a result,
use is made of extrapolation on the basis of dataimed from the simulations with
void contents below 23.5%. The obtained void conteersus life expectancy
relationships are indicated by the dashed linesvalrin Figure 8.17., the life
expectancies due to adhesive failure of the STUVAtures can be estimated by
plotting the void content of the STUVA mixtures time relationships (see the solid
points in Figure 8.17). Table 8.7 lists the lifpegtancies of the STUVA mixtures at
their actual void contents. The relationship betwé®e predicted life expectancies
and the observed ravelling damage after APT aSiidVA will be discussed latter.

Table 8.7 The estimated life expectancies ofSH&JVA mixtures on the basis of
the actual achieved void contents

Mixture A B C D
Achieved void content [%] 24.3 27.4 21.6 25.0
Life expectancy [cycle] 2.00E+04 4.50E+03 1.05E+05 2.50E+04
Ranking [-] 3 4 1 2
1.E+06
— A
1.E+05 | 8
B ¥ é g = A
g 2
3 o m @
c
S 1E+04 -
[&]
g D
(3]
2
S 1.E+03 |
oA oB AC OD
1.E+02 T T T T T T T

15 17 19 21 23 25 27 29
Air void content [%)]
Figure 8.17 Relationship between life expectanay eoid content (dashed curves)
and estimation of the life expectancies for the SAUnixtures based on the actual
achieved void contents (green solid points)

8.4.2 Lifeestimation based on mortar fatigue
Similarly, the finite element modelling of the STRVmixtures provided the
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development of relevant mortar stress and strampoments during a tyre passage.
Figure 8.18 gives an example of mortar stressesei\these stresses are plotted
against the respective strains, one can obtainsttess-strain hysteretic loops as
indicated in Figure 8.19.

1 1.E-03
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1 5E-04
=3 0.015 0.02 0.025 0.0 c
. 9% E+00 £
g .05 2
%]

x Sl 22

X Sl2
X S22 -T—>12 T >-E-04
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XXX ¢

-1.5 -1.E-03

Time [s]

Figure 8.18 Example of stress and strain developnmethe mortar bridge during
the tyre passage (Contact 1of Mixture D with 18%el\amntent)
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Figure 8.19 Example of stress-strain hysteretimpsoat various mortar bridges
based on the simulation of Mixture D with 18% veihtent (C1, 2, 3 and 4: contact
number; S11, 12 and 22: stress components)

-195 -



CHAPTER 8: MODEL APPLICATION & VERIFICATION

As discussed in the previous chapter, théalnilissipated energy per cycle is
used as an indication of the fatigue damage. Higiel$ of initial dissipated energy
per cycle indicate that the mortar is subjecteditih stress levels and thus can only
withstand a small amount of repetitions beforeufa] whereas a very low initial
dissipated energy per cycle indicates that the anocan withstand a very large
number of repetitions before fatigue failure. Thadationship between the initial
dissipated energy per cycle and the number of syttdfatigue can be explained as
follows.

W

N — initial _cycley-b

W (8.7)
Where:
W, = the energy limit, [MPa];
Wiia o0 = the total dissipated energy per cycles duttgginitial stage, [MPa];
b = model constant.

In the case of 2D fatigue loadings in the datians of various mixtures

hereafter, W, .. IS €qual to the sum of the dissipated energies from all of the

three stress components. Based on the stress ramu signals obtained from finite
element simulations, the value ®¥ can be determined by the total area of

initial _cycle
various hysteretic loops.

LT+ At q(t
Wiy o = XW, = [0, = Z{W} [e,(t+50) = £,(0) )

Where:
o, = stress components, [MPa];

&, = strain components.

On the basis of the above, the life expectandue to cohesive failure within
the mortar bridges were calculated and the resméissummarised in Table 8.8. As
indicated in this table, the computed life expecia® in the mortar bridges vary
strongly dependent on the contact locations. Amthiege four contacts, Contact 2 is
the most critical location having the maximum dissed energy and thus the smallest
life expectancy in all of the cases. It indicatest tfailure will occur firstly at Contact
2 and thus the life expectancy of Contact 2 isgesijble for the initiation of loss of
stone, i.e. ravelling, in case of cohesive faillfer this reason this critical contact is
considered in discussions following hereafter.
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Table 8.8 Summary of life expectancies of the ardotidges

Mixture C;ﬂgm Efﬁégy Contact1 Contact2 Contact3  Contact 4
180  Wini 2.79E-04 2.58E-03 1.94E-03  2.79E-04

N 1.05E+09 2.27E+06 4.95E+06 1.06E+09

A 20% Wini 3.15E-04 2.91E-03 2.20E-03  3.14E-04
(Greywacke) N 7.51E+08 1.63E+06 3.52E+06  7.59E+08
23.95% Wini 4.71E-04 5.03E-03 2.67E-03  4.69E-04

N 2.48E+08 3.60E+05 2.06E+06 2.50E+08

18% Wini 3.26E-04 2.28E-03 1.75E-03  3.26E-04

N 6.84E+08 3.18E+06 6.64E+06 6.86E+08

B 20% Wini 3.59E-04 2.89E-03 2.21E-03  3.58E-04
(Greywacke) N 5.24E+08 1.66E+06 3.50E+06 5.27E+08
23.95% Wini 6.21E-04 5.19E-03 3.92E-03  6.19E-04

N 1.15E+08 3.30E+05 7.13E+05 1.17E+08

18% Wini 2.44E-04 2.07E-03 1.58E-03  2.43E-04

N 1.53E+09 4.18E+06 8.81E+06  1.54E+09

C 20% Wini 2.77E-04 2.36E-03 1.81E-03  2.76E-04
(Sandstonp N 1.07E+09 2.88E+06 6.05E+06  1.08E+09
93.95% Wini 4.91E-04 4.16E-03 3.23E-03  4.84E-04

N 2.21E+08 6.05E+05 1.22E+06 2.30E+08

18% Wini 3.05E-04 2.51E-03 1.92E-03  3.05E-04

N 8.20E+08 2.44E+06 5.15E+06 8.24E+08

D 20% Wini 3.38E-04 2.74E-03 2.09E-03  3.37E-04
(Sandstonp N 6.19E+08 1.92E+06 4.04E+06 6.23E+08
3.25% Wini 5.80E-04 4.93E-03 3.81E-03  5.87E-04

N 1.34E+08 3.81E+05 7.70E+05 1.35E+08

Similarly, the relationship of life expectarsienduced by cohesive failure at
various void contents for different mixtures wasoaéstablished. Figure 8.20 shows
the critical life expectancies of mortar bridgestttare plotted against the void
contents. Again, due to the limitations of the 2Balized model, the life expectancies
of mortar of the STUVA mixtures have been estimdiganeans of extrapolation. The
life expectancies of the mortar bridges of the SAUNixtures are indicated by the
green solid points. The number of load repetitiognsgiven in Table 8.9. The
relationship between the predicted life expectanat the mortar bridges and the
ravelling damage after APT at the STUVA will bealissed in combination with the
life expectances of the adhesive zones. This iauserravelling will only occur in the
weakest link in the stone contact region, e.g. asisledailure or cohesive failure.
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Table 8.9 Mortar life expectancies for the STUVAituares taking into account the
achieved void contents

Mixture A B C D
Achieved void content [%)] 24.3 27.4 21.6 25
Life expectancy [cycle] 2.00E+05  4.00E+04 1.40E+06 1.50E+05
Ranking [-] 2 4 1 3
1.E+07
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g s
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g ¥
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Figure 8.20 Relationship between mortar life exgecy and void content

8.4.3 Causesof ravelling

8.4.3.1 Adhesivefailurevscohesivefailure

As discussed in the previous sections, the lifeeetgncies of the mortar bridges and
the adhesive zones were estimated. By comparingetheo, the weak link with
respect to ravelling was obtained. Table 8.10 gitres life expectancies of the
adhesive zones against those of the mortar bridgemdicated, the life expectancies
of the adhesive zones are an order of magnituddéesrtiaan the life expectancies of
the mortar bridges for all of the STUVA mixturest this point, the adhesive zone
seems to be more decisive for ravelling compardgddonortar bridges.
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Table 8.10 Life expectancies of the adhesive zagamst the mortar bridges

Mixture A B C D
Adhesive zones life expectany 2.00E+04 4.50E+03 1.05E+05 2.50E+04
Mortar life expectanc§ 2.00E+05 4.00E+04  1.40E+06  1.50E+05
Life ratio @™ 10.0 8.9 13.3 6.0
Adhesive Adhesive Adhesive Adhesive
Type of failure [-] Failure failure failure failure
Critical life expectancy 2.00E+04 4.50E+03 1.05E+05 2.50E+04

Table 8.11 gives a comparison of fatigue liséshe mortar, adhesive zone and
stone mortar-stone system at’@0The laboratory fatigue test data show that eithe
the fatigue life of the stone-mortar-stone specimethe fatigue life of the adhesive
zone is much smaller than the life of the mortdrisTmeans that failure may not
firstly happen in the undisturbed mortar when gubjected to the same/similar stress
level as the adhesive zone. It should be noted ti®tstone-mortar-stone system
represents an idealized stone contact region. dihed of such a system after being
subjected to shear fatigue was examined and itfawasd that the system failed at a
location which was very close to the stone surfabés type of failure can be defined
as cohesive failure in the bitumen interlayer ratilgan in the mortar. More
information is given to Chapter 4.

Table 8.11 Comparison of fatigue lives of the ragriadhesive zone and stone
mortar-stone system at 10

Stone-mortar-

Test conditionsShear stress stone system Adhesive zone Mortar
MPa N N> N3

B_SB_10°C 1.296 2.22E+03 3.00E+04 1.10E+07
B_LB_10°C 1.296 6.42E+03 2.00E+04 4.30E+07

B_SB_W_10C 1.296 1.74E+03 9.00E+03 8.50E+06
G_SB_10C 1.296 2.07E+03 4.20E+03 1.10E+07
G_LB 10°C 1.296 1.92E+03 5.20E+03 4.30E+07

G_SB_W_10C 1.296 1.44E+03 4.05E+03 8.50E+06

Figure 8.21 gives a comparison of the shortitaged mortar, the adhesive zones
and the stone-mortar-stone system tested @@.10he computational results indicate
that the shear stresses in the adhesive zones @malr foridges are in the order of 1.5
to 3MPa. Combining this with the fatigue data shawfigure 8.21, one can observe
that the adhesive zone is more punished than theamwidge at such a stress level.

The discussions given above indicate that antlbagnaterial components in the
contact region where the mortar binds the stoneneo$ together, the adhesive zone
tended to be the weak link to ravelling. Howevemust be noted that this is based on
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some specific conditions, especially for specimeeparation and simulations on
idealized mixtures in this study. In reality, theometry of the stone contact region is
complex and the stress state differs significafrhyn the idealized specimens tested
in the laboratory. As a result, failure may haveaus choices of location. Therefore,
validation of the weak link observed in the laborgtshould compare with the actual
pavement performance.
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_ + Mortar_DSR ‘o Mortar fatigue
'é' B B DSR Adhesive \
5 1000000 - zone fatigue \
= A G_DSR . @
— \
o) A G_SMs g\
= 100000 5 ous < %
o = a’\[a &
oy g %
— 10000 e
o N
8 Stone-mortar-stone fatigue A \\ s
€ 1000 o
z NS
100 Computed stresses —{
0.1 1 10

Shear stress [MPa]

Figure 8.21 Compare DSR fatigue data among theamadhesive zone (B_DSR,
G_DSR) and stone-mortar-mortar system (G_SMS, B )SM$ 10C and
short-termed aging

8.4.3.2 Effect of void content

Figure 8.22 gives the general trends of the conaplifie expectancy of the adhesive
zones and mortar bridges on increased void contirgisould be noted that there are
many factors that can influence the void contenpanous asphalt concrete. Among
these factors, the aggregate grading and bitumetecbare important issues as well
as the degree of compaction. Given a controlledliggaand bitumen content, the
obtained void content is directly related to theyrée of compaction. High void
contents indicate poor compacted asphalt concnétide low void contents indicate
well or over compacted asphalt concrete.

In Figure 8.22, only the effect of degree ofnpaction is considered. The
simulations were done by using a constant aggregyaiging and bitumen content,
while different void contents were taken into acquolAs observed, the mortar life
expectancy is more sensitive to void content corgbavith the adhesive zone life
expectancy. As a result, the types of failure ttmaty occur shifts from adhesive
failure to cohesive failure when the void contenbéyond the critical void content as
indicated in Figure 8.22. This indicates that psragphalt mixtures with high degrees
of compaction tend to fail in adhesive zone (adresailure), while those with low
degrees of compaction tend to fail in the mortéide (cohesive failure).
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The above also indicates that LOT can sene ta®l for the purpose of quality
control of mixtures. In this case, the desired vwdtent after compaction should not
be in the susceptible range at which life expegtaschanging rapidly. As indicated
in Figure 8.22 the life expectancy reduces to 14%dtie mortar bridge and 43% for
the adhesive zone as the void content increases I8% to 23.25%. Molenaar and
Meerkerk et al. (2006) conducted a study on thdopmance of the single layer
porous asphalt concrete based on the SHRP-NL daadmad found that the void
content lower than 24% is critical to prevent prama ravelling within 5 years.
Combining the computed results and the actual pegnce of porous asphalt leads
to the conclusion that the critical void conterdpensible for the premature ravelling
exists and LOT may use to explain this phenomeitoshould be noted that this
critical void content may depend on the type ofopgrasphalt, i.e. PA11/16 or PA 4/8.
In any case, the model results must be validatednlegns of the real mixture
ravelling performance.
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E+07 |
o 1.E+07 100%
) 'é- -—— 67%
S 1E+06 e
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S 1 E+05 100%@- -- 82% B
g L 1 - R <343% "
o -l N
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5 1.E+04 - Adhesive zone "‘\1:\_\
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Figure 8.22 General trends of the computed lifeeetancies of the adhesive zones
and mortar bridges (A, B, C and D: type of mixture)

8.4.4 Ravelling damage prediction
In this section, the relationship between the caeguife expectancy and the
measured ravelling in the STUVA mixtures will bealissed.

During the APT, a total of 700,000 wheel loagetitions were applied to the four
different types of mixtures discussed above. TIs¢ ¢enditions were £C without
considering the effects of water ingress and lawgit aging of binder. During
application of the 700,000 repeated loadings rangltleveloped. At the end of the
APT the ravelling damage of each section was détewn by means of two
independent methods [RWTH 2007]. The first meth®dased on interpretation of
highly accurate texture measurements. Figure 8i28sgan example of surface
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texture after APT. Due to local loss of aggregdie surface texture will become
rougher. From the difference of between the init@tture and the texture after
700,000 cycles the so-callédtegral der differenzen(IDD) was computed from the
laser data. This IDD is a commonly used measuradeelling damage and larger
IDD indicates larger change of texture and thus marelllag damage [RWTH 2007;
Huurman & Molenaar 2008].

4u7

driving direction b
G——

E
E 24a

—8.8 mm

Q 248 453

mm

Figure 8.23 Impression of ravelling damage afteiTARWTH 2007

The second method is a visual inspection caeduby a Dutch qualified
inspector. In this approach the wheel track in essttion was subdivided in smaller
subsections. For each subsection an assessmeatatiing damage was made and a
damage value was assigned accordingly (see Tahil. 8Vlore detailed information
is given in Appendix 8.1.

Table 8.12 Relation between ravelling assessmedt damage valueRWTH
2007Huurman 2008; Miradi 2009]

Damage value Ravelling assessment and percentageafelling
0 No damage
L=1 Light damage, incidental loss of stone, 6-10%
M=2 Moderate damage, loss of one or more clustestooe, 11-20%
E=3 Severe damage, continuous track of stone @886

Table 8.13 gives a summary of the computatioesilts and the ravelling damage
assessment. Figure 8.24 shows a comparison betiveertomputed life expectancy
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and the ravelling damage after 7x16ad cycles. In this figure, the results of tegtur
measurement and visual inspection are plotted ag#ie lives computed for these
four types of mixtures. As observed, the generad ts that the shorter the predicted
life, the more the damage is introduced to thattuméx during the ravelling test. The
largest deviation from this trend is observed faktMre A in the case of the texture
measurement. The trend of computed life is in gagdeement with ravelling
assessment by means of visual inspection.

Table 8.13 Summary of the calculated life expexjasnd the damage assessment
after 7x18 load cycles

Ravelling evaluation [RWTH 2007] Model simulation
Mixture Integral der Visual . Computed .
differenzen, IDD inspection Ra{j]klng Life Ra[rj]klng
[mm] [-] [cycle]

A 0.0367 21 3 2.00E+04 3

B 0.0423 32 4 4.50E+03 4

C 0.0116 16 1 1.05E+05 1

D 0.0266 21 2 2.50E+04 2

40 0.05
B
P - 1004 E
T 30 1 B o) c
c \ ! (0]
5} ~_7 N
g A + 003 g
2 20 - xR £
c D o
= X + 002 5
3 C °
2 10 - - N - ©
> X Visual inspection o 1001 05),
o Integral der differenzen c
0 : : 0
1000 10000 100000 1000000

Life expectancy [cycle]
Figure 8.24 Comparison between the computed fifé the ravelling damage after
7x1C load cycles
8.4.5 Prediction of lifespan and the maintenance moment

LOT simulations on porous asphalt will provide fife expectancy on the critical
contact point. The process of damage propagatiadirlg to the actual loss of stone
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and visible damage is not incorporated in the moéela result, the computed life
expectancy gives an indication of the initiation mdvelling damage. However,
compared with 7xI0load cycles during the STUVA APT, the computeck lif
expectancy of the best mixture is only approximatek1G cycles. Furthermore,
ravelling developed during the APT at the STUVA after 7x10 load cycles the
tested mixtures did not completely ravel. The abioécates that the computed life
expectancy does not directly relate to either iflespan or the maintenance moment.
It was felt that the real lifespan and the mainteeamoment may be much longer
than the computed life expectancy. Therefore, wfigreat interest to correlate the
computed life expectancy to the real lifespan (ttmenill old porous asphalt and lay
new porous asphalt) or the moment for preventivB@artemporary maintenance.

In real pavements ravelling damage develops gears of trafficking. For a
pavement with a 12-year service life, the firstcpi®f surface stone may well ravel
away within the first month of trafficking. The mieus indicates that ravelling is a
visual damage that slowly develops in real pavemdnt order to predict ravelling
damage for pavement preservation, the following qvestions need to be answered.

- When does ravelling start? The answer to this guesilows determining the
time for preventive maintenance.
- What is the evolution of ravelling damage as a fimncof pavement service life?

The answer to this question enables to estimatetithe for temporary

maintenance and the time for resurfacing.

With respect to the first question, LOT mayveeas a tool to predict the
initiation of ravelling. Combining LOT computeddifwith a model that is capable to
explain the evolution of ravelling damage, the réfspan and the moment of
maintenance become predictable. Of course, thierisuseful for planning pavement
preservation strategies.

In the following, a ravelling evolution mode$ iproposed based on the
relationship between the amount of ravelling anel dige of the top porous asphalt
layers. By defining the degree of damage at the emirthat ravelling initiates the
proposed ravelling evolution model is capable ttineste the lifespan and the
moment of maintenance.

8.4.5.1 Ravelling evolution in real pavements

Figure 8.25 gives an example of the amount of temxglin relation to the age of
porous asphalt surface layers. More data can bedfelsewhere [Miradi 2009]. The
cumulative lifespan distribution of porous asphedt determined by the Road and
Hydraulic Engineering Division (RHED) of the Dutdhinistry of Transport is also
given in Figure 8.26. It should be noted that rtavglis decisive for the lifespan of
porous asphalt in most of the cases. Therefore,ctitee of cumulative lifespan
distribution also gives an indication of ravellidgvelopment over the years.
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100 -y 100
ppcA-aa?
A
__ 80 4| --oO-- Amsterdam o DA - 80
= --o- - Lelystad K o A0 =
[e)] / . (0]
£ ---A--- RHED /oo 3
= 60 - o 4 160 3
g : 5
b //// ,A é\
— - ,a . i =
= 40 I,‘./I/’ A 40 _%
° P A S
< o/ A a
20 - o 7 N -+ 20
0.5 B° A
// A%, A AT
o _
0 H&\wm\ T T T T T T T 0
0 2 4 6 8 10 12 14 16 18 20

Age or lifespan [year]

Figure 8.25 Amount of ravelling in relation to tlage of porous asphalt layers
(Amsterdam: 84.7Km main road; Lelystad: 2.35.9Knimraad.) and the cumulative
lifespan distribution as determined by RHED [Mir@8i09]

8.4.5.2 Ravelling evolution model

A ravelling evolution model has been reported oa blasis of SHRP-NL database

[Sweere 1995].

(8.9)

Raf
IN(————) =B, + B, xLft
Cooor) =P+ P
Where:
Raf = percentage of ravellingd < Raf <100, [%];
Lft = serve life, [year];
B,,5 = model parameters.

Similarly, the following model was used to expldhre ravelling evolution in the

STUVA APT sections.

Raf

In(——
100- Raf

)=5+BxN

(8.10)

At the time of writing this thesis, the actuahount of ravellingRaf in the

STUVA APT is unavailable. Indication was thaaf

of IDD using the following equation

- 205 -

might be expressed by means



CHAPTER 8: MODEL APPLICATION & VERIFICATION

IDD
Raf = x100
) (8.11)
Where:
IDD, = the reference value IDD at whigaf =100, [mm].

As indicated in Table 8.13, the total scoredach mixture varies from 16 to 32
after 700000 load repetitions. It should be notkdt tthis total score of visual
inspection is the sum of 24 subsections which aggaed by a damage weight
varying from 0 to 3 (see Appendix 8.10). As a reghk total score of 24, 48 and 72
is directly related to light, moderate and seveaenage, respectively (see Figure
8.26).

Figure 8.26 shows the linear relationship betwé¢he total score and IDD.
Furthermore, an average of the amount of raveli;ygssigned to each level of
ravelling damage. By doing this, one can obtairt tha IDD value responsible for
severe damage, i.eaf =30% was determined as 0.0955mm. Based on a lmégr

thelDD,value accounting for completely ravellingRaf =100% was thus determined
as 0.318mm.

0.14
Severe damage
0.12 >20%
IDD=0.0955 averg.=30% _
0.1 1 -~
<"""""'"""""""""/'/1/
— |
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g 0.06 y = 1.327E-03x L?/ -7 :
. s 2 — _- 1
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Visual inspection score [-]

Figure 8.26 Relationship between the visual inspeccore, IDD and the amount
of ravelling

On the basis of above, the ravelling evolutioodel is rewritten as the function
of IDD.

IDD | _ y
"o s1s-1pp’ = A AN (8.12)
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Equation 8.12 shows that model parametgrandg can be determined by

means of least square method if the measuremeuitsed IDD after different load
repetitions are available.

At the moment of writing this thesis, only thBD value after 700000 load
repetitions was available. Because of this linitatithe parameters were determined
using the following procedure.

(1) WhenN =0, the amount of ravelling should be zero. Howgtiee model
shows its limits at this point. Therefore, it wasamed that the amount of
ravelling is fairly very small, i.ecaf =0 whenN =0. For this reason,
Raf =0.0001% was chosen and this resujg,in -13.816.

(2) Combining the IDD value after 700000 load repetitioleads to the
determination of the other paramefefsee Table 8.15).

Table 8.14 Model parameters and model prediction
Mixture B, B,x10° Raf @N.or [%] N@ Raf =20% N@ Raf =75%

A -13.816 1.683 0.00014 7.386E+05 8.863E+05
B -13.816 1.706 0.00011 7.286E+05 8.743E+05
c -13.816 1.506 0.00049 8.253E+05 9.903E+05
D -13.816 1.632 0.00015 7.617E+05 9.140E+05

Figure 8.27 gives the computed ravelling dewelent of the four STUVA
mixtures by means of the model parameters givefalle 8.14. As illustrated, the
ravelling model is capable to explain the relatigeelling development of the four
STUVA mixtures. By combining the LOT computed liyétsis found that except for
Mixture C, the model predicted a similar amountafelling at the number of load
cycles equal to the life expectancy for all othéxtares. The deviation of Mixture C
indicates the importance of accurate determinaifcthe model parameters.
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Figure 8.27 Modelled ravelling development of foer STUVA mixtures (a: the
overview; b: zoom-in at the number of load cyclgsiad to the life expectancy; c:
zoom-in at 700000 load cycles.)

It must be noted that the above indicationscarg based on the measurement
results of IDD value after 700000 cycles. More diftar different load repetitions are
needed to come to a conclusion. Despite of the lasialvof lacking of data, the model
still exhibits its capability on explaining ravellj development.

Therefore, the following was proposed. By réiwg the model, one may obtain
a model that allows to predict the lifespan (i.ehew Raf = 100%) and the

maintenance moment (i.e. wheRaf = 20%) as follows
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Raf
" oo-rat) (8.13)
B

N =

In Equation 8.13, 4, could be estimated using the initial condition of
Raf = 0% WhenN =0, i.e B, =-13.816. After that, the other paramete can be
determined on the basis of LOT computational resusing the following relation:

Rafo —
|n(m) =B+ BNy (8.14)
Where:
N or = LOT computed life, [cycle];
Raf, = the amount damage as ravelling initiates, Raf, =0.0002%. This value
is an average of the four STUVA mixtures
100 |
a0 ( N or =10000
S -
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S
g N, o =10000C
40
20 |
0 J T T T T T
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Number of load cycles [-]

Figure 8.28 lllustration of ravelling models basgdLOT computed life

Figure 8.28 gives an illustration of a few misdevhich are based on LOT
computed lives. It is clearly shown that the praubsnethod enables to predict the
ravelling development and thus information on tfe $pan or maintenance moment
becomes available.

The above was intended to discuss a possible metharrelate the LOT
computed life to the actual life. This method take® account when ravelling
initiates and how ravelling develops over time.idalion of the proposed method is
very necessary and use can be made of the APT mneeasut results of IDD after
different load repetitions if available.
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8.5 Conclusions

A 2D idealized model is used for ravelling analysfsthe four STUVA mixtures.
Finite element simulations take into account thei@cvolumetric properties in-situ,
the complex tyre-pavement contact stresses anasponse of the STUVA mortar as
well as the fatigue damage models of the adhesive and mortar. Based on the
computed results, it is concluded that the devel@hesive zone and mortar fatigue
damage models explain the ravelling damage at ThéVA sections well.

The damage model of the adhesive zone is capdilitanslating complex stress
signals into accumulative damage development. Thdetresults in logical life
expectancies responsible for the initiation of tavg at the STUVA sections. The
number of cycles to ravelling is computed in a mmg 16~10 cycles, which is
smaller than the total of 700,000 cycles as wepdieg during APT.

The mortar fatigue model has been demonstitaté@ capable to deal with the
complex stress and strain signals. Combining tligiia model with the mortar stress
and strain signals leads to reasonable life expe®a due to mortar failure. The life
expectancies of the four STUVA mixtures were estédain a range of 101C°
cycles.

The computed live span of mortar bridges is highan the computed live span
of adhesive zones. This is in good agreement vaitigde data from laboratory tests
on stone-mortar-stone systems. Indications arethlgatdhesive zone tends to be the
weak link in the stone contact region.

The above leads to the conclusion that the dekfg due to adhesive failure
should be used for evaluation of the ravellingstesice of the four types of mixture
used in the STUVA APT sections.

It is concluded that the computed lives of ther STUVA mixtures compare
well with the assessment of ravelling damage. megal, a shorter computed life will
strongly indicate more ravelling damage.

The final remark is that LOT simulation focasan the critical stone-to-stone
contact region where failure may occur firstly. &sesult, LOT simulation explains
the initiation of ravelling while visible ravellingamage in real pavements tends to
develop over years. Taking this into account ibgcal to note that LOT appears to
be conservative. The computed life expectancy isdirectly related to the actual
lifespan of porous asphalt or the maintenance manitowever, a good correlation
between these two can be expected when takingatount ravelling evolution.
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Appendix 8.1
Ravelling assessment after 7xf0oad cycles by means of visual inspection
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2 M 0 L ure=mide schuine sireep over plaat ]
SCORE 9 7 3 g 3 2
Even deel van de plaat Uneyen desl van de plaat ERMWST VAN DE RAFELING
A B C A B C D0: geen schade
a8 M 1] 1] M L 1] L: af en to= een steentie weg
7 M: &én of meer chsterties weg
as |2 L E 1] [1] L 1] E: een spoor steentjes weg
3
a2 4 M [ o L 1] o PLAATS OP DE PLAAT
3 A =rafefing Llangs buitenrand band
A 2 M [ L M L L B = rafeiing onder de band
1 C = rafeling langs binnenrand band
SCORE 7 4 1 B 3 1

Note: the wheel track of each mixture was subdiyiahito 24 (4x2x3) smaller subsections.
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9 CONCLUSIONS & RECOMENDATIONS

9.1 Introduction

In this final chapter the main conclusions of tlésearch are summarized and some
recommendations are given respectively in the ¥alg three parts: experimental
work, fatigue/damage models and model applicati@h\eerification.

9.2 Conclusions
9.2.1 Conclusionsrelated to experimental work

- It was shown that test specimens at meso-scaladbesive zone and mortar
testing can be produced successfully and tested.

- The adhesive zone and mortar fatigue behaviouregbrscale can be captured
by utilisation of the DMA and DSR instruments.

- The idealized adhesive zone represented by twae stolumns glued by a thin
bitumen interlayer can well explain the behaviodirtlte region where the
mortar meets the stone surface, i.e. the adhesive. z

- Mechanics analysis at micro-scale showed that oexnptress distributions
develop in the adhesive zone due to stone surfacphalogy.

- The stone-mortar-stone system can successfullysbd to identify the weak
link, e.g. cohesive failure or adhesive failuretthall cause ravelling in the
stone contact region.

9.2.2 Conclusions related to fatigue/damage models

- The equivalent uniaxial tensile stress on the bafsibe internal-friction theory
taking into account both normal and shear stresses,good indicator of the
stresses that actually occur.

- The adhesive zone damage model is based on tter lilaenage accumulation
rule combined with the equivalent uniaxial tensileess. Model parameters can
be obtained by combination of commonly used unlaeiasile tests and shear
tests. Model validation can be done using test datained under combined
normal and shear stresses.

- The damage development of the adhesive zone igtigerie temperature.

- The adhesive zone exhibits two failure mechanisatiesive failure at the
bitumen-stone interface and cohesive failure withim thin bitumen interlayer.
Adhesive failure becomes predominant at low tentpega and after aging.

- A mortar fatigue model can be described using nwdeised on dissipated
energy.

- Although incorrect in principle, the dissipated mgyeper cycle in the initial
phase of fatigue tests is a much more practicalcator for fatigue life
determination purposes than the total energy dissipduring a fatigue test.

- Since a mortar fatigue model based on the initissidated energy per cycle
was adopted, effects of complex stress and stigimals can be taken into
account.
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9.2.3 Conclusionsrelated to model application and verification

The ranking of life expectancy explained by LOTniggjood agreement with the
results of full scale tests in which ravelling wasoduced by a real truck tyre
travelling at 80 km/h.

The potential type of failure (i.e. adhesive vehesive failure) is predictable by
comparing the live span of mortar bridges to adlesones. The prediction can
be verified by laboratory tests on stone-mortanstsystems and/or the real
pavement performance in-situ.

It has been shown that it is possible that ravglligha type of mixture damage
that may be introduced by repeated mechanicalraotidy.

Pavement life as expected by LOT is approximatétyt8 10% of the real life
time at which 20% ravelling occurs.

It has been shown that LOT is an excellent tootawok the performance of
mixtures.

9.3 Recommendations
9.3.1 Recommendationsrelated to experimental work

It was found that stone morphology plays an imptrtale in the adhesive zone
performance. It is therefore recommended to furthmrove the protocol for
adhesive zone specimen preparation such that spesiwith a known and
realistic morphology are obtained.

For the purpose of material optimization, more ailreezone tests are required
to reduce the effect of data scatter.

It is recommended to apply a more severe protamowater immersion in the
future. A study into determination of the most igt&d protocol should precede
any decision on this point. This protocol shouldlie effect of freeze-thaw
cycles and allow sufficient tine for diffusion.

Since local stress concentration (i.e. 9.82% highen the uniform stress)
occurs in the mortar specimen, it is recommendedetiesign the mortar
specimen by means of finite element simulation.

Repeated load uniaxial tensile tests on a more goln@MA instrument with a
load capacity larger than 100N are recommendethotar fatigue.

9.3.2 Recommendationsrelated to fatigue/damage models

The parameters of the adhesive zone damage model seémperature
dependency. It is thus recommended to develop ergkred damage model by
taking into account this dependency. Hereto tetst datained over a wide range
of temperatures and on various bitumen-stone caatibims should be
generated.

The effect of friction in the adhesive zone dualiect stone surface contact
should be investigated.

Improvements of the available adhesive zone damaagel should consider
the healing effect of compressive adhesive zomsshs.

Since the DSR instrument proved to be capable ofopring combined
normal-shear tests, it is recommended to apply $ests for quick parameter
determination. This will reduce the required numbktime-consuming fatigue
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tests.

The mortar fatigue model should be used with soare since it has not been
validated against data at other stress conditioasdiffer from shear. Bending
and uniaxial tensile tests are thus recommendedthferpurpose of model
validation. In particular, the effect of compressistress on fatigue damage
should be distinguished from the effect of tenaitel shear stresses.

The parameters of the mortar fatigue model develgl®ow limited variation
with frequency, temperature and aging. It shouldhbied that this observation
is based on test data for one type of mortar dndications are that a universal
dissipated energy based fatigue model for asphatumas exists. On the basis
of the previous it is recommended that tests omouartypes of mortar are
performed to establish a generalized mortar fatigodel.

9.3.3 Recommendations related to model application and verification

LOT is susceptible for mixture geometry which isast others indicated by
mixture compaction. Because of this significanfeténces exist between LOT
calculations on the basis of mixture design in@und calculations on the basis
of in situ mixture inputs. It is thus recommendbdttperformance assessment
should also take into account the quality of carddton by consideration of the
in situ mixture volumetric composition instead loé tmixture recipe.

Since LOT computed life is not directly related thetual life span, it is
recommended to set up the relation between thes@alues on the basis of the
ravelling development of the four STUVA mixturesaifailable.

LOT should be further validated at extremely lovd drigh temperatures since
these temperatures may be critical for ravellingnage.
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10.

PROPOSITIONS

Although roads can be designed on the basisasfynof the known, they are
paved with miles of the unknown.

The assumption that ravelling is a type of stefdefect and thus has nothing to
do with the pavement structure is incorrect.

A material model provides more valuable inforigrat than individual
measurements do.

Fatigue characterization of bituminous matengthout taking into account the
shape of the load signal and the load history isummecessary and incorrect
simplification of reality.

Life is not easy even for a lazy person.

It is not who you know, it is who knows you. [Jeffrey Gitomer. Little Black
Book of Connections]

Doing Ph.D research is a great job. It is ainomg learning process with a lot
of challenges and surprises, and you even get paid.

China is changing, but can’t change instasithge it has a history of more than
five thousand years, which bears great influenctherChinese people.

When the creditor lends the debtor one Eueoldfter normally needs to pay
back one Euro or more. Such a rule does not alexgigs at the level of nations.
China is the largest creditor country to the Uniftdtes of America. However,
this debtor nation has tricky ways to return less.

The current financial crisis is a good exampfethe fact that the global
problems facing the world today are not at all gsinbeyond our control.
Instead, all the global threads facing us todaypsaoblems entirely of our own
making.

The propositions are considered opposable and defendable and as such have been
approved by the promoters Prof. dr. ir. A /A.A. Molenaar and Prof. dr. SP. Wu.
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10.

STELLINGEN

Hoewel wegen ontworpen kunnen worden op basideataande kennis, zijn ze
verhard met kilometers aan ontbrekende kennis.

De aanname dat rafeling een opperviakschadenisius geen relatie vertoont
met de verhardingsconstructie, is niet correct.

Een materiaalmodel geeft meer waardevolle in&tien dan individuele
metingen.

De bepaling van de vermoeiingseigenschappen bramineuze materialen
zonder rekening te houden met de vorm van het idastal en de
belastinggeschiedenis is een onnodige en een tmjuiseenvoudiging van de
werkelijkheid.

Het leven is niet gemakkelijk, zelfs niet voendui persoon.
Het gaat er niet om wie jij kent, het gaat emim jou kent.

Het verrichten van promotie-onderzoek is eewelgige baan. Het is een
continu leertraject met veel uitdagingen en vemgen waarvoor je ook nog
betaald wordt.

China verandert, maar dat kan niet instantaaar lgeschiedenis van meer dan
vijf duizend jaar heeft hiervoor te veel invioed dg Chinese bevolking.

Als een crediteur één Euro leent aan een debitienn zal de laatste over het
algemeen minimaal één Euro moeten terugbetalere EBgel geldt niet altijd op
het niveau van naties. China is de grootste crediten de Verenigde Staten van
Amerika. Deze debiteur heeft echter sluwe manierarminder terug te betalen.

De huidige financiéle crisis is een goed voeltbevan het feit dat de
wereldwijde problemen die ons bedreigen, zekeriéen onze controle vallen.
Integendeel, alle huidige wereldwijde problemenn zijolledig door ons
gecreéerd.

Deze stellingen worden opponeerbaar en verdedigbaar geacht en zjn als zodanig
godgekeur door de promotors, Prof. dr.ir A A.A. molenaar en Prof. dr. SPWu.
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