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We shall not cease from exploration 
And the end of all our exploring 
Will be to arrive where we started 
And know the place for the first time. 
Through the unknown, remembered gate 
When the last of earth left to discover 
Is that which was the beginning; 
At the source of the longest river 
The voice of the hidden waterfall 
And the children in the apple-tree 
Not known, because not looked for 
But heard, half-hearted, in the stillness 
Between two waves of the sea. 
Quick now, here, now, always- 
A condition of complete simplicity 
(Costing not less than everything) 
And all shall be well and 
All manner of thing shall be well 
When the tongues of flame are in-folded 
Into the crowned knot of fire 
And the fire and the rose are one. 
 
    T.S. Eliot, Four Quartets, 1944 
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Abstract 

In this dissertation different porous asphalt (PA) materials from a number of 
motorways in Switzerland have been investigated at various scales.  

In part I of this investigation, direct observations of porous asphalt concrete samples 
in their natural state using optical and electron microscopy techniques led to 
important information regarding the microstructure of two mixes and the relationship 
to their in situ performance. Well performing and sub-optimally performing pavements 
show evidence of suboptimal microstructure that could lead to premature failure. 
Microstructural changes due to different compaction methods could be observed. 
Laboratory and field compaction produce different samples in terms of the 
microstructure. Gyratory compaction had produced more microcracks in mineral 
aggregates as field compacted mixes. Well performing mixes used polymer modified 
binders, had a more homogeneous void structure with fewer elongated voids and 
better interlocking of the aggregates. Furthermore, well performing mixes showed 
better distribution of the mastic and better coverage of the aggregates with bitumen. 
Observations with the low vacuum environmental scanning electron microscope 
(ESEM) showed that SBS polymer modification in binder and in the concentration 
used, exists in the form of discontinuous globules and not continuous networks. A 
reduction in the polymer phase was observed as a result of aging and in service use. 

Porous asphalt concrete due to its open structure is exposed to water and therefore 
susceptible to water damage. In Part II of this investigation, the effects of water, 
temperature and loading frequency on macro mechanical properties of porous 
asphalt concrete were investigated. An innovative test method namely the coaxial 
shear test (CAST) developed at Empa is used to mechanically test 150 mm diameter 
cylindrical cores from eight materials in dry state and while being submerged under 
water. Application of CAST for a twin lay porous asphalt as well as conventional 
porous asphalt showed a reduction in complex modulus due to fatigue loading after 
each thermal cycle and due to detrimental effects of water submersion. Moisture 
susceptibility results using CAST reflected the field inspections results and could not 
be obtained using conventional test methods. 

In Part III of this investigation, the tensile behavior of two types of viscoelastic 
bituminous films confined between mineral aggregates or steel as adherends, was 
investigated in the brittle and ductile regimes. Uniaxial specimens were fabricated 
employing a prototype set up allowing construction of micro-scale thin films and 
visualization of failure phenomena. The effect of key parameters, namely, 
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temperature (23°C and -10°C), binder type (straight run and polymer modified), 
adherend type (stainless steel and mineral aggregate), and water conditioning were 
investigated sequentially. The results show that water sensitive aggregate-binder 
combinations in macro (ø =150 mm) and mega (in service) scales also displayed 
reduced properties in the micro scale when water conditioned. At 23°C ductile failure 
and at -10°C brittle fracture was observed. At 23°C phenomena, such as formation of 
striations during tensile mechanical loading, void nucleation and growth, filamentation 
and large ductile flow before fracture could be witnessed. When using proper surface 
preparation procedures, in all types of specimen investigated at 23°C only cohesive 
failure and at -10°C predominantly adhesive-cohesive failure were found. 

During the micro-tensile tests, as the upper spindle slowly moves vertically, in 
addition to shear forces demonstrative of viscous effects, gravity and capillary forces 
act on the bitumen film. In order to understand the relative effect of these forces the 
order of magnitude of a host of relevant dimensionless groups, representing ratios of 
these forces are considered and discussed. The analysis of the above numbers has 
given a qualitative indication that the deformation in bitumen films is dominated by 
viscous stresses although capillary forces do play a role with negligible inertia and 
gravitational effects. 

An important finding of this investigation was that the difference in performance of PA 
materials in terms of durability and failure seen in macro and mega scales, can also 
be observed and quantified in their micro-structure, and micro scale mechanical tests 
indicating that it is the micro scale where performance determining phenomena find 
their origin and where research focusing on performance enhancing material 
optimization can begin. 
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Zusammenfassung 

Diese Dissertation enthält eine detaillierte, wissenschaftliche Untersuchung der 
Struktur und des mechanischen Verhaltens von offenporigen Asphalt-Materialien 
(Porous Asphalt, PA) über einen breiten Bereich von unterschiedlichen 
Längenskalen vom Mikro- bis in den Megabereich. Die untersuchten Proben 
entsprechen dem in Schweizer Autobahnen verwendeten, offenporigen Asphalt.  

Im ersten Teil der Dissertation ergaben direkte Beobachtungen mittels Licht- und 
Elektronenmikroskopie von offenporigen Asphaltbeton-Prüfkörpern im Urzustand 
wichtige Informationen über die Mikrostruktur von zwei Mischguten und deren 
Beziehung auf das in Situ-Verhalten dieser Materialien. Die Proben mit besserem in 
Situ-Verhalten wiesen eine gewisse „optimale“ Mikrostruktur auf, die mit verbesserten 
Eigenschaften verbunden war. Dagegen war eine suboptimale Mikrostruktur immer 
mit entsprechend suboptimalem Verhalten und Eigenschaften der gleichen 
Materialien verbunden. Diese suboptimalen Mikrostrukturen und Eigenschaften 
waren vermutlich der Grund für das frühzeitige Versagen des Materials. Es wurden 
Unterschiede in der Mikrostruktur festgestellt, welche durch unterschiedliche 
Verdichtungsmethoden entstanden waren. Die Prüfkörper, die im Labor mit dem 
Gyrator verdichtet worden waren, verhielten sich anders als diejenigen, welche vor 
Ort verdichtet worden waren. Erstere wiesen eine grössere Anzahl von Mikrorissen 
auf. Die Materialien mit besserem in Situ-Verhalten enthielten ein 
polymermodifiziertes Bindemittel und wiesen einen homogeneren Hohlraumgehalt 
mit einem kleinen Anteil von länglichen Hohlräumen auf, und die Zuschlagsstoffe 
waren besser verzahnt. Ausserdem wurde in diesen Materialien eine bessere 
Verteilung des Mastix und eine bessere Umhüllung der Zuschlagsstoffe festgestellt. 
Die Rasterelektronenmikroskopie im Tiefvakuummodus (ESEM) ergab, dass Styrol- 
Butadien -Styrol (SBS) in polymermodifizierten Bindemitteln als Globuli locker 
verstreut und nicht im Netzverbund vorkommen. Es wurde auch eine Reduktion der 
Polymerphase festgestellt, was auf die Alterung und die tägliche Belastung 
zurückzuführen ist. 

Wegen des grossen Hohlraumgehalts ist offenporiger Asphaltbeton leichter mit 
Wasser in Kontakt und deshalb anfälliger für eine Schädigung durch Wasser. Im 
zweiten Teil dieser Dissertation wurden die Einwirkung des Wassers, der Einfluss der 
Umgebungstemperatur und der Belastungsfrequenz auf die makromechanischen 
Eigenschaften von offenporigem Asphaltbeton untersucht. Es wurde eine an der 
Empa entwickelte, innovative Prüfmethode, der sogennante koaxiale Schubversuch 
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(CAST), verwendet, um die mechanischen Eigenschaften von ausgesuchten, 
zylindrischen Bohrkernen aus acht Materialien (Ø = 150mm) im trockenen und auch 
im wassergesättigten Zustand zu untersuchen. Im Fall des zweischichtigen sowie im 
Fall des konventionellen porösen Asphalts zeigte die Anwendung von CAST, dass 
die Reduktion des komplexen Moduls sowohl ein direktes Ergebnis der Ermüdung 
und Temperaturoszillationen als auch eine Folge der negativen Wirkung der 
Wasserlagerung sein kann. Die Ergebnisse der 
Wasserempfindlichkeitsuntersuchungen mittels der CAST entsprachen der in Situ-
Beurteilung der gleichen Materialien und konnten nicht mit konventionellen methoden 
erreicht werden.  

Der dritte Teil der Dissertation konzentriert sich auf das Zugverhalten von zwei Arten 
viskoelastischer Bitumenfilme, welche zwischen Zuschlagsstoffen oder Stahlteilen, 
die als Adhäsionsflächen wirken, eingepasst sind. Sowohl der duktile als auch der 
spröde Zustand wurden untersucht. Mittels einer neuartigen Methode wurden 
uniaxiale Prüfkörper mit dünnen (im Mikrobereich) Bitumenfilmen hergestellt und 
geprüft, so dass die damit verbundenen Bruchphänomene beobachtet werden 
konnten. Die Wirkung von Schlüsselparametern wie z.B. die Temperatur (23°C 
und   -10°C), der Bindemitteltyp (mit und ohne Polymermodifizierung), die Ad-
häsionsflächen (rostfreier Stahl und Zuschlagsstoffe) und die Wasserkonditionierung 
wurde systematisch untersucht. Kombinationen von Zuschlagsstoffen und 
Bindemitteln, die im Mikrobereich eine Verminderung diverser Eigenschaften nach 
der Wasserkonditionierung ergeben hatten, zeigten auch ein ähnlich 
wasserempfindliches Verhalten im Makro- (ø =150 mm) und Megabereich (in-Situ). 
Bei 23°C erfolgte ein duktiler und bei -10°C ein spröder Bruch. Bei 23°C konnten 
Phänomene wie Streifenbildung während der Zugprüfung, Löcherbildung und deren 
Vergrösserungen, Faserbildung und grosse duktile Dehnungen vor dem Bruch 
beobachtet werden. Bei richtiger Oberflächenvorbereitung konnten für alle bei 23°C 
geprüften Prüfkörper nur Kohäsionsbrüche festgestellt werden, wogegen bei -10°C 
die adhäsiv-kohäsiven Brüche überwogen. 

Während der Mikrozugversuche wirkten neben den durch die vertikale mechanische 
Zugbeanspruchung durch viskose Effekte erzeugten Scherkräften auch die 
Schwerkraft und Kapillarkräfte auf den Bitumenfilm. Um den Gesamteinfluss von 
diesen Effekten beurteilen zu können, wurde eine Grössenordnungsanalyse der 
relativen Gewichtung dieser Kräfte mit Hilfe der relevanten dimensionslosen 
Kennzahlen durchgeführt. Die Analyse aller Testergebnisse ergab, dass die 
Deformation des Bitumens von viskosen Effekten dominiert ist, wobei die 
kapillarkräfte einen geringen und die Trägheitskräfte und die Schwerkräfte einen 
vernachlässigen Einfluss ausüben. 

Ein wichtiges allgemeines Ergebnis dieser Untersuchung war, dass das 
unterschiedliche Verhalten bezüglich Dauerhaftigkeit und Versagen von PA im 
Makro- und Megabereich ebenfalls im Mikrobereich beobachtet und quantifiziert 
werden konnte. Es steht deshalb fest, dass entsprechende, konzentrierte Forschung 
im Mikrobereich wesentlich dazu beitragen kann, das Ziel, Strassenbeläge mit PA zu 
verbessern, zu realisieren. 
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AC Asphalt concrete  

BSE Back scattered electrons 

CAST Coaxial shear tests 
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ESEM Environmental scanning electron microscope 
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HRTEM High resolution transmission electron microscope 
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TEM Transmission electron microscope 
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Nomenclature 

  

Latin Letters 

A [m2] Area 

Aa, Ac [m2] Contact area for adhesion and cohesion respectively 

Ai [m2] Surface area of pavement 

AR, As [m2] Rough and smooth contact area  

Bo [-] Bond number 

C [m3] Volume occupied by the individual molecular chains  

C*m [m3] Sample volume 

Ca [-] Capillary number 

D [kPa] Maximum slope of stress-strain curve after ultimate strength 

d [m] Aperture diameter 

d [-] Damage parameter 

dA [m2] Change in area 

dd [mm] Deformation at which most of the space is filled with voids 
and the material is drastically depleted 

dh [mm] Deformation at which first hole appears 

dn [mm] Deformation at which necking begins 

ds [mm] Deformation at which separation occurs. 

dth [mm] Deformation at which thinning begins if any  

E [Pa] Young’s Modulus (Elastic Modulus) 

E* [Pa] Complex modulus 

E1 [Pa] Elastic modulus of the binder 

E2 [Pa] Elastic modulus of the composite material 

E', E'' [Pa] Real and Imaginary part of the complex modulus 

E0 [keV] Accelerating voltage (keV) 

Esi [Pa] Secant modulus at point i 

f [m] Focal length 
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f [Hz] Frequency 

F [N] Load 

fi [-] Fraction of surface occupied by each surface type 

g [m/s2] acceleration associated with the body force, almost always 
gravity 

G* [Pa] Complex shear modulus 

G’, G’’ [Pa] Real and imaginary parts of the complex shear modulus 

Gi [-] Weighing factor for surface degradation 

h [m] Depth of field 

I1 [-] Global surface degradation index 

ITSd [Pa] Average indirect tensile strength of the dry group  

ITSR [%] Indirect tensile strength ratio (ITSR=100 · ITSw/ITSd) 

ITSw [Pa] Average indirect tensile strength of the wet group 

l, L0 [m] Gauge length 

L01 [m] Gauge Length of composite material 

L02 [m] Binder film thickness 

L [m] Characteristic length scale, characteristic linear dimension, 
(traveled length of fluid) 

M [-] Magnification 

Mi [m2] Surface degradation (Mi =Si · Ai) 

P [Pa] Pressure  

r [m] resolution 

Re [-] Reynolds number 

Rw [-] Surface roughness factor  

Ssl [N/m] The net force per unit length of the triple contact line (SLV) 
which causes the spreading 

Si [-] Surface degeneration severity 

Tg [°C] Glass transition temperature 

u [m] Distance of the object to the lens, displacement 

v [m] Distance of the image to the lens 

V [m/s] Characteristic velocity 

W [J] Mechanical work 

W1 [µJ] Energy required for the material to fail 

W2 [µJ] Energy required for the material to separate 

Wa [J] work of adhesion  

Wc [J] Work of cohesion  

We [-] Weber number 

x [µm] Depth of penetration electrons 

y [µm] Width of penetration of electron signals 

ΔQ [J] Added heat to the system 

ΔU [J] Internal energy of a system  

Z [-] Ohnesorge number 
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Greek Letters 

α [°] Semi angle of microscope subtended at the specimen 

δ [-] Phase shift 

ε [-] Strain or Emissivity coefficient 

ε1 [-] Strain in binder 

ε2 [-] Strain in composite material 

εc [-] Critical strain 
ε0 [-] Stain amplitude 

εi [-] Change in strain 

εs [-] Strain until separation 

εtotal  [-] Total strain 

εu [-] Strain at ζu 

εve [-] Viscoelastic strain 

εvp [-] Viscoplastic strain 

η [Pas] Viscosity of the liquid 

η* [Pas] Complex viscosity 

η’, η’’ [Pas] Real and imaginary part of complex viscosity 

θ [°] True contact angle 

θ′ [°] Apparent contact angle 

θc [°] Average contact angle  

θi [°] Each contact angle 

λ [m] Wavelength of light 

λ [-] Ratio of rough area to smooth area 

μ [-] Refracting index 

ν [-] Poissons ratio 

ν [m²/s] Kinematic viscosity (ν= η / ρ) 

ρ [kg/m3] Density 

ζ [Pa] Stress  

ζ0 [Pa] Stress amplitude 

ζi [Pa] Change in stress 

ζsv, ζsl ,ζlv [N/m] Interfacial tension of the solid-vapor, solid-liquid and liquid-
vapor interfaces  

ζT [Pa] Stress at fracture 

ζu [Pa] Tensile Strength 

ω [radians/s] Frequency of sinusoidal alteration of the stress (ω=2πf)  
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Chapter 1 Introduction and Objective 

1.1. Motivation 

Asphalt concrete (AC) is a three phase road material that consists of fine and coarse 
aggregates and air voids embedded in a bitumen matrix. The properties of asphalt 
concrete are a function of size, amount, shape and type of these ingredients. Porous 
asphalt (PA) or open-graded asphalt concrete is an environmentally friendly road 
material due to its noise reduction properties and improved driving conditions in rainy 
weather. PA used in the top layers, usually has a void content of about 20 vol. %. 
Due to higher proportions of coarse aggregates and lower sand content 
interconnected micro voids are created which, in wet weather, lead the water away 
through a series of micro conduits, into a drainage system preventing aquaplaning on 
the road surface and improving visibility. This higher volume of coarse aggregates 
and less sand and filler can clearly be seen in Figure 1. 1, where AC and PA are 
shown. 
 

 

 

Figure 1. 1 Mineral composition of PA (DA) compared to AC (AB), left, and volumetric 
distribution of constituents of various asphalt concrete road materials (right) [Partl 2007] 
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Volumetric composition of AC, PA as well as other types of asphalt concrete mixes is 
shown in Figure 1. 1 for comparison. The in-situ consequence of PA vs. AC under 
rainy conditions is shown in Figure 1. 2. Furthermore, the macro texture of the 
surface and high porosity of this material result in its noise reduction properties 
[Sandberg & Ejsmont 2002].  
With the increase in traffic and population noise around traffic corridors are a major 
environmental nuisance. As such low noise pavements are an indispensable part of 
sustainable infrastructure. Today, the noise reduction property of PA is its most 
important property and main motivation for its use. This property is what makes PA 
superior to dense asphalt concrete (DAC) and is frequency dependent as shown in 
Figure 1. 3. 
Porous asphalt concrete has been used in Switzerland since 1979 with mixed results. 
A previous research project has investigated several types of Swiss PA mixes 
[Poulikakos et al 2007, Poulikakos and Partl 2009]. It was shown that mixes with 
polymer modified bitumen performed better in situ. The current Swiss standard for PA 
[SN 640 431-7 2008] requires polymer modified binder to be used for porous asphalt. 
However this is not a Europe wide requirement. 
 
Despite its environmental benefits, porous asphalt can suffer from problems which 
can affect both its performance and its service life. This is largely due to the 
microstructure of PA. The open structure exposes a large surface area to the 
oxidative effect of air and the damaging effect of water resulting from increased 
interfacial moisture content, leading to rapid aging of the binder, moisture damage of 
the bitumen aggregate bond and structural distress of the compounds. Water or 
moisture exists in pavement structures at all times in the form of liquid, solid or gas.  
 

 
Figure 1. 2 Motorway in Japan demonstrating the in situ effect of PA (below) compared to AC 
(above). Courtesy: M.N. Partl 

 
Moisture damage is an important cause of failure of hot mix asphalt (HMA) concrete 
pavements in general and PA in particular due to the open structure as mentioned 
earlier. Existence of moisture in the pavement can manifest itself in the loss of 
cohesion within the bitumen itself or the loss of adhesion between the binder and the 
aggregates. The latter results in the stripping phenomenon. This observed 
phenomenon is the displacement of bitumen films from aggregate surfaces when the 
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aggregate has a greater affinity for water than for the binder. Furthermore, stripping 
can be caused by hydraulic scouring resulting from repeated generation of pore 
water pressure. The stripping leads to a weakened pavement that is susceptible to 
pore-pressure damage and premature cracking. 
Water damage in asphalt concrete mixtures in general and in porous asphalt 
concrete in particular is dependent on many factors including but not limited to 
aggregate structure, aggregate type and binder type and amount. Quantifying water 
damage in mixtures is a complicated task and the subject of ongoing research 
worldwide [Mallick et al. 2003, Cheng et al. 2002, Birgisson et al. 2003]. Significant 
economic benefits derive from understanding the fundamental mechanisms of failure 
in porous asphalt in order to prolong the service life of this useful pavement material. 
 

 
Figure 1. 3 Noise absorption of porous asphalt in comparison to dense asphalt (DAC) where 
absorption factor α = absorbed sound energy / incident energy. Source: EU Project SILVIA 

 
The road network in Switzerland serves as a vital economic artery for domestic and 
international transport. Situated in the heart of Europe it links north to south and east 
to west. From the 1763 kilometers of motorways in Switzerland 130 km are paved 
with porous asphalt concrete. With the increase in population more people live near 
the traffic corridors and it is imperative to use sustainable environmentally friendly 
road materials such as PA in order to reduce the impact of traffic on residents living 
in the area. 
Interaction between organic (bitumen) and inorganic (aggregates) materials as well 
as morphology of aggregates determines the mechanical behavior of the material. In 
order to understand the behavior of asphalt concrete a multidisciplinary approach 
using material science and engineering science is necessary.  

1.2. Problem statement: causes of degradation of porous asphalt  

 
The three phases that constitute PA (mineral aggregates, air, and bituminous matrix) 
are shown in the micrograph of Figure 1. 4 showing the microstructure of a typical 
porous asphalt specimen as prepared for microscopic investigations (refer Chapter 
4). The properties of asphalt concrete are a function of size, amount, shape and type 
of these constituents. Although bitumen is only about 6% of asphalt concrete by 
volume (Figure 1. 1) it is because of the bitumen that the material behavior is 
viscoelastic. Viscoelastic material properties are time dependant and in addition, 
bitumen is a thermoplast making its properties also highly temperature dependent. By 
definition, thermoplasts soften when heated and harden when cooled. 
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Degradation of PA can occur under mechanical loading and environmental exposure. 
Due to its porous nature PA is more susceptible to oxidation due to contact with air, 
photochemical deterioration at its surface and contact with water throughout its 
structure. The mineral aggregates especially if properly covered with the binder can 
be considered to be immune to environmental effects rather; the deterioration of the 
mineral aggregates is due to mechanical loading primarily from high local contact 
pressure between the aggregates. Environmental deterioration of PA is primarily due 
to the deterioration of the bituminous binder film resulting in the loss of adhesion or 
cohesion.  

1.2.1. Water 

Understanding the chemical nature of water is key to understanding the causes of 
moisture damage in PA. Water is the only chemical compound that occurs naturally 
in all three physical states, solid, liquid and gas, depending on the temperature and 
pressure. Water consists of a polar molecule. Since oxygen has a higher 
electronegativity than hydrogen (Table 2. 1), the charge difference is called a dipole. 
The interactions between the different dipoles of each molecule cause a net 
attraction force between the water molecules.  
Another very important force that causes the water molecules to attract one another 
is the hydrogen bond. Water molecules are not rigidly locked into the configuration 
shown in Figure 1. 5 rather, they are in continuous rotation and vibration in addition 
to the high linear speeds associated with thermal energy at ordinary temperatures. 
Molecular vibrational motion takes place on a shorter time scale than rotation, going 
through many cycles of vibration during a rotation period. In addition to all the 
molecular motions, in liquid water there is a continuous exchange of hydrogens 
between water molecules - about one exchange per millisecond at a neutral pH of 
7.0 and more rapidly at other pH values. The phase diagram of water shows how 
water can change phase depending on the pressure. At typical pressures and 

Figure 1. 4 Electron Micrograph showing constituents of Porous Asphalt Concrete 
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temperatures used in the ESEM discussed in Chapters 2 and 4, ca 8 Torr and 25°C 
one can expect the water to be at liquid stage. 
 

 
 
 
The polar nature of water molecules allows them to bond to each other in groups and 
is associated with the high surface tension of water. The polar nature of the water 
molecule causes behavior of water vapor at sufficient vapor pressure to deviate from 
the ideal gas law because of dipole-dipole attractions. This can lead to condensation 
phenomena (dew point). 
Due to its chemical nature as moisture reaches the binder-aggregate interface, 
preferential bonding of water molecules with the aggregate molecules can result in 
debonding of the binder from aggregate surface [Cheng et al 2003]. Cheng (2002) 
has shown experimentally the diffusion of moisture vapor into various bituminous 
binders and has also shown that this diffusion is binder dependent. 
In the ideal case that there is continuous coverage of the aggregates by the mastic 
(binder + filler+ additives) it was shown by Kringos (2007) that water can reach the 
aggregate surface by a process of diffusion. 
 
Bitumen falls in the general material category of polymeric materials. The 
degradation of polymeric materials in general is physiochemical; that is it is caused 
by physical as well as chemical phenomena. This degradation can be due to swelling 
and dissolution and covalent bond rupture. When in contact with liquids, polymers 
can swell as the liquid can diffuse within the polymer. The solute molecules occupy 
positions among the polymer molecules resulting in the macromolecules to be forced 
apart resulting in swelling of the specimen. The increase in chain separation results 
in a reduction of the secondary intermolecular bonding forces. Various mechanisms 
can lead to scission (rupture of molecular chains bonds) of the polymer. This process 
reduces the molecular weight and as a result leads to reduction of mechanical 
strength. Scission can be caused in addition to mechanical load by radiation, 
chemical reaction effects and thermal effects [Callister 2003]. 
Moisture infiltration into an asphaltic mix leads to loss of strength and durability and 
ultimately results in raveling and stripping in the form of cohesive or adhesive failure 
or combination thereof. Progressive moisture damage in combination with 
mechanical load due to traffic can lead to potholes over time.  
 

H 

H 

O 

+ 

- 

Figure 1. 5 Water molecules are polar and attract each other 



Chapter 1 Introduction and Objective 

 

31 

 

Surveys in Switzerland and the US indicate the most common cause of distress in PA 
is ravelling or delamination [Poulikakos 2006a,b, Cooley 2008]. 

1.2.2. Adhesive failure due to moisture 

For the interface between binder and aggregate to be weakened the moisture has to 
reach it. In the presence of no cracks moisture can reach the interface only through 
molecular diffusion though the mastic (mastic has negligible porosity). 
Moisture diffusion from water side to aggregate side through the mastic will occur 
until the moisture diffusion coefficient diminishes. 
Kringos has shown that poor moisture diffusion characteristic of the mastic and 
aggregate bond which is sensitive to moisture exhibit a predominantly adhesive 
failure pattern [Kringos 2007]. 

1.2.3. Cohesive failure of the mastic (weakening of the mastic) 

Washing away of mastic due to continuous flow of water, thinning of mastic film plus 
moisture diffusion as above contribute to cohesive failure also. As detailed above 
physiochemical degradation of the binder can lead to cohesive failure. 

1.2.4. Pumping action due to traffic 

Wet asphalt mix exposed to traffic load results in macro pores and cracks being 
saturated and traffic causes locally intense water pressure fields. Water has no time 
to redistribute, causing high pore pressure also away from the wheel path. The result 
is extra stresses within the material, causing additional mechanical damage in 
comparison to the non saturated case. 

1.2.5. Asphalt binder film thickness 

Elseifi et al (2008) and Kandhal & Chakraborty (1996) have shown that asphalt 
binder film thickness has a direct effect on durability of porous asphalt. A thin binder 
film will accelerate the aging process due to excessive oxidation and stripping 
resulting from penetration of water under the binder film. As of 2008, in the European 
standards no general requirements for an “average binder film thickness” have been 
generated [VSS 641008, 2007]. The minimum asphalt film thickness generally 
recommended in the US for HMA ranges from 6 µm to 8 µm [Kandhal & Chakraborty 
1996]. This value was not supported by experimental results. Therefore, Kandhal & 
Chakraborty (1996) have undertaken a study in order to quantify the relationship 
between various asphalt film thicknesses and the aging characteristics of the asphalt 
paving mix, so that an optimum film thickness for satisfactory mix durability could be 
established. Based on a limited data they recommended an optimum asphalt film 
thickness for minimum aging of 9 to 10 µm. 
Elseifi et al (2008) used microscopic methods to measure the binder film thickness 
and made several observations relevant for the current investigation on HMA with 
9.5mm maximum aggregate size and 4.9% binder content using the scanning 
electron microscope (SEM). It was shown that asphalt binder film coating large 
aggregates is actually an asphalt mastics film of irregular shape and thickness.  
Furthermore, no voids were detected in the asphalt mastic itself rather air voids 
usually appeared near boundary of large aggregates and asphalt mastics. This can 
be the weakest location leading to possible debonding at the boundary. 
Measurements showed a binder film much smaller than specifications based on 
calculated values. They argued that defining an asphalt film of 8 to 14 µm defines a 
property that does not exist in the mixture. Measured thickness of mastic was greater 
than 100 µm. Asphalt binder film thickness in the mastic was observed to be 2 µm. 
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Additionally, they pointed out that current calculation methods for binder film have 
several assumptions that are not valid such as spherical aggregate shapes [Elseifi et 
al 2008]. 

Marek and Herrin (1967) studied the behaviour of various types of thin films of 
bituminous binders that were sandwiched between two test blocks of aluminium or 
lucite. They studied film thickness (20 to 600 μm), rate of deformation (0.125 to 25 
mm/min), temperature (0 to 50°C), consistency (50 to 217 penetration) and source of 
bituminous material. Their results showed an optimum film thickness of 20 
micrometers where the binder reached its maximum tensile strength. 

1.3. Research objectives 

It was shown in the previous sections that water exposure plays an important role in 
the deterioration of mechanical properties of porous asphalt concrete. One objective 
of this investigation is to investigate whether or not the effect of water can be seen 
also not only in the macro- but also in the micro-scales. In the micro scale the 
influence of water can be studied more fundamentally as the disturbing influence of 
inhomogeneities can be excluded. For this purpose materials have been chosen 
based on their in situ performance.  

Polymer modified binders improve mechanical properties of porous asphalt concrete 
in situ; a second objective is to see if the mechanical performance can also be 
improved in the macro- and micro-scales. 

Electron microscopy is a modern investigative tool for material science however it 
has not been used extensively for characterization of road materials. The third 
objective is to use electron and optical microscopy to characterize the microstructure 
of porous asphalt concrete. 

An important goal of this investigation is to determine if the difference in performance 
of these materials seen in macro and mega scales [Poulikakos et al., 2006, 
Poulikakos & Partl, 2009, Chapter 5], can also be observed and quantified in micro 
scale mechanical tests. 

1.4. Thesis outline 

The dissertation has three main parts that allowed investigation of porous asphalt at 
various scales as shown in Figure 1. 6. After the introduction and problem statement 
in Chapter 1, Chapter 2 summarizes the relevant theoretical and experimental 
knowledge. Chapter 3 describes the materials chosen for the experimental 
investigations. Chapter 4 is devoted to Part I of the dissertation, that is the 
microstructure of PA. The macro-scale mechanical properties of the materials or Part 
II is discussed in Chapter 5. Part III is discussed in Chapters 6 and 7. Chapter 6 
summarizes the micro-experimental program as well as results. The failure 
phenomena are further analyzed in Chapter 7. The conclusions and further research 
needs derived from this dissertation are listed in Chapter 8.  

1.4.1. Part I- Investigation of the microstructure of porous asphalt 

The main goal of Part I was to follow a bottom up approach, to provide evidence 
linking microstructure of certain mixes to the performance of porous asphalt concrete 
pavements. To this end, specific samples of in-situ materials that were also tested in 
Part II, as well as laboratory produced samples are investigated and compared. The 
effects of composition, microstructure and morphology of various components of 
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porous asphalt on in situ performance are determined using the techniques of optical 
microscopy (OM) and environmental scanning electron microscopy (ESEM). 

1.4.2. Part II-Macro-scale investigation of fatigue behavior of porous asphalt 

Currently, water damage susceptibility of PA is determined using empirical 
techniques such as the indirect tensile strength test (IDT) [Poulikakos et al 2006a,b 
SN 640 431-7a-NA 2008], which do not always deliver the desired results [Gubler et 
al 2004, 2005]. There is a need for meaningful test procedures that provide 
fundamental knowledge about material behavior under load and in the presence of 
water.  
Part II of this dissertation focuses on the fatigue tests which were performed on water 
submerged cores using the coaxial shear tests (CAST) and comparison to empirical 
standardized results and field performance. 

1.4.3. Part III- Micro-scale tensile behavior of asphalt binder films 

Bituminous binders in asphalt concrete exist in the form of thin films. Understanding 
the behavior of the material as thin films is essential in understanding its fundamental 
properties. In Part III of the dissertation, the tensile behavior of two types of 
viscoelastic bituminous films confined between mineral aggregates or steel as 
adherends, was investigated in the brittle and ductile regimes. Uniaxial specimens 
were fabricated employing a prototype set up allowing construction of micro-scale 
thin films and visualization of failure phenomena. The effect of key parameters, 
namely, temperature (23°C and -10°C), binder type (straight run and polymer 
modified), adherend type (stainless steel and mineral aggregate), and water 
conditioning were investigated sequentially. Furthermore the failure phenomena were 
discussed in detail. 
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Figure 1. 6 Thesis outline: The dissertation has three main parts that allow investigation of 
porous asphalt at various scales 
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Chapter 2 Theoretical and Experimental Background 

2.1. Summary 

This chapter summarizes the theoretical and experimental background. Section 2.2 
summarizes the theory behind adhesion and cohesion principles, Section 2.3, the 
continuum mechanics principles that are relevant for the mechanical experiments and 
Sections 2.4 and 2.5 give the theoretical background about optical and electron 
microscopy respectively.  

2.2. Adhesion and cohesion of porous asphalt concrete 

Asphalt concrete is a composite material with its constituents being bituminous 
binder, aggregates and air voids. Failure of the material occurs under normal use 
either at the interface between the binder and the aggregates (adhesive failure) or 
within the binder (cohesive failure). Performance of the material is ultimately a 
function of adequate adhesion and cohesion. This section describes the general 
theory behind cohesion and adhesion to help in the fundamental understanding of 
material failure. The concepts presented here are based on the works of Myers 
(1999), Good (1992) and Adamson and Gast (1993) and are adapted as necessary 
for asphalt concrete. 

2.2.1. Surfaces and interfaces 

The surface or interface is the region that lies between two distinctly identifiable 
phases of matter. In the case of asphalt concrete this is the region that the system 
undergoes a transition from bitumen to the crystalline structure of aggregates. 
Although the two terms are used interchangeably, the “usual” scientific terminology is 
to refer to the region between a condensed phase (solid or liquid) and gas or vacuum 
phase as surface and the region between two condensed phases i.e. a solid and a 
liquid or two solids as interface [Myers 1999].  

2.2.2. Adhesion: atomic scale 

In order to understand what leads to loss of adhesion it is important to gain insight 
into the interfacial behavior of the material. 
 
It is well known from basic chemistry that in any chemical reaction a bond is created 
between two materials in which the outer shell electrons are involved that are more 
weakly bonded to the nucleus than the inner ones. A chemical bond between atoms 
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is when electrons are shared between these atoms or transferred from one to the 
other. The binding energy of the weakest bound electrons is called the ionization 
energy because when the electron is removed the result is a positively charged ion. 
In other words the ionization energy is a measure of the binding strength of an 
electron in the outermost shell. When the outer shell of an atom is full then it has the 
highest ionization energy. Fully occupied electron shells are energetically favorable 
and atoms tend to occupy their outer shells. Elements with outer shells that are 
almost full have better electron affinity and therefore ionization energy [Roesler et al 
2007, Callister 2003].  
 

 
 
 
 
The concept of interfacial phenomena is relevant only because the atoms at the 
surface or interface are differently bonded than the ones in the bulk of the material. 
The atoms or molecules in the bulk of the material are bonded to the maximum 
number of adjacent atoms or molecules (all around the unit). Surface atoms on the 
other hand, are not bonded to the maximum number of nearest neighbors, and as a 
result are in a higher energy state than the atoms at interior positions. The bonds of 
these surface atoms results in the free surface energy. Nature tends to move the 
system to the lowest energy state. To reduce this energy, materials tend to minimize, 
if possible, the surface area. This can be seen in liquids that assume a shape having 
a minimum area as in a spherical droplet. In the case of solids, this cannot happen 
since they are mechanically rigid [Callister 2003, Myers 1999]. In addition the surface 
atoms are affected by the environmental factors much more than the internal atoms. 
Adhesion is controlled by several interfacial forces as shown in the example of a 
liquid adhering to a solid in Figure 2. 1 [Good 1992].  
Where, 
 
ζsv=interfacial tension of the solid-vapor (aggregate-vapor) [N/m]  
ζsl=interfacial tension of the solid-liquid (aggregate-bitumen) [N/m] 
ζlv=interfacial tension of the liquid-vapor (bitumen-vapor) [N/m] 
 
The force balance between these terms in equilibrium is discussed in section 2.2.7. 
When two materials come in contact the surface atoms interact with each other. The 
fact that an asymmetric force field exists at the boundary of liquids is evident by the 
apparent presence of surface tension. This tension is acting at the interface and 
tangent to the surface (Figure 2. 1). This can be demonstrated for example by the 
floating needle on a body of water. Even though it is conventional to consider a 

σsv 

 

σlv 

σlv cos  

 

 
σsl 

 

-σlv sin 

Figure 2. 1 At the solid-liquid-vapor interface, adhesion is controlled by several interfacial 
forces as shown in the example of a liquid adhering to a solid 



Chapter 2 Theoretical and Experimental Background 

 

37 

 

monomolecular region at the surface being affected, in reality a region at the surface 
of the material is affected by this interfacial bond therefore it is more accurate to refer 
to the interfacial region.  
In the bulk phase of the material, the molecules are pulled and pushed by equal 
intermolecular forces from all sides with the time average resulting in an equilibrium 
stage for a specific molecule (bitumen-bitumen, aggregate-aggregate). At the 
interface, the intermolecular forces toward the bulk are stronger than the ones 
interacting with the other phase (bitumen-aggregate). As a result the net density of 
the molecules at the interface is decreased, resulting in more distance between the 
molecules. The tension results from the imbalance of the forces acting on the 
molecules at the interfacial region, which pull the molecules back into the bulk phase. 
At equilibrium the surface tension is a material constant that can be measured. The 
force holding the surface molecules together is the interfacial tension or surface 
energy. 
In the case of porous asphalt it is desirable to improve adhesion between binder (or 
mastic which is bitumen, filler and aditives) and aggregates that is increasing the 
resulting attraction between the phases. Looking at the problem in terms of energy, 
one has to decrease the interfacial energy between the surfaces.  
All engineering materials can be classified into three categories: metals, ceramics 
and polymers. Asphalt concrete consists of two of these material categories 
aggregates that fall into the ceramics and binders that fall into the polymer materials 
category. Ceramics can have chemically a strong bond (covalent and ionic) or a 
weak bond (van der Waals, dipole or hydrogen bond). Covalent bonds occur when 
atoms lack only a few electrons to achieve a fully occupied outer shell and share 
some of their electrons. Bitumen contains complex molecules of hydrocarbons. In its 
simplest form for example in the case of Methane with carbon atoms with a valency 
of 4 which can form a molecule with four hydrogen atoms :CH4, where each carbon 
atom bonds with four hydrogen atoms (Figure 2. 2). On the other hand, aggregates 
are ceramics with for example silicon dioxide (SiO2) molecules. In this case, each 
oxygen atom is linked to two silicon atoms. 

 
 
A common representation of the intermolecular forces is through the use of springs 
as shown in Figure 2. 3. Here the aggregate molecules are being pulled and pushed 
from all sides by vibrating springs of equal strength ka as are the bitumen molecules 
by kb. At the interface the two phases are held together by another set of springs 
representing van der Waals forces kvw and covalent forces kc. The van der Waals 
forces are the weakest forces between molecules and are always present. They 

H- 

C4+ 
 

Si4+ 

O2- 
 

CH4 SiO2 

Figure 2. 2 Example of the unit cell of a hydrocarbon molecule CH4, (Methane) and silicon 
dioxide SiO2 
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originate because of charge fluctuations in the electron shell of the atoms, since the 
electrons move about [Roesler et al 2007]. Electron configurations of the 
predominant elements in asphalt concrete are shown in Table 2. 1. 
 
 
Table 2. 1 Electron configuration of the predominant elements in asphalt concrete 

  Orbital 
(Max Nr of electrons) 

 

Atomic 
Number 

Element K 
1s 
(2) 

L 
2s 2p 
(2 6) 

M 
3s 3p 3d 
(2 6 10) 

Electrons needed 
to fill last orbit 

1 H 1   1 

6 C 2 2 2  4 

8 O 2 2 4  2 

14 Si 2 2 6 2 2 4 

 

 
 
 

2.2.3. Adhesion in micro scale: liquid solid interface and contact angle 

A liquid in contact with a solid will spread across it forming a thin layer (Figure 2. 
4(a)), spread in the form of a drop (Figure 2. 4 (b)) or remain as a drop (Figure 2. 4 
(c)). This drop has a definite contact angle θ shown in Figure 2. 1. At equilibrium, the 
contact angle is considered a material constant depending only on the three 
component phases (solid-liquid-vapor) but independent of the quantities of the 
materials [Mayer 1999]. This independency should be considered within limits at the 
molecular level however in this case we are concerned with the material at micro 
scale and this limit does not affect the results. The contact angle is a very useful tool 
in studying the interfacial effects. 

kc+kvw 

Aggregate Molecules Bitumen Molecules 

ka ka 
 

kb 
 

kb 
 

Figure 2. 3 Intermolecular forces represented by springs 
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It is geometrically defined as the angle formed by the intersection of the two planes 
tangent to the liquid and solid surfaces at the perimeter of contact between the two 
phases and the third surrounding phase (Figure 2. 1). The perimeter of contact of the 
three phases is called the “three phase contact line” or the “wetting line”. The 
measurement of the contact angle can be done after the liquid has reached a final 
equilibrium state or in a dynamic state to study the wetting process. The contact 
angle in equilibrium and static state is shown in Figure 2. 1 representing a sessile 
drop of bitumen sitting on aggregate. Sessile from the Latin sedēre refers to a 
stationary drop. ζ denotes surface tension and the subscripts “l”, “s”, “v” refer to liquid 
(bitumen), solid (aggregate) and vapor (air) respectively as defined earlier. In the 
case of dynamic measurements one notes the advancing angle θA which is as the 
liquid advances across the solid and receding angle θR as the liquid recedes from an 
already wetted surface (Figure 2. 5). For the case that θA < 90°, that is a wetting to 
partial wetting situation, θA > θR. This is because a receding angle is wetting an 
already wetted surface and is more likely to wet it further. Static angle measurements 
lie between the advancing and receding angles. 

 
 
 
 
For practical reasons, if the contact angle is greater than 90° the liquid is defined as 
non-wetting. A non-wetting liquid drop will move easily about the surface and not 
enter capillary pores. A liquid is defined as wetting the surface only when the contact 
angle is zero (Figure 2. 4a) [Adamson and Gast 1997]. Contact angle measurements 
can lead to useful diagnostic information on the ability of liquids to wet solids. The 
affinity of bitumen to adhere to the mineral aggregates is determined by the 
experimental procedure in the European Standard EN12697-11(2005). This empirical 
method does give some practical information about the adhesion properties of the 

θA 

 

θR 

(a) 

=0 
Wetting 

(b) 

0<<90 
Partial 
Wetting 
 

(c) 

>90 
Non-Wetting 
 

Figure 2. 4 A liquid drop placed on a solid surface can take one of three shapes [after Myers 
1999] 
 

Figure 2. 5 Illustration showing advancing θA and receding θR contact angles produced by a 
liquid drop moving along an inclined solid surface [after Myers 1999] 
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binder. Specifically, the affinity between aggregate and bitumen is determined by 
determining the degree of bitumen coverage visually on uncompacted bitumen 
coated mineral aggregate particles after influence of mechanical stirring action and in 
the presence of water. As this evaluation is visual it is inexact and difficult to quantify.  

2.2.4. Factors affecting contact angle 

It was mentioned earlier that the equilibrium contact angle at the three phase 
interface of the solid-liquid-vapor (SLV) system is a material constant for the system. 
The SLV system in this case is the aggregate-bitumen-air system. However under 
experimental conditions which is of particular interest here, variability in the 
measured contact angle can be expected. This variability is due to heterogeneity of 
the materials, surface irregularities (roughness), or dynamic effects due to adsorption 
(the adhesion in an extremely thin layer of surface molecules) or desorption (to 
remove a substance) phenomena and molecular reorientation [Myers 1999, 
Adamson and Gast 1997, Merriamwebster.com].  

2.2.4.1. Effect of surface roughness 

Roughness plays an important role in wetting applications. In the case of asphalt 
concrete it is especially important as the solid surface is that of crushed rock with 
irregular shape and rough surface micro and macro texture. The effect of roughness 
varies if the “true” contact angle is less than 90° or greater than 90°. True contact 
angle, θ, is defined as the angle made with the projection of the surface, whereas the 
apparent contact angle θ′ is defined as the angle made with the rough surface 
[Adamson and Gast 1997]. Variations in contact angle measurements can also occur 
from point to point along the SLV contact line. It has been shown that if the “true” 
contact angle of a liquid on a molecularly smooth solid is < 90° then its apparent 
contact angle (measured) on the rough surface will be smaller. Conversely, if the true 
angle is > 90° then the apparent angle will be greater than the true value as 
illustrated in Figure 2. 7. The contact angle of bitumen on crushed rock is less than 
90° as shown in Figure 7. 6 indicating that bitumen wets the aggregate surface. This 
is illustrated in Figure 2. 6.  
 

 
The discussion on contact angle assumes a smooth solid surface. However 
practically, even the finest polished glass surface has a roughness of 5 nm and 

θ′ 

θ 

Liquid 

Solid Possible air voids 

Figure 2. 6 Drop edge on a rough surface [after Adamson and Gast 1997] 
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common polished surfaces have much rougher surfaces in the order of 10 to 1000 
times that of glass. Roughness is accounted for by the ratio of the actual to projected 
area. The fundamental definition of the effect of surface roughness on wetting and 
spreading phenomena is defined by the modified Wenzel relationship: 
 





cos

cos 
wR           (2.2.1) 

 
Where, Rw is the surface roughness factor and assumed to be constant, θ is the true 
contact angle and θ′ is the apparent contact angle as defined in Figure 2. 6 and 
above. From equation (2.2.1) it can be noted that if the true angle is less than 90° the 
apparent angle will be even smaller that is better wetting can be achieved on a 
rougher surface whereas if the liquid is non-wetting the roughness will increase the 
non-wetting property.  
 
I.e.: For θ< 90°, θ′< θ ; for θ> 90°, θ′> θ 

 
 
 

2.2.4.2. Effect of surface heterogeneity 

The surface of crushed rock is not only rough but very heterogeneous. 
Heterogeneous materials allow multiple angles in the system. One method of 
determining an average contact angle, θc, is by using each contact angle, θi, and the 
fraction of surface occupied by each surface type, fi, [Adamson and Gast 1997] as 
shown in a general form below: 
 


n

i

iic f  coscos          (2.2.2) 

Where, n is the number of types of surfaces. However, this method is not practical for 
the material at hand as it is starkly inhomogeneous. Alternatively, an average contact 
angle is determined by making several measurements on several specimens and 
averaging them. 

2.2.5. Surface free energy or surface tension 

When two phases of matter come in contact, there exists a boundary region where 
the properties of the material change from one to the other. Once the material has 
reached chemical and thermodynamic stability external forces or work are required to 
extend or enlarge this boundary. This work is referred to as the interfacial free energy 
or free surface energy. In the case of asphalt concrete in particular, the term “stable” 

Figure 2. 7 Illustration showing apparent and real contact angle on a rough surface [after 
Myers 1999] 
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is a relative term as asphalt concrete does not reach complete chemical and 
thermodynamic stability. The concept of interfacial free energy is relevant in the 
broad area of research in the surface science field [Myers 1999, Good 1992] and it 
has gained more importance in recent decades in the asphalt concrete field with the 
growing interest in trying to understand the material from a more fundamental point of 
view in combination with the more traditional empirical methods [Cheng 2002]. 
Surface free energy or surface tension is an important property related to 
performance of materials. It is defined as the reversible work required to create a unit 
area of new surface. In equilibrium the forces at the interfacial zone are described in 
Figure 2. 1 under vacuum condition. For each interface on the SLV (solid-liquid-
vapor) line there exists an interfacial surface free energy or interfacial tension. At 
equilibrium, the force balance at the boundary leads to the well known Young 
equation referred to first in 1805 [Good 1992]: 
 

ζsv = ζsl+ζlvcos         (2.2.3) 
 
Where, ζsv, ζsl ,ζlv are as defined earlier, the interfacial tension of the aggregate-
vapor, aggregate-bitumen and bitumen-vapor interfaces respectively. Note that at 

equilibrium there must be a force balance and the term ζlvsin is balanced by the 
strain field in the solid. 
 
The extent of spreading of a liquid on a solid in vapor is defined by the spreading 
coefficient Sab as follows: 
 
Ssl=ζsv – ζlv – ζsl          (2.2.4) 
 
Ssl is the net force per unit length of the triple contact line which causes the 
spreading. If Ssl is positive, wetting will occur and when it is negative the system is 
non-wetting. 

2.2.6. Work of adhesion and work of cohesion 

 
The first law of thermodynamics states that: “The increase in the internal energy of a 
system is equal to the amount of energy added by heating the system, minus the 
amount lost as a result of the work done by the system on its surroundings”. 
Mathematically this can be stated as: 
 
ΔU=ΔQ-W          (2.2.5) 
 
Where ΔU is the internal energy of a system, ΔQ is the added heat to the system and 
W is the mechanical work. When considering the adiabatic (without loss or gain of 
heat) system shown in Figure 2.8 in thermodynamic equilibrium, ΔQ=0 and the 
change in energy equals the work required for the change of state, from the starting 
state (perfect adhesion or cohesion) minus the work at the end (after adhesive or 
cohesive failure. The concept of the work of cohesion and the work of adhesion was 
first introduced by the French scientist Dupré in 1869 [Good 1992]. 
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The work of cohesion Wc is defined as the reversible work required to separate two 
surfaces of unit area of a single material with surface tension ζlv. 
 
Wc = ζlv 2Ac          (2.2.5) 
 
Where, ζlv refers to the surface tension of bitumen and 2Ac is the change in area 
considering that two fresh unit areas are formed as shown in Figure 2. 8. The work 
per unit area is: 
 
wc = Wc /Ac=2 ζlv         (2.2.6) 
 
By definition the work of adhesion Wa is the reversible work required to separate an 
area of interface between two different materials and to leave two bare surfaces of 
unit area. Employing the interfacial forces of Figure 2. 1, the work is given by: 
 
Wa = Aaζsv+ Aaζlv- Aaζsl        (2.2.7) 

 
And per unit area: 
 
wa =Wa/Aa = ζsv+ ζlv- ζsl        (2.2.8) 
 
It is of interest to see if the work of adhesion is greater or the work of cohesion. Since 
this is indicative of the failure process. 
 
From the young equation (2.2.3) 
 

ζsv – ζsl=ζlvcos 
 
Substituting in (2.2.8): 

(a) 

(b) 

unit surfaces 

unit surfaces 

Figure 2. 8 Work of cohesion (a) and work of adhesion (b) (after Good 1992) 
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wa = ζlv(cos+ 1) 
 
Assuming perfectly smooth surface then Aa=Ac and substituting from (2.2.6): 
 

wa = wc (cos+ 1)/2 
 

cos=2(wa/ wc)-1         (2.2.9) 
 
Equation (2.2.9) allows the comparison of the work of adhesion and the work of 
cohesion with regard to the contact angle under the assumption that the cohesive 
and adhesive areas are equal. The effect of roughness will be evaluated later in this 
section. Equation 2.2.9 shows the ratio of work of adhesion to work of cohesion with 

respect to contact angle. If wa=wc then cos=1 and =0° that is liquid wets solid. If 

wc=2wa then cos=0 and =90° (partial wetting) and if wc>>2wa then >90° (non-
wetting) (refer Figure 2. 4). Phenomenologically this means that the contact angle for 
a given solid-liquid system can give a strong indication on the systems potential 
failure mechanism.  
Therefore, for contact angles less than 90° work of adhesion is less than work of 
cohesion meaning that under ideal laboratory conditions and for smooth contact 
surfaces, the material is more likely to fail adhesively. 
 
As shown in section 2.2.5, surface roughness can increase the contact area. If for the 
purpose of demonstration a regular roughness as shown in Figure 2. 9 is assumed, 
then the contact area for adhesion can be twice that of cohesion or in general form: 
 
Aa=λAc   
 
Substituting in 2.2.6: 
 
Wc =2 Ac ζlv=2 Aa ζlv/λ        (2.2.10) 
 
Substituting in 2.2.7: 
 
Wa = Aaζsv+ Aaζlv- Aaζsl  

 

Wa = Aaζlv(cos+ 1) 
 
Substituting from (2.2.10): 
 

Wa = λ Wc (cos+ 1)/2 
 
Following the analogy developed in Figure 2. 9, the work of adhesion of a rough 
surface is by a factor λ larger than the work of adhesion of a smooth surface. 
Furthermore for a wetting liquid (θ=0) Wa = λ Wc .Since λ>1 then Wa > Wc meaning 
that the material will fail cohesively. 
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The environment where the fresh surfaces are formed plays an important role in the 
state of free surface energy. If the new surfaces are formed in vacuum the exposed 
atoms won’t have to interact with any other atoms, as opposed to a non vacuum state 
where the surface free energy will be reduced due to some loss of energy due to 
interaction of the surface atoms with the gaseous environment. The effect of vacuum 
is relevant for high energy solid surfaces [Myers 1999]. 
 

2.2.7. Conclusions 

It was shown in section 2.2 that the equilibrium contact angle at the three phase 
interface of the solid-liquid-vapor, SLV, system is a material constant for the system 
and it gives a sound basis for the quantification of the possibility of a liquid to adhere 
to a solid. It was also shown that certain variability can be expected in the 
measurement of the contact angle. Furthermore it was theoretically demonstrated 
that better wetting can be achieved on a rougher surface which is what is done in 
practice by using crushed rock as the mineral aggregate for PA. Furthermore, it was 
shown that for contact angles less than 90° work of adhesion is less than work of 
cohesion meaning that under ideal laboratory conditions and for smooth contact 
surfaces, the material is more likely to fail adhesively. However, under real conditions 
that is material with a certain surface roughness the work of adhesion of a rough 
surface is larger than the work of adhesion of a smooth surface by the ratio of contact 
surface areas. 
 

b 

b 

 

2b 

 

For smooth contact 
surface area 
As=2b   

For rough contact 
surface area 
AR=4b   
AR=2As   
General form: 
AR=λAs  or Aa=λAc   
 

Figure 2. 9 Effect of rough contact surface on contact area 
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2.3. Continuum mechanics principles 

Although asphalt concrete contains ca. 6% of bitumen by volume, bitumen has a 
significant effect on its mechanical behavior. Under increasing mechanical load 
asphalt concrete deforms elastically (reversible) at first and then plastically 
(irreversible). Furthermore, its behavior is always time (visco-) and temperature 
dependent. A deformation is time dependent when the material responds to cyclic 
changes in load with a time lag. Furthermore, depending on the temperature, the 
same material can exhibit brittle, brittle-ductile or ductile behavior in direct tension 
tests (Figure 2. 10). The tests presented in Chapters 6 and 7 are designed in order to 
test the material in the ductile and in the brittle regime. Figure 2. 11 shows a typical 
schematic of the stress-strain diagram for porous asphalt concrete micro samples in 
tension, in strain control mode and in the ductile regime (refer Chapter 6). Where ζ is 
the stress and ε the strain. 
 

 

 
 
 

X 

X 

Brittle 

Brittle-Ductile 

Ductile 

Strain, ε 

Stress,ζ 

Softening 

Linear elastic 
behavior 

ζ 

ε 

Plastic behavior 

X Fracture 

Hardening 

Figure 2. 11 Typical stress-strain schematic of asphalt concrete tested in tension 

Figure 2. 10 Tensile failure behavior of bituminous binders (adapted from McGennis et al 1994) 
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In this dissertation, the macro-mechanical experiments (Chapter 5) are performed 
using cyclic loads at small amplitudes to stay within the linear visco-elastic range. 
The micro mechanical experiments (Chapters 6 and 7) explore both the visco-elastic 
and visco-plastic behavior of the material. However, primarily the theory of elasticity 
is used in order to determine the elastic modulus of the material. A continuum 
mechanics approach is used which uses scales of material that are large in 
comparison to the atomic distance and therefore the matter is considered continuous. 

2.3.1. Types of deformation in a continuum 

Under load and depending on the material, different types of deformation can take 
place (Table 2. 2 and Figure 2. 13). 
In case of elastic deformation the material will return to its original unloaded position 
when the load is removed. This is because elastic deformations are due to a change 
in the bond length of the atoms. When unloaded the atoms return to their equilibrium 
position and the elastic strain becomes zero [Roessler et al. 2007]. The atoms are 
rearranged permanently in the case of plastic deformations which are usually large 
and the material deformations are not reversible.  
 
Table 2. 2 Types of deformation in a continuum and their characteristics [adapted from Roesler 
2007, Callister 2003] 

Type of 
deformation 

Characteristic Molecular level 

Elastic Time independent; deformation 
occurs the instant stress is applied 
or released. Reversible. Energy is 
not dissipative (recoverable) 

Deformation due to change 
in bond length of atoms 

Long molecular chains are 
frozen in position 

Plastic Time independent irreversible. 
Energy dissipative. Yield stress 

Atoms rearrange 
permanently 

Viscoelastic Instantaneous elastic strain, and 
viscous time dependent strain, upon 
release the elastic part is recovered  

Same as elastic with time 
dependence 

Viscoplastic  Time dependent irreversible. Energy 
dissipative 

Atoms rearrange 
permanently 

Viscous flow deformation is not instantaneous, 
time dependent; not reversible upon 
release. Energy dissipative 

Chain motion intensifies, 
chain segments vibrate and 
rotate independently of one 
another 

 

2.3.2. Static deformations 

The stress state in an infinitesimal volume in three dimensions can be describes as 
shown in Figure 2. 12. The general form of the six component stress tensor is defined 
as 
 
ζij=Fj/Ai          (2.3.1) 
 
Where, ζ is the stress, F the load perpendicular to the area A. The first index is the 
direction of normal vector of the plane; the second index is the direction of the stress 
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vector. An infinitesimal small material element cannot transfer moments and the 
stress tensor is symmetric. It has six independent components. 
 
ζij= ζji     for i, j=1…3        (2.3.2) 
 
For small deformations, strain is described as the change in length or angle in the 
material. The strain tensor is defined in general by: 
 
Normal strain:  
 

i

i
i i

x

u




           (2.3.3) 

With ui indicating the displacement and xi position (i=1, 2, 3).  
 
Shear strain is as follows: 
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x

u

x
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          (2.3.4) 

With  
 

jiij    

 
The strain tensor is symmetric and like the stress tensor it has six independent 
components (i≠j=1, 2, 3). 
 
In general form the elasticity tensor C of fourth order can be formulated relating the 
two tensors of the second order that of stress ζ and strain ε as follows: 
 

klijklij C             (2.3.5) 

 
The four dimensional matrix C with three components in four directions has 81 
components. The components of C describe the material parameters that describe 
the linear (elastic) behavior of the material. Due to symmetry the elasticity tensor C 
can be simplified to 21 independent parameters 
Asphalt concrete is a non homogeneous material however depending on the scale of 
observation it is practical to assume homogeneity as well as isotropy of the material. 
A material is mechanically isotropic if all of its mechanical properties are the same in 
all spatial directions. This implies that the elasticity tensor relating the stress to the 
strain is the same in all directions. In Chapters 6 and 7 uniaxial tension tests were 
used to lengthen a thin specimen until failure. Due to this configuration all 
components in equation 2.3.2 except ζ11, C1111 and ε11 can be assumed to be zero 
and the elasticity tensor reduces to: 
 

11111111  C           (2.3.6) 
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In Chapter 6, material parameters of nominal stress ζ and nominal strain ε are 
calculated from the measurements of force (F) and displacement (u) as defined in 
equations 2.3.1 and 2.3.3 and below and their mean values are listed in Table 6. 6: 
 

0

=σ
A

F
          (2.3.7) 

0L

u
           (2.3.8) 

 
In the above equations, A0 is the original area and L0 is the initial extensometer span 
or the binder film thickness. Δu is the change in length in mm. The strain is therefore 
an average over the extensometer span or the binder film thickness respectively.  
Using the method of toe compensation [ASTM D638-08, 2008] the linear part of the 
stress strain diagram was extended to the zero stress axis to obtain the corrected 
zero strain point. 
 
From the Force and displacement vectors resulting from the experimental results the 
mechanical work W, required for the material to fail can be calculated. The 
mechanical work is the amount of energy transferred by a force acting over a 
distance in a certain direction.  
 

FdsW
fss

s

f 





0

          (2.3.9) 

 
Subscript f above refers to mechanical failure at maximum stress. This work was 
determined by numerical integration using the trapezoidal rule with MATLAB (2006), 
calculating discretely the following definite integral: 
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Figure 2. 12 General state of stress in an infinitesimal volume of material 
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       (2.3.10) 

 
Here, si and si-1 are consecutive displacement segments and f(si) and f(si-1) are the 
corresponding consecutive stress segments. The slope of the linear portion of the 
stress-strain curve at small strains is the Elastic modulus E as defined in equation 
2.3.5 and was calculated as: 
 








E           (2.3.11) 

 
The maximum slope of the softening part of the stress-strain diagram (Figure 2. 11) 
after failure is indicative of softening of the material and is calculated as:  
 








D           (2.3.12) 

The secant modulus is used for the calculation of a damagr factor and is discussed in 
Chapter 6. 

2.3.3. Viscoplastic deformations 

When performing tensile tests on the binder, a polymer, contrary to metals, the 
strains are not calculated for the unloaded state, but for the loaded state and 
therefore the strain is a combination of elastic and plastic strains. The elastic and 
plastic strains can be decomposed only because the elastic strain is recovered after 
unloading. 
The aggregates are brittle and exhibit little or no plastic deformation on their own. 
Their behavior is elastic only. Therefore the viscoelastic behavior of asphalt concrete 
is due to the binder. 
 

The total strain can be decomposed into viscoelastic strain and viscoplastic stain, as 
follows: 

vpvetotal            (2.3.13) 

Where,  

εtotal= total strain 

εve= viscoelastic strain 

εvp= viscoplastic strain 

 
Viscoplastic deformations are irreversible deformations that are time dependant. The 
plastic deformation of the binder is measured in this work using uniaxial tensile tests 
discussed in Chapter 6. In case of plastic deformations large strains are involved and 
true strain can be calculated. True strain φ is calculated by integrating the 
infinitesimal length change dl with respect to current length l as follows: 
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Chapter 2 Theoretical and Experimental Background 

 

51 

 

Using Taylor series expansion and retaining the first two terms we get: 

2

2

1
1   )ln(         (2.3.15) 

 
From equation 2.3.3 it can be deduced that in tension true strain is less than nominal 
strain and in compression true strain is more than nominal strain. For small strains 
i.e. ε«1, we can neglect the second term, that is true strain can be approximated by 
nominal strain and φ ε. 

 

 

 

  
Figure 2. 13 Force-time-strain behavior 

2.3.4. Dynamic loading 

In situ pavements are under repeated dynamic loading. Using dynamic mechanical 
analysis discussed in Chapter 5, in order to simulate this repeated loading and to 
obtain the viscoelastic material parameters sinusoidal shear strains were imposed on 
porous asphalt concrete samples. When the binder or PA samples are cold they can 
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behave like an elastic solid where the stress follows the input strain. At elevated 
temperatures the material behaves like a Newtonian fluid where the stress lags 
behind the strain and maximum stress will occur when the rate of strain is the 
greatest which is 90° out of phase with the peak strain. In between the two extremes 
the material behavior is viscoelastic and peak stress lags behind peak strain 
anywhere between 0 and 90°, the phase shift δ (Figure 2. 14). The testing is done 
using shear strains that are small and within the linear viscoelastic region for the 
material. This allows combining data at lower and higher temperatures and 
frequencies using the principle of superposition. Dynamic mechanical analysis 
resolve the dynamic elastic and viscous moduli of a binder or asphalt concrete over a 
variety of temperatures and loading frequencies. 
The sinusoidal alteration of the stress is at a frequency f in cycles/s (Hz) or ω (=2πf) 
in radians/s.  
 
Assuming harmonic uniaxial displacement control we have [after Partl 2007]: 
 

)sin()( 0 tt    with tf /22         (2.3.16) 

 
And  

)sin()(   tt 0          (2.3.17) 

 
With stress and strain amplitude ζ0 and ε0 respectively 
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The loss tangent (2.3.20) is an important indicator of whether or not an asphalt 
concrete or binder behaves as a brittle elastic solid or whether it maintains a viscous 
component. High values of the loss tangent indicate that the material maintains its 
viscous properties, a property that is desirable at low temperatures. Low values of 
loss tangent are desirable at high temperatures since they indicate that the elastic 
properties are maintained and better performance under creep loading [Goodrich 
1988]. 
Furthermore using the definition of a complex number the E’ and E’’ can be further 
interpreted as follows: 
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Similarly, the dynamic viscosity can be calculated as follows: 
 

tiet  0)(            (2.3.24) 
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By definition the dynamic viscosity is defined as the ratio of stress over rate of strain: 
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Where,  
 
ε=strain 
ζ=stress (N/m2),  
E*=complex modulus (N/m2), with E’ and E’’ the real and imaginary part of the 
complex modulus respectively. 
G*=complex modulus in shear (N/m2), with G’ and G’’ the real and imaginary part of 
the complex modulus in shear respectively. 
 
η*=complex viscosity (Pa s), with η’ and η’’ the real and imaginary part of the 
complex viscosity respectively.  
 
With minimal viscoelastic behavior that is pure elastic behavior, as δ approaches 
zero, it follows from above that the storage modulus E’=1 and the loss modulus E’’=0. 
As δ approaches 90°, that is maximum phase shift and pure viscos response, then 
E’=0 and E’’=1.  
 

 
Figure 2. 14 Viscoelastic behavior under harmonic loading [Partl 2007] 
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2.3.5. Black and Cole-Cole diagrams 

In order to present the viscoleastic material characteristics independent of 
temperature and frequency commonly the Black diagram which is the complex 
modulus vs. phase angle or the Cole-Cole diagram which is the imaginary part 
versus the real part of the complex modulus are presented. Using extrapolation in the 
black diagram it is possible to determine the pure elastic modulus E0, at δ=0. 

2.3.6. Fatigue behavior of asphalt concrete 

Fatigue behavior of asphalt concrete is of particular interest since in situ the material 
is exposed to repeated loading. In the laboratory this is simulated using cyclic loads 
and failure is defined when the modulus is reduced by a certain percentage for 
example 50% or number of cycles or strain [after Partl 2007]. Fatigue behavior of 
porous asphalt is studied in Chapter 5. 



Chapter 2 Theoretical and Experimental Background 

 

55 

 

2.4. Optical microscopy 

Asphalt concrete is a non homogeneous material which consists of crystalline 
aggregate structure and amorphous bitumen structure making the various 
components of its microstructure easily recognizable with an optical microscope 
(OM). Resolution of 100nm can be achieved with an OM. Crystalline materials 
contain crystals, a polyhedral solid bounded by plane faces that express an ordinary 
internal arrangement of atoms whereas amorphous materials display random 
arrangement of atoms or molecules.  
In this study, observations have been made using a polarizing microscope (Axioplan 
from Zeiss, Germany) which allows enlarging from 12.5X up to 400X. The polarizing 
microscope differs from an ordinary microscope in that it has a revolving stage, a 
polarizing device below it (polarizer) and a similar device above called an analyzer. 
They can also be referred to as upper and lower polars. Polarization refers to the 
property of waves, in this case light, describing orientation of its oscillations. The 
polarizer is a device that converts mixed polarization into beams with a single 
polarization state. Each polar transmits light waves vibrating in one direction only 
[Walstrom, 1979]. Using the same device, it is possible to observe thin specimen with 
the light microscope (durchlight) and thin and thick specimen with the fluorescent 
microscope (Auflicht). Fluorescent microscopy allows the observation of the 
impregnated voids as the incident light excites the fluorescence dye in the epoxy 
resin used for impregnation. The polarizing microscope is used by geologists to 
identify crystals. However, this is outside the scope of this work. The experimental set 
up used in this study, consists of the polarizing microscope, charged–coupled device 
or CCD camera for digital image acquisition and a computer (Figure 4. 1). 
 

2.4.1. Imaging principles of the OM 

When thin sections are exposed to ultraviolet light (UV) incident light excites the 
fluorescence dye in the epoxy resin. This dye fluoresces at approximately 440 nm in 
visible light and in the ultraviolet region between 256 nm and 285 nm [Scott 1993]. 
Additionally, some materials such as oils and polymers exhibit the autofluorescence 
phenomena. Autofluorescence occurs when the material is irradiated with shorter 
wavelength light such as UV light. In case of asphalt, there is very little fluorescence 
light emission because the oil phase is mixed with asphaltene and resin phases 
which do not exhibit any autofluorescence. The polymer phase however has a very 
strong autofluorescence shown by the strength of the light emission [Loeber et al 
1996]. This is due to the fact that the polymer phase is swollen by the maltenes in the 
asphalt and as a result emits yellow light [Wegan and Brulé 1999]. 
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2.5. Electron microscopy  

2.5.1. Introduction 

As shown in Chapter 3, in order to study the effect of aging, material deterioration 
and ultimately failure closely, in this work, various electron microscopic options as 
imaging tools were evaluated as to their suitability for the study of porous asphalt. 
The healthy human eye is sensitive to radiation within the visible region of the 
electromagnetic spectrum that is wavelengths between 300-700nm. Additionally, at a 
viewing angle of 0.0167° and normal viewing distance of 25cm leads to a spatial 
resolution of 75μm for the unaided eye. That is the smallest distance between 
neighbor objects that can be distinguished by the unaided eye. It is believed that 
many of the failure phenomena can be observed at smaller resolutions than can be 
distinguished by the unaided eye. Microscopic methods help us understand objects 
at an elementary level. Traditional microscopes use the visible light for this 
visualization; however since the 1960’s other forms of radiation have been explored. 
Among them, electrons have been the most successful as they provide direct images 
down to the atomic level [Egerton 2005]. Electron microscopes use principles of 
electricity, magnetism, optics, and modern physics and chemistry. 
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Figure 2. 15 Working range of various types of microscopes [after Gross et al 2006] 
 

Figure 2. 15 shows the range of resolutions that can be achieved using transmission 
electron microscope (TEM), high resolution TEM (HRTEM) and scanning electron 
microscope (SEM) in comparison to optical microscopes and the human eye. 
Resolution of 100nm with an OM and 10 nm with an electron microscope can be 
achieved. The SEM provides images of external morphology of the object similar to 
the human eye, while the TEM provides images that give an indication of the internal 
structure of solids including microstructural and ultrastructural details not familiar to 
the human eye [Goodhew 2001]. The challenge in using these imaging techniques 
lies not only in the operation of the device but also in the correct interpretation of the 
resulting images as well as preparation of the specimen. In addition to the images, 
the analysis of local regions of a specimen using x-ray and electron spectroscopy 



Chapter 2 Theoretical and Experimental Background 

 

57 

 

while it is being examined by the electron microscope can provide vital detail about 
the material including its chemical composition. 

2.5.2. Basic principles of electron microscopy 

All electron microscopes consist of an electron column with an electron gun at the top 
that creates a beam of electrons; a sample chamber, where the electron beam 
interacts with the sample; detectors, that monitor a variety of signals resulting from 
the beam-sample interaction; and a viewing system that constructs an image from 
the signal. An electron gun generates the electron beam which is sent towards the 
sample after being accelerated to known energies in the order of tens of thousands 
of electron volts [Johnson 1996, Goodhew 2001]. A series of magnetic lenses in the 
column re-converge and focus the beam on the sample. The interaction of beam 
electrons and sample atoms generate a variety of signals. These signals are used for 
the further evaluation of the sample. 
 

2.5.3. Definitions 

The concepts of resolution, magnification, and depth of field and lens aberration are 
important concepts in electron microscopy and therefore a short description is given 
below [after Goodhew 2001]: 
 
Magnification, M is the ratio of the image to the object it is defined as: 
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Where  
u= distance of the object to the lens 
v= distance of the image to the lens 
f= focal length 
 
In order to increase magnification it is often the case that f1 and f2 are increased. 
 
Resolution is defined as the closest spacing of two points which can be clearly seen 
through the microscope to be separate entities. 
The resolution r and the numerical aperture NA are defined empirically as shown 
below: 
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Where,  
r= resolution 
d=aperture diameter, 0.61 
λ= wavelength of light 
μ= refracting index 
α=semi angle of microscope subtended at the specimen 
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NA= μ sin α 
 
In order to decrease resolution, wavelength λ should be decreased and/or μ or α 
should be increased. 
 
Depth of field is the range of the positions in the object that appear to be in focus by 
the eye. It is calculated as follows: 
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Where, 
h= depth of field 
 
Aberrations refer to the distortion of the image due to a defect in the lens. Various 
types of aberration affect the image in certain ways. Defining these aberrations is 
important in determining the resolution of the microscope. 
 
Electromagnetic lens 
Normally, several such lenses exist in an electron microscope which causes the 
electron to deflect as it passes through an electromagnetic field parallel to the 
electron beam. The effect is similar to an optic lens in that a parallel beam of electron 
entering the lens is forced to converge to a point. 
In the scanning electron microscope (SEM) the magnetic field is placed perpendicular 
to the beam and allows the scanning back and forth of the specimen. 

2.5.4. Properties of electrons 

2.5.4.1. Electrons versus light 

 
The basics of electron microscopy are very similar to that of light microscopy. 
However the properties of electrons can provide significant advantages to improve 
the magnification and resolution of images and reduce aberrations. Table 2. 3 lists 
some of the important properties of light and electrons for comparison purposes. 
 
Table 2. 3 Properties of electrons versus light 

property light electron significance 

Wavelength, λ 400-700nm 0.001-0.01nm Allows smaller 
resolution 

Refractive 
index, μ 

varies 1  

scattering  scattered strongly by gases needs vacuum 

charge none negative charge 

1.6 x 10-19C 

electromagnetic 
field used as 
lens 

Rest mass 

me 

 9.108 x 10-31kg  
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The most important property of electrons in comparison to light is that its wavelength 
is a fraction of that of light. As shown in equation 2.5.3 smaller wavelength results in 
a smaller resolution. 
Electrons are scattered strongly by gases. As a result, the electron beam path has to 
pass through a vacuum of better than 10-10 Pa. At atmospheric pressure electrons 
could not penetrate more than a few millimeters [Goodhew 2001]. 
Electrons have a negative charge which means a magnetic field can be used as a 
lens. This results in negligible refractive index which reduces μ to 1. Furthermore the 
angle α is very small in the electron microscope as a result sin α=tan α= α in the 
above equations. Substitution with typical values of λ = 0.0037nm and α=0.01 
radians results in a resolution of 0.02nm which is not achievable due to lens 
aberrations. Using smaller apertures it is possible to reach a resolution of 0.2nm. This 
is approximately the separation of atoms in a solid. In order to keep the effect of 
certain kinds of aberrations it is necessary to keep α to a minimum. Equation 2.5.4 is 
reduced to h=0.61λ/α2 to account for the properties of electrons. It is seen that when 
α is small, h increases rapidly leading to a high depth of field a major advantage of 
electron microscopy. 
The use of electron microscopy means that it is possible to obtain an image with a 
magnification of up to 1,000,000X without physically changing or moving the lens. 
Electron microscopy techniques results in higher resolution, higher magnification, 
higher depth of field and versatility compared to light microscopes. 
 

2.5.4.2. Interaction of electrons with matter 

Unlike light which has in most cases no effect on the samples being observed, 
electrons used in microscopy can alter the sample. In all EM primary electrons enter 
the specimen and the same or diffracted ones leave the specimen to produce an 
image. This causes certain interaction between these high energy electrons and the 
atoms of the specimen. These effects can be summarized as follows: 
 

o Heating of the specimen by the electron beam resulting in chemical changes 
o Scattering of electrons by atoms 

o Elastic scattering- Major mechanism by which electrons are deflected. 
No change in energy level after electron is passed through specimen. 
Main contribution to diffraction patterns 

o Inelastic scattering- Primary electron loses energy after contact with 
specimen 

o Secondary effects are those caused by primary beams that can be 
detected outside the specimen such as secondary electrons and 
backscattered electrons. 

 
The interaction volume depth x and width y is a function of the energy of the electron 
beam and density of the material as shown in equation 2.5.5 [Potts 1987]: 
 
x=0.1*E0

1.5/ρ          (2.5.5) 
 
y=0.077*E0

1.5/ρ         (2.5.6) 
 
Where, 
x= depth of penetration electrons 
y= width of penetration of electron signals 
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E0= accelerating voltage (keV) 
ρ= density (g/cm3) 
 
Since the density of bitumen is approximately 1 and electron beam voltage used in 
the experiments is 20 and 30 keV, the electron beam penetration can be estimated to 
be 16, 13 and 7, 9 µm respectively. 

2.5.4.3. Electron diffraction 

The arrangement of atoms in the specimen can be deduced from spatial distribution 
of scattered electrons also known as electron diffraction pattern. This is an important 
field mostly useful in determining the atomic arrangement in crystalline materials. For 
porous asphalt this is not of particular interest. 
 

2.5.5. EM techniques 

2.5.5.1. Scanning Electron Microscope (SEM) 

An SEM is capable to form a virtual image from a variety of signals that are produced 
from the interaction of the electron beam with the object (Figure 2. 16). The most 
commonly used signals are secondary electrons, backscattered electrons and 
characteristic X-rays. 
One disadvantage of the scanning electron microscope (SEM) is that it is normally 
not possible to examine samples that produce any significant amount of vapor (out 
gassing) when placed in a vacuum. Because of this limitation, biological samples 
must be dried, and many samples like grease, adhesives, liquids, foods, gels, and 
others semisolids cannot be examined. Some vapor-producing samples can be 
examined using cryogenic SEM.  
However, even cryogenic SEM cannot be used to observe the drying process of 
adhesives, the curing of cement, the melting of alloys, or the crystallization of 
materials. In an attempt to overcome these disadvantages, progress has been made 
starting in the 1980’s in perfecting the environmental scanning electron microscope 
(ESEM).  

2.5.5.2. Environmental Scanning Electron Microscope (ESEM) 

ESEM is a new innovation in scanning microscopes specifically designed to study 
wet, oil bearing, or insulating materials. Polymers, biological cells, plants, soil 
bacteria, concrete, wood, asphalt and liquid suspensions have been observed in the 
ESEM without prior specimen preparation or gold coating. Samples may be 
examined in water vapor or other gasses such as CO2 or N2 at near atmospheric 
pressures due to the unique vacuum system of the ESEM. The primary advantage of 
the ESEM is that it allows examination of the sample at various environments through 
a range of pressures and temperatures and gas combinations. The Environmental 
SEM retains all of the performance advantages of the conventional SEM, but 
removes the high vacuum requirement on the sample. As a result wet, oily, dirty, non-
conductive samples may be examined in their natural state without modification or 
preparation. This is achieved through the introduction of two Pressure Limiting 
Appertures (PLA’s) that permit vacumms at ca 50 Torr (1 Torr= 133.3 Pa] in the 
sample chamber while maintaining high vaccumm conditions in the upper chambers 
where the electron gun is located. The ESEM produces high resolution secondary 
electron imaging in a gaseous environment at pressures as high as 50 Torr, and 
temperatures as high as 1500°C [Johnson 1996]. The ESEM eliminates the need for 
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conductive or other types of coating that could presumably mask or alter important 
information about the material. The ESEM provides a means to observe and record 
various processes on the sample as they happen. The sample can be observed 
during a dynamic process such as tension, deformation, crack propagation, 
adhesion, heating, cooling, freezing etc. 
 

 
 
 
 
The electron microscope used in this study was a Phillips ESEM-FEG XL30. It can 
function in high vacuum, low vacuum and ESEM modes. In the current study the low 
vacuum mode is used in order to maintain good resolution and without having to 
prepare the specimen especially for high vacuum exposure i.e. the samples were not 
coated. The operating conditions used are shown in Chapter 4. 
The ESEM produces a virtual image of the sample from the signals emitted by the 
sample. As the electron beam scans the sample the electrons interact with the 
sample atoms and generates a variety of signals. The signal varies in strength 
reflecting the differences in the sample. In this study, the signals used are gaseous 
secondary electrons (GSE) and backscattered electrons (BSE) and characteristic X-
rays and they will be discussed in detail below. 
Secondary electrons are emitted by the sample due to interaction with the primary 
electrons of the beam. They have very low energy and therefore can only escape 
from a shallow region of the sample surface and they produce the best imaging 
resolution. The SE images represent the sample topography. The volume of 
interaction is more at the sample surface than further in resulting in more sample 
electrons escaping from the peak than from a valley resulting in peaks being bright 
and valleys dark. 
Backscattered electrons are primary beam electrons that have been scattered back 
out of the sample by elastic collisions with the nuclei of sample atoms. They are high 
in energy and therefore they interact with a higher volume of the sample. This higher 
volume also degrades the resolution. Contrast in BSE images is a result of point to 

Primary beam 

Backscattered electrons 
(BSE) 

Characteristic x-rays 
(EDX) 

Gaseous secondary 
electrons (GSE) 

Figure 2. 16 The interaction of beam electrons and sample atoms generate a variety of signals. 
GSE, BSE and EDX are shown and used in this case. 
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point differences in the atomic number of the sample. High atomic number nuclei 
backscatter more electrons that results in brighter areas in the image. BSE images 
can deliver information about the sample composition. Normally, the SE or GSE and 
BSE images are used as complementary images [Johnson 1996, Goodhew 2001].  
Characteristic X-rays result when a beam electron scatters an inner shell electron 
from a sample atom. This results in a higher energy electron from an outer shell to fill 
the vacancy, which releases energy as an x-ray photon. Because the energy 
differences between shells are well defined and specific to each element, the energy 
of the X-ray is characteristic of the emitting atrom. An X-ray spectrometer collects 
and sorts this data which can be used as an X-ray map or plots of energy vs. number 
of x-rays. The X-ray signals provide a poorer image in comparison to the electron 
signal. This is partially due to the larger distance within the sample that X-rays can 
travel, generating a larger olume of interaction and poorer spacial resolution.  

2.5.5.3. Sample preparation 

One of the challenges in EM is proper preparation of samples. The methods can be 
applied to organic as well as non organic materials and, as such, the specimen 
preparation has to be adjusted. In general, the sample preparation for SEM is simpler 
than TEM which requires very thin samples of usually a few tens of nanometer to a 
micron in thickness in order to be electron transparent. As EM can be applied to a 
wide variety of materials there is also a wide variety of techniques for sample 
preparation. An important limitation of the above mentioned techniques is the 
requirement of a high vacuum sample environment. Therefore the samples need to 
be vaccumm tolerant and electrically conductive. The sample should not be altered 
by the vaccum or the sample should not change the vaccum environment of the 
chamber. For example materials containing volatile components are not suitable for 
vacuum conditions. The electron beam deposits considerable charge in the sample. 
In conductive materials, the charge flows through the sample stage to ground. In 
insulating materials the charge accumulates causing local variations in secondary 
electron emissions and deflecting the electron beam. Such charging artifacts are 
eliminated by coating the sample with a thin layer of coating using a heavy element 
such as gold. The coating provides a path to ground for the accumulating charges. 
The gaseous environment in the sample chamber in LV and ESEM modes also acts 
as a charge neutralizer due to cations that are also produced during gas ionization. 
Using ESEM eliminates the high vacuum requirement and as such is suitable for 
asphalt concrete. The discussion here is limited to what would be relevant to asphalt 
concrete. In general the specimen should have the following characteristics [Gross et 
all 2006]: 
 

 Free of artifacts and unaltered 

 Clean and free of contaminants 

 Stable for ease of handling 
 

In this dissertation the sample preparation techniques developed for Portland cement 
concrete have been adopted with slight modifications as discussed in detail in 
Chapter 4.  

 



 

63 

 

Chapter 3 Materials  

3.1. Introduction 

Solid materials are grouped into three basic classifications based on their chemical 
composition and atomic structure: metals, ceramics and polymers [Callister 2003]. 
Asphalt concrete (AC) is a composite road material that consists primarily of three 
phases: fine and coarse mineral aggregates (ceramics) and voids embedded in a 
bituminous matrix (polymer). The air voids can be filled with air or water as vapor, 
liquid or ice. Figure 1. 1 shows the volumetric composition of different types of AC.  
The mechanical properties of ceramics and polymers differ significantly as shown in 
the example for Young’s Modulus (E) in Table 3. 1. Diamond, the hardest ceramic, is 
listed for the sake of comparison. Polymers are made of organic chain molecules 
whose structure can vary widely with Young’s Modulus that is considerably below 
that of ceramics.  
In order to improve material properties, for example when materials with a higher 
Young’s Modulus are desired, additives are used. For example, adding fibers with a 
large stiffness to the matrix of another material such as polymers as shown in the 
carbon fiber or glass fiber reinforced composites in Table 3. 1. Similarly, in the case 
of asphalt concrete the knowledge gained from material science is used to engineer 
the desired material property. This is practiced by adding mineral aggregate filler to 
the binder matrix resulting in what is known as mastic. Polymer modification and 
mineral or cellulose fiber are used to reduce the drain down effect which occurs when 
the binder due to gravity drains towards the lower parts of the layer. Other additives 
are anti-stripping agents or lime which are added to resist moisture damage. Table 3. 
4 lists some additives and their purpose. 
 
Asphalt concrete falls into the general category of random heterogeneous materials. 
Many advances have been made in this area in the past few decades especially 
concerning the statistical characterization of the microstructure and its effect on the 
physical properties of the material [Torquato 2002]. However, the material is very 
complicated in terms of modeling and observations, especially in the micro scale as 
the material depending on the location within the sample can have very different 
properties. 
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Table 3. 1 Young’s modulus of various materials [adapted from Roesler 2007] 

Material E (GPa) 

Ceramics ≈40 … 1000 
Diamond 1000 
Silica glass, SiO2 94 
Concrete 45…50 
Mineral aggregate  84 
  
Polymers ≈ 0.1…5.0 
Epoxy resin 4.0 
Polypropylene 0.9 
  
Composites  
Carbon fiber reinforced polymers 70…200 
Glass fiber reinforced polymers 7…45 
Asphalt concrete ≈5 

 

3.2. Porous asphalt concrete  

For most engineering materials the engineer is able to select the appropriate material 
for the function it is intended. In the case of asphalt concrete, the aggregates which 
make up the bulk of the material are normally locally supplied resulting in engineering 
properties that are geographically determined. In Switzerland there is access to good 
quality crushed rock from the alpine region. However, it is imperative to know the 
mechanical properties and at the same time understand the physical phenomena 
causing them. 
As shown graphically in Figure 1. 1, the constituents of porous asphalt concrete (PA) 
are not equally distributed. For example, a typical PA mix in Switzerland has by mass 
6 % binder with the rest aggregates. However; by volume, it has 22% air voids. 
Naturally, the properties of porous asphalt concrete are a function of size, amount, 
shape and type of its constituents. Furthermore, bitumen is a viscoelastic material 
and its properties are highly temperature and strain rate dependant. Due to higher 
proportions of coarse aggregates and lower sand content in PA, interconnected micro 
voids are created that are specific to this type of AC. 
In order to ensure an impermeable underlying layer, a tack coat usually made of an 
emulsion or bituminous binder is used under the PA surface course. 
Mechanical performance of PA is a function of its constitution (chemical composition) 
and the molecular structure (physical arrangement) of the material. Therefore, 
understanding the composition and structure is important in understanding the 
material behavior. The predominant elements in asphalt concrete and their electron 
configuration are shown in Table 2. 1. 
In this dissertation, different PA from a number of motorways has been investigated 
at various scales. Properties of the materials used for the experiments in the macro-
scale using coaxial shear test (CAST) (Chapter 5) are shown in Table 3.2 [Poulikakos 
et al 2006c]. Laboratory tests and field performance indicated that there was a 
significant difference in the performance of these materials. As a result, three mixes 
(AG1, VD4 and VD7) were chosen for the microstructural investigations discussed in 
Chapter 4. For the investigations of the tensile behavior of the materials in micro 
scale discussed in Chapter 6, two materials were chosen: AG1 (AG2) and VD7 
(VD4). These two mixes were used in Cantons Aargau and Vaud in Switzerland and 
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their in situ performance was known. The difference in the composition of these two 
materials is firstly in the slight variation in aggregate gradation and secondly in the 
fact that the material from Vaud (VD7) had polymer modified asphalt binder with 
styrene butadiene styrene (SBS) co-polymer and the material from Aargau (AG1) 
contained straight run bitumen with Trinidad NAF 501 natural asphalt as additive as 
shown in Table 3.2. 
 
Table 3. 2 Standard characteristics of the materials (PmB stands for polymer modified binder 
type 65A) [Poulikakos et al 2006c]. 

Designation 
VD 2 
 

VD 3 
 

VD 4 
 

VD 5 
 

VS 6 
 

VD 7 
 

AG1 
 

AG2  
 

AG3 
 

VD10 
Twin 
layer 

Type SN 
640433b 

PA11 PA11 PA11 PA11 PA11 PA11 PA11 PA11 PA11 
PA8 / 
PA22 

Binder  
Type 

PmB 
Colflex 
N 

PmB 
Practiplast 
M40 

PmB 
Styrelf 
13/80 

PmB 
CTS+ 
Rubber  
additive 

PmB 
Styrelf 
13/80 

PmB 
Styrelf 
13/80 

B 55/70S 
+ 
Trinidad  
NAF 501 

B 55/70S 
+ 
Trinidad  
NAF 501 

PmB 
70/100 + 
calcium  
hydroxide 

PmB 
Styrelf 
13/80 

Sieve size [mm]    % passing (by mass)   

31.5 - - - - - -  - - - 100 

22.4 - - - - - - - - - - 95 

16 100 100 100 100 100 100 100 100 100 - 60 

11.2 98 95 95 97 98 92 98 98 95 100 26 

8 65 65 49 52 67 58 60 60 65 95 21 

5.6 25 25 20 20 28 25 16 16 24 35 16 

4 17 17 15 15 17 15 13 13 16 22 14 

2.8 13 13 13 13 11 12 12 12 13 15 12 

2 10 10 11 11 9 10 11 11 11 13 10 

1 7 7 7 8 7 9 8 8 8 10 7 

0.5 6 6 6 7 5.5 8 7 7 7 8 6 

0.09 5 4 4.8 4.8 3.5 7 4.8 4.8 4.1 4.5 4 

Binder [% by 
wght. Of 
total mix] 

4.8 4.8 4.8 6.0 4.5 4.8 
4.8 + 
1.8 
additive 

4.8 + 
1.8 
additive 

5.2 5.0 4.3 

Voids cores 
[% by vol.] 

23.3 23.4 22.8 16 20.3 21.8 21 26.1 19.3 24.1 14.8 

Years in 
Service 
(constr date)  

13 
(1991) 

12 
(1992) 

7 
(1997) 

6 
(1998) 

5 
(1999) 

- - 
5 
(1999) 

0 
(2004) 

4 
(2000) 

Selection 
Criteria 

Age 
Binder 
type 

Binder 
type 

Binder 
type+ 
Additive 

Distress 
Lab mix 
of VD4 

Mix from 
job site 
of AG2 

Distress Distress Twin-lay 

 
Before coring the selected sections, a visual inspection according to the Swiss 
standards [SN 640 925b 2003] was carried out. To this end, the surface degradation 
characteristic I1 was assessed by inspection. The index I1 combines degradation in 
terms of surface distress (polishing, bleeding), pavement degradations (wear, loss of 
aggregate, cracks in joints, cracking in pavement) and pavement strain (rutting). The 
overall state is determined as a function of the surface area Ai and severity of 
degeneration Si leading to the total value Mi as follows: 
 
Mi = Ai · Si.            (3.1) 
 
From Mi and a weighing factor Gi, a global weighted index I1 is deduced with a rating 
scale which is divided in intervals of good (0 and 1), medium (1 - 2), sufficient (2 - 3), 
critical (3 - 4) and bad (4 - 5). The global weighing factor Gi, differentiates between 
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the various types of degradation. For example, the weighing factor for structural 
degradation is 3 whereas for patches it is one. Table 3. 3 summarizes the results 
indicating that the state of the inspected sections varied between good and sufficient. 
Three pavements were found to be in sufficient condition (VD2, VD5, AG2), four were 
in medium condition (VD3, VD4, VS6, VD10) and one pavement was new (AG3). 
 
Table 3. 3 Summary of surface inspections [Poulikakos et al 2006b] 

Material 
Designation 

Overall rating 
Index I1* 

State Remarks 

VD2 3 Sufficient to critical significant polished aggregates 
and loss-no structural 
degradation 

VD3 1.4 medium significant aggregate loss, 
minor rutting 

VD4 2 medium to sufficient medium aggregate loss 

VD5 2.6 sufficient significant polished aggregates 
and loss 

VS6 1.6 medium  

AG2 2.7 sufficient significant aggregate loss 

AG3 - - new pavement- not inspected  

VD10 1.4 medium minor aggregate loss minor 
rutting 

* 0 - 1=good, 1 - 2= medium, 2 - 3= sufficient, 3 - 4= critical,  4 - 5 =bad 

 

3.3. Bituminous binders 

Physically, Bitumen is a colloidal suspension of asphaltene particles in an oily 
continuous matrix (maltenes) containing resin. Oils have the lowest molecular weight, 
resins intermediate and asphaltene particles the highest molecular weight in this 
mixture [Chen et al 2002]. The addition of high molecular weight polymers to hot 
bitumen produces a chemical change due to the absorption of the maltenes by the 
polymer and its consequent swelling [Michon et al 1998, Forbes et al 2001, Reed and 
Whiteoak, 2003]. 
Chemically, bitumen is a complex mixture of various molecules that are 
predominantly hydrocarbons with a small amount of sulfur, nitrogen and oxygen 
atoms. Elementary analysis of bitumen from a variety of sources show that most 
bitumen contain 82-88% carbon, 8-11% hydrogen, 0-6% sulfur, 0-1.5% oxygen and 
0-1% nitrogen by mass of bitumen. The precise composition of bitumen varies 
according to the source of the crude oil from which the bitumen originates [Reed and 
Whiteoak 2003]. Hydrocarbons consist of hydrogen and carbon atoms. Each carbon 
atom has four electrons that participate in covalent bonding and each hydrogen atom 
has one bonding electron (Table 2. 1). The molecular structure of methane (CH4) and 
chain molecule of Hexan (C6H14 ), both hydrocarbons, can be seen in Figure 3. 1. 
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Figure 3. 1 Schematic representation of covalent bonding in a molecule of methane (CH4) a 
hydrocarbon, above [Callister 2003] and molecular structure of Hexan C6H14, below  

 

Although bitumen with respect to its volume (ca. 6%) is a small part of the asphalt 
mixture, its properties are very important for the performance of the mix. 
Furthermore, the viscoelastic behavior of asphalt concrete as well as the strong 
dependency of its mechanical behavior on temperature is due to the bituminous 
binder. Binders affect the cohesion, adhesion and durability of the mix. A variety of 
modifiers can be added to bitumen in order to enhance its performance. Table 3. 4 
lists some of the modifiers and their effect respectively.  
 

 
Figure 3. 2 Schematic structure of thermoplastic elastomer (such as SBS) at ambient 
temperature [Reed and Whiteoak 2003] 
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Figure 3. 3 Chemical composition of repeat units (mers) of SBS above and chains below 
[Callister 2003] 

 

 
Figure 3. 4 Schematic representation of the molecular structure of thermoplastic elastomers 
with soft center chains (Butadiene) and hard domains or chain ends (styrene) which act as 
physical cross links at room temperature [Callister 2003] 

 
One of the problems that can arise for PA is binder drain down. To reduce the drain 
down effect, polymer modification and mineral or cellulose fiber is used. Drain down 
is undesirable and occurs when the bitumen moves down the pavement layer due to 
gravity. Current standards in Switzerland [SN 640 431-7a-NA 2008] require polymer 
modified penetration graded bitumen for porous asphalt. In addition, polymer 
modification improves the cold temperature behavior of PA as it maintains its viscous 
flow capabilities at low temperatures better than the non-modified binder [Goodrich 
1988]. 
One of the polymer modifiers used in PA is styrene-butadiene-styrene (SBS) block 
co-polymer, a thermoplastic elastomer which is also the subject of this research. Two 
phenomena are relevant for the type of polymers discussed here: melting and glass 
transition. Melting upon heating is the transformation of the polymer from a solid 
phase to a liquid phase. The glass transition phenomena occur in amorphous 
polymers when cooled from a liquid state. Upon cooling they become a rigid solid but 
retain the disordered molecular structure. 
Thermoplastic elastomers are a type of polymer that, at ambient conditions, exhibits 
elastomeric (rubbery) behavior. However, they are thermoplastic in nature which 
means that they soften when heated and harden when cooled. In thermoplastic 
elastomers the melting-solidification process is reversible and repeatable. Upon 
melting the physical crosslinks disappear and upon re-solidification the crosslinks 
reform. Polymers are much larger molecules and, as a result, have much higher 
molecular weights in comparison to the hydrocarbons already discussed. 
Thermoplastic elastomers as shown schematically in Figure 3. 2, have a three 
dimensional network with a physical crosslinking of the molecules which gives them 
strength and elasticity. SBS, a thermoplastic elastomer, consists of block segments 
of styrene, a hard and rigid mer (shown as blue balls in Figure 3. 2) and butadiene, a 

Styrene mer Butadiene mer 
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soft and flexible elastic mer (shown as brown springs in Figure 3. 2). The chemical 
repeat units of SBS are shown in Figure 3. 3. At ambient temperatures, the soft 
butadiene segments impart the rubbery elastomeric behavior to the material. At 
temperatures below the melting temperature of the hard styrene segments, hard 
chain end segments from adjacent chains aggregate together to form rigid domain 
regions. These domains are physical crosslinks that act as anchor points that restrict 
soft chain segment motion. The useful temperature range lies between glass 
transition temperature of the soft component and melting temperature of the hard 
component. For SBS, this range is between -70°C and 100°C. Characteristic 
thermoplastic behavior is that at temperatures above the glass transition temperature 
the polystyrene softens as the domains weaken and can also dissociate under stress 
allowing easy processing. Upon cooling, the domains re-associate restoring the 
strength and elasticity. SBS has a linear polymer structure in which mer units are 
joined together end to end in a single chain. The Butadiene mer has a double bond 
that is sensitive. After exposure to air and temp chemical reactions occur that lead to 
the deterioration of this bond [Reed and Whiteoak 2003, Callister 2003, Strobl 1997]. 
 
Table 3. 4 Benefits of different types of modifiers [after Reed and Whiteoak 2003] 

Modifier Permanent 
deformation 

Thermal 
cracking 

Fatigue 
cracking 

Moisture 
damage 

Ageing 

Elastomer X X X  X 
Plastomer X     
Tyre rubber  X X   
Carbon black X    X 
Lime    X X 
Sulfur X     
Chemical modifiers X     
Antioxidants     X 
Adhesion improvers    X X 
Hydrated lime or 
Calcium hydroxide 

   X X 

 
The purpose of the current research is to investigate the effect of water exposure on 
mechanical properties of porous asphalt, for this purpose materials have been 
chosen based on their in situ performance. Binder A used in the mix design of AG1 
does not include polymer modification and this design has been retained for the 
purpose of comparison.  
For the investigations of the micro scale tensile behavior in Chapter 6 two binders 
were chosen as listed in Table 3. 5. They were chosen based on field performance of 
the mixes under investigation. Binder B is Styrene-butadiene-styrene (SBS) modified, 
used in VD4 and VD7. It is a thermoplastic elastomer and it is used to improve 
various characteristics as shown in Table 3. 4. The binder used in situ for the AG1 
mix was modified with Trinidad lake natural asphalt NAF501. The refined Trinidad 
Lake Asphalt has 53-55% binder, 36-37% minerals and 9-10% organic matter. It has 
typically a penetration of 20 (0.1 mm) and a softening point of 95°C and is considered 
too hard to be used on its own. It is normally used as an additive (up to 3%) to 
improve the weatherability of bitumen. As seen in Table 3. 5, the addition of Trinidad 
NAF had resulted in a much lower penetration as the expected 55-70. Trinidad NAF 
501, is a fine grained granular product, consisting of 83.3 weight-% Trinidad Epuré 
and 16.7 mass-% cellulose fibers. Epuré refers to refined Trinidad Lake Asphalt 
[http://www.trinidad-lake-asphalt.com, Reed and Whiteoak 2003].  



Chapter 3 Materials  

70 

 

 
Table 3. 5 Specifications for the paving grade bitumen used in this study 

Property Binder A  Binder B (1) 

Brand name  Styrelf 13/80  
EN designation B55/70(2) 65A 
Manufacturer/source Cressier/CTW 

Muttenz 
Total 

Grade B55/70 60-80 
Modification none SBS Polymer 
Penetration at 25°C, x 0.1mm 18 50 
Softening point, °C  72.65 56.5 
Glass transition,Tg, °C(3) -29 and 2.4 -20.48 and 14.7 
Surface tension at 20°C (mJ/m2) (4) 25.97  31.58  
Fraas Breaking Point, °C  -19 
Ductility, mm  697 
Dynamic viscosity at 60°C, Pa s  775 
Density at 25°C, g/cm3  1.023 
Density at 150°C, g/cm3  0.96 
Mix Temp  Min 140 

Max 150 
Compaction Temp  145 

(1) www.ctwmuttenz.ch 
(2) SN designation predating EN designation 
(3) ISO 11357-1 Differential Scanning Calorimetry DSC measured at Empa 
(4) Surface tension measured at Empa  
(5) If blank no data was available 

  

3.3.1. Measurement of viscosity at 23°C using DSR 

The micro scale tensile experiments discussed in Chapters 6 and 7 are conducted at 
23°C. The failure mechanism of the binders is a direct function of the viscosity of the 
binder at test temperature. The dynamic viscosity is an important material property as 
it is an indication of the resistance of the material to flow. Therefore the viscosities of 
the two binders were measured at 23°C with the dynamic shear rheometer or DSR 
(Physica MCR301, Anton Paar) in accordance to the European standards [EN14770 
2005]. The procedure is used to determine the complex shear modulus and phase 
angle and viscosity of binders over a range of temperatures and frequencies when 
tested in oscillatory shear [EN 14770:2005]. The frequency values of 0.1, 1 and 10 
Hz were chosen and it is assumed to be within the linear region of the test specimen 
at the selected temperature (23°C) at least at the lower frequency. Due to the 
relatively low temperature, disk shaped specimen of 8 mm diameter and 2 mm 
thickness were chosen. The wet state of the binder was obtained following the 
procedure in Chapter 6, by water conditioning the 8 mm bitumen samples for 17 h. 
The tests were conducted at 0.1% strain.  
Neither the wet sample nor the dry samples were cut before testing as required by 
the standard. The reason for cutting is to remove the oxidized layer before testing. 
However, in this case the wet binder was under water and was not affected by the 
oxygen in the air and therefore was not cut. The dry samples were also not cut. After 
water conditioning, the binder was surface dried with a lint free cloth and then tested 
after the trimming of the bulge. 
Test results shown in Figure 3. 5 and Table 3. 6 indicate a reduction of 24 to 35 % in 
viscosity of Binder A from dry to wet state. With Binder B being 19% less viscous at 
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23°C and 0.1Hz than Binder A. Binder A has a higher viscosity at all three frequency 
levels while the difference is larger at lower frequencies. Water conditioning reduced 
the viscosity of Binder A at all three frequencies with the difference being larger at 
lower frequencies. Acquiring valid results for Binder B after water conditioning was 
not possible as water conditioning had hindered the adhesion on the spindle. The 
surface dried sample of Binder B did not form adequate contact with the spindle, 
determined by the bare steel spindle after the test, and results were declared not 
valid.  
 
Table 3. 6 Average viscosity of binder A at 23°C in wet and dry state and binder B in dry state 

Freq Viscosity [Pa s]   Adry-Awet/Adry Adry-Bdry/Adry 

  Adry Awet Bdry [%] [%] 

10 8.81E+04 6.69E+04 8.95E+04 24.14  -1.51 

1 2.30E+05 1.61E+05 2.05E+05 29.78  10.63  

0.1 5.02E+05 3.28E+05 4.05E+05 34.74  19.32  

 
 

 
 

 
 
 

3.3.2. Measurement of surface tension 

Static contact angle between the liquids and the solid bitumen surfaces were 
measured using the sessile drop method (refer Chapter 2.2). Using a contact angle 
goniometer (dataphysics contact angle system OCA 20) a drop of liquid was 
dispensed from a syringe onto the bitumen surface. The drop image was captured by 
the drop-shape analysis program (dataphysics). The contact angle between the solid-
liquid interface as well as the tangent line at liquid-vapor interface were measured. 
The surface tension of Bitumen A and B were calculated using the method developed 
by Owens and Wendt (1969) and Ström et al (1986) by measuring the contact angle 
of three liquids with known surface tension values on bitumen substates. A glass 

Figure 3. 5 Viscosity at 23°C of binder A in wet and dry state and binder B in dry state 
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slide was covered with the bitumen film. Thereafter the contact angle of 20ml drop of 
water, ethylene glycol and diiodomethane on the bitumen was measured using the 
goniometer. The three types of liquids have completely different surface tensions and 
provide a basis for calculation of the surface tension of bitumen using the Young 
equation 2.2.3 and shown in Figure 2. 1. The results in Table 3. 7 show the known 
surface tension of the test liquids and the calculated surface tension of Bitumen A 
and B including the dispersive, (ζ lv,D) and polar (ζ lv,P) components. θA is the contact 
angle with bitumen A and θB is the contact angle of the test liquid with bitumen B. 
 
Table 3. 7 Surface tension measurements 

Liquid ζlv,T 

[mJ/m2] 
ζ lv,D ζ lv,P θA θB 

water 72.75 22.10 50.65 105.6 99.2 
ethylene glycol 47.70 30.90 16.8 80.8 78.7 
diiodomethane 50.80 49.50 1.30 61.7 46.3 
      
55/70 (Type A) 25.97 25.88 0.08   
Styrelf (Type B) 31.58 31.44 0.14   
      

 
The contact angles between water and the two types of binder shown in Figure 3. 6 
indicate that Binder A is slightly more hydrophobe in comparison to binder B (θA> θA). 
 

  
Figure 3. 6 Contact angle of water with Bitumen A (B55/70) left and Bitumen B (PmB 65A) right 

 

3.3.3. Measurement of glass transition temperature Tg by DSC 

The glass transition temperature, Tg (or Tmg), was measured using the differential 
scanning calorimetry (DSC) method [ISO 11357-1, 2009]. DSC is a technique where 
the difference in the amount of heat required to increase the temperature of a sample 
is measured as a function of temperature or time. In amorphous materials a transition 
appears as a step in the baseline of the recorded DSC signal. This is due to the 
sample undergoing a change in heat capacity. In this case, a small amount of 
material is heated at a speed of 20°C/min from -80 to 47°C then cooled and the test 
is repeated. Thereafter the same sample was heated from 20 to 198 °C. Above Tg, 
thermal activation is large enough to overcome the intermolecular bonds and the 

SLV line 

θA θB 
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mobility of the molecules increase resulting in a completely different mechanical 
performance. 
DSC is an international standard test method that delivers heat flow rate (dQ/dt) in 
mW as a function of temperature. Three temperatures are of interest the first is Teig 
which is an indication of the onset of change in the material. Second is Tefg which is 
an indication of the end of the change and Tmg which is the midpoint temperature and 
referred to as glass transition temperature.  
 
Teig = extrapolated onset temperature, °C 
Tmg = midpoint temperature, °C 
Tefg = extrapolated end temperature, °C. 
 
As bitumen is a colloidal material with phases that have different physical properties, 
these results in two Tg's as the measurements for both types of materials indicate 
and as shown in Table 3. 2, Table 3. 8 and Figure 3. 7. Another parameter of interest 
is the slope of the heat flow vs. temperature shown in Figure 3. 7. Bitumen A has a 
larger slope indicating a larger amount of heat flow with respect to temperature in 
comparison with Bitumen B. this is also an indication that the properties of the 
polymer modified binder are less temperature dependant.  
 
Table 3. 8 Measured values from DSC 

Material Specimen  
Mass 
[mg] 

Tmg 
[°C] 

B55/70 (Binder A) 26.27 -29, 2.4 
   
Pmb 65A, styrelf 13/80 (Binder B) 28.05 -20.48, 14.7 
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Figure 3. 7 Measurement results of Tg with the DSC method for Bitumen A above and Bitumen 
B below 

 

3.4. Aggregates 

Rocks can be divided into three major groups: igneous, sedimentary and 
metamorphic. Igneous rocks originate from the molten rock within the earth’s crust. 
Examples of igneous rocks are granite and basalt. Sedimentary rocks are formed by 
accumulation of erosion of decomposed rocks and sedimentation of organic products 
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(lime and silica). Examples of sedimentary rocks are sandstone (quartzite) and 
Carbonates (limestone, dolomite, silicates, and siliceous limestone). Metamorphic 
rocks contain igneous and sedimentary rocks which have been transformed under 
heat and pressure. Examples of metamorphic rocks are Marble and slate.  
Key properties relevant for road construction have been introduced and are 
measured in accordance to the European standards [EN13043 2002] in order to 
ensure that a particular asphalt pavement performs adequately in service. These key 
properties are: shape, strength, roughness, susceptibility to polishing and soundness. 
Shape is important in the performance as flat or elongated pieces can introduce weak 
spots in the pavement. The strength of the aggregates guarantees that there is 
resistance to load and sudden imposition of load. Roughness is an important 
property for surface friction and bonding of the aggregates to the bitumen. Although 
the surface of all aggregates will polish with time, the polished surface should be 
such that it provides enough breaking time for vehicles. Soundness is a measure of 
durability of the aggregates in service [Reed and Whiteoak 2003]. In addition 
aggregate characteristics considered are abrasion resistance, durability, angularity, 
cleanliness and absorption. Polish resistance and durability were ranked as the most 
important characteristics of aggregates in PA mixtures [Cooley 2008]. The Los 
Angeles (L.A.) abrasion test [EN1097-2 2010] is a common test method used to 
indicate aggregate resistance to fragmentation. An L.A. abrasion loss value of 40 
indicates that 40% of the original sample passed through the No. 12 (1.70 mm) sieve 
after being subjected to a rotating drum with steel balls. Typical values for granit are 
between 27-49 %, for lime stone between 19-30% and quartzite 20-35%. 
[pavementinteractive.org]. The polished stone value test (PSV) of an aggregate is a 
standard European test [EN1097-8 2009] and is a measure of the resistance of an 
aggregate to polishing and indicative of skid resistance on the road. Aggregate that 
has a PSV over 60 is regarded as a High Skid Resistant Aggregate 
[highwaymaintenance.com]. 
The European standards EN 13043 (2002) specify the properties of aggregates and 
filler aggregates used in bituminous mixtures used for trafficked areas. Under normal 
circumstances aggregates used in Switzerland are from mineral sources that have 
been subjected to only mechanical processing; i.e. no chemical or thermal 
processing. The aggregate size designation is in terms of lower (d) and upper sieve 
size (D) expressed as d/D. Coarse aggregates are defined as those with D ≤ 45 mm 
and d ≥2 mm. Fine aggregates or sand fractions are defined as D ≤ 2 mm and 
containing particles which mostly are retained on a 0.063 mm sieve. Fines or filler are 
particles that pass the 0.063 mm sieve. 
The chemical composition of the aggregate plays a key role in the adsorption and 
desorption of the binder in the interaction of asphalt aggregate pairs [Curtis et al 
1993].  
Although the binder can come from various sources around the world depending on 
the origin of the crude oil, the aggregates are supplied locally. In Chapter 6 two types 
of mineral aggregates are used designated as mineral b (Balmholz) and mineral c 
(Choex). The properties are shown in Table 3. 9. Both of these mineral aggregates 
have been used in producing porous asphalt in Switzerland. 
Mineral b comes from the Balmholz quarry located at Lake Thun in central 
Switzerland and in operation since 1877. The mineral from this quarry falls in the 
sedimentary rock category [EN 932-3:1996/A1]. Siliceous Limestone from Balmholz 
is a hard dark grey stone with sharp edges when crushed. It has high pressure and 
abrasion resistance as well as good water resistance. Mineralogical data indicates 30 
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to 45 percent of quartz by mass. The primary source of the calcite in limestone is 
marine organisms [www.balmholz.ch]. 
 

 
Figure 3. 8 Mineral c [www.famsa.ch] 

 
Mineral c (Figure 3. 8) is from the Famsa quarry in Massongex in Canton Wallis in 
eastern Switzerland that is in operation since before World War I. It is a hard sand 
stone from the sedimentary rock category [EN 932-3:1996/A1] with 20-30% quartz 
[www.famsa.ch].  
The crystal structure of both types of aggregates can be seen in Figure 4. 12 and 
Figure 4. 13. Mineral composition of the aggregates contains silicates as indicated by 
the quartz content mentioned above and shown in EDX Images in Chapter 4 (Figure 
4. 25). Silicon and oxygen are the most abundant elements in the earth’s crust and 
therefore the bulk of soils, rocks, clays and sand are silicates. The crystal structure of 

silicates are characterized using various arrangements of the 4

4

SiO tetrahedron 

(Figure 3. 9). Each atom of silicon (at the center) is bonded to four oxygen atoms at 
the corner of the tetrahedron. There is a resulting -4 charge since each oxygen atom 
requires an extra electron in order to have a stable electronic structure.  
The most simple silicate material chemically is silicon dioxide (SiO2) or silica. It's 
three dimensional molecular structure is created when each oxygen atom at the 
corner of the tetrahedron is shared by an adjacent tetrahedron, resulting in all atoms 
having stable electronic structures and an electrically neutral material. Quartz, a type 
of silica has a relatively open molecular structure with the atoms not being closely 
packed resulting in a relatively low density of 2.65 g/cm3 at room temperature. 
[Callister 2003]. 
 
Table 3. 9 Mineral aggregate data 

Mineral ID RM3105-4 (Mineral b)(1)
 Famsa (Mineral c)(2)

 

Source Balmholz Choëx 

Type Siliceous Limestone Quartz sandstone 

Density [kN/m3] 26.7  

Porosity [%] 1-2  

Water retention [%] 0.01-0.08  

Compressive strength [N/mm2] 280 210-240 

Tensile strength [N/mm2] 6  

Elastic modulus [N/mm2] 8.4 x 104
  

Los Angeles abrasion [%] 13-18 11-15 

Polished stone value 53 60-62 

Silica SiO2 content [%]  60-100 
Used in Mix design  AG1, AG2 VD4, VD5, VD7, VD8 

(1) www.balmholz.ch 
(2) www.famsa.ch 
 

http://www.balmholz.ch/
http://www.balmholz.ch/
http://www.balmholz.ch/
http://www.balmholz.ch/
http://www.balmholz.ch/
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Figure 3. 9 Molecular structure of Silicates consist of various arrangements of the silicon-
oxygen tetrahedron [Callister 2003]. 
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Chapter 4 Study of the Microstructure of Porous Asphalt 
using Optical and Electron Microscopy1 

4.1. Summary 

Direct observations of porous asphalt concrete samples in their natural state using 
optical and electron microscopy techniques led to important information regarding the 
microstructure of two mixes and the relationship to their in situ performance. Well 
performing and sub-optimally performing pavements show evidence of suboptimal 
microstructure that could lead to premature failure. Microstructural changes due to 
different compaction methods could be observed. Laboratory and field compaction 
produce different samples in terms of the microstructure. Gyratory compaction has 
produced more micro cracks in mineral aggregates after the binder had cooled. Well 
performing mixes used polymer modified binders, had a more homogeneous void 
structure with fewer elongated voids and better interlocking of the aggregates in 
comparison to PA with bitumen. Furthermore, well performing mixes showed better 
distribution of the mastic and better coverage of the aggregates with bitumen. Low 
vacuum scanning electron microscopy showed that SBS polymer modification in 
binder exists in the form of discontinuous globules and not continuous networks. A 
reduction in the polymer phase was observed as a result of aging and in service use. 

4.2. Introduction 

The behavior of all materials depends highly on their microstructure. Defects in the 
form of micro cracks and voids at the microstructure level can eventually lead to the 
failure of the material under load and improvements in the material can be made by 
understanding the deterioration process and improving the microstructure. A previous 
research project has investigated several types of Swiss PA mixes [Poulikakos et al 
2007, Poulikakos & Partl 2009]. It was shown that the mixes that were polymer 
modified performed better in situ and in laboratory tests (refer Chapter 5). Current 
Swiss standard [SN 640 431-7 2008] requires polymer modified binder to be used for 
porous asphalt.  
Porous asphalt concrete has been used in Switzerland since 1979 with mixed results.  

                                                 
1 The most important findings of this Chapter havee been published under: Poulikakos, L. D., Partl, 

M.N. (2010). Investigation of porous asphalt microstructure using optical and electron microscopy, J.  
of Microscopy, November 2010, Vol. 240, issue 2, pages 145-154. DOI: 10.1111/j.1365-
2818.2010.03388.x. 
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Since mid 1990’s more research has been devoted to the study of microstructure of 
asphalt concrete. The motivation behind these studies was primarily to investigate 
the bituminous binder. Examination of a number of thin sections [Wegan and Brule 
1999, Wegan and Nielsen 2001] has shown that the structure of the pure polymer-
modified binder in most cases is not the same as the polymer-modified binder in the 
asphalt mixture. Therefore, in order to study the behavior of the polymer, it is 
imperative to study the binder in the asphalt concrete mixture as a whole. 
Modifications were made over the years to the original design of SEM to allow 
examination of a true wet specimen [Danilatos 1991]. The differential pumping 
method was eventually chosen to achieve this goal. A minimum of two pumping 
stages are used to achieve the separation of vacuum in the electron optics from the 
gas in the specimen chamber. Pressures up to one atmosphere in the specimen 
chamber have been achieved. Additionally, two pressure limiting apertures separate 
the electron gun from the specimen. The interaction of the beam electrons and 
sample atoms generate a variety of signals. The most commonly used signals are 
secondary electrons (SE), backscattered electrons (BSE) and characteristic x-rays. 
Information obtained with SE signal is about the top molecular layer, which is the true 
surface of the specimen [Danilatos 1991]. 
 
The employment of electron microscopic (EM) methods for investigation of asphalt 
concrete is still not widespread mainly due to the requirements of working in vacuum, 
complexity of sample preparation, high cost of equipment and needed expert 
operators. However, one promising EM tool for the study of asphalt concrete is the 
environmental scanning electron microscope (ESEM). ESEM is specifically designed 
to study wet, oil bearing, or insulating materials [Schalek and Drzal 1999]. It has been 
used successfully to study water stripping and water penetration in asphalt concrete, 
for example by Williams et al (1998). ESEM images of bitumen-coated aggregates 
showed progressive cracking, flaking, and stripping of bitumen from aggregate 
surface as a result of progressive freeze thaw cycles. Using the scanning electron 
microscope (SEM), energy dispersive x-ray (EDX) analysis, causes of premature 
failure due to random cracking of steel slag-asphalt pavements were investigated by 
Coomarasamy and Walzak (1995). In this case, EM methods were combined with 
optical microscopy (OM). Specifically, EM was applied to steel slag and optical 
microscopy to the mixes. As a result of this study, knowledge was gained about the 
process occurring at the steel slag surface and near surface regions during exposure 
of steel slag and steel slag- asphalt mixes to various environmental variables, 
particularly moisture. 
With the help of images obtained with SEM, Wu et al (2007) could compare the 
composition, structure and morphology of the microstructure of steel slag with 
conventional aggregates for stone mastic asphalt (SMA). Using EDX measurements, 
the chemical composition and SEM observations the porosity of steel slag and basalt 
aggregates were studied. Results indicated that higher porosity of the steel slag 
compared to basalt aggregates indicating the need for slightly higher binder content 
in the mix design. Papagiannakis et al (2002) observed a binder film thickness of 
typically 0.01 to 0.013 mm using an optical microscope. They argued that the 
calculated binder film thickness requirements do not agree with these observations. 
Direct observations were made by Loeber et al (1996) in order to study the 
interaction between polymer and the asphalt binder. SEM was used to study the 
structure of the asphaltenes. However, SEM does not allow observations of oily non 
conductive samples and the specimen had to go through a deoiling process in order 
to be suitable for SEM observations in a vacuum. 
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Although there are some applications of EM in the asphalt pavement field, this is still 
in the preliminary phase and more research is needed in order to understand how the 
capabilities of this modern technique can be used to understand this complex 
material.  
 
Table 4. 1 Operating conditions of the ESEM 

Upper chamber pressure 1.9x 10-9 mbar 
Lower chamber pressure 2.4x 10-7 mbar 
Sample chamber pressure 1.2x 10-5 mbar 
Accelerating voltage 20kV-30 kV 
Spot size 3-4 
Working distance (WD) 10 
Emission current 450 µA 
Note: 1 Pa = 1 N/m

2
  = 10

−5 
bar =9.8692×10

−6
 atm  = 7.5006×10

−3
 Torr   

 
The main goal of this Chapter is, following a bottom up approach, to provide evidence 
linking microstructure of certain mixes to the performance of porous asphalt concrete 
pavements. To this end, specific samples of in situ materials as well as laboratory 
produced samples are investigated and compared. The effects of composition, 
microstructure and morphology of various components of porous asphalt on in situ 
performance are determined using the techniques of optical microscopy and 
environmental scanning electron microscopy. 
 
Table 4. 2 Specimen description 

Material  EN designation Description Spec. No. 

AG1 PA11 Gyratory 
compacted with 
mix from job site 

2-1 
2-2 

VD4 PA11 Field core 519-5 
519-6 

VD7 PA11 Gyratory 
compacted with lab 
prepared mix  

802-1 
802-2 

4.3. Experimental  

4.3.1.  Equipment 

The OM observations have been made using a polarizing microscope (Axioplan from 
Zeiss, Germany) which allows enlarging from 12.5X up to 400X. The experimental 
set up consists of the polarizing microscope, charged-coupled device (CCD) camera 
for digital image acquisition and a computer (Figure 4. 1). 
 
The electron microscope used in this study was a Phillips ESEM-FEG XL30 equipped 
with a gaseous secondary electron detector, CCD camera and a computer (Figure 4. 
2). It can function in high vacuum, low vacuum and ESEM modes. In the current 
study the low vacuum mode is used in order to maintain good resolution and without 
having to prepare the specimen especially for high vacuum exposure i.e. the samples 
were not coated. The operating conditions used were between 0.7 and 1.0 mbar and 
pure water gaseous environment (Table 4. 1). Back scattered electron (BSE), 
gaseous secondary electron (GSE) and EDX detectors were utilized. 
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Figure 4. 1 Experimental set up for optical microscopy (OM) observations 

 

 
Figure 4. 2 Experimental set up for Environmental Scanning Electron Microscopy (ESEM) 
observations 
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Table 4. 3 Material specifications (refer Chapter 3) 

Material 
Designation 

AG1  VD4  VD7  

Voids [% by vol] 21 22.8 21.8 

Binder  
[%wt total mix] 

4.8 4.8 4.8 

Binder type B 55/70 +Trinidad 
NAF 501 

PmB 65A 
Styrelf 13/80 

PmB 65A 
Styrelf 13/80 

Aggregate type Silicius limestone Quartz sandstone Quartz  
sandstone 

LA 13-18 <18 <18 
PSV 53 60-62 60-62 
Max aggregate size 11 11 11 

Performance in field poor well well 

Compaction Lab, Gyratory Field, Roller Lab, Gyratory 

 

4.3.2. Materials  

The PA materials used in this study were chosen from two different mixes used in 
Switzerland in Cantons Aargau (AG1) and Vaud (VD4 and VD7) with known in situ 
performance. Composition of these two materials differ firstly in the aggregate 
gradation and secondly in the type and content of the bituminous binder (Table 4. 2 
and Table 4. 3). VD4 and VD7 contain polymer modified bitumen with styrene 
butadiene styrene (SBS) co-polymer and AG1 has straight run bitumen B55/70 with 
Trinidad natural asphalt with NAF additive. SBS polymer modification is required by 
the current Swiss standards for porous asphalt [SN 640 431-7 NA 2008] and is used 
most commonly in order to improve the rheological properties of bitumen and, as a 
result, the performance of PA [Airey 2004, Sengoz and Isikyakar 2008].  
Detail information on the materials is given in Chapter 3. 

Specimen 

Figure 4. 3 Specimen inside the ESEM chamber 
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Figure 4. 4 Aggregate size distribution 

 
Performance of the two materials differs in terms of early signs of poor adhesion in 
the field in case of AG1. The PA from Canton Aargau (AG2, Table 3.2) which the 
laboratory-produced AG1 is based on, had to be replaced prematurely due to its 
excessive raveling (dislodging of stones from the road) at considerable costs, 
whereas VD4 was seven years in service when the investigated cores were extracted 
and performed well in the laboratory tests [Poulikakos et al 2007, Poulikakos and 
Partl 2009]. The performance of these composite materials is a result of their 
constitutive parts: Aggregates, binder, additives and void content. As shown in Table 
4. 3 the strength of aggregates determined through standard industry tests such as 
the Los Angeles abrasion test (LA) and polished stone value test (PSV) are similar. 
Additionally, as seen in Figure 4. 4 and Table 4. 3, the mineral gradation, binder 
content and void content of the two materials is almost identical. Therefore it should 
be possible to attribute the difference in their performance to material composition 
and specifically, the choice of the combination of binders and additives, which can be 
observed in the formation of its microstructure. 

4.3.3. Sample preparation 

The mix used to prepare AG1 was obtained from the job site whereas the mix used to 
prepare VD7 was laboratory produced to the specifications of the field material (Table 
4. 2). The investigated micro samples were prepared by using Gyratory compacted 
cylindrical specimen prepared in the laboratory (AG1 and VD7) that were cut in half 
to obtain two cylinders as well as cylindrical field cores (VD4). (Figure 4. 5). Since 
quality of the micrographs in terms of best resolution is a direct result of the quality of 
the samples, special attention was paid to specimen preparation techniques that 
deliver best results for the microscopic observations of asphalt concrete samples. In 
case of the electron microscope, observations were made in low vacuum with water 
vapor providing the gaseous environment in order to avoid charging effects on the 
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sample surface; therefore no coating of the samples was necessary. This was 
important as the material could be observed directly in its natural state. The methods 
used to prepare the specimens are based on those for Portland cement concrete. 
Two ESEM samples and two thin sections were studied per asphalt mix resulting in 
53 ESEM micrographs, six scanned thin sections and 35 OM micrographs (Table 4. 
2). 
 

 

 

a) 150 mm cylindrical specimen b) Center cut 28x47x10 mm3 

  
 

d) Thin sectioning specimen size 28x47 mm2 
x35-30 µm 

c) Impregnation and polishing 
specimen size 28x47x10 mm3 

Figure 4. 5 Specimen preparation steps  

4.3.3.1. Cutting and drying 

For each material type, two samples of approximately 28 x 47 x 10 mm3 were cut 
using a diamond blade saw and running cold water. They were cut from the bottom 
center of a gyratory compacted specimen (typical dimension: 150 mm diam. x 170 
mm height) that was cut in half or bottom of field core with approximate dimensions of 
150 mm diam. x 40 mm height as shown in Figure 4. 5. Partl et al (2004) have shown 
that the gyratory compacted specimens display an inhomogeneity in the void content 
with the center being best compacted. Therefore, the center of the specimen was 
chosen to ensure more homogeneous compaction. Preliminary investigations 
showed that after three days of oven drying at 50°C the measured mass of the 
samples reaches a steady state indicating the samples were dry. After drying in a 
50 °C oven for three days, the samples were placed under 1 mbar vacuum for 2 
hours before the impregnation process.  
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4.3.3.2. Impregnation 

The impregnation process makes the voids detectable and helps to keep the sample 
intact during the polishing process. Not impregnating has led to crumbling problems 
during cutting and polishing [Scott 1993]. This process was done in two steps. In a 
first step, the samples were impregnated at room temperature with four parts epoxy 
resin (Araldit BY158) mixed with 1 part hardener (Aradur 21) and less than 0.5 % by 
mass fluorescent dye (EpoDye) under 1 mbar vacuum. In a second step, the 
impregnated samples covered with the epoxy resin were placed in a container under 
mechanical pressure of 1 tonne for 1 h. The low viscosity of the epoxy resin, at this 
stage, allows impregnating the voids in the nm range. Furthermore, this dye 
fluoresces at approximately 440 nm in visible light (wave lengths of 390-750 nm) and 
in the ultraviolet region (wave lengths<390 nm) between 256 nm and 285 nm [Scott 
1993]. After the two step impregnation the samples were placed in a container, 
covered with the epoxy resin and allowed to cure overnight. Thereafter the excess 
epoxy was removed using a thin diamond blade saw. The detailed impregnation 
steps are outlined in Figure 4. 7. The impregnated samples were sent to the 
mineralogy and petrographic institute of the University of Basel for ESEM sample 
preparation and thin sectioning.  
 

 
Figure 4. 6 Specimen were stored in a desiccator after the drying process to prevent moisture 
absorption/adsorption 

 

4.3.3.3. Thin sectioning 

To prepare the thin sections, the impregnated samples were polished first with 
Logitech using 600 grit silicon carbide. "Grit" is a reference to the number of abrasive 
particles per inch (25.4 mm) of sandpaper. The lower the grit the rougher the 
abraisive paper and conversely, the higher the grit number the smoother the 
abraisive paper.The polished surface of the sections was glued cold with Hillquist (a 
high-strength epoxy) to a petrographic glass slide. Thereafter it was sawed close to 
the glass and polished again with Logitech using 600 grit silicon carbide. Thereafter, 
they were further abraded and polished by hand with 800 and 1500 grit silicon 
carbide abrasive paper and ground to a ± 5 µm level finish. Water at ca 10-15°C was 
used as a lubricator. The specimen had an area of 28 x 47mm2 and a thickness of 
25-30 μm. 
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1 Specimen is placed in a 
container in a desiccator under 
1 mbar vacuum for a min of 2 h. 
Epoxy resin is added slowly 
through opening on top. Vacuum 
is maintained until no foam 
appears (no air bubbles) 

 
2 Specimen is placed in the form 

and filled with rest of resin 

 
3 Form containing specimen is 

placed in the mechanical press 
and pressed down until resin 
flows from the small hole on the 
white Teflon lid. After cleaning, 
the resin mechanical pressure of 
1 tonne for 1h is applied. 

 
4 Specimen is removed and placed 

in form, remaining resin is poured 
over it to cover specimen. Let 
cure overnight. 

 
5 Excess resin around specimen is 

cut. 
 

6 Surface is polished with 600 grit 
sand paper and then 1000 grit 
sandpaper. 

 
Figure 4. 7 Impregnation process 
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4.3.3.4. ESEM samples 

The cut surface of the impregnated samples was first polished stepwise with 
600/800/1500 grit silicon carbide and then metallurgically polished using a Bueler 
P4000 grit abrasive paper. Using TEXMET 100 with 0.05 Bueler Gamma Micropolish, 
the final polishing was performed.  

4.4. Results and discussion 

4.4.1. General remarks 

Microstructure investigations of asphalt concrete samples allow the study of filler 
distribution, aggregate degradation, adhesion between binder and aggregate, signs 
of stripping, binder intrusion in porous aggregates, location and size of microcracks 
and aggregate and filler mineralogy.  
Scanned thin sections, ESEM images and OM images were used as complementary 
tools as shown in the examples of Figure 4. 8. OM techniques allow the observation 
of the voids as well as the crystal structure of the mineral aggregates. From the same 
sample, thin sections and ESEM samples were produced allowing observations of 
nearly the same area. As the microscopic methods have the disadvantage of having 
limited fields of vision, the thin sections were scanned (Figure 4. 14, Figure 4. 15, 
Figure 4. 16) in order to provide an overview of the entire thin section and to act as a 
navigation tool. Studying the scanned thin sections reveals that there are distinct 
differences in the microstructure of the samples studied. 

 
Figure 4. 8 Microstructure of porous asphalt: a)Thin section (Dimensions: 28x47mm

2
 and 

thickness of 25-30 μm) showing voids filled with epoxy resin in yellow (1), mastic 
(bitumen+filler+additives) in black (2) and aggregates in grey (3). b) Optical micrograph 
showing detail of thin film of mastic in black and mineral aggregates. c) Electron micrograph 
showing detail of mastic; filler particles in grey, bitumen in black and SBS polymer 
modification in white. 
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The chemical composition of the materials and their interaction with the primary 
electron beam at the atomic level produces various signals in the ESEM using 
20 keV or 30 keV energy, resulting in various images. The most useful images for 
this study, in terms of retrieved information, were the backscattered electrons (BSE) 
and in fewer cases the gaseous secondary electrons (GSE). Samples of ESEM BSE 
images are shown in Figure 4. 10d, Figure 4. 12d and e and Figure 4. 13 d and e. 
The GSE image is shown in Figure 4. 10e. Backscattered electrons (BSE) are 
primary beam electrons that have been scattered back out of the sample by elastic 
collisions with the nuclei of sample atoms. Contrast in BSE images is a result of 
point-to-point differences in the atomic number of the sample. High atomic number 
nuclei backscatter more electrons than low atomic number nuclei and result in 
brighter areas in the image [Johnson 1996, Goodhew 2001]. BSE images deliver 
information on sample composition. The binder, a hydrocarbon with low atomic 
numbers (H, Z=1; C, Z=6), will appear dark. The aggregates, made primarily of 
calcium (Ca, Z=20), silicon (Si, Z=14) and magnesium (Mg, Z=12), will appear light. 
The high molecular weight polymers appear light. As described above, the pore 
spaces are filled with epoxy resin. Due to the low atomic number of epoxy resin, also 
a hydrocarbon filling the voids, these areas appear dark as well.  
Secondary electrons are emitted by the sample due to interaction with the primary 
electrons of the beam. They have very low energy and therefore can only escape 
from a shallow region of the sample surface. In this case, a gaseous (water vapor) 
environment was used and therefore GSE images produced. These GSE images 
represent the sample topography. The volume of interaction is more at the sample 
surface than further in resulting in more sample electrons escaping from the peak 
than from a valley resulting in peaks being bright and valleys dark [Johnson 1996, 
Goodhew 2001]. The GSE images were not as useful in the cases that were studied 
as BSE images. One example was in visualizing the fibrils at the bitumen aggregate 
contact surface shown in Figure 4. 10 e. 
 

4.4.2. Shape and texture characteristics of mineral filler and aggregates  

Figure 4. 10, Figure 4. 12 and Figure 4. 13 show clearly the structure of coarse and 
fine fractions. Both types of mixes display aggregates with desirable features such as 
sharp edges. No noticeable difference could be identified in the samples studied. The 
aggregate size distribution (Figure 4. 4) also is an indication that the mixes have 
similar distribution of aggregate sizes. The aggregate types differ in mineral content 
as can be seen in the OM micrographs in Figure 4. 10b, Figure 4. 10c, Figure 4. 12b, 
Figure 4. 12c, Figure 4. 13 b and Figure 4. 13 c. It is apparent that the crystal 
structure varies between the different aggregates. 
The results confirm that laboratory and field compaction produce different samples 
also in terms of microstructure. Gyratory compaction has more micro cracks in 
mineral aggregate after the binder had cooled down in comparison to the samples 
that were roller compacted in the field. Examples can be seen in Figures 4.11d and 
Figure 4. 12b. 

4.4.3. Interlocking between mineral aggregates 

A more homogeneous interlocking of particles as a result of the more homogeneous 
void distribution (refer section 4.4.7) which is a desirable feature in terms of 
performance can be seen in VD4 and VD7 whereas in AG1 clusters of interlocking 
appear (Figure 4. 10a, Figure 4. 12a, Figure 4. 13a).  
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4.4.4. Damage to aggregates 

Both AG1 samples have crushed aggregates with gaps filled with epoxy resin shown 
in yellow in the example in Figure 4. 12a (3) and red in Figure 4. 12b and Figure 4. 
12c. This indicates that the microcracks were formed after the binder had cooled. 
Since the only mechanical load on these samples occurred during compaction it can 
be concluded that these cracks were caused by the gyratory compaction. 
Microcracks filled with resin can also be observed in the VD7 samples which are also 
prepared in the laboratory with the gyratory compactor (Figure 4. 10a(3)). The width 
of the measured microcracks were from 20 µm to 300µm. VD4 which was field 
compacted does not have any cracks filled with resin. However, in two locations 
cracks filled with binder could be observed, indicating crack formation during 
compaction as the binder was still hot and could flow into the cracks. The width of 
these microcracks was typically 50 µm (Figure 4. 12a(4), Figure 4. 13b). As shown 
from these micrographs, laboratory compaction using the gyratory method is quite 
severe on PA due to aggregate to aggregate contact in this type of pavement. 
Therefore, it is imperative to avoid over compaction of PA. 

4.4.5. Interfacial transition zone (ITZ) 

The interfacial region between bitumen and mineral aggregates appears smooth as 
shown in the ESEM images in Figure 4. 10d, Figure 4. 13d and Figure 4. 17f. As 
shown in Figure 4. 10, Figure 4. 12 and Figure 4. 13, no signs of binder absorption by 
the aggregate could be detected. The specimen VD4 shows the formation of fibrils 
from the binder at the mineral surface (Figure 4. 10e and Figure 4. 22 and Figure 4. 
23). Formation of fibrils is a desirable attribute in keeping the composite material 
together under mechanical loads.  

4.4.6. Binder film thickness 

Adequate binder film thickness is a desirable feature as thin binder films are 
susceptible to oxidation and water penetration resulting in rapid aging of the binder 
and stripping. Papagiannakis et al (2002) observed a binder film thickness of typically 
10 to 13 µm using an optical microscope. However, observations here using ESEM 
corroborate the findings of Elseifi (2008) for asphalt concrete in that the binder film 
thickness is highly irregular, it does not exists as pure binder rather as asphalt mastic 
that comprises binder, filler and additives. In the samples investigated, a minimum 
mastic film thickness of 10µm was measured (Figure 4. 18). 

4.4.7. Shape, size and distribution of voids 

Understanding the pore structure of PA is essential in understanding the functionality 
of this porous material. Although, as listed in Table 4. 3, the target air void content of 
the two mixes is similar (21 % for AG1 and 22% for VD4 and VD7), the micrographs 
and the scanned thin films from the limited samples investigated confirm that the air 
voids distribution are quite different. General comparison of the AG and VD material 
shows a better distribution of voids and mastic in the VD material both in the field 
samples (VD 4) and the lab samples (VD7). Similar to the findings of Shin et al 
(1996) for poor performing mixes, extra long voids along aggregate edges were seen 
in AG1 (Figure 4. 12a). In addition, AG1 samples had larger clusters of voids leading 
to more inhomogeneity of the porosity. These elongated voids provide less stability in 
the material and can lead to aggregate loss as seen in the field and laboratory tests 
[Poulikakos et al 2007, Poulikakos & Partl 2009]. Unlike the findings of Elseifi (2008) 
air void formation in the mastic was observed at several locations as shown in an 
example in Figure 4. 21 where void sizes of 93 µm and 87 µm were measured.  
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4.4.8. Coverage of aggregates with the binder 

Good binder coverage was seen in VD7; very few aggregates were not covered with 
binder in VD4 and more aggregates were not covered in case of AG1. The difference 
between VD7 and VD4 is to be expected since VD 4 was seven years old and due to 
exposure to the elements some binder stripping from the aggregates has occurred. 
Furthermore, in the controlled environment of the laboratory and working with a 
smaller amount of material better binder coverage can be achieved. However the 
excessive number of bare aggregates in AG1 is an indication of poor binder 
coverage and can be attributed to the binder type and mix temperature. Examples 
can be seen in Figure 4. 12 and Figure 4. 13. Better coverage of the aggregates of 
VD7 and VD4 is expected as the addition of SBS was shown to improve rheological 
properties of the binder [Airey 2004] that have a direct effect on aggregate coverage. 

4.4.9. Mastic 

Mastic is the combination of the bituminous binder, filler and additives. An overview 
of the mastic distribution and the details of the mastic structure can be seen in Figure 
4. 10, Figure 4. 12 and Figure 4. 13. The total mastic content is generally considered 
to add to the durability of PA. Smaller mastic content can lead to rapid aging of the 
binder and promotes susceptibility to raveling. Figure 4. 10a, Figure 4. 12a and 
Figure 4. 13a show that there is more mastic and it is distributed more evenly in VD4 
and VD7 samples than in AG1 samples. VD4 which is the only material exposed to 
the elements and traffic, shows areas where the mastic could have been washed 
away producing a corrugated binder structure (Figure 4. 13c). This phenomenon was 
not observed in the laboratory produced samples of VD7. 

4.4.10. Chemical composition Using EDX  

To a limited extent the chemical composition of samples was investigated using the 
EDX measurements of ESEM. The EDX analysis is done overnight and it delivers a 
chemical map of the sample for each element over Z=3. Characteristic X-rays result 
when a beam electron scatters an inner shell electron from a sample atom. This 
results in a higher energy electron from an outer shell to fill the vacancy, which 
releases energy as an x-ray photon. Therefore, hydrogen will not be detected. 
Because of its poor spacial resolution (Chapter 2) the X-ray signals are not used for 
imaging rather for analysis. Using this method, it is possible to determine the 
presence or absence of elements in the sample. 
The sample of results shown in Figure 4. 25 shows that the chemical composition of 
the mineral aggregate is predominantly calcium and iron whereas that of the mastic is 
carbon. 

4.4.11. Distribution of polymer  

As discussed in detail in Chapter 3, polymers are added to the binder in order to 
enhance the performance of asphalt concrete in general and specifically of porous 
asphalt concrete. This performance is a function of the final structure and distribution 
of the binder in the mix. Polymer solution can exist in dilute form (Figure 4. 9 a) or 
semi-dilute form with polymer chains overlapping (Figure 4. 9 c). The cross-over 
occurs for C=C*m when the volume occupied by the individual chains, C just cover 
the sample volume C*m [Strobl 1997]. Mechanical loads due to mixing, effect of 
temperature while mixing and cooling rate after mixing influence the final product 
before it is even exposed to traffic.   
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(a) Cm<C*m (b) Cm=C*m (c) Cm>C*m 
Figure 4. 9 Polymer solution can exists in dilute form (a), semi-dilute form with polymer chains 
overlapping (b). The cross-over occurs for C=C*m when the volume occupied by the individual 
chains just cover the sample volume [After Strobl 1997] 
 

Bitumen is a colloidal suspension of asphaltene particles in an oily continuous matrix 
(maltenes) containing resin. Oils have the lowest molecular weight, resins 
intermediate and asphalthene particles the highest molecular weight in this mixture 
[Chen et al 2002]. The addition of high molecular weight polymers to hot bitumen 
produces a chemical change due to the absorption of the maltenes by the polymer 
and its consequent swelling [Michon et al 1998, Forbes et al 2001, Reed and 
Whiteoak, 2003]. In an average sense the molecular weight of the bitumen at the 
scale shown in Figure 4. 10d is significantly lower than that of the polymer; hence the 
darker color of the bitumen and the light color of the polymer regions respectively.  
The materials from Vaud, VD4 and VD7, contain polymer modified bitumen. The 
distribution of the SBS polymer in the mastic can be seen in the ESEM micrographs, 
as these high molecular weight SBS polymers appear bright. Polymer distribution can 
be distinguished clearly in VD4 (Figure 4. 13e) and VD7 (Figure 4. 10d). As shown, 
the polymer is distributed evenly within the mastic in the form of discontinuous small 
polymer globules with a maximum size of 3µm in larger mastic areas (Figure 4. 10 d). 
In tighter mastic areas between aggregates, the polymer is scarcely distributed or it is 
missing (Figure 4. 20, Figure 4. 23). SBS does not show particular affinity to mineral 
aggregates as some other modifiers (Wegan and Brulé 1999). This lack of affinity is 
also evident in VD4 (Figure 4. 13e) and VD7 (Figure 4. 10d). In all samples 
investigated no continuous network of SBS could be detected, indicating the polymer 
content in dilute form (Figure 4. 9). These results corroborate the findings of Wegan 
and Brulé (1999) and Sengoz and Isikyakar (2007). Additionally, it was shown by 
Wegan and Brulé (1999) that the polymer structure in the mix is unlike that in the 
binder only and the polymer structure does not depend on mix design. An even 
distribution is expected at optimum SBS modification content as shown also by 
Sengoz and Isikyakar (2007), using fluorescent microscopy, which can result in 
superior performance. Better and more polymer globules could be detected in the lab 
prepared VD7 specimen (Figure 4. 10d) compared to the field cores, VD4 (Figure 4. 
13 e). As the mix design of VD7 and VD4 is identical, this reduction in the polymer 
phase can be attributed to the in situ aging process during seven years experienced 
by VD4. During its service life and during the aging process a deterioration of the 
polymer content and distribution can be expected. Comparing VD7 and VD4 confirms 
the reduction in the polymer phase due to aging of the pavement. 

4.4.12. Stripping 

Comparing VD4 and VD7 can give some evidence as to stripping of the binder from 
the aggregates. Although difficult to quantify, it can be seen, for example, at positions 
2 (Figure 4. 13 a) and Figure 4. 13 b (3) that the aggregates are not covered with 
binder. This can be due to stripping or lack of proper binder coverage of aggregates 
during mixing. Figure 4. 13 c shows an example of the binder being washed or 
stripped away due to its corrugated structure. 
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4.5. Conclusions 

 

Direct observations of porous asphalt samples in their natural state using optical and 
electron microscopy techniques led to useful information regarding the microstructure 
of two mixes with very different in situ performance. This information could not be 
obtained by other means. The microscopic observations made corroborated field 
performance in that better performing mixes (VD7 and VD4) had specific “more 
desirable” microstructural features than the poorer performing mix (AG1). 
To this end, the pore structure is a very important component for the functionality of 
porous asphalt. As the observations show, although the void content is similar for all 
the materials investigated the quality of the voids were very different. A more 
homogeneous void structure was the result of the mixes produced with polymer 
modified bitumen. Better performing mixes had a more desirable void structure with 
fewer or less elongated voids and better interlocking of the aggregates.  
Microstructural changes due to different compaction methods could be observed. The 
results confirm that laboratory and field compaction produce different samples also in 
terms of the microstructure. Gyratory compaction has produced more micro cracks in 
mineral aggregates after the binder had cooled down. 
Polymer modified mixes showed better distribution of the mastic and better coverage 
of the aggregates than non polymer modified mixtures. SBS polymer modification in 
binder exists in the form of discontinuous globules and non continuous networks. A 
reduction in the polymer phase is seen due to aging and in service use and the 
resulting chemical and physical exposure. 
Trinidad NAF501 natural asphalt was not a suitable binder for porous asphalt as 
indicated by its suboptimal microstructure. 
This study has taken a step to shown that analysis of the microstructure of porous 
asphalt allows qualitative observations of important structural attributes that have a 
direct effect on field performance of the mixtures, such as premature failure. 
Although there are some applications of EM in the asphalt pavement field this is still 
in the preliminary phase and more research is needed in order to realize the 
capabilities of this modern technique toward understanding this complex material. 
Optical microscopy is useful in that it has a wider field of vision. Electron microscopy 
can give a more detailed image in defining microstructural details and permits 
discrimination between polymers and fibrils. The main limitation of the ESEM is the 
restricted field compared to the light microscope. 
This study demonstrates the potential of using imaging techniques as a tool in road 
engineering. Further research is needed to optimize the microstructural 
characterization techniques. 
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a: Sample from VD7. Smaller voids (1), Aggregates not covered with binder (2), Crushed aggregates due to 
gyratory compaction (3). Specimen size: 28x47mm

2
 and a thickness of 25-30 μm. 

  
b. Polarized micrograph showing two mineral 
aggregates with their composition and mastic in 
between  

c. Polarized micrograph showing microcrack ( in 
black) in mineral aggregate before the binder cool 
down and mineral composition at location c in Figure 
4 a. 

  
d. ESEM BSE image of VD7 (specimen 802-2)- Well 
dispersed SBS polymer in the binder seen as bright 
spots in the mastic  

e. GSE image showing formation of fibrils in the 
contact region. 50 µm wide Microcracks in mineral 
aggregate. Formation during compaction 

Figure 4. 10 Various complementary images of Sample from VD7 (a to d) and VD4 (e). 
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3 
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Microcrack 
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Comparison of polymer content in short term aged VD7 right and long term aged VD4 from 

field core left. 

  

a.Polymer distributed in the mastic in VD4 (spec 
519-5) 

b.Well dispersed SBS polymer in the binder seen as 
bright spots in the mastic in VD7 (spec 802-2) 

Comparison of GSE image below left showing topography and BSE image right showing 

elemental composition of the specimen 

  

c.Formation of fibrils in the contact region d.50 µm wide Microcracks in mineral aggregate. 
Formation during compaction 

  
e.Detail of VD7 Specimen (802-1) shows void filled 
with resin in the mastic (1).  Aggregate (2), mastic 
(3). 

f.Fluorescent micrograph showing cracks in the 
aggregates  
 

Figure 4. 11 Various complementary images of VD7 and VD4 
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a. Scanned thin section: Elongated voids (1), Aggregates not covered with binder (2), Micro cracks in 
mineral aggregates due to gyratory compaction (3). Specimen size: 28x47mm2 and a thickness of 
25-30 μm 

  
b. Polarized micrograph showing Micro cracks in 
mineral aggregates due to gyratory compaction 
and aggregates not covered with binder with first 
type of mineral composition. 

c. Polarized micrograph showing Micro cracks in 
mineral aggregates due to gyratory compaction 
(1) and Aggregates not covered with binder (2). 
Second mineral composition 

  

d. ESEM BSE image of AG1 -Void filled with 
epoxy (top), mastic (middle) and aggregate 
(bottom). 

e. ESEM BSE image of Microcrack in mineral 
aggregate in AG1  

Figure 4. 12 Various complementary images of AG1 
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a. Sample from VD4. Smaller voids (1), Aggregates not covered with binder (2) Crack during 
compaction as the binder was still hot (3). Dislodged aggregate (4). Specimen size: 28x47mm2 and a 
thickness of 25-30 μm 

  
b. Polarized micrograph showing Micro cracks in 
mineral aggregates (1) due to field compaction, 
Aggregates not covered with binder, 
composition of mineral aggregate 

c. Polarized micrograph showing corrugated 
structure of the binder due to deterioration 

  
d. ESEM BSE image of VD4. Void filled with 
epoxy (bottom), mastic (middle) and aggregate 
(left in white) 

e. Polymers seen as bright spots distributed in the 
mastic in VD4  

Figure 4. 13 Various complementary images of VD4  
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Figure 4. 14 Samples 2-1 and 2-2 from AG1. Elongated voids (1), Aggregates not covered with 
binder (2), Crushed aggregates due to gyratory compaction (3). Specimen size: 28x47mm
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Figure 4. 15 Samples 519-5 and 519-6 from VD4. Smaller voids (1), Aggregates not covered with 
binder (2) Crack during compaction as the binder was still hot (3). Specimen size: 28x47mm
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and thickness of 25-30 μm 
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Figure 4. 16 Samples 802-1 and 802-2 from VD7. Smaller voids (1), Crushed aggregates due to 
gyratory compaction (3). Specimen size: 28x47mm

2
 and thickness of 25-30 μm 
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a. BSE image of microcrack in AG211 
mineral aggregate filled with epoxy  

b. GSE image of Existing crack in AG211 
aggregate filled with epoxy 

  
c. BSE image of AG211-Void filled with 
epoxy, mastic and aggregate, same scale 
as d. 

d. GSE image of AG211-Void filled with 
epoxy, mastic and aggregate 

 
 

e. BSE image of VD196- Void filled with 
epoxy, mastic and aggregate 

f. BSE image of AG211. enlargement of 
the contact region in c 

Figure 4. 17 Secondary electron (GSE) and Backscattered electron images of various samples 
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Mastic film 10 µm 

 
Microcracks in mineral aggregate 
Figure 4. 18 ESEM BSE images showing detail microstructure of AG2 
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Microcracks in mineral aggregate 

 
SBS Polymer modification seen as bright globules in mastic 
Figure 4. 19 ESEM BSE images showing detail microstructure of AG2 above and VD7 below 

 

aggregate 
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ESEM BSE image showing SBS polymer seen as bright globules of different size 

distributed in the mastic 

 
ESEM BSE image showing mineral aggregate (left) SBS polymer seen as bright spots in 

the mastic (right) 
Figure 4. 20 ESEM BSE images showing detail microstructure of VD7 
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ESEM BSE image of VD7 lab produced gyratory specimen showing voids in the 
mastic. Void size 93µm, 87µm, filler size 69 µm, 20 µm, Polymer globule 3 µm  

 
ESEM BSE image showing SBS polymer distributed in the mastic. Compared to VD7 
a reduction in polymer phase due to aging can be observed 
Figure 4. 21 ESEM BSE images showing detail microstructure of VD7 above and VD4 below 

void 

filler 
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ESEM GSE image showing topography of fibrils (shown with arrows) forming at the 
binder aggregate contact zone 

 
ESEM BSE image showing 50 µm wide Microcracks in mineral aggregate  
Figure 4. 22 ESEM micrograph showing detail microstructure of VD4 
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ESEM GSE image showing Microcracks with fibrils 

 
ESEM BSE image showing void, mastic and aggregate  
Figure 4. 23 Detail microstructure of VD4 
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Figure 4. 24 ESEM GSE image showing topography of VD4 specimen 
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O map 

 
Si map 

 
 

  Ca (Blue), C (red), Fe (yellow), Si (green) 
ESEM BSE image (left ) showing the investigated location. Summary of the mineral 

composition map obtained by EDX analysis (right).  
Figure 4. 25 Results of EDX analysis for AG2 
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Chapter 5 Macro-Scale Investigation of Fatigue Behavior of 
Porous Asphalt2 

5.1. Summary 

In this chapter, the effects of water, temperature and frequency on macro mechanical 
properties of porous asphalt concrete are investigated. An innovative test method 
developed at Empa, the coaxial shear test (CAST) is used to mechanically test 
150 mm diameter cylindrical cores from eight materials in dry state and while being 
submerged under water and employing temperature cycles. Although the 
conventional indirect tensile strength ratio delivers useful data about the water 
sensitivity of porous asphalt specimen, the CAST test provides vital information about 
the development of fatigue damage in the material. Application of CAST for a twin lay 
porous asphalt as well as conventional porous asphalt shows a reduction in complex 
modulus due to cyclic fatigue loading after each thermal cycle and due to detrimental 
effects of water submersion. Moisture susceptibility results using CAST reflected the 
field inspections results. 

5.2. Introduction 

As discussed in detail in Chapter 1, water damage plays an important role in the 
deterioration of porous asphalt concrete. Currently, according to the European 
standards, water damage susceptibility of PA is determined using empirical 
techniques such as indirect tensile test (IDT) [EN 12697-12 2003, SN 640 431-7-NA 
2003], which do not always deliver conclusive results [Gubler et al. 2004, 2005]. 
There is a need for meaningful test procedures that provide fundamental knowledge 
about material behavior under load and in the presence of water.  
According to a survey taken in 2004, only nine of the 26 Cantons use PA with mixed 
results. A national cooperative research project funded by the Swiss federal 
government was initiated to explore the mechanical performance of PA in 
Switzerland [Poulikakos et al 2006a,b]. In that study, various mechanical tests were 
performed on laboratory prepared specimen and cores taken from selected 
pavements which were chosen based on feedback from various Cantons obtained in 
the 2004 survey. Laboratory tests allowed the comparison of performance of cores 

                                                 
2
 The most important findings of this Chapter have been published in: Poulikakos, L. D., Partl, M.N. 

(2009). Evaluation of Moisture Susceptibility of Porous Asphalt Concrete Using Water Submersion 
Fatigue Tests. Construction and Building Materials No 23, pp 3475-3484,  
(doi: 10.1016/j.conbuildmat.2009.08.016) 
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and that of laboratory prepared specimen as well as comparison with field 
performance.  
This chapter focuses on the fatigue tests which were performed on dry and water 
submerged cores from different pavements using the coaxial shear tests (CAST). It 
compares the results to empirical standardized test results and field performance 
documented in the survey mentioned above. 

5.3. Material selection 

Based on the results of the survey from the Cantons, sites were selected for coring 
and further investigation. The selection criteria were age, binder type and distress. 
Table 3.2 lists the material, mix properties and age. The binder for all the mixes 
except AG2 are polymer modified. At the time of coring, the sections were between 0 
and 13 years old, with binder contents between 4.3 % and 6 % and air void content 
between 14.8% and 26.1%. It is important to keep in mind that these were cores at 
different states of distress and age.  

5.4. Mechanical testing 

5.4.1. Indirect tensile test (IDT) 

The purpose of this European standard test [EN 12697-12 2003] is to determine the 
effect of saturation and accelerated water conditioning on the indirect tensile strength 
(ITS) of cylindrical specimen. The standard test was slightly modified (in terms of 
temperature) as stated below. Six specimens (150 mm in diameter and 40 to 60 mm 
in height) were equally divided into a dry and a wet group. The dry group was stored 
at room temperature (20±5)°C while the wet group was vacuum saturated at an 
absolute pressure of 300 mbar for 5 min then stored for 24h at 60°C. The specimens 
were thereafter further conditioned for 24 h at the test temperature of 25°C. A 
deformation rate of 50 mm/min was applied to the specimen until failure. The strength 
at failure ITS is noted. The indirect tensile strength ratio ITSR is calculated as follows:  

d

w

ITS

ITSITSR  100       [%]         (5.1) 

Where ITSw is the average indirect tensile strength of the wet group [kPa] and ITSd is 
the average indirect tensile strength of the dry group [kPa]. 
 

5.4.2. Coaxial Shear Test (CAST) 

The coaxial shear test (CAST) uses a cyclic, axial loading system to mimic traffic load 
in order to determine the complex modulus (E*) of an asphalt pavement as a function 
of frequency and temperature. The test was developed at Empa in 1987 [Junker 
1987] and further developed in various stages [Younger et al. 1997, Gubler et al. 
2005, Sokolov et al. 2005, Poulikakos et al. 2006c, 2007, Virgili et al 2008]. Tests are 
performed in a conventional, temperature controlled, servo-hydraulic tension-
compression machine. The shear load is applied perpendicular to the specimen’s 
circular surface through the central core, with lateral confinement provided by a steel 
ring surrounding the specimen. The test set up is shown in Figure 5. 1. This format 
has shown to work well for PA in dry and wet state [Gubler et al. 2005, Virgili et al. 
2008, Partl et al. 2008] and here its application for a twin lay PA (VD10) is 
demonstrated for the first time.  
Virgili et al. (2008) have used a continuum damage approach to determine damage 
level of each specimen tested with CAST. Partl et al. (2008) tested both dense 
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graded and open graded mixtures at different air void contents; the water sensitivity 
of both sets was determined by comparison of fatigue performance of the dry and wet 
sets.  
The setup allows loading along the same axis as that of traffic while the lateral 
confinement simulates a semi-infinite situation experienced on the road. The basic 
setup was modified [Gubler et al 2004] so that the specimen is immersed in water 
with at least 10 mm of water above the top surface of the specimen (Figure 5. 1). 
This allows producing a vertical water flow and pumping action of water similar to the 
field situation. The test method produces mechanical damage due to a combination 
of repeated loading, temperature cycles and water immersion avoiding pronounced 
thermal stresses as described in [Gubler et al. 2004] and modeled in [Virgili et al. 
2008]. In this case four temperature cycles from 25°C to 30°C and 30°C to 25°C each 
for 18,000 s were used (Table 5. 1 and Figure 5.2). The tests were conducted under 
deformation control with a continuous sinusoidal deformation applied, displacing the 
central core vertically. Complex modulus and phase angle of the material is 
calculated using the finite element method recursively as explained in detail 
elsewhere [Sokolov et al. 2005]. Two specimens were tested for each conditioning 
state (dry and wet) for eight types of materials which resulted in 32 tests. 
 

 

 
Figure 5. 1 Experimental set up of the Coaxial Shear Test (CAST) above dry condition, below 
water submerged [Virgili et al. 2008] 
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Table 5. 1 Test parameters and specimen dimensions 

Test parameters 

Tempering period 7200s 
Frequency 10 Hz 
Deformation amplitude 0.01mm 
Temperature program Repeated ramps between 25°C and 30 °C 
Number of cycles 4 
Duration of test 7200+(18000*2)*4=151,200s 
Nr. of loading cycles 1,512,000 

Typical specimen dimension 

Height 60mm 
Outer radius 75mm 
Inner radius 28.5mm 
Diameter 150mm 
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Figure 5. 2 Evolution of modulus, phase angle and temperature as a function of loading cycle 
and four thermal cycles for a single test. Sample of specimen in dry condition above, sample of 
specimen in wet condition below. Both from the twin lay VD10. 
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5.5. Results and discussion 

5.5.1. Water sensitivity tests using ITSR 

The results of the ITSR at 25°C for the selected field cores are shown in Figure 5. 3. 
With the exception of AG3 the cores were all in a long term aged and trafficked state 
(Table 3.2). The results of site inspection are shown in Table 3. 3. AG3 cores were 
taken shortly after construction and therefore were short term aged. However, the 
water sensitivity criteria in the standard [SN 640 431-7NA] are defined for an un-aged 
specimen. Still, after having aged and trafficked for various amounts of years all 
cores with the exception of AG2 and VD5 meet the criterion of ITSR≥70% [EN 
12697-12, 2003, SN 640 431-7NA] . However, VD2 which also received a low 
surface inspection rating (Table 3.2) met the criteria.  
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Figure 5. 3 Comparison of the Indirect Tensile Strength Ratio (ITSR) at 25°C and CAST ratio at 
25 to 30°C 
 

5.5.2. Water sensitivity using water submerged fatigue tests with CAST  

A sample of the results in Figure 5.2, shows that at the beginning of the fatigue test 
and during the first temperature cycle, the complex modulus drops considerably. This 
is consistent with previous research [Gubler et al. 2004, 2005, Virgili et al., 2008, 
Partl et al. 2008] and the reasons for it are twofold. Firstly, this effect is due to an 
initial settling effect in the material the internal stresses redistribute and secondly, it is 
due to the initial thermal state in the material in the first temperature cycle which is 
significantly different from the later cycles. The thermal history can clarify this 
phenomenon as before the beginning of the test the specimen are kept for at least 
two hours at 25 °C to ensure thermal equilibrium which is not the case at the 
beginning of later cycles in spite of the comparatively slow temperature cycles.  
Figure 5. 2 shows the typical development of the modulus, phase angle and 
temperature as a function of loading cycles or time and temperature cycles. The 
temperature recorded is the chamber temperature and not the specimen 
temperature. Since the test protocol is the same for all specimens the maximum and 
minimum modulus values could be compared. The maximum modulus (Figure 5.2), 

ITSR Criterion 
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E*max, (also labeled as E*initial for further evaluations) was defined to occur at the 
end of the first thermal cycle and the minimum, E*min occurs at the middle of the last 
thermal cycle and E*final occurs at the end of the last thermal cycle. A comparison of 
the wet state and the dry state shows that for most materials the modulus decreases 
more rapidly in wet state (Table 5. 2, Figure 5. 4, Figure 5. 5, Figure 5. 7).  Among 
the samples tested, AG2 followed by VD2 and VD5 showed the most pronounced 
reduction in modulus between dry and wet and AG3 and the twin lay VD10 the least. 
AG2, VD2 and VD5 also had the worst surface deterioration characteristics based on 
the surface inspections (Table 3. 3). 
Observing the change in behavior at each thermal cycle as shown for AG2 and AG3, 
using black diagrams of the downward ramp of the temperature cycles as done by 
Gubler et al (2004), it can be seen that the wet AG2 specimen is already displaying a 
reduction in modulus after the first thermal cycle in comparison to the dry specimen 
(Figure 5. 4). On the other hand, the new pavement AG3 shows very little sensitivity 
to water (Figure 5. 5) as was also seen in the ITSR (Figure 5. 3). As seen in Figure 5. 
4, in the case of AG2 a significant reduction of modulus can be observed from cycle 
to cycle. This phenomenon does not happen in AG3 leading to the conclusion that 
the modulus of AG3 is not dependent on water exposure. Another aspect is the 
flattening of the slope in case of AG2, indicating less sensitivity to temperature in wet 
state, and the increasing of the slope in case of AG3 in wet state, indicating more 
sensitivity to temperature.  
The loss tangent (equation 2.3.20) is an important indicator of whether or not an 
asphalt concrete or binder behaves as a brittle elastic solid or whether it maintains a 
viscous component. High values of the loss tangent indicate that the material 
maintains its viscous properties. Figure 5. 8 and Figure 5. 9 show the evolution of 
phase angle in dry and wet state respectively. As seen in these figures AG3 had 
consistently the highest phase angle resulting in the highest loss tangent indicating 
that it was able to maintain its viscous behavior more than other samples in dry and 
wet state. 
Further comparison with the ITSR can be achieved by introducing the CAST ratio as 
follows.  
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       (5.4) 

The results shown in Figure 5. 3 indicate that the CAST ratio calculated in three ways 
delivers similar results. With the exception of AG3 and VD4  the CAST ratio shows 
AG2, VD2, VD3 and VS6 considerably more water sensitive than ITSR and VD10 
less water sensitive than the ITSR. 
It is interesting to note the fatigue performance of the double layer porous asphalt or 
twin lay (VD10). The twinlay has improved performance in terms of reduced clogging 
and in terms of mechanical performance it is in par with the other well performing 
sections. 
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Figure 5. 4 Black diagram for all downward temperature ramps of AG2 dry specimen under 
repeated loading left, and wet specimen under repeated loading right for four thermal cycles 
 

 

  
Figure 5. 5 Black diagram for all downward temperature ramps of AG3 dry specimen under 
repeated loading left, and wet specimen under repeated loading right for four thermal cycles 
 

Of particular interest here is the reduction in the modulus due to fatigue loading. Two 
methods were used to analyze the data. Firstly, the dry-wet reduction in modulus was 
assessed and secondly the evolution of wet-fatigue behavior and dry fatigue behavior 
was assessed (Table 5. 2). The evolution of complex modulus for all the materials in 
dry state and wet state is shown in Figure 5. 6 and Figure 5. 7. It can be seen that the 
oldest core VD2 retained the highest modulus whereas AG3 had the lowest modulus 
in dry state. However when modulus loss under fatigue loading is assessed, AG3 
ranks the best (Table 5. 2). It is also noteworthy that the performance of the twin lay 
VD10 in dry state was very similar to the majority of the materials. The surface 
inspection of VD10 also indicates good performance (Table 3. 3). In wet state the 
twin lay had the highest modulus with the AG2 ranking the worst. However most of 
the sections remained in a band defined by VS6 and VD2. The fact that the modulus 
loss of the twinlay in wet state compared to dry state is less than the other materials 
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can be attributed to the void structure. The upper part of the material is made up of 
smaller aggregates (8mm) and the lower part larger aggregates (22mm). This has a 
direct influence on the void sizes in the upper and lower parts, and consequently on 
the surface area coming in contact with water.  
The comparison of initial and final modulus shown in Table 5. 2 allows comparison of 
the material at the same level of thermal conditioning. In dry condition the loss of 
modulus ranged from 8 to 15% whereas in wet state this was significantly larger and 
from 2% to 42%. Although AG3 has the lowest modulus, it is at the same time the 
least water sensitive which corroborates the results from ITSR. Calcium hydroxide is 
used in the mix of AG3 (Table 3.2) to reduce moisture damage (Table 3.4). The use 
of calcium hydroxide, a base, raises the pH of rainwater which is normally acidic due 
to pollutants thereby reducing water damage. More importantly, AG3 was new when 
the cores were taken and therefore it is expected that it would perform better. 
Furthermore as discussed earlier, Figure 5. 8 and Figure 5. 9 show that AG3 had 
consistently the highest phase angle resulting in the highest loss tangent indicating 
that it was able to maintain its viscous behavior more than other samples in dry and 
wet state. Comparison of AG2 and AG3 in Figure 5.4 and Figure 5.5 shows that the 
phase angle of AG3 (ca. 47°) is larger than AG2 (ca. 22°). High values of the loss 
tangent indicate that the material maintains its viscous properties. VD10 which also 
performed well in the CAST tests is a double layer and thicker than the other 
samples. In situ inspection (Table 3. 3) ranked AG2, VD5 and VD2 as the most 
deteriorated whereas ITSR ranked AG2 and VD5 as the most water sensitive. The 
fatigue tests with CAST dry-wet ranked AG2 with 80% and VD2 with 66% and VD5 
with 57% modulus reduction as the materials most susceptible to water damage 
(Table 5. 2). It is not surprising that CAST tests corroborated field performance better 
as the testing conditions duplicate in situ condition such as pumping action of the 
water in the voids, lateral confinement and repeated loading. On the other hand ITSR 
test is an indication of the change in adhesion characteristics of the material under 
static load and in dry and wet state. 
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Figure 5. 7 Evolution of the complex modulus as a function of loading cycle, wet state 

Figure 5. 6 Evolution of the complex modulus as a function of loading cycle, dry state 
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Figure 5. 8 Evolution of the phase angle as a function of loading cycle, dry state 

Figure 5. 9 Evolution of the phase angle as a function of loading cycle, wet state 
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Figure 5. 10 Loss of modulus due to fatigue loading demonstrated using the modulus at the 
end of first thermal cycle and last thermal cycle in dry and wet state 

 

 

 

 
Figure 5. 11 Complex modulus obtained for two specimen of VS6 
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An example of the development of the complex modulus with respect to temperature 
is shown in Figure 5. 12 and Figure 5. 13. The reduction of modulus with each 
thermal cycle can be seen in the example in Figure 5. 12 for VS6 in wet state. The 
comparison of all materials during the up ramp of the last thermal cycle (starting at 

Figure 5. 12 Development of complex modulus as a function of temperature cycles. Example 
shown for Material type VS6 in wet state 

Figure 5. 13 Complex modulus vs temperature in wet condition example shown for up ramp at 
the last temperature cycle 
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1.28 - 1.44 million cycles) where the material has experienced the most mechanical 
damage can be seen in Figure 5. 13. VD10 was at this last cycle the material with the 
highest modulus but also with greater temperature dependency. AG3 and AG2 were 
the materials with the lowest modulus with the remainder of the materials staying 
within the band defined by VD2 and VD3. 
This is a relatively new experimental technique and a vast number of statistically 
significant data is not as yet available to analyze the reliability and repeatability of the 
data. However, it should be noted as stated earlier, that during this project two 
specimen were tested for each conditioning state (dry and wet) for eight types of 
materials which results in 32 tests. Good repeatability was seen between the two 
specimens on most of the data as shown in the example in Figure 5. 11. Among the 
32 tests two were deemed unusable as the results varied significantly with the 
second set of the same material in same condition and with the other materials. This 
can be attributed to variations in the quality of the samples. It is recommended that at 
least three samples should be tested for each material and condition. In practice this 
is difficult to realize as coring is kept to a minimum. 

5.6. Conclusions 

Fatigue tests using the coaxial shear test, CAST, was used to assess water 
sensitivity of field cores of conventional porous asphalt as well as twin lay. These 
results were compared with field assessment and the more empirical ITSR tests. 
Examination of fatigue behavior of eight PA mix types from the field showed that 
fatigue behavior of dry specimen can differ significantly from water submerged 
specimen. The tests showed for all but two material types a pronounced reduction in 
the modulus in wet condition. This decrease was increased with each temperature 
cycle. The only mix type not made with polymer modified bitumen (AG2) was one of 
the most water sensitive. Using fatigue data, more insight was gained into the 
material performance exemplified by the development of complex modulus under 
cyclic load and in wet and dry condition. The fatigue tests showed the twin lay to be 
performing well under wet conditions but showed the most severe temperature 
dependency. Such insight could not be gained by the conventional ITSR and can aid 
in appropriate material selection. CAST test results corroborated field surface 
degradation results in distinguishing degraded pavements where it was not possible 
with ITSR. 
These results corroborate observations of the micro structure (Chapter 4) where 
indications of sub optimal performance for mixes that did perform suboptimal in 
laboratory tests and field inspections were observed. 
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Table 5. 2 Complex modulus reduction  

 Effect of wetting    Effect of fatigue loading  

Material Specimen Modulus  Reduction  Modulus    Reduction 

Des.  [MPa]  [%]  [MPa]  [%]  

  E*max E*min max min E*initial E*final dry  wet  

AG2-dry 121 2824 1945 77 80 2824 2414 15 42 

          

AG2-wet 111 649.6 389.2   649.6 378.9   

          

AG3-dry 217 653.3 375.2 5 -6 653.3 572 12 2 

          

AG3-wet 221 623.7 397.4   623.7 609.5   

          

VD2-dry 315 4012 2911 59 66 4012 3633 9 25 

          

VD2-wet 312 1627 983.9   1627 1216   

          

VD3-dry 414 2388 1666 53 54 2388 2119 11 21 

          

VD3-wet 421 1117 766.9   1117 883   

          

VD4-dry 516 2140 1418 21 33 2140 1813 15 32 

          

VD4-wet 514 1697 956.9   1697 1161   

          

VD5-dry 615 3361 1942 50 57 3361 3087 8 27 

          

VD5-wet 613 1693 840.8   1693 1231   

          

VS6-dry 714 2320 1386 40 43 2320 2000 14 21 

          

VS6-wet 713 1388 783.4   1388 1090   

          

VD10-dry 1113 2421 1533 3 -4 2421 2100 13 8 

          

VD10-wet 1114 2354 1596   2354 2155   

          

Average  1954 1243.2 38 40 1928 1620 12 22 
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Chapter 6 Micro-Scale Mechanical Behavior of Porous 
Asphalt Concrete3 

6.1. Summary 

The tensile behavior of two types of viscoelastic bituminous films confined between 
mineral aggregates or steel as adherends was investigated in the brittle and ductile 
regimes. Uniaxial specimens were fabricated employing a prototype set-up 
developed in this study that allowed the construction of micro-scale thin films and 
visualization of failure phenomena. The effect of key parameters, namely, 
temperature (23°C and -10°C), binder type (straight run and polymer modified), 
adherend type (stainless steel and mineral aggregate), and water conditioning were 
investigated sequentially. The results show that water sensitive aggregate-binder 
combinations in macro (150 mm diameter) and mega (in service, i.e. >103 mm) 
scales also displayed reduced tensile strength in the micro scale when water pre-
conditioned. At 23°C ductile failure and at -10°C brittle fracture was observed. At 
23°C phenomena, such as formation of striations during tensile mechanical loading, 
void nucleation and growth, filamentation and large ductile flow before fracture could 
be witnessed. Water conditioning resulted in reduced tensile strength in some of the 
binders. When using proper surface preparation procedures, in all types of specimen 
investigated at 23°C only cohesive failure and at -10°C predominantly adhesive-
cohesive failure were found. 

6.2. Introduction 

As shown in the example in Chapter 4 (Figure 4. 8), bituminous binders in asphalt 
concrete exist in the form of thin films. Understanding the behavior of the material as 
thin films is essential in understanding its fundamental properties as it is in the micro 
scale that failure phenomena find their origin. Microscopic observations using the 
electron microscope (Chapter 4) show that in asphalt concrete the binder film 
thickness is highly irregular. It does not exist as pure binder, rather as asphalt mastic 
that comprises binder, filler and additives [Poulikakos & Partl 2010, Elseifi et al. 
2008]. However, extensive conclusive research on thin binder films has not been 
performed so far. Recently, Harvey and Cebon (2003 and 2005) have investigated 
bitumen films of 0.5 to 3 mm thickness at temperature range of -30 to 30°C and 

                                                 
3
 The most important findings of this Chapter have been accepted for publication under: Poulikakos, L. 

D., Partl, M.N. Micro Scale Tensile Behaviour of Thin Bitumen Films, Experimental Mechanics DOI 
10.1007/s11340-010-9434-3 (in press) 
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tension strain rates of 0.03 to 100 s-1. Fracture properties of 320 µm thin films of 
straight run bitumen were investigated by Hammoun et al. (2009) who studied the 
evolution of crack size with numerical methods. 
In situ tension tests were performed in the ESEM by Khattak et al (2007). 
30x15x1.5mm samples were cut from 64 mm by 101.6 mm Marshall specimen. The 
cut section was polished using 120 grit abrasive papers. After drying, the specimen 
was glued to a 40x20x0.25 mm thick polycarbonate film to facilitate loading and 
clamping in the tensile stage. The film was notched to keep the locus of failure in the 
desired physical region. The strain rate was manually controlled so that the specimen 
was strained in small increments. The tests were conducted at 213 Torr and 8 % 
humidity. The results showed that polymer modification improved low temperature 
behavior of asphalt concrete. Micrographs showing fractural morphology indicated 
the formation of more fibrils along the failure surface of the polymer modified asphalt 
in comparison to neat asphalt binder. 
Mo et al (2009) investigated the cause of raveling of porous asphalt and have 
concluded that the adhesive zone between stones and mortar was the weakest link 
and where the material failed in laboratory tests. Image analysis of fractured surfaces 
showed a bitumen rich interlayer that connected the rigid stones to the stiffer mortar. 
Furthermore Mo et al define failure types as listed in Table 6. 1. 
Lap shear tests were conducted by Kattak et al (2007) using a specially designed 
fixture after initially following the ASTM D 3163-96 guidelines. They showed that at 
temperatures below -10 °C all binders exhibited adhesive failures. At 0 °C the failure 
mode of the samples tested changed from adhesive to cohesive with the addition of 
SBS to the binder. Kattak suggested that improvements in the cold temperature 
adhesion properties by means of polymer modification was due to surface wetting 
controlled by surface tension and mechanical interlocking controlled by strength of 
binder. 
Already in 1967, Marek and Herrin explored the tensile behavior of thin films of 
bituminous binders. The main parameters studied were film thickness (20 to 600 µm), 
rate of deformation (0.125 to 25 mm/min), temperature (0 to 50°C), penetration (50 to 
217) and source of bitumen. In their investigation, three main regions to the tensile 
strength-log film thickness relationship were identified (Figure 6. 1). The tensile 
strength reaches a peak, referred to as optimum binder film thickness. For the 
binders tested this peak was at about 20 µm. The region below this peak is referred 
to as region I. The results obtained from the first region with extremely thin films had 
limitations due to preparation techniques, since fabrication of uniform thin films was 
difficult. They have shown that in region II (20 to 100 µm) a straight line relationship 
exists between tensile strength and film thickness indicating an inversely proportional 
relationship of the two. In region III, for thick films (thickness > 100 µm), a nearly 
horizontal line was found. This relationship between binder thickness and tensile 
strength was observed irrespective of other studied parameters mentioned earlier. 
This Chapter investigates the material in the thin film region referred to region I 
[Marek and Herrin, 1967]. The information obtained provides a foundation to compare 
the mechanical behavior of the material from micro to mega scales. 
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Figure 6. 1 Tensile strength vs. Binder film thickness (1 psi=6.894×10

3
 Pa) [Marek and Herrin 

1967] 

 

The development and use of porous asphalt has posed new questions to be 
answered in terms of mechanical performance and deterioration of bitumen films. 
First, taking into account the influence of water becomes imperative in characterizing 
material behavior. Second, PA requires the use of new binder modifiers such as 
polymers [SN 640 431-7 NA (2008)] and their influences need to be investigated. 
Due to experimental limitations at the time of Marek and Herrin (1967), there exists a 
gap in knowledge for the first thin film region I (t≤20 µm). In addition, the influence of 
mineral aggregate adherends was not considered. More recently, it was shown that 
20 µm is a binder thickness that indeed exists in asphalt concrete [Poulikakos and 
Partl 2010, Elseifi et al. 2008]. It was also shown that there exists a strong 
dependency of tensile strength of binder films on their thickness and that the highest 
strength, regardless of temperature or strain rate, is at around 20 µm film thickness 
[Marek and Herrin 1967]. 
 
The research reported herein aims at contributing in closing the gap in knowledge in 
this area. To this end, a conceived novel approach for the fabrication of binder films 
is presented. The fabrication of specimen with 20 µm thin films was realized 
employing a prototype set up designed and fabricated for this purpose. As shown in 
Table 6. 2, the tensile behavior of two types of bituminous binder films confined 
between both aggregates and steel adherends was tested. The effect of two 
temperature extremes of practical importance to rather cold climates such as that 
found in Switzerland (23°C and -10°C), the binder type (straight run and polymer 
modified) and the effect water conditioning were investigated. Although a pure 
bitumen film does not exist in a real pavement, rather a combination of bitumen, filler 
and additives, known as mastic (refer micro structure investigations presented in 
Chapter 4), for the purpose of simplification and since fundamental aspects of the 
binder behavior are sought in this study, as a first step, pure bitumen was used in 
order to gain basic knowledge of the behavior of this material. An important goal of 
this investigation was to determine if the difference in performance of these materials 
seen in macro and mega scales [Poulikakos et al. 2006, Poulikakos & Partl 2009, 
Chapter 5], can also be observed and quantified in micro scale mechanical tests.  
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Table 6. 1 Types of failures of asphalt concrete [after Mo et al 2009] 

Failure 
Type 

Failure Name Failure description Failure indication 

A Adhesive 
failure 

Interfacial failure, 
debonding at the grain-
bitumen interface.  

Stone surface is separated 
with no bitumen remaining on 
its surface 

AC Adhesive-
Cohesive 
failure 

Cohesive failure through 
bitumen interlayer 

Bonding fracture close to grain 
surface, both fractured 
surfaces still coated with 
bitumen 

C Cohesive 
failure 

Cohesive failure through 
mastic 

Location of fracture not close 
to stone. fractured surfaces 
still coated with bitumen 

M Mineral failure Failure through mineral 
aggregate 

 

 
Previous studies focused on the mechanical properties of the PA mixture in the 
macro scale (Chapter 5) and as reported in [Poulikakos et al 2007]. The focus of this 
study is the interface adhesion failure analysis. Inspection of asphalt concrete 
samples from the field indicate that fracture mostly occurs within the bitumen film 
[Hamoumm 2009]. This failure can be a cohesive or an adhesive failure. These two 
kinds of failures can be distinguished by the nature of the fracture surface. In the 
case of adhesive failure, no or little binder can be seen on the fracture surface as 
defined by Mo et al Table 6. 1. 
 
Table 6. 2 Types of investigated micro-tensile specimens 

Designation Binder Adherend Nr. of 
Specimen 
23°C 

Nr. of 
Specimen 
-10°C 

A B55/70 Steel 5 3 
Aw B55/70, water 

cond. 
Steel 6 - 

B PmB 65A Steel 3 3 
Bw PmB 65A, water 

cond. 
Steel 3 - 

Ab B55/70 +  Balmholz mineral a 3 1 
Abw B55/70 +water 

cond.  
Balmholz mineral a  3 - 

Bc PmB 65A Choëx mineral b 2 1 
Bcw PmB 65A +water 

cond. 
Choëx mineral b 1 - 

Total nr. of specimen 26 8 
a
Siliceous limestone ,

b
 Quartz sandstone 

The PA used in this study were chosen from two different materials (in the following 
designated as A and B) used in Switzerland in Cantons Aargau (AG1) and Vaud 
(VD4 and VD7) with known in situ performance as listed in Chapter 3. AG1 failed 
prematurely while VD4 performed well after 7 years in service. It was the intention to 
investigate if the in situ performance could also be observed in micro samples of the 
same materials. Material properties are listed in Table 3.2, the types of sample in 
Table 6. 2 and selected standard characteristics in Table 6. 3. More comprehensive 
list of characteristics can be found in Chapter 3. The difference in the composition of 
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these two materials is firstly in the aggregate gradation and secondly in the fact that 
the material from Vaud has polymer modified asphalt binder with styrene butadiene 
styrene (SBS) co polymer.  
 

Table 6. 3 Standard characteristics of the materials 

  Material A Material B 

Binder Properties Penetration Graded 
Binder type 

B 55/70  PmBa 65A 

 Penetration at 25°C 
[0.1mm] 

18 50 

 Softening point [°C] 72.2 56.5 
 Glass transition 

temp., Tg [°C] 
-29 and 2.4 -20.48 and 14.7 

Mineral Aggregate 
Properties 

Aggregate type Siliceous 
limestone 

Quartz 
sandstone 

 Los Angeles (LA) 
abrasion test [%]  

13-18 11-15 

 Polished Stone Value 
test (PSV) 

53 60-62 

aPolymer modified bitumen Styrelf 13/80 with SBS polymer modification.  

 

 

 

  
 
 
 

 

Figure 6. 2 Sample of porous asphalt concrete in meso-scale left, micro-scale middle and right 
within the steel insets (dimensions in mm) 

6.3. Sample fabrication 

In order to determine the elastic-plastic behavior of the material using a tensile test, 
two types of uniaxial tensile specimen shown in Figure 6. 3 and Table 6. 2 were 
prepared: One type with steel adherends and the other with aggregates as 
adherends. The motivation behind this type of specimen was to mimic the elementary 
parts of asphalt concrete as shown in Figure 6. 2. The dog-bone shape of the 
samples with a thin gap to be filled with binder allows for clamping in the test 
apparatus. In this way, a uniform tensile stress field can be transferred to the binder 
initially, independent of clamping effects and the localization of the failure zone 
allows for better observation. The stainless steel insets contain a pin hole for pulling 
the sample in tension.  
The first type of specimen with binder confined between two steel adherends was 
used to investigate the binder behavior independent of the influence of the 
aggregates. The second type of specimen included the binder confined between two 

5 

 5 

ca. 50  
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mineral aggregate adherends and allowed to study the influence of binder aggregate 
bond on mechanical behavior. The stainless steel and mineral aggregate adherends 
attached to the thin bitumen film have much greater stiffness in comparison to the 
bitumen film and their deformation is negligible in the experiments.  

6.3.1. Contact surface preparation 

Surface preparation is essential for a proper bond. As such, all relevant surfaces of 
stainless steel and mineral aggregates were cleaned and abraded in preparation for 
bonding. Grease and loose surface deposits were removed with acetone soaked 
cloth and high pressure air respectively. Care was taken in order not to contaminate 
the cleaned surface after preparation by using gloves. All surfaces were lightly 
abraded in order to insure better bonding (refer Chapter 2). The abrasion of the metal 
surface was done by sand blasting whereas the abrasion of the mineral aggregate 
was done by sanding with a 1000 grit SiC sandpaper three times in each 
perpendicular direction. Surfaces were bonded immediately after pretreatment when 
the surface conditions were optimum (clean and free of debris as described above). 
The aggregates were epoxied to the stainless steel surface using Araldit® 
multipurpose two components adhesive. Araldit® forms extremely strong and durable 
bonds with metals and plastics and rubber as well as other materials and solidifies 
within minutes (web site Araldit®). After drying overnight, the extra adhesive was 
sanded to create a smooth bond surface. 
 

 
Figure 6. 3 Tensile test specimen. Specimen for binder tests above, specimen for binder and 
aggregate tests below. Dimensions in mm. 

 

≈20µm 
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6.3.2. Specimen assembly in mold 

In order to construct a specimen with 20 µm thin film, a prototype assembly mold was 
designed and a thirteen step assembly protocol that includes surface preparation 
was developed and summarized Table 6. 4. The schematic diagram in Figure 6. 4 
shows the setup for tensile specimen fabrication. Temperature plays a key role in the 
assembly process. Initial experiments using thermographs, explained in detail in the 
next section, were used to develop the thirteen step (Table 6. 4) assembly method. 
Hence, bitumen was heated in a forced convection oven for a minimum of 30 minutes 
and maximum of two hours at the binder mix temperature (ca. 150°C). The aim was 
to heat the binder in the preparation process as little as possible just reaching the 
liquid state, altering its physical properties as marginally as possible while, at the 
same time, facilitating adhesion.  
The bottom of the brace was placed in the form first. A thin layer of Teflon spray was 
placed on the contact surface of the frame in order to avoid the bitumen from sticking 
to the form. Then the two metal end pieces (insets) were placed in the form to 
determine the micrometer reading that would yield a 0 binder film. The tensile insets 
were heated locally shortly on the Bunsen burner in order to bring about the adhesion 
of the binder. Thereafter, the tip of the insets were dipped in the hot bitumen and 
placed immediately in the frame. Then the distance was adjusted using the 
micrometer to the required binder film thickness and the specimen was stabilized with 
a brace system. Subsequently, the specimen and the brace were removed from the 
frame, the excess binder was removed immediately using a heated spatula and the 
assembly was left to set overnight (although 30 minutes is enough for curing). The 
entire thirteen step assembly process takes less than five minutes. Observing a 
precise sample fabrication protocol proved to be essential for sample quality and 
repeatability, as confirmed by the premature failure of samples before this protocol 
was developed.  
The total specimen size is approximately 50 mm long including the end insets, which 
are made of stainless steel. Sample dimensions (Figure 6. 3) were thickness t= 1.5 
mm, width W=5 mm, length L=38 mm+20μm (pin hole to pin hole) (t<<W<<L). With 
binder dimensions being 5mm x 1.5 mm x 20 µm.The binder has a nominal cross 
sectional area of 5 mm by 1.5 mm. As explained earlier, based on microstructural 
observations (Chapter 4) and previous work [Marek & Herrin, 1967], a binder 
thickness of 20 µm was chosen. This film thickness results in an aspect ratio of 250 
(longest dimension/shortest dimension= 5mm/0.02mm), that defines it as a thin film 
(>8) according to Harvey and Cebon (2003 and 2005) and according to Marek and 
Herrin (region I in Figure 6. 1). The mineral aggregates were sawed from an 11mm 
aggregate to a dimension of 5 mm x 5 mm x 1.5 mm.  
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Figure 6. 4 Prototype specimen assembly set up 

 
The key parameters of interest were: bituminous binder type (straight run or polymer 
modified), temperature (23 and -10 °C), and water conditioned or not and type of 
adherend (stainless steel or mineral aggregate). In order to study these parameters 
four types of samples for each binder type were produced as shown in Table 6. 2. 
The binder-aggregate combinations reflect the mix as placed in situ. Preparation of 
valid samples proved to be very challenging. Even though the same procedure was 
used for all samples, quality could not be guaranteed. In some cases only during the 
experiment it was apparent that the sample was not valid, as for example the failure 
would occur at the glue. In most cases, it was possible to obtain the desired three 
valid samples or more per material type although more were produced (Table 6. 2). 
For experiments at 23°C a total of 26 samples were produced. In the case of Aw six 
valid results were analyzed as the scatter was too high on the first three samples. In 
the case of Bcw only one valid result could be obtained as other samples failed at the 
glue. This result is within the statistic boundary of material B and is deemed valid 
(Appendix A). 
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Table 6. 4 Micro specimen preparation protocol 

1 Straight run bitumen: Remove binder from container with 
heated knife, place in container with lid. Heat in oven at mix 
temp for 1 h. 
Polymer modified bitumen: heat whole container in oven for 
1h. Mix with glass dowel. (Note: polymers can float or settle 
therefore it is important to mix it) 

 

2 Use Teflon spray on a cotton swab, rub on mold to facilitate 
later removal of binder from mold 
Note binder run off is not a problem due to enough friction for 
the thin binder film 

 

3 Prepare surfaces for good adhesion 
a) with acetone to remove fat 
b) with air pressure to remove particles 

 

4 Place bottom of brace in form 

 
5 Place two tensile end insets in the form measure 0 film 

thickness position with micrometer 

 
6 Remove insets, heat tips of tensile insets over Bunsen burner  

7 Dip both tensile insets in binder. Use enough binder to ensure 
filling of gap. 

 

8 Place in form quickly and bring ends together with the 
micrometer to the desired binder film thickness 

 
9 Place washers and large screws to hold brace in place 

 
10 Place top of brace, screw in small screws. Remove large 

screws 
 

11 Remove brace with specimen and let cool for minimum of 0.5h 

 
12 Remove excess binder from specimen with heated spatula  

13 Remove excess binder from form with toluene  
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6.3.3.  Optimization of assembly procedure using thermography 

Thermographic cameras detect radiation in the infrared range of the electromagnetic 
spectrum (roughly 900–14,000 nanometers or 0.9–14 µm). Radiation emitted by a 
body is due to thermal agitation of its composing molecules. The amount of radiation 
emitted by an object increases with temperature. Therefore thermographs allow to 
detect variations in temperature. However, this is also material dependant and 
specifically dependent on the emissivity coefficient ε of the material as well as the 
angle of the camera with respect to the object. The emissivity coefficient, ε, indicates 
the radiation of heat from a 'grey body' according to the Stefan-Boltzmann Law, 
compared with the radiation of heat from an ideal 'black body' with the emissivity 
coefficient ε = 1 (http://www.engineeringtoolbox.com/radiation-heat-transfer-
d_431.html).  
The emissivity coefficient, ε, varies with temperature. For the purpose of comparison, 
ε at 300K for the materials that are of interest in this experiment are listed in Table 6. 
5. In this case, the camera was set at the emissivity of bitumen adjusted to account 
for higher temperature at 0.94 and records the temperature that would be relevant for 
the bitumen which is of interest. As stated above, the mixing temperature of bitumen 
should be observed in order to achieve proper wetting and adhesion. Minimum and 
maximum mix temperatures are listed in Table 3. 5.  
 
Table 6. 5 Emissivity coefficient 

Material Emissivity coefficient at 300 K (1) 

Black body 1 

Asphalt  0.93  

Granite  0.45  

Stainless steel (polished) 0.075  
(1) http://www.engineeringtoolbox.com/emissivity-coefficients-d_447.html 

 
The thermographic camera (AGENA Thermovision 900) and the accompanying data 
acquisition system was used indoors at 20°C to record the temperature during 
specimen preparation and to optimize the procedure with respect to proper wetting 
and adhesion conditions (Figure 6. 5).  
Two variations were tried. In the first method the binder was heated in a forced draft 
oven and then removed using a syringe and placed between the heated tensile end 
insets. Thermographs show that the bitumen was already too cold (ca 70°C) in the 
syringe and before it came in contact with the end pieces. Therefore, this method 
was no longer pursued. 
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Figure 6. 5 Setup for the thermography experiments 

 
For the second method, the bitumen was also heated in the forced draft oven. 
Thereafter a small amount of bitumen was applied to the end pieces using a spatula. 
As seen in Figure 6. 6, showing the thermal state exactly after application on the 
sample, the temperature of the spatula and bitumen are 166°C. We can assume the 
temperature at the time of wetting is also 166°C. However, due to the small amount 
of binder, the temperature drops very quickly as seen in Figure 6. 7 and Figure 6. 8. 
In Figure 6. 8, the temperature of the wetting binder as a function of elapsed time, 
both extracted from thermographs, are shown. Taking into account when adhesion 
and cohesion take place, one can conclude from the thermographs that the adhesion 
occurs at 166 °C and cohesion at 63°C.  
 

 
 
 

Thermography camera 

Specimen assembly in frame 

Heated bitumen 
on spatula 

Heated bitumen in 
container 

Figure 6. 6 Thermal state on spatula before application on the steel adherends 
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Figure 6. 8 Temperature of the binder with respect to elapsed time extracted from 
thermographs, method 2 

 
It is further apparent from these qualitative experiments that it is very important to 
minimize the time it takes from the application of binder to the surface of the end 
insets to the placement in mold. As a result a third method was developed and listed 
in the final protocol in Table 6. 4 where the spatula is eliminated, the end insets are 
locally heated, the binder is heated in the forced draft oven, the surface of the end 
insets are dipped in the binder and placed in the mold. Then the binder film size is 
adjusted. This process reduces the time significantly (the whole assembly process 
takes less than 5 minutes) and can lead to better adhesion and cohesion conditions 
as seen in the following experiments. 

6.4. Simulation of water induced degradation  

The degradation of PA can occur under mechanical loading and environmental 
exposure as discussed in detail in Chapter 1. 
 

Cohesive bond temp 

Adhesive bond temp. 

Bitumen on  
spatula 

Bitumen 
at tip of 
end inset 

Heated Bitumen in container 

Figure 6. 7 Thermal state exactly after the application of binder on end insets above and in 
the sample brace below 
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Various water conditioning methods are used in order to simulate material 
degradation. Water conditioning can be on the mix [Akili 1993], asphalt concrete 
specimen (EN), mastic [Kim et al 2004, Kringos 2006] or the binder only [Cheng 
2002].  
Cheng (2003) has shown experimentally the diffusion of moisture vapor into various 
bituminous binders and has also shown that this diffusion is binder dependent. Figure 
6. 9 shows the result of the experimental observations using a universal sorption 
(sorption: to take up and hold by either adsorption or absorption) device by Cheng et 
al. The Figure shows water vapor sorption into a thin film of binder. As seen in the 
figure two stages were observed. In the first stage absorption and adsorption occur 
simultaneously. At the second stage adsorption on the surface of the binder reaches 
equilibrium whereas absorption (diffusion) continues until it eventually becomes 
constant due to saturation. Kim et al (2004) have shown that moisture reduces 
viscoelastic stiffness, fatigue resistance and fatigue life of sand-asphalt.  
 

 
Figure 6. 9 Sorption procedure of moisture in asphalt thin films [Cheng et al 2003] 

 
In order to investigate the effect of water on micromechanical properties of the 
sample, in this investigation, the samples were conditioned by submersion in 
demineralized (deionized) water for 17 h at room temperature (ca. 22°C). This choice 
of water conditioning time allowed the samples to be tested rapidly after fabrication 
and, as demonstrated later, change in mechanical properties was observed. If no 
change was observed, this submersion time would have been extended. 

6.5. Microtensile experimental procedure 

Mechanical behavior of materials can be determined using various techniques. One 
of the most common mechanical tests is the uniaxial tension test. Uniaxial tension 
tests have been used in this work for observation of microscopic deformation process 
and failure mechanism. In this case, of special interest is the behavior of the 
bituminous binder under uniaxial tension. SBS polymer modified binder is an 
important additive in the road bitumen industry. Under uniaxial tension tests the effect 
of SBS in the failure mechanism can be observed. 
In order to investigate the tensile properties of selected specimens (Table 6. 2), 
simple fracture tests using uniaxial tensile loads were designed where the separation 
of the specimen was induced through a static, i.e. slow displacement rate using the 
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Zwick® apparatus. The Zwick® apparatus consists of a testing machine to apply in 
this case, tensile load using a 20 N load cell for test at 23°C and 100 N load cell for 
tests at -10°C, an extensometer and grips (holes and alignment rod) to hold the 
specimen. The grip system was especially designed for this experiment. An upper 
and lower alignment rod is used to align the loading frame and load cell (Figure 6. 
10). Strain is measured by the extensometers (Multisense®) that are fixed to the 
specimen using two knife edges a distance L0 apart.  
The experimental set up for tests at -10°C was similar to the tests at 23°C with the 
exception that the whole experiment was performed in a climate chamber as shown 
in Figure 6. 11 and a larger load cell of 100 N were used. Specimen was placed in 
the holders using the alignment rod, brace removed, the chamber door closed and 
then the conditioning at -10±1°C was started. It took ca 5 minutes for the chamber to 
reach this temperature. Although the temperature in the bitumen film could not be 
measured, temperature sensors were at the ventilator above the specimen and on 
the wall of the chamber meaning that the ambient temperature around the specimen 
was at or below the ventilator temperature.  
The specimen was placed a day after preparation in the tensile machine and kept 
aligned and in place using two rods. Thereafter, the brace that had kept it stable was 
carefully removed (Table 6. 4, Figure 6. 10). Using constant deformation rate (0.1 
mm/min) the specimen was extended. 
 

 
Figure 6. 10 Experimental set up for the binder tensile strength test at 23°C 

 

Extensometer 

Specimen 

Alignement rod 

Load cell 
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Figure 6. 11 Experimental set up for tests at -10°C: temperature chamber and data acquisition 
left, specimen inside the chamber, right 

 
 

6.5.1. Test parameters 

It has been established that the behavior of bitumen films is highly temperature and 
strain rate dependent [Harvey and Cebon, 2003 and 2005, Marrek and Herrin, 1967]. 
Specifically, as the strain rate is increased, the tensile strength of a bituminous film at 
a given temperature and thickness will increase. Furthermore, depending on the 
strain rate, the material can exhibit ductile or brittle failure (Figure 2. 10). For the 
current tests through trial and error an optimum deformation rate of 0.1 mm/min 
which is equivalent to 0.083 s-1 was obtained in order to assure ductile behaviour at 
23°C. This deformation rate falls in the lower spectra of deformation rates 
investigated by Marrek and Herrin (1967), namely at 0.125 mm/min and allows some 
basis for comparison of results.  
 
As discussed in Chapter 2, depending on the temperature, the same binder can 
exhibit brittle, brittle-ductile or ductile behavior in tension (Figure 2. 10). The tests 
presented here in the ductile regime were performed at 23°C and in the brittle regime 
at approximately -10°C and 50% and 2% relative humidity respectively. For low 
temperature tests a climate chamber was used, whereas the tests at 23 °C were 
performed in a conditioned room. The low temperature tests were chosen to be 
below the glass transition temperature (Tg2) and clearly in the brittle regime (Table 
3.8 and Table 6. 3) as seen from the resulting mechanical behavior. Tg 
measurements are discussed further in Chapter 3 and was measured using the 
differential scanning calorimetry (DSC) method [ISO 11357-1, 2009]. Above Tg, 
thermal activation is large enough to overcome the intermolecular bonds and the 

Temperature chamber 

Specimen inside the 
climate chamber 
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mobility of the molecules increase resulting in a completely different mechanical 
performance. 

6.6. Results and discussion  

The tensile tests allow the characterization of the linear and non-linear elastic-plastic 
behavior of the material using stress-strain diagrams. Due to constant deformation 
rate in these series of experiments time effects and therefore viscoelastic behavior of 
the material could not be taken into account. Due to this, in the following, the linear 
and nonlinear part of the stress-strain diagram will be referred to as “elastic” and 
“plastic” respectively. However, from the stress-strain diagram, important mechanical 
properties such as the elastic modulus, the maximum tensile stress, the nominal 
strains, and the energy required for the material to mechanically fail and the ductile 
characteristics have been determined. Depending on the temperature, during the 
tensile tests, the materials deformed elastically and plastically and the resulting brittle 
or ductile failure was documented.  
 
In order to understand the mechanical behavior of the material, it is helpful to study 
its molecular structure. As presented in Chapter 3, bitumen is a polymeric material 
that consists of a complex chemical mixture of various molecules that are 
predominantly hydrocarbons with a small amount of sulfur, nitrogen and oxygen 
atoms [Reed & Whiteoak, 2003].The mechanical properties of such materials are 
determined by the mobility of the molecules, which in turn depend on their chemical 
structure i.e. geometry of the molecular structure and inter-atomic and inter-molecular 
bond. Both elastic and plastic behavior of polymers is time dependent and therefore 
viscoelastic and viscoplastic. At small strains the material behavior is linear 
viscoelastic (refer Chapter 2). Elastic deformations are due to reversible deformation 
of the molecules and are due to weak intermolecular van der Waals, dipole or 
hydrogen bonds that are strained. The inter-atomic covalent bonds do not contribute 
significantly to the elastic properties because they are much stronger than the 
secondary bonds. When unloaded the molecules return to the equilibrium positions. 
During plastic deformation, disentanglement of polymer molecular chains or sliding of 
chains past each other produce permanent deformation [Callister, 2003, Roesler et 
al. 2007].  
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Figure 6. 12 Example of the characteristic stress strain diagram at 23°C 

 
The characteristic nominal stress-strain diagram for 20µm bitumen film at 23°C and 
at -10°C is shown in Figure 6. 12 and Figure 6. 13. In the tests, commonly, the initial 
part of the curve is not straight due to initial adjustment of the specimen in the loading 
frame and does not represent a property of the material. Figure 6. 13 shows a 
representative sample of four types of specimen for each material resulting is eight 
types of samples (A, Aw, Ab, Abw, B, Bw, Bc, Bcw) as listed in Table 6. 2. The 
representative samples were selected such that they exhibited maximum nominal 
tensile stress values that were closest to the mean for that type of material, with the 
exception of Abw, which was higher than the mean shown in Table 6. 6. The strains 
were calculated in using two methods as explained in Chapter 2 and discussed in 
detail in section 6.7.2. 

ζmax 
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Representative sample of A at 23°C (specimen: A24 (shifted), Aw2, Ab2, Abw21) 
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Representative sample of B at 23°C (specimen: B31, Bw2, Bc21, Bcw21(shifted)) 
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Representative samples at -10°C (specimen:A_10_2_3 and B_10_2_3 at -10°C) 
Figure 6. 13 Stress-strain at 23°C and at -10°C 
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Figure 6. 14 Identified failure mechanism stages  

0

50

100

150

200

250

300

350

400

-0.10 0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80

N
o

m
in

al
 S

tr
e

ss
 [

kP
a]

% Nominal Strain

 
Figure 6. 15 The observed deformation stages with respect to a typical stress-strain diagram 
for a bitumen film at 23°C 

 
Visually, all samples tested regardless of type of adherend at 23°C and -10°C 
exhibited four apparent stages leading to ultimate separation as shown in Figure 6. 
14 and Figure 6. 15 (23°C) and discussed below.  
 
Stage 1 
At 23°C after the initial effects, the specimen behavior is linear with a clear "Hookean 
region". At this stage, the material did not display any observable changes in its 
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appearance. With increasing deformation, material starts to yield and visco-plastic 
deformation is initiated. It was not possible to determine the exact location where the 
material yields, because yielding was gradual and the transition between elastic and 
plastic behavior was not specified precisely either visually or from the stress-strain 
diagram. 
 
Stage 2 
Upon further elongation, the nominal stress increases and reaches a maximum 
value, vertical striations appear and the specimen starts to neck. This is referred to 
as the hardening part of the curve (Figure 2. 11). From the molecular point of view 
the polymer chains untangle and orient themselves in the direction of stress i.e. the 
axial direction. The axial elongation causes lateral contraction and necking. The 
shape of the lateral surface is circular due to surface tension of bitumen as seen in 
Figure 6. 18. Necking results in a decrease of the cross sectional area and increase 
in true local stress. Because the cross sectional area is decreased at this point less 
force is needed to deform the material. The nominal stress decreases as it is 
calculated using the original area.  
 

 
 
 
 
 
Stage 3 
 
Further elongation resulted in further plastic deformation, softening (Figure 2. 11) and 
appearance of voids and filamentation (Figure 6. 18 b and c). Within the filaments the 

(a) 

(b) 

σ σ 

 

Figure 6. 16 Schematic representation of crosslinked polymer chain molecules (a) in an unstressed 
state and (b) during elastic deformation under applied tensile stress [adapted from Callister 2003] 
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molecular chains become oriented. As shown in Figure 6. 16 (a) in an unstressed 
state elastomers are amorphous with highly twisted, kinked and coiled molecular 
chains. During elastic deformation under tensile load the chains become partially 
uncoiled and straightened resulting in elongation of the chains in the stress direction 
as shown in Figure 6. 16 (b). The chains move back to their original coiled state upon 
release of the stress and macroscopically, the piece returns to its original shape. The 
crosslinks act as anchor points between the chains and prevent chain slippage which 
results in plastic deformation [Callister 2003]. The elastomer must be above the glass 
transition temperature in order to behave elastically; below the Tg its behavior is 
brittle. 
The process of filamentation before separation absorbs fracture energy, increases 
fracture toughness (ability to absorb energy up to fracture) resulting in improved 
material performance. This phenomenon was seen in field samples as shown in the 
electron micrograph of Figure 4. 22 that shows the filamentation process and 
formation of fibrils within a crack. Additionally, the contact angle between binder and 
adherend remains well under 90° throughout, indicating good wetting and adhesion 
(Figure 6. 18) as discussed in detail in Chapter 2 and Chapter 7. Under tensile axial 
load an elastic material would wrinkle as shown by Cerda and Mahadevan (2003). 
However, a viscoelastic material can flow viscously from the stationary plate (bottom) 
towards the moving top plate as shown by Yao and McKinley (1998) for axisymetric 
geometries. Additionally, due to surface tension apparent from the curved free 
surface, there is an increased mass loss in the centre. The flow should resemble flow 
in a channel with slip on the walls (in this case the free surface) resulting in maximum 
axial velocity at the centerline causing material depletion and void formation at this 
location as shown in Figure 6. 18d. The observed formation of voids after yield for the 
uniaxial loading tested herein does not exactly corroborate the findings of Harvey and 
Cebon (2003), where voids occurring well before yield are reported. However, it 
should be noted that the voiding process in their work could indeed be visualized for 
corn syrup even though not for bitumen; this was primarily due to the chosen 
geometry.  
 

 
 
 
 

Microvoids 

Fibrillar bridges 

crack 

Figure 6. 17 Schematic illustration demonstrating formation of microvoids and fibrils [Adapted from 
Callister, 2003] 
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After reaching the maximum, the nominal stress decreases until it reaches a steady 
state. At 23°C, large visco-plastic deformations before rupture and separation have 
occurred during these tests, which is indicative of the ductile behavior of bituminous 
binders. 
 
Stage 4 
Stage 4 was the further elongation and merging of the voids and final separation as 
shown schematically in Figure 6. 17. At 23°C the separated material was frayed, 
coming to a point at several locations (Figure 6. 19e). Furthermore, at 23°C the only 
type of failure observed was cohesive failure for all eight types of specimen tested. 
Cohesive failure was confirmed by examination of the fracture surfaces with the 
binder leaving a continuous film on both fracture surfaces. This characteristic failure 
indicates good adhesion between the binder and the steel or between the binder and 
the mineral aggregate surfaces. Previous findings indicated also solely cohesive 
failure in binder films in the temperature and thickness range of interest [Marek& 
Herrin, 1967]. Following the discussion in Chapter 2, the experimental results show 
that work of adhesion was larger than the work of cohesion: Wa>Wc. 
 
Specimen tested at -10°C displayed elastic behavior. The only failure mode was 
brittle for all four types of specimen tested (A, B, Ab, Bc). Binder B showed minimal 
fibril formation that could keep the sample together even after crack formation. This 
can be attributed to the long cross-linked molecular chains of SBS that delay 
separation. In most samples, a consecutive crack growth was observed with failure 
occurring in steps as seen in the sample stress-strain diagram in Figure 6. 13c. The 
non-smooth curve in Figure 6. 13c is indicative of small strains at the measurement 
limit where the influence of electronic noise is apparent. Examination of the failure 
surface indicated a cohesive or adhesive-cohesive failure. No voiding was observed 
in the low temperature regime in both materials. 
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Figure 6. 18 Photographs show various failure stages during the tension test at 23°C: (a) and 
(b): specimen Bc at stage 2-necking and the formation of vertical striation. (c): Side view of 
specimen Bc at stage 2-necking; (d): Specimen Bc at stage 3-formation of voids and 
filamentation  
 

Striations 

(d) (c) 

(a) (b) 

Voiding and 
filamentation 
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Figure 6. 19 Photographs show various failure stages during the tension test at 23°C: (a): 
Specimen Bc shortly before stage 4- separation, (b): Specimen Bw shortly before stage 4-
separation, (c): Specimen Bw: cohesive failure 

 

6.7. Calculation of material parameters 

Material parameters of nominal stress ζ and nominal strain ε are calculated from the 
measurements of force (F) and displacement (s) as defined in Chapter 2 and 
described below:  

6.7.1. Maximum tensile stress, σ  

As shown previously [Marek & Herrin 1967], several factors influence the nominal 
tensile stress of bitumen films. With increasing deformation rate, tensile strength 
increases, with increasing temperature and thickness, tensile strength decreases.  
The present experimental results show that in the absence of water conditioning, at 
23°C, the effect of adherend was minimal i.e. both composite materials A and B 
exhibited similar maximum tensile stresses with mineral aggregate or steel 
adherends (Figure 6. 13,Figure 6. 20, Table 6. 6 and Table 6.10). At 23°C the 
average maximum tensile stress obtained in all tests of composite material A 

(a) 
(b) 

(c) 
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(bitumen) was 2.32 times higher than for composite material B (PmB) with 388 kPa 
and 167 kPa respectively.  
At -10°C, tensile strengths of material A, B, Ab and Bc were 9.75, 6.64, 8.08 and 8.17 
times more than the values obtained at 23°C.  
 

 
Figure 6. 20 Maximum force measured for each material type at 23°C, number of specimen 
shown in parenthesis 

 

 

 
Figure 6. 21 Maximum force measured for each material type at -10°C, number of specimen 
shown in parenthesis 
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The effect of water conditioning on maximum tensile stress was more noticeable in 
the presence of mineral aggregates than in the presence of steel adherends as 
shown in the Figure 6. 13 (a) and (b).  A reduction of tensile strength of 45% for 
material Ab and 30% for material Bc was calculated. In the absence of the mineral 
aggregates, the average maximum tensile stress of B was not affected by water 
conditioning whereas the tensile strength of A was reduced by 12%. This could be 
attributed to the hydrophylicity of aggregate used in A as a result of its composition. 
These results demonstrate that depending on the type of aggregate, they can 
facilitate the sorption of water molecules and the resulting reduction in mechanical 
properties. 
 
Marek and Herrin have shown that in binder films, for straight run bitumen, the 
penetration grade had a significant effect on the tensile strength. Even though B is 
polymer modified, this fact was confirmed for the investigated materials both at 23°C 
and at -10°C as material A (Pen 18) had consistently a higher tensile strength than B 
(Pen 50). 
 
In practice and at the macro scale (150 mmØ), water sensitivity of asphalt concrete is 
generally characterized using the indirect tensile strength ratio (ITSR) determined 
through indirect tensile tests using European standards [EN 12697-12, 2003]. ITSR is 
the ratio of the average indirect tensile strength of the wet group of specimens to the 
average indirect tensile strength of the dry group. The ITSR values for 150 mm 
cylindrical samples from cores taken from the road that materials A and B were 
based on were 0.5 and 0.7, respectively as discussed in detail in Chapter 5. To this 
end, this is in very close agreement to the ratio obtained by the micro scale 
experiments, especially in the cases with mineral aggregate adherend. As presented 
in Table 6. 7 c, the ratios of 0.55 and 0.7 for Abw/Ab and Bcw/Bc, respectively, were 
found. Further investigations are needed to establish a definitive relationship 
between the water sensitivity in the macro and micro scales. 

6.7.2. Nominal Strains, ε 

The strains were calculated in using two methods as explained in Chapter 2. In the 
first method (strain 1) L0 in equation 2.3.8 is taken as the initial extensometer length 
(ca 70mm) and in the second method (strain 2) L0 is taken as the binder film 
thickness (20μm). Strain 1 and strain 2 shown in Figure 6. 13 indicate that the 
average strain in the binder is orders of magnitude higher than the strains in the 
composite material. 

6.7.3. Elastic modulus, E 

As discussed earlier, the elastic behavior of polymers is primarily affected by the 
intermolecular bonds between the chains, rather than by the covalent bonds within 
the molecules. Hence, it is mostly the weak, intermolecular van der Waals, dipole or 
hydrogen bonds that are contributing to elastic deformation. This is due to the fact 
that the covalent bonds are much stronger and cannot be mobilized as long as the 
weaker bonds can deform.  Only if the chain molecules are aligned in parallel can the 
covalent bonds contribute [Roesler et al. 2007]. 
The polymer modification in binder B is SBS, an elastomer, which is characterized by 
additional covalent cross-links between the chain molecules. In the elastic region 
these chain bonds do not contribute to the elastic properties significantly since in the 
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elastic region primarily the straightening and disentanglement of the chains occur 
[Callister, 2003, Roesler et al. 2007]. 
 

High values of the elastic Modulus indicate that high forces are required to separate 
and untangle the molecular chains and cause the material to stretch elastically.  
Mean values of elastic modulus for all samples are listed in Table 6. 6. At the 
deformation rate of 0.1mm/min, composite material A had an average elastic 
modulus at 23°C of 1195 kPa, whereas material B had an average elastic modulus of 
580 kPa. This indicates that at 23°C material A was 2 times stiffer than material B. 
Water conditioning resulted in more scatter in the results of the elastic modulus of 
material A and a clear reduction of the elastic Modulus for material B (Bw and Bcw) 
and to a lesser extent in material A.  
Comparing the effect of adherend in wet and dry states, it can be seen from Table 6. 
6 and Table 6.10 that the adherend affected the elastic modulus of material A 
significantly more than material B, both in the water conditioned state (34% 
vs. -0.05%) and not conditioned state (38% vs. 15%). As seen for tensile stress, 
these results demonstrate that aggregates can facilitate the sorption of water 
molecules and the resulting reduction in elastic modulus. 
 

 
 
 
 

6.7.4. Softening (Ductility) 

The softening or an indication of ductility is represented here by D, the maximum 
slope of the stress-strain diagram after maximum stress. I.e. larger negative slopes 
indicate that in the softening portion of the stress strain diagram, the material is less 
ductile. Table 6. 6 and Table 6. 7 present calculated mean values. Comparing overall 
values of material A and material B at 23°C with DA=-323 kPa, and DB=-72 kPa, A 
was found to be 4.5 times less ductile than B in the softening range of the diagram. In 

Figure 6. 22 Elastic modulus of single specimen tested and mean value. number of specimen 
shown in parenthesis 
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addition, visually examining individual experiments showed that the water conditioned 
samples had lost considerably in viscous-flow capability and as a result in ductility. 
As shown in the sample Bw (Figure 6. 18c) an increase in the formation and growth 
of voids and filamentation process led to failure. This can be seen in the slope of 
specimen Abw after peak stress in comparison to others (Figure 6. 13). The ductility 
of material B did not exhibit such water sensitivity as shown in Table 6. 6 and Table 
6. 7. This phenomenon can be explained from a molecular point of view. During 
water conditioning, water molecules diffuse into the binder and occupy positions 
within the bitumen molecular chains and clusters and cause chain separation. As 
discussed earlier, the SBS elastomer contains cross links between the chains that 
keep the chains together, form a network and contribute to the ductility of the 
material. 
 
As shown in Figure 4. 13, for the functionality of the material in situ, ductile behavior 
is very important as it provides some tension transfer between the aggregates even 
after mechanical failure at maximum load. The observations of the binder films after 
reaching maximum tensile stress indicated that binder B continued to bridge the 
aggregates through the appearance of fibrils as shown in Figure 6. 18 (b) (stage 3 in 
Figure 6. 14) demonstrating more desirable characteristic for in situ performance than 
a binder forming fewer fibrils before separation such as in Material A. In addition the 
fibrils can aid in self healing during the warmer summer months through thermal 
activation. decrease in viscosity and filling cracks. 
 
Furthermore the work required for the material to fail, i.e. reach maximum load, was 
calculated; on average it took twice the energy for material A to fail as for material B 
(Table 6. 7). On the other hand, the final separation for material B occurred at larger 
deformations. 
Comparison of the elastic modulus and ductility of the two materials show that at the 
same temperature and deformation rate, material A is 2 times stiffer than B whereas 
B is 4.5 times more ductile.  
 
The choice of specimen type allows comparison of the strains and elastic modulus in 
the composite material (E1 and ε1) and in the binder alone (E2 and ε2). As discussed 
earlier in this Chapter nominal strains are calculated using the extensometer length 
(L01=70.09mm) or the binder film thickness (L02=0.02mm). It can be shown that: 
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Lo            (6.2) 

Using the factor L01/ L02=3504 and L02/ L01= 0.000285 allows calculation of E2 and ε2 

from E1 and ε1 as shown in Table 6. 11; indicating that the binder experiences much 
higher strains than the composite material and has a much lower elastic modulus. 
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Figure 6. 23 Ductility or softening of single specimen tested and mean value. number of 
specimen shown in parenthesis 
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Table 6. 6 Mean mechanical properties for the composite material 

  

Mean mechanical properties  
at 23°C 
  

Mean mechanical 
properties  
at -10°C 

  Fmax  σmax  
ε1 @ 
σmax W failure E  D   Fmax  σmax  

ε1 @  
σmax 

Spec
Type [N] [kPa] [%]  [µJ] [kPa] [kPa] [N] [kPa] [%] 

A 3.39 456.90 4.79E-02 86.84 1638.6 -287.04 33.08 4455.53 0.010 

Aw 2.86 385.16 4.87E-02 123.94 1228.8 -488.87       

Ab 3.40 457.40 6.98E-02 151.07 1014.1 -255.07 27.45 3696.70 0.047 

Abw 1.88 252.76 6.50E-02 47.60 900.03 -262.17       

B 1.21 163.53 3.35E-02 41.08 792.90 -67.23 8.06 1085.45 0.050 

Bw 1.33 179.47 5.39E-02 69.74 411.08 -80.42       

Bc 1.42 191.60 4.04E-02 43.53 680.95 -72.26 11.63 1565.70 0.006 

Bcw 0.99 133.48 7.63E-03 24.55 433.47 -67.64       

 

Table 6. 7 Comparison of overall mean mechanical properties at 23°C for the composite 
material 

Specimen   All A All B A/B 

Fmax  [N] 2.88 1.24 2.32 

σmax  [kPa] 388.06 167.02 2.32 

ε @ σmax [%] 0.06 0.03 1.71 

W failure [µJ] 102.36 44.73 2.29 

E [kPa] 1195.38 579.60 2.06 

D   [kPa] -323.29 -71.89 4.50 

 

Table 6. 8 Effect of temperature 

Specimen A(-10)/A(23) B(-10)/B(23) Ab(-10)/Ab(23) Bc(-10)/Bc(23) A(-10)/B(-10) Ab(-10)/Bc(-10) 

       

Adherend steel steel aggregate aggregate steel aggregate 

σmax [N] 9.75 6.64 8.08 8.17 4.10 2.36 
ε @ σmax 
[%] 0.21 1.50 0.67 0.14 0.20 8.32 

 

Table 6. 9 Effect of water 

Specimen   Aw/A Abw/Ab Bw/B Bcw/Bc 

      

σmax  [kPa] 0.84 0.55 1.10 0.70 

ε @ σmax [%] 1.02 0.93 1.61 0.19 

W failure [µJ] 1.43 0.32 1.70 0.56 

E [kPa] 0.75 0.89 0.52 0.64 

D   [kPa] 1.70 1.03 1.20 0.94 

 

Table 6. 10 Effect of adherend 

Specimen   A/Ab Aw/Abw B/Bc Bw/Bcw 

      

σmax  [kPa] 1.00 1.52 0.85 1.34 

ε @ σmax [%] 0.69 0.75 0.83 7.07 

W failure [µJ] 0.57 2.60 0.94 2.84 

E [kPa] 1.62 1.37 1.16 0.95 

D   [kPa] 1.13 1.86 0.93 1.19 
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Table 6. 11 Comparison of elastic modulus and strain in composite material (E1 and ε1) to 
elastic modulus and strain in the binder (E2 and ε2) 

Spec. Type E1  E2  ε1 @ σmax ε2@ σmax 

  [kPa] [kPa] [%] [%] 

A 1638.60 0.4676 0.0479 168 

Aw 1228.80 0.3506 0.0487 171 

Ab 1014.10 0.2894 0.0698 245 

Abw 900.03 0.2568 0.0650 228 

B 792.90 0.2263 0.0335 117 

Bw 411.08 0.1173 0.0539 189 

Bc 680.95 0.1943 0.0404 142 

Bcw 433.47 0.1237 0.0076 27 

 

6.8. Micro-scale growing damage characterization for asphalt 
concrete  

This section presents a continuum damage characterization for the micro-scale 
damage growth of asphalt concrete in tension in wet and dry state. This model is 
developed using the experimental data presented in previous sections of Chapter 6. 
That means that the damage characterization is valid for the temperature and strain 
rate utilized and it should be expanded to include other strain rates and 
temperatures. 

In general, the influence of damage can be reflected in the reduction of stiffness or 
strength of the material. This influence will be quantified by introducing a damage 
parameter. In order to describe the non-linear part of the hardening and softening 
part of the stress-strain curve the secant modulus is used. The secant modulus Esi is 
determined from ε0 the line intersecting the maximum slope in the elastic region and 
the axis of nominal strain as defined below and shown in Figure 6. 24. 

i

i
siE




            (6.3) 

Where,  

Esi= secant modulus at point i 

ζi=change in stress 

εi=change in nominal strain 

And, Esi=E, within the elastic region. At each strain level, a reduction of the secant 
modulus with respect to the elastic modulus can be calculated and a damage 
parameter defined such that: 

)( isi dEE  1           (6.4) 
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Where, di=damage parameter at point i. According to this definition di=0 indicated no 
damage and di=1 indicated total damage. 

Figure 6. 25 and Appendix B can aid in quantifying damage of different types of 
material at a certain strain. For example at 0.1% strain material Abw has a damage 
factor of 0.7 whereas material Bcw has a damage factor of 0.58. In Figure 6. 25, the 
d=0 i.e zero damage corresponds to ε0, which is different for each material type. 

Furthermore, the analysis of Figure 6. 25 shows that in all cases most part of the 
curve representing damage factor of material A lies above material B indicating faster 
onset and accumulation of damage in material A in comparison to material B.  
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Figure 6. 24 Calculation of the elastic modulus and the secant modulus 

 

Slope=secant modulus at i, Esi 

Slope= elastic Modulus E 

i 

ε0 
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Figure 6. 25 Damage factor for sample of composite material A and B 

 

6.9. Conclusions 

A novel method for the fabrication and tensile testing of specimens with thin films of 
bituminous binders using different adherends was presented. The method was 
implemented using flat mineral aggregate and stainless steel adherends. 
Experiments allowed the observation of material behavior above and below the glass 
transition temperature. Results of uniaxial tensile tests at 23°C and -10°C on 20 µm 
thin films confirm that the tensile strength of bituminous films is strongly dependent 
on temperature and polymer modification, which clearly results in different failure 
mechanisms. The strain experienced by the thin films is orders of magnitude higher 
than that in the asphalt composite. At higher temperatures a reduction in tensile 
strength and enhancement of ductility was observed. The experimental setup allowed 
simultaneous visualization of the failure mechanism of bitumen thin films that was not 
possible by previous experimental setups. Four clear stages before failure were 
observed: initial, necking, voiding and filamentation and separation. Water 
conditioning reduced the ductility of straight run bitumen and, to a lesser extent, 
polymer modified bitumen. When the surfaces were properly prepared (free of oils 
and debris) and the adherend and adhesive heated, failure appeared exclusively 
ductile and cohesive at 23°C, whereas at -10°C a cohesive/adhesive brittle failure as 
well as cohesive brittle failure was observed. At 23°C materials failed above 0.12% 
(600% in bitumen film) strain and at -10°C at above 0.009 % (30% in bitumen film) 
strain.  
It was possible to compare the samples with steel and mineral aggregate adherends 
regarding behavior with and without water conditioning. Water conditioned samples 
with the aggregate adherend had lower elastic modulus, strength and strain at 
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maximum stress and required less energy to failure. Using a mineral aggregate 
adherend did not influence the ductility. These results demonstrate that aggregates 
can facilitate the sorption of water molecules and the resulting reduction in 
mechanical properties. The most significant difference was in the reduction of energy 
to failure. The results show that steel as an adherend as it is commonly used can be 
misleading particularly when water conditioning is of interest. 
Furthermore a damage factor was quantified that demonstrated a faster onset and 
accumulation of damage in material A in comparison to material B.  
Porous asphalt binder – mineral aggregate combinations that were water sensitive in 
terms of standardized tests in the macro (150 mm Ø) (refer Chapter 5) and mega 
scale (in situ) also showed reduction in tensile strength in the micro scale. Polymer 
modified binder-aggregate combinations were less water sensitive. Furthermore, 
these results show that polymer modification improved the low temperature micro-
mechanical behavior of bitumen as seen in the mega scale (porous asphalt in situ) 
and in macro scale (150 Ø mm) confirming that it is in the micro scale where 
performance determining phenomena find their origin. 
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Chapter 7 Physical Mechanism and Analysis of Failure of 
Bitumen Films 

7.1. Summary 

In this Chapter, employing the experimental set-up developed as described in 
Chapter 6, the failure phenomena of a viscoelastic thin film of bitumen under direct 
tension tests is further studied in detail, experimentally and theoretically. Using video 
recording and image processing techniques, the time evolution of failure and film 
disintegration and separation phenomena was studied. This technique allowed the 
identification of an additional failure stage for the non polymer modified binder than 
the four identified in Chapter 6, namely light transparent thinning before void 
nucleation. These failure stages were further identified and recorded. The method 
allowed behavioral distinction between the straight run bitumen and the polymer 
modified bitumen in terms of their stages to final separation. As the upper spindle 
slowly moves vertically, in addition to shear forces demonstrative of viscous effects, 
gravity and capillary forces act on the bitumen film. In order to understand the relative 
effect of these forces the order of magnitude of a host of relevant dimensionless 
groups, representing ratios of these forces is considered and discussed. The analysis 
of the above numbers has given a qualitative indication that the flow in bitumen is 
dominated by viscous effects although capillary forces do play a role at later stages 
with negligible inertia and gravitational effects. 

7.2. Experimental set up and test procedure 

The direct tensile tests discussed in detail in the previous Chapter have revealed 
interesting failure phenomena exemplified by four stages for the binders investigated 
(Chapter 6). In this Chapter, these failure phenomena are investigated in depth and 
analyzed using video recording and image processing techniques enabling the study 
of time evolution of failure behavior. 
It was shown in Chapter 6 that the failure mechanism stages away from the adherend 
region do not markedly depend on the type of adherend; therefore, this Chapter 
focuses on the binder only with stainless steel adherends. The binder dimension 
used is 20 µm x 4.95 x 1.5 mm2. The experimental set up consists of a top spindle 
(top steel inset) that moves in the vertical direction and a bottom plate (bottom steel 
inset) that is stationary, a continuous light source, a high speed camera and a 
computer to acquire the data (Figure 7. 1).  
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Figure 7. 1 Experimental set up showing the specimen, light source (front illumination) and 
camera 
 

The two types of specimen investigated, namely specimen with straight run and 
polymer modified bitumen, were fabricated using the herein developed protocol 
explained in Chapter 6 (Table 6. 4) using steel substrates. After fabrication, some 
specimen were water conditioned yielding four specimen types, filmed from front, 
back and side resulting in seven valid experiments as shown in Table 7. 2 for sample 
types Type A, Aw, B and Bw (refer Table 6.2). After fabrication and water 
conditioning, the specimen was placed in the tensile machine and the direct tension 
tests were performed using a vertical displacement rate of 0.1 mm/min. In order to 
observe the effect of deformation rate, one case was tested at 5 mm/min (Figure 7. 
10). The tests were conducted in a conditioned room at 23°C and 50% humidity. A 
Color CMOS (Charged Metal Oxide Semiconductor) camera with 1280x1024 pixel 
resolution (Thorlabs, Germany) was employed for the recording process. The video 
recording rates were 8 frames per second (fps). The video images were transformed 
to digital image sequences of bitumen failure evolution using MATLAB. The 
experiments at 0.1mm/min lasted approximately one hour resulting in ca 30,000 
images whereas the experiments at 5mm/min lasted a few minutes and resulted in 93 
images. 
In the first series of tests, the specimen were illuminated from the opposite side than 
the camera (backlit images), so that the camera could record a silhouette of the 
specimen only. The resulting black and white image allows easier post processing of 
data as well as easier visualization of void nucleation and thinning. The second 
series of tests were performed with the light illuminating the specimen from the same 
side as the camera (Figure 7. 1). This method allows the surface development during 
the failure to be observed. Additionally, some cases were filmed from the side in 
order to observe the failure in both planes. Figure 7. 4 and Figure 7. 5 show 
snapshots of front, back and side views for specimen A, Aw, B and Bw. 

7.3. Experimental observations 

As a result of the direct tensile tests, the bitumen was subjected to longitudinal 
stretching strain ε in its plane (z-direction in Figure 7. 2). This configuration allows for 
the experimental study of the necking and break-up of the viscoelastic fluid. It was 
observed that each bitumen film stretches to form a sheet and stays flat (in the x-z 
plane) up to a critical value εc < ε. The behavior of the two types of binders diverges 
from this point on. Bitumen A (straight run) becomes light-transparent whereas 
Bitumen B (polymer modified) develops striations. Upon further stretching voids 
appear. As shown earlier in Figure 6. 18b, at stage 2 (Figure 6. 14) and Figure 7. 3 a 
periodic pattern of striations appear in material B before void nucleation and the final 
separation. 
 

Camera 

Specimen 

Light 
source 
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For the purpose of demonstration, snapshots of the deformation process of three 
representative specimens are shown in a time series format so that the failure 
development can be demonstrated. Figure 7. 8 and Figure 7. 9 show a sample of 
material A and B respectively at 0.1 mm/min deformation rate and Figure 7. 10 shows 
material B at 5 mm/min deformation rate.  
 

 
Figure 7. 3 Formation of striations for material Bc 

 
The video recordings enabled the detailed observation of the four deformation stages 
identified in Chapter 6, namely, initial, necking, filamentation and voiding and 
separation. As a result of these detailed observations, the video recordings allowed 
additionally the identification of an intermediate stage for material A, which is light 
transparent thinning before voiding, as shown in Figure 7. 8. It is clear that both 
materials thin as the experiment goes on, however, only material A exhibits thinning 
to the degree of light transparency. All stages are discussed in detail in Figure 7. 8 
and Figure 7. 9 and Figure 7. 10. Table 7. 2 summarizes the failure phenomena for 

σ1 

F 

F X 

Z 

Figure 7. 2 General stress state during uniaxial tension tests in the necking region 
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each specimen type. The specimen discussed in Table 7. 2 represents examples for 
each material type and not intended for statistical analysis. 
The following parameters have been identified and plotted for A, Aw, B and Bw 
(Figure 7. 7 and Table 7. 1) as relevant for the characterization of the failure 
mechanism and for comparison of the behavior of the materials investigated: 

dn=Deformation at which necking begins in mm 

dth=Deformation at which light transparent thinning begins if any in mm  

dh=Deformation at which first void appears in mm 

dd=Deformation at which most of the space is filled with voids and the material is 
drastically depleted in mm 

ds=Deformation at which separation occurs in mm. 

 

 

 

 

AW52 
Binder A water conditioned 
Back illuminated 

A51 
Binder A front illuminated 

A52 
Binder A side view 

Figure 7. 4 Snapshots of binder A  

 

 

 

BW51 
Binder B water conditioned 
Back illuminated 

B52 
Binder B side view 

Figure 7. 5 Snapshots of binder B 
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Summary of observations 

The behavior of the investigated bitumen types, based on the experimental 
observations, can be summarized as follows (the observations will be first itemized 
and subsequently, in section 7.4, discussed and explained as needed): 

1. Due to imperfections always present in realistic experiments and materials, the 
initial behavior is not exactly symmetric in some cases but a certain patterning 
mode exists.  

2. After the material reaches the peak force, its structural integrity is reduced 
microscopically as indicated by a decrease in force, however, macroscopically 
no change can be observed. The first evidence of a change in the material, i.e. 
necking, occurs well after the peak stress. In other words, there is a marked 
time delay between the force measurement and the visual observation 
regarding structural integrity. 

3. Contact angles of bitumen A and B at the interface with the substrate, in this 
case steel, shown in Figure 7. 6 indicate wetting of the substrate (refer section 
2.2.3). A significant difference in the surface tension could not be seen as 
confirmed by the measurements in section 3.3.3. 

 

  

Figure 7. 6 Contact angle on straight run bitumen A left and polymer modified bitumen B right 
with the steel substrate at 0.1mm/min deformation rate 

 

4. As shown in Figure 7. 8d, Figure 7. 9d and Figure 7. 7, Material A shows 
earlier void formation (dh) than Material B. 

5. Light transparent thinning process is observed only in Material A (Figure 7. 8). 

6. Thinning in Material A is non-uniform due to inhomogeneity of the material. 

7. After voiding, the structural integrity of material B (Figure 7. 9) is higher than 
material A (Figure 7. 8) as Material A also thins to the extent that it is light 
transparent. This can be visualized additionally using the side views in Figure 
7. 4 and Figure 7. 5  

8. It can be assumed that the material is initially isotropic as the constituents are 
randomly distributed as discussed in Chapter 3. As the experiment proceeds, 
the system becomes anisotropic. As evident by the formation of striations and 
elongated shape of voids and direction of filaments in the z direction. This is 
the case for all types of Material A and B water conditioned or not. 

9. When front illuminated, the formation of striations in material B can be 
observed (Figure 7. 3). 

θA θB 
 

1mm 
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10. The shear stresses deform the binder structure into domains that are 
elongated in flow direction. 

11. Material A displays rounded edges around the voids and neck due to surface 
tension. Material B shows more square shaped voids and elongation of part of 
the structure referred to earlier as striations. This elongated shape is typical of 
polymer deformation. 

12. Necking and voiding occur well into the plastic region. Necking occurs around 
the inflection point of the load displacement diagram in the plastic region.  

13. The examples shown in Figure 7. 7 and Table 7. 1, indicated that water 
conditioning accelerated necking of both materials and decreased the time to 
drastic depletion of the material. 

14. Higher deformation rate accelerated the necking (dn) and deterioration of the 
material (Figure 7. 9 and Figure 7. 10).  

15. As shown in Figure 7. 4, the resolution of the side view snapshots is inferior to 
the front view snapshots because the material is filmed at different depths. 

 

 

 

 

Table 7. 1 Time of failure mechanism and caclulated displacement for a sample of each 
material type 

Specimen dn dn dth dth dh dh dd dd ds ds 

  [s] [mm] [s] [mm] [s] [mm] [s] [mm] [s] [mm] 

A42 58 0.0967 293 0.488 477 0.795 1329 2.215 2954 5.010 

Aw52 20 0.0333 571 0.952 
  

2520 4.200 
 

7.746* 

B44 100 0.1667 
  

666 1.11 1440 2.400 3385 5.642 

Bw51 50 0.0833     840 1.4 1260 2.100 1884 3.140 

* No separation, value indicates length at end of experiment 

Figure 7. 7 Failure mechanisms for a sample of each material type 
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a. Frame 1 
t=0s 
L=0mm 

 
b. Frame 596 
t=74.4s 
L =0.124mm 
Asymmetric necking  

 
c. Frame 3194 
t=399s 
L =0.665mm 
Growth of neck and 
thinning (light transparent) 

 
d. Frame 3946 
t= 493s 
L =0.822mm 
voids formation in thinned 
area 

 
e. Frame 4461 
t=557.5s 
L =0.929mm 
more voids, void 
elongation 

 
f. Frame 7712 
t=963.9 
L =1.606mm 
Void elongation, 
filamentation 

 
g. Frame 10983 
t=1372.8s 
L =2.288mm 
voids elongating 
Filaments elongating 

 
h. Frame 16072 
t=2008.9s 
L =3.348mm 
Complete filamentation  

 
i. Frame 24018 
t=3002.13s 
L =5.0mm 
Last filament recession 

Figure 7. 8 Specimen A42 (Type A, series 4, number 2)  
Time series showing the failure process of a bitumen film. Necking, thinning, elongation, void 
nucleation, filamentation and separation. Deformation rate=0.1mm/min, frame acquisition: 8/s. 
Original 1280X1024 pixels, cut image 563x471 pixels 
 

4.95mm 
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a. Frame 1 
t=0s 
L=0mm 

 
b. Frame 1077 
t=134.5s 
L=0.224mm 
Asymmetric necking  

 
c. Frame 3194 
t=399s 
L=0.665mm 
Growth of neck and 
thinning (not light 
transparent) filamentation 

 
d. Frame 5534 
t=691.63s 
L=1.153mm 
Voids formation  

 
e. Frame 6155 
t=769.25s 
L=1.282mm 
More voids formation, void 
elongation 

 
f. Frame 7856 
t=981.88 
L=1.636mm 
Void elongation, 
filamentation 

 
g. Frame 17327 
t=2165.75s 
L=3.609mm 
Complete filamentation 

 
h. Frame 27234 
t=3404.13s 
L=5.674mm 
Last filament  

 
i. Frame 27422 

t=3427.63s 
L=5.71mm 
Last filament scission and 
recession 

Figure 7. 9 Figure Specimen B44 (Type B, series 4, number 4) 
Time series showing the failure process of a bitumen film. Necking, elongation, void 
nucleation, filamentation and separation. Deformation rate=0.1mm/min, frame acquisition: 8/s. 
Original 1280X1024 pixels, cut image 563x471 pixels 
 

 
 

4.95mm 
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a. Frame 1 
t=0s 
L=0mm 

 
b. Frame 6 
t=2.5s 
L=0.208mm 
Asymmetric necking and 
first void on the right side 

 
c. Frame 16 
t=7.5s 
L=0.625mm 
Growth of neck and void 
onset of filamentation 

 
d. Frame 21 
t= 10s 
L=0.833mm 
More voids formation and 
void enlargement 

 
e. Frame 30 
t=14.5s 
L=1.208mm 
Void elongation, voids 
joining, more filamentation 

 
f. Frame 46 
t=22.5s 
L=1.875mm 
Solely filamentation  
elongation and break up of 
filaments 

 
g. Frame 86 
t=42.5s 
L=3.542mm 
Filament elongation 

 
h. Frame 87 
t=43s 
L=3.583mm 
Filament break up 

 
i. Frame 93 
t=46s 
L=3.833mm 
Last filament recession 

Figure 7. 10 Figure Specimen B42 (Type B, series 4, number 2)  
Time series showing the failure process of a bitumen film. Necking, elongation, void 
nucleation, filamentation and separation. Deformation rate=5mm/min, frame acquisition: 2/s. 
Original 1280X1024 pixels, cut image 603x485 pixels 

 

 

4.95mm 
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Table 7. 2 Summary of failure phenomena of individual specimen type A and B 

Specimen 
# 

Deformation 
to separation 
ds [mm] 

Failure Process 

A42 
Front view 
Back 
illumination 

5 Asymmetric necking at first 
Center thinning then two other points 
Thinned areas elongated 
Void formation in thinned areas middle of specimen 
Void elongation and growth leading to filamentation 
End stage only five fibrils, elongated, thinned and 
broken 

A51 
Front view 
Front 
illumination 

6 Symmetric necking 
Thinning in middle of sample 
Void nucleation in thinned areas 
Void elongation-joining- voids with rounded edges 
Fibril formation-thinning-failure 

A52 
Side view 
Back 
illumination 

0.42 Symmetric necking 
One body elongation, thinning and failure 

Aw52 
Front view 
Back 
illumination 

6 Asymmetric necking at first 
Thinning at two points almost middle of specimen 
Three thinned regions growing elongating 
Necking joined to one asymmetric filament, elongated. 
Deformation reached max of 6mm  

B44 
Front view 
Back 
illumination 

5.7 Asymmetric necking at first 
Thinning (not light transparent) 
Void formation at several spots middle of specimen 
Void elongation and growth and joining leading to 
filamentation 
Filaments, elongated, thinned and broken 

B52 
Side view 
Back 
illumination 

2.1 Symmetric necking 
One body elongation, thinning and failure 

Bw51 
Front view 
Back 
illumination 

2.2 Symmetric necking  
Thinning (not light transparent) 
Necking elongated 
Void nucleation center, void elongation 
Voids joining elongation, less filamentation than B44-
failure  
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7.4. Discussion and analysis 

During testing, the binder-adherend system is kept in a continuous non-equilibrium 
state by constant upward movement of the upper spindle resulting in shear flow of 
the bitumen. As discussed in Chapter 3, physically, bitumen has a colloidal structure 
consisting of high molecular weight asphaltenes dispersed in a low molecular weight 
gel called maltenes. In addition, binder B contains high molecular weight SBS 
polymers. The behavior of fluids, and in particular with reference to the present work 
of non-Newtonian fluids, under continuous shear flow has been studied extensively. 
In non-Newtonian fluids the apparent viscosity depends on the shear rate. Ukwuoma 
& Ademod (1999) have shown that at a given temperature, the apparent viscosity of 
bitumen increases with an increase in the shear rate. Furthermore, they have shown 
that at higher temperatures, behavior of Bitumen becomes more Newtonian. In the 
current case at the test temperature of interest i.e. 23°C as measured and discussed 
in section 3.3.1, the behavior of bitumen is clearly non-Newtonian. It has been shown 
that initially isotropic polymer mixtures can exhibit a demixing behavior, the domain 
growth being in the flow direction, leading to anisotropic domain structure. Derks et 
al. (2008) have studied the phase separation of a colloid polymer mixture under 
shear. They have shown that shear deforms the structure into domains that are 
elongated in flow direction (Figure 7. 11) similar to the observations made for bitumen 
(Figure 6. 18). Moreover Derks et al have shown that the coarsening of the structure 
is interfacial tension driven. 

 

  

Figure 7. 11 Shear drastically deforming the structure of a colloid polymer mixture from a no 

shear state, left into elongated domains, right, in the flow direction Image size is 750 × 750 μm
2
 

[Derks et al 2008]  

McKinley (2005) has observed that as the width of fluid in the necking region 
decreases, the capillary pressure inside the fluid increases and at a critical time will 
exceed the yield stress. Appearance of the stringy threads is due to high molecular 
weight additives, in this case, the high molecular weight additives are the polymers. 
Experimental results here have shown that addition of polymers has inhibited break 
up. This is demonstrated by the fact that the examples studied, exhibited earlier 
formation of neck and voids in Material A (dnA<dnB and dhA<dhB) in Figure 7. 7. This 
result is in agreement with other studies [McKinley 2005].  
 
As the upper spindle slowly moves up vertically, in addition to shear forces 
demonstrative of viscous effects, gravity and capillary forces act on the bitumen film. 
In order to understand the relative effect of these forces it is useful to consider the 
order of magnitude of a host of relevant dimensionless groups, representing ratios of 
these forces [Rein 2002, Kandlikar 2006]. It is worth noting that due to the complexity 
and the non-Newtonian nature of the Bitumen (the fluidic details of which are outside 
the scope of this dissertation), featuring, for example, variable, shear-dependent 
viscosity, the values of these dimensionless groups are only to be taken as 
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approximate, order of magnitude estimates of the forces at play, that nevertheless 
provide valuable information on the related physics of the process. The 
dimensionless groups of interest are: the Bond number, the Capillary number the 
Weber number the Reynolds number and the Ohnesorge number. 
The Bond number, notated Bo, is a dimensionless number expressing the ratio of 
body forces (in this case gravitational) to surface tension forces: 
 
Bo= (ρgL2)/ζ≈ Gravitational forces/surface tension     (7.1) 

 
The capillary number, Ca, is a dimensionless number that represents the relative 
effect of viscous forces versus surface tension acting across an interface between a 
liquid and a gas, or between two immiscible liquids. Ca is defined as: 
 
Ca= η V/ζ≈viscous forces/surface tension      (7.2) 

 

The Weber number, We, is a dimensionless number that is used in analyzing fluid 
flows where there is an interface between two different fluids (in this case Bitumen 
and air). It is a measure of the relative importance of the fluid inertia compared to its 
surface tension. We is defined as: 

 

We= (ρLV2)/ζ≈Inertia/surface tension       (7.3) 

 

The Reynolds number, Re, is a dimensionless number calculated from the ratio of 
inertial forces (ρV2/L) to viscous forces (ηV/L2) and quantifies the relative importance 
of these two types of forces for given flow conditions. Therefore:  

 

Re= VL/ ν           (7.4) 

 

The Ohnesorge number, Z, is a dimensionless number that relates the viscous forces 
to the combined effects of inertial and surface tension forces. 

 

Z= η/(ρζL)1/2=We1/2/Re≈viscous forces/(inertia and surface tension) ½  (7.5) 

 

Where: 

V is the mean fluid velocity [m/s] 

L is a characteristic linear dimension for example traveled length of fluid [m] 

η is the dynamic viscosity of the fluid [Pa·s or N·s/m² or kg/(m·s)] 

ν is the kinematic viscosity ν = μ / ρ [m²/s] 

ρ is the density of the fluid [kg/m³] 

ζ is the surface tension [J/m2] 

g is the acceleration associated with the body force, almost always gravity [m/s2] 
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Table 7. 3 Physical properties of Binder A and B and corresponding non dimensionalized 
numbers 

   
Binder A Binder B Comments 

 Parameter Symbol Unit 
    Density ρ kg/m3 1023 1023 

  Dynamic viscosity at 23°C, 0.1 Hz η Pa s 5.00E+05 4.00E+05 
  Surface tension at 23°C σlv J/m2 0.026 0.031 
  Acceleration due to gravity g m/s2 9.81 9.81 
  Kinematic viscosity ν=η/ρ m2/s 488.76 391.01 
  Characteristic velocity V m/s2 1.67E-06 1.67E-06 
  Characteristic length L1 m 2.00E-05 2.00E-05 t1 

Characteristic length L2 m 1.00E-03 1.00E-03 t2 

Bond Number  Bo1=(ρgL12)/ σ - 1.54E-04 1.29E-04 t1 

Bond number  Bo2=(ρgL22)/ σ - 3.86E-01 3.24E-01 t2 

Capillary Nr. Ca=ηV/ σ - 3.21E+01 2.15E+01 
  Reynolds Nr. Re1=VL1/ ν - 6.82E-14 8.53E-14 t1 

Reynolds Nr. Re2=VL2/ ν - 3.41E-12 4.26E-12 t2 

Weber Nr. We1=(ρL1V2)/ σ - 2.19E-12 1.83E-12 t1 

Weber Nr. We2=(ρL2V2)/ σ - 1.09E-10 9.17E-11 t2 

Ohnesorge Nr. Z1=η/(ρσL1)1/2 - 2.17E+07 1.59E+07 t1 

Ohnesorge Nr. Z2=η/(ρσL2)1/2 - 3.07E+06 2.25E+06 t2 
(1) t1= start of experiment 

(2) t2=Intermediate time stage indicates where void nucleation has not yet occurred 

 

Table 7. 3 shows the material properties and the corresponding estimated values of 
the above mentioned dimensionless numbers obtained based on these properties, 
for the conditions of the present experiments.  

As shown in Table 7. 3, the Bond, Reynolds, Weber and Ohnesorge numbers 
depend on a characteristic length. In this study, the characteristic length varies from 
the beginning to the end of a typical elongation experiment. As a result there is a 
range for these numbers, corresponding to the effect of the forces they represent as 
described above. This range was estimated by using two typical lengths, namely, 
thickness of the film at the beginning of the experiment (L1=20 μm) and at an 
intermediate stage of the experiment (L2=1mm). The intermediate stage of the 
experiment is chosen here because at later stages the binder disintegrates and the 
relevant characteristic lengths become much smaller and depend on the filament size 
as discussed later in this chapter. The other important parameter whose scale varies 
from the beginning to the end within the bitumen domain is the velocity. The effect of 
velocity on the relevant dimensionless groups will be discussed later in this section 
(Figure 7. 12). Table 7. 3 summarizes the result of calculation of the non-dimensional 
group based on fundamental considerations and their significance and relevance to 
micro-flow of bitumen at 23°C are summarized in Table 7. 4. 
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Table 7. 4 Non-dimensional group based on fundamental considerations [Adapted from 
Kandlikar et al. 2006] 

Non-dimensional number Significance Relevance to micro flow of 
bitumen 

Bond number Bo 

Bo=(ρgL2)/σ 

Bo represents the ratio of 
gravitational force to surfaced 
tension force 

initially<O(1) indicating that 
surface tension dominates over 
gravity.  As the characteristic 
length increases, gravity 
becomes of comparable 
importance 

Capillary number Ca 

Ca=ηV/σ 

Ca represents the ratio of 
viscous to surface tension 
forces 

Due to the high viscosity of 
bitumen viscous forces 
dominate over surface tension 

Reynolds number Re 

Re= VL/ ν 

Re represents the ratio of 
viscous effects in comparison to 
inertia 

Due to the high viscosity, 
viscous effects dominant in 
comparison to inertia 

Weber number We 

(ρLV2)/ σ 

We represents the ratio of the 
inertia forces to the surface 
tension forces 

We remained below one 
throughout indicating relatively 
low effect of inertia forces in 
comparison to surface tension 

Ohnesorge number Z 

Z=η/(ρσL)1/2 

Z represents the ratio of viscous 
to square root of inertia and 
surface tension forces 

Viscous forces dominant 
compared to inertia and surface 
tension 

   

 

As shown in Table 7. 3 and Table 7. 4; the capillary number remains unchanged at L1 
and L2, as it is not dependent on the length. The low Reynolds number also is an 
indication that the flow is laminar and the viscosity dominates over inertial effects, 
which is typical for polymeric materials. The Weber number remains low indicating 
minor inertia effects on the fluid, relative to surface tension. This also makes physical 
sense since the velocity is very low (0.1mm/min). The Capillary number remains 
above O(1) indicating that viscous forces are markedly stronger than capillary forces. 
The Bond number is an indication that gravity is not a factor in this experiment except 
perhaps at the later stages. The Ohnesorge number indicates that viscous forces are 
more dominant than the combined effect of inertia and surface tension.  

The characteristic length and the characteristic velocity will be looked at in more 
detail as these values change with time and location within the bitumen film. For the 
purpose of demonstration, the two specimen of Figure 7. 8 and Figure 7. 9 were 
analyzed in further detail around the necking region and results are depicted in 
Figure 7. 12 and Table 7. 5. Both types of bitumen are shown at the same three 
points in time (t1=963s, t2=1210s and t3=1763.75s). The characteristic length 
(L=1mm) used is the width of one ligament of bitumen at t1. The characteristic 
velocity is calculated from the change in lateral position of the necking region (Δx) as 
shown in Figure 7. 12 and Table 7. 5 divided by the lapsed time at stage a and b. 
Using the local length and velocity gives a better representation of the forces at play 
at the ligament local level. As shown in Figure 7. 12 and Table 7. 5, the capillary 
number is now less than that calculated in Table 7. 3 for the global characterization, 
indicating that capillary forces are becoming also important compared to viscous 
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forces at the necking region for both materials.  However, as the speed at stage b 
and c indicate the speed of depletion in binder A is faster than binder B and secondly 
the speed of depletion in binder B changes with time more than binder A.  

The analysis of the above numbers gives a qualitative indication that the flow of 
bitumen is driven by viscous stresses although capillary forces do play a role at later 
stages with negligible inertia and gravitational effects. 

 

Table 7. 5 Calculation of the non- dimensionalized numbers for the necking region at a specific 
point in time for two binder types shown in Figure 7. 12 

Stage Specimen A42 
 

Specimen B44 
 

b: development from a to b vx=(xb-xa)/(tb-ta)=Δx/Δt 

=3.7E-07m/s 

L=1.0 mm (ligament width at frame 
7712) 

Bo= 0.386 

Ca=6.92 
Re=7.37E-13 
We=5.1E-12 
Z=3.07E+06 

vx=(xb-xa)/(tb-ta)=Δx/Δt 

=1.84E-07m/s 

L=1.0 mm (ligament width at frame 
7712) 

Bo= 0.324 

Ca=2.90 
Re=5.75E-13 
We=1.67E-12 
Z=2.25E+06 

c development from b to c vx=(xc-xb)/(tc-tb)=Δx/Δt 

=3.6E-07m/s 

L=1.0 mm (ligament width at frame 
7712) 

Bo=0.386 

Ca=7.1 
Re=7.57E-13 
We=5.39E-12 
Z=3.07E06 

vx=(xc-xb)/(tc-tb)=Δx/Δt 

=2.25E-07m/s 

L=1.0 mm (ligament width at frame 
7712) 

Bo=0.324 

Ca=2.37 
Re=4.71E-13 
We=1.12E-12 
Z=2.25E06 
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Stage Specimen A42 Specimen B44 

a 

 

Frame 7712 
t=963.0s 
L=1.606mm (vertical) 
x=0.34mm (lateral) 

 

Frame 7712 
t=963.0s 
L=1.606mm (vertical) 
x=0.24 (lateral) 

b 

 

Frame 9680 
t=1210 s 
L=2.0165 mm (vertical) 
x=0.431 mm (lateral) 

 

Frame 9680 
t=1210 s 
L=2.0165 mm (vertical) 
x=0.288 mm (lateral) 

c 

 

Frame 14111 
t=1763.75s 
L=2.939mm (vertical) 
x=0.631 mm (lateral) 

 

Frame 14111 
t=1763.75s 
L=2.939mm (vertical) 
x=0.41 mm (lateral) 

Figure 7. 12 Calculation of the non-dimensionalized numbers for the necking region at a 
specific point in time for two binder types 

 

0.34 

0.41 

0.24 

0.63
1 

4.95 mm 

0.431 

0.288 
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Capillary pressure difference 

As discussed earlier, an important driving mechanisms acting on the bitumen and 
affecting its flow is capillary pressure. It is important that the role of this mechanism is 
better understood. The schematic in Figure 7. 13 depicts the front view of the 
bitumen film shortly after necking. As seen experimentally and shown in Figure 7. 8, 
Figure 7. 9 and Figure 7. 10. Bitumen wets the adherend and, as a result, the radius 
in the contact region in plane x-z, R2A is much smaller than the radius in the middle of 
the specimen R2B. In addition in plane x-y, i.e. the cross section of the fluid, due to 
more thinning in the middle of the specimen, radius R1A (just below the contact 
surface) is larger than radius R1B. 

 

 

The Young–Laplace equation (7.6) describes the capillary pressure difference across 
the interface between two static fluids, in this case bitumen and air, due to surface 
tension. It relates the pressure difference to the curvature of the surface 1/R. As seen 
in the Young-Laplace equation, in the absence of curvature the capillary pressure 
difference across the interface is absent. Using this equation the capillary pressure 
differences at sections A and B are defined as follows: 

The capillary pressure difference across the interface at point A close to the contact 
surface of bitumen and the substrate is: 

)
11

(
21 AA

aA
RR

PP            (7.6) 

Similarly the capillary pressure difference across the interface at point B is: 

)
11

(
21 BB

aB
RR

PP            (7.7) 

Where, 

R1B 
 

R1A 
 

X 

Y 

X 

Z 

Spindle movement direction 

Contact region 

R2A 

R2B 

o 

Contact region 

Figure 7. 13 Deformation state of bitumen film in uniaxial tension showing radius of curvature 
at different cross sections  
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P= pressure insider the fluid 

Pa= Atmospheric pressure 

R1 and R2 = Radius of curvature in the x-y and x-z planes respectively 

Subtracting the above equations side by side yields 

0)
1111

(
2211


BABA

BA
RRRR

PP 
      (7.8)

 

As the test proceeds the cross section B continues to thin and R1B becomes smaller 
than R1A: 

R1A>R1B 

The bitumen wets the substrate and does not separate from it during the tension test. 
The wetting behavior is described by the contact angle between the bitumen and 
substrate typical values of which are markedly lower than 90°. From the experiments 
it can be observed that: As shown in the diagram above R2A is the radius of curvature 
between bitumen and the substrate and is much smaller than the radius of curvature 
of the bitumen at point B therefore: 

R2B>>R2A 

This implies that in equation 7.8 

P1A<<P1B 

Therefore, when capillarity is a factor, the capillary pressure difference will drive the 
flow up from the center (B) towards the top A (or bottom) thinning the middle region. 
In realistic experiments there is always asymmetry resulting in the asymmetric void 
formations as seen in the examples of Figure 7. 8, Figure 7. 9 and Figure 7. 10. 

Analogous to the above derivations and as shown in Figure 7. 14, capillary pressure 
difference drives the bitumen between the holes towards the center and up and down 
causing enlargement of the holes. 
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7.5. Conclusions 

Based on order of magnitude analysis of the relevant dimensionless groups, the 
relative importance of the interweaved physical mechanisms governing the behavior 
of the material during the direct tension tests was estimated. Subsequently, the effect 
of capillarity as a driving mechanism of the flow of bitumen at later stages of the test 
leading to and during the formation of holes was investigated. It was shown that 
capillary pressure difference drives the bitumen between the holes towards the 
center and up and down causing depletion of the material in the center and 
enlargement of the holes. Video recording and image processing of straight run 
bitumen and polymer modified bitumen have shown distinct failure mechanisms of 
the two types of binders. This is exemplified by light transparent thinning as well as 
lower radius of curvature of material A suggesting higher capillary pressure driven 
effects of straight run bitumen in comparison to polymer modified bitumen. There is a 
marked time delay between the force measurement and the visual observation 
regarding structural integrity. Contact angle between bitumen and substrate indicated 
good adhesion for both binders investigated although no significant difference in the 
contact angle could be seen.  

 

R1B 
 

R1A 
 

X 

Y 

X 

Z 

Spindle movement direction 

Contact region 

R2A 

R2B 

Contact region 

Figure 7. 14 Capillary pressure difference drives the bitumen between the holes towards the 
center and up and down causing enlargement of the holes, arrows show flow lines 
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Chapter 8 Conclusions, Recommendation, Future Research 
Needs 

8.1. Conclusions  

 

8.1.1. Microstructure 

Direct observations of porous asphalt samples in their natural state using optical and 
electron microscopy techniques led to useful information regarding the microstructure 
of two mixes with very different in situ performance. This information could not be 
obtained by other means.  
 
The microscopic observations made, corroborated field performance in that better 
performing mixes had specific “more desirable” microstructural features than the 
poorer performing mix. Therefore it was concluded that optimization techniques 
should take into account the effect on the microstructure. 
 
Microscopic observations of the asphalt mix delivers important information as each 
mix has gone through a unique series of mechanical, chemical and thermal 
treatments before it is placed in the road, all contributing to its final microstructure. 
 
A more homogeneous void structure was the result of the mixes produced with 
polymer modified bitumen. Better performing mixes had a more desirable void 
structure with fewer or less elongated voids and better interlocking of the aggregates.  
 
Microstructural changes due to different compaction methods could be observed. The 
results confirm that laboratory and field compaction produce different samples also in 
terms of microstructure. Gyratory compaction produced more micro-cracks in mineral 
aggregates after the binder had cooled down. Therefore, compaction of porous 
asphalt should be optimized in order to minimize micro-crack formation due to corn 
on corn contact. 
 
Polymer modified mixes showed better distribution of the mastic and better coverage 
of the aggregates than non polymer modified mixtures.  
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Polymer modified mixes with micro-cracks in mineral aggregate showed that the 
binder continued to bridge the aggregates within the crack through the appearance of 
fibrils. 
 
SBS polymer modification in binder exists in the form of discontinuous globules and 
non continuous networks in the concentrations used. A reduction in the polymer 
phase is seen due to aging and in service use and the resulting chemical and 
physical exposure. 
Trinidad NAF501 natural asphalt was not a suitable binder for porous asphalt as 
indicated by the resulting suboptimal microstructure which corroborated the inferior 
field performance. 
 

8.1.2. Macro scale fatigue behavior 

Fatigue tests using the coaxial shear test, CAST, corroborate observations of the 
micro structure in assessing water sensitivity of field cores of conventional porous 
asphalt as well as twin lay PA.  
Fatigue behavior of dry specimen can differ significantly from water submerged 
specimen. The tests showed for all but two material types a pronounced reduction in 
the modulus in wet condition. This decrease was increased with each temperature 
cycle. This result indicates that water conditioning should be an integral part of 
mechanical performance analysis, optimization and material selection of porous 
asphalt. 
The only mix type not made with polymer modified bitumen (AG2) was one of the 
most water sensitive. Using fatigue data, more insight was gained into the material 
performance exemplified by the development of complex modulus under cyclic load 
and in wet and dry condition.  
The fatigue tests showed twin lay PA to be performing well under wet conditions. The 
insight gained by water submerged fatigue tests with CAST corroborated field surface 
degradation results in distinguishing degraded pavements. These results could not 
be gained by the conventional indirect tensile strength ratio (ITSR) and can aid in 
appropriate material selection, optimization and evaluation.  
Additionally, these results are in agreement with observations of the micro structure 
where indications of suboptimal performance for mixes that did perform suboptimally 
in laboratory tests and field inspections were observed. 
 

8.1.3. Micro-scale tensile behavior 

Although PA is a modern road material with many advantages, due to its high 
porosity, when compared to dense asphalt concrete, it deteriorates faster and must 
be replaced at substantial economic costs. In reality the binder exists only in the form 
of thin films. Therefore, understanding the process of deterioration and exploring 
avenues of material improvement of thin films of bitumen is of great importance. 

8.1.3.1. Adhesive vs. cohesive failure 

Previous investigations into the cause of raveling of porous asphalt have concluded 
that the adhesive zone between stones and mortar was the weakest link and where 
the material failed in laboratory tests. The results presented in the current work show 
that under laboratory controlled conditions, when the adhesive zone is properly 
prepared, that is free of oil and debris, the cohesive zone is the weakest link. This 
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leads to the conclusion that improving material preparation techniques could aid in 
material performance. 

8.1.3.2. Effect of polymer modification 

A distinct difference was seen between the polymer modified binder and non 
modified binders, with the former being more ductile. Composite samples made with 
polymer modified binder-aggregate combinations were less water sensitive. The 
results also show that polymer modification improved the low temperature micro-
mechanical behavior of bitumen. 

8.1.3.3. Effect of water conditioning 

Water conditioning reduced the ductility of straight run bitumen and, to a lesser 
extent, polymer modified bitumen. Water conditioning did not affect the micro-scale 
ultimate strength of the material significantly. Water conditioned specimen of both 
polymer modified and non modified binders were significantly less ductile. 

8.1.3.4. Effect of temperature 

Experiments allowed the observation of material behavior above and below the glass 
transition temperature. Results of uniaxial tensile tests at 23°C and -10°C on 20 µm 
of thin films confirm that the tensile strength of bituminous films is strongly dependent 
on temperature and polymer modification, which clearly results in different failure 
mechanisms. At higher temperatures a reduction in tensile strength and 
enhancement of ductility was observed. When the surfaces were properly prepared 
(free of oils and debris) and the adherend and adhesive heated, failure appeared 
exclusively ductile and cohesive at 23°C, whereas at -10°C a cohesive/adhesive 
brittle failure as well as cohesive brittle failure was observed. 

8.1.3.5. Failure mechanism 

The failure mechanism of straight run and polymer modified binders are distinctly 
different as the former displays a thinning phase making it light transparent before 
void nucleation. Radius of curvature of straight run bitumen was lower than polymer 
modified bitumen resulting in higher capillary pressure difference which in turn results 
in faster depletion of material. 

8.2. Recommendations 

The following recommendations can be made from the results of this research 
project: 

1. An important achieved goal of this investigation was that the difference in 
performance of specific porous asphalt materials seen in macro and mega 
scales could also be observed and quantified in micro scale mechanical tests 
indicating that it is the micro scale where performance determining 
phenomena find their origin and performance enhancing methods can begin. 

2. The potential for using imaging techniques as a tool in road engineering was 
demonstrated. The information obtained from the micrographs could not be 
obtained by other means indicating that imaging techniques should be used 
for material selection and optimization. 
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3. Laboratory and field compaction produce different samples also in terms of the 
microstructure. In the case of PA there is stone on stone contact. Therefore 
over compaction can result in detrimental microcracks. Gyratory compaction 
can be very harsh on the aggregates. It is recommended that the use of 
gyratory compactor for porous asphalt be investigated in detail, employing 
microscopic observations as an evaluation tool. It is further recommended, 
when possible, laboratory samples to be cored from roller compacted larger 
slabs. 

4. Water conditioning should be an integral part of road material characterization, 
material selection, optimization and performance evaluation and should be 
used for PA. 

5. Polymer modified binder-aggregate combinations were less water sensitive. 
The results show that polymer modification improved the low temperature 
micro-mechanical behavior of bitumen as seen in the mega scale (porous 
asphalt in situ) and in macro scale (150 Ø mm). 

6. In situ adhesive failure of porous asphalt and the resulting raveling can be 
attributed to poor material preparation and installation. Improvements can be 
made with improvement in material preparation techniques with particular 
attension to the adhesive properties of the materials including liquid solid 
contact angle and solid surface roughness. 

7. The insight gained by water submerged fatigue tests could not be gained by 
the conventional ITSR as the test set up allows the quantification of modulus 
deterioration under cyclic loading which is similar to in situ conditions. It is 
recommended that tests set ups be used that reflect the in situ behavior of 
material. 

8. The experimental setup developed in this work for micro-tensile tests, allowed 
simultaneous visualization of the failure mechanism of bitumen thin films that 
was not possible by previous experimental setups. It is recommended that this 
method be further used for material characterization in the micro-scale. 

 

8.3. Future research needs 

1. This study demonstrates the potential for using imaging techniques as a tool in 
road engineering. Further research is needed to optimize the microstructural 
characterization techniques. 

2. The effect of filler on micromechanical properties of binder film should be 
investigated in wet and dry state. 

3. It was shown that there exist microstructural features that lead to superior in 
situ behavior of road materials. This information can be applied for material 
selection, optimization and evaluation. 

4. It is helpful to investigate the effect of time on micromechanical properties of 
binder film through the use of adequate experimental techniques for example 
the stress relaxation measurements, where the specimen is first strained 
rapidly in tension to a predetermined low strain. 
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5. The insight gained by water submerged fatigue tests could not be gained by 
the conventional ITSR, this leads to the recommendation for better 
standardized tests for detection of water sensitivity of mixes that reflect the in 
situ conditions. 

6. It has been shown that hydrated lime and limestone powder improve mixture 
strength and durability of PA. The effect of hydrated lime on the microstructure 
and micro-scale tensile properties in wet and dry state should be investigated. 

7. Effect of healing on material behavior under tension tests in stages with rest 
periods in order to allow healing of the material should be examined. 
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Apendix A: Sample of Matlab Program used for Data 
Analysis  

 
L0 = xlsread('Specimen B_31.xls',1,'e4') 
a0 = xlsread('Specimen B_31.xls',1,'e6') 
b0 = xlsread('Specimen B_31.xls',1,'e5') 
F = xlsread('Specimen B_31.xls',1,'e12:e1000'); 
L=xlsread('Specimen B_31.xls',1,'a12:a1000'); 
%initialize all matrices 
dL=[ ];Wtotal=[ ];Wmax=[ ];d=[ ];Es=[ ];sigma=[ ];epsilon=[ ]; 
%correct for preload 
F=F-F(1); 
% Find max F and its index in order to find epsilon at Fmax 
[Fmax,I]=max(F) 
%find trapezoidal integral of F.dL for length of F 
for i=1:length(F)-1; 
    dL(1)=0; 
    Wtotal(1)=0; 
    dL(i+1)=(L(i+1)-L(i))/1000; 
    Wtotal(i+1)=Wtotal(i)+dL(i+1)*(F(i)+F(i+1))/2; 
end 
Wt=max(Wtotal) 
% find W=integral of f.dL convert to joules=N.m 
for i=1:I-1; 
    dL(1)=0; 
    Wmax(1)=0; 
    dL(i+1)=(L(i+1)-L(i))/1000; 
    Wmax(i+1)=Wmax(i)+dL(i+1)*(F(i)+F(i+1))/2; 
end 
Wm=max(Wmax) 
% convert N/mm2 to kPa 
sigma=1000*F/(a0*b0); 
% calculate strain  
epsilon=L/L0; 
epsilonmax=max(epsilon) 
sigmamax=max(sigma) 
epsilonatFmax=epsilon(I) 
% Plot % strain vs. stress 
%plot(100*epsilon, sigma, 'LineWidth', 2) 
%hold on 
n=length (F) 
%Calculate youngs modulus in kPa convert to MPa 
E=((sigma(652)-sigma(646))/(epsilon(652)-epsilon(646)))/1000 
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% calculate ductility index in -D MPa 
D=-((sigma(I+10)-sigma(I+20))/(epsilon(I+10)-epsilon(I+20)))/1000 
%calculate epsilon @ sigma max corrected for initial part of plot 
deltaepsilon=(sigma(646))/(E*1000) 
epsilon2=epsilon(646)-deltaepsilon 
epsilonatFmaxcorr=epsilonatFmax-epsilon2 
%calculate secant modulus Es and damage factor d 
for i=1:length(F)-1; 
    d(1)=0; 
    Es(1)=0; 
    Es(i+1)=(sigma(i+1)/(epsilon (i+1)-epsilon2))/1000; 
    d(i+1)=1-Es(i+1)/E; 
end 
% Plot shifted strain vs. d 
%plot(100*epsilon, Es, 'LineWidth',2) 
plot(100*epsilon, d, 'LineWidth',2) 
hold on 
xlabel('% Nominal Strain') 
%ylabel('Es [MPa]') 
ylabel('d [-]') 
%********************************************************************* 
%read next set of data 
L0 = xlsread('Specimen Bw2.xls',1,'e4') 
a0 = xlsread('Specimen Bw2.xls',1,'e6') 
b0 = xlsread('Specimen Bw2.xls',1,'e5') 
F = xlsread('Specimen Bw2.xls',1,'e9:e1000'); 
L=xlsread('Specimen Bw2.xls',1,'a9:a1000'); 
%initialize all matrices 
dL=[ ];Wtotal=[ ];Wmax=[ ];d=[ ];Es=[ ];sigma=[ ];epsilon=[ ]; 
%correct for preload 
F=F-F(1); 
% Find max F and its index in order to find epsilon at Fmax 
[Fmax,I]=max(F) 
%find trapezoidal integral of F.dL for length of F 
for i=1:length(F)-1; 
    dL(1)=0; 
    Wtotal(1)=0; 
    dL(i+1)=(L(i+1)-L(i))/1000; 
    Wtotal(i+1)=Wtotal(i)+dL(i+1)*(F(i)+F(i+1))/2; 
end 
Wt=max(Wtotal) 
for i=1:I-1; 
    dL(1)=0; 
    Wmax(1)=0; 
    dL(i+1)=(L(i+1)-L(i))/1000; 
    Wmax(i+1)=Wmax(i)+dL(i+1)*(F(i)+F(i+1))/2; 
end 
Wm=max(Wmax) 
% convert N/mm2 to MPa 
sigma=1000*F/(a0*b0); 
% calculate strain  
epsilon=L/L0; 
epsilonmax=max(epsilon) 
sigmamax=max(sigma) 
epsilonatFmax=epsilon(I) 
% Plot % strain vs. stress 
%plot(100*epsilon, sigma, 'r-.', 'linewidth', 2) 
%hold on 
n=length (F) 
E=((sigma(643)-sigma(639))/(epsilon(643)-epsilon(639)))/1000 
%read next set of data 
% calculate ductility index -D in MPa 
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D=-((sigma(I+10)-sigma(I+20))/(epsilon(I+10)-epsilon(I+20)))/1000 
deltaepsilon=(sigma(639))/(E*1000) 
epsilon2=epsilon(639)-deltaepsilon 
epsilonatFmaxcorr=epsilonatFmax-epsilon2 
for i=1:length(F)-1; 
    d(1)=0; 
    Es(1)=0; 
    Es(i+1)=(sigma(i+1)/(epsilon (i+1)-epsilon2))/1000; 
    d(i+1)=1-Es(i+1)/E; 
end 
% Plot strain vs. d 
plot(100*epsilon, d,'r-.', 'LineWidth',2) 
% plot(100*epsilon, Es,'r-.', 'LineWidth',2) 
xlabel('% Nominal Strain') 
%ylabel('Es [kPa]') 
ylabel('d [-]') 
hold on 
%*************************************************************** 
L0 = xlsread('Specimen Bc_2_1.xls',1,'e4') 
a0 = xlsread('Specimen Bc_2_1.xls',1,'e6') 
b0 = xlsread('Specimen Bc_2_1.xls',1,'e5') 
F = xlsread('Specimen Bc_2_1.xls',1,'e9:e1000'); 
L=xlsread('Specimen Bc_2_1.xls',1,'a9:a1000'); 
%initialize all matrices 
dL=[ ];Wtotal=[ ];Wmax=[ ];d=[ ];Es=[ ];sigma=[ ];epsilon=[ ]; 
% Find max F and its index in order to find epsilon at Fmax 
[Fmax,I]=max(F) 
%find trapezoidal integral of F.dL for length of F 
for i=1:length(F)-1; 
    dL(1)=0; 
    Wtotal(1)=0; 
    dL(i+1)=(L(i+1)-L(i))/1000; 
    Wtotal(i+1)=Wtotal(i)+dL(i+1)*(F(i)+F(i+1))/2; 
end 
Wt=max(Wtotal) 
for i=1:I-1; 
    dL(1)=0; 
    Wmax(1)=0; 
    dL(i+1)=(L(i+1)-L(i))/1000; 
    Wmax(i+1)=Wmax(i)+dL(i+1)*(F(i)+F(i+1))/2; 
end 
Wm=max(Wmax) 
% convert N/mm2 to MPa 
sigma=1000*F/(a0*b0); 
% calculate strain  
epsilon=L/L0; 
epsilonmax=max(epsilon) 
sigmamax=max(sigma) 
epsilonatFmax=epsilon(I) 
% Plot % strain vs. stress 
%plot(100*epsilon, sigma,'g--.', 'linewidth', 2) 
%hold on 
n=length (F) 
E=((sigma(656)-sigma(647))/(epsilon(656)-epsilon(647)))/1000 
% calculate ductility index -D in MPa 
D=-((sigma(I+10)-sigma(I+20))/(epsilon(I+10)-epsilon(I+20)))/1000 
deltaepsilon=(sigma(647))/(E*1000) 
epsilon2=epsilon(647)-deltaepsilon 
epsilonatFmaxcorr=epsilonatFmax-epsilon2 
%calculate secant modulus Es and damage factor d 
for i=1:length(F)-1; 
    d(1)=0; 



Apendix A: Sample of Matlab Program used for Data Analysis 

 

193 

 

    Es(1)=0; 
    Es(i+1)=(sigma(i+1)/(epsilon (i+1)-epsilon2))/1000; 
    d(i+1)=1-Es(i+1)/E; 
end 
% Plot strain vs. d 
plot(100*epsilon, d, 'g--', 'LineWidth',2) 
% plot(100*epsilon, Es, 'g--', 'LineWidth',2) 
xlabel('% Nominal Strain') 
%ylabel('Es [kPa]') 
ylabel('d [-]') 
hold on 
%****************************************************************** 
%read next set of data 
L0 = xlsread('Specimen_Bcw_2_1.xls',1,'e4') 
a0 = xlsread('Specimen_Bcw_2_1.xls',1,'e6') 
b0 = xlsread('Specimen_Bcw_2_1.xls',1,'e5') 
F = xlsread('Specimen_Bcw_2_1.xls',1,'e9:e1000'); 
L=xlsread('Specimen_Bcw_2_1.xls',1,'a9:a1000'); 
%initialize all matrices 
dL=[ ];Wtotal=[ ];Wmax=[ ];d=[ ];Es=[ ];sigma=[ ];epsilon=[ ]; 
% Find max F and its index in order to find epsilon at Fmax 
[Fmax,I]=max(F) 
%find trapezoidal integral of F.dL for length of F 
for i=1:length(F)-1; 
    dL(1)=0; 
    Wtotal(1)=0; 
    dL(i+1)=(L(i+1)-L(i))/1000; 
    Wtotal(i+1)=Wtotal(i)+dL(i+1)*(F(i)+F(i+1))/2; 
end 
Wt=max(Wtotal) 
for i=1:I-1; 
    dL(1)=0; 
    Wmax(1)=0; 
    dL(i+1)=(L(i+1)-L(i))/1000; 
    Wmax(i+1)=Wmax(i)+dL(i+1)*(F(i)+F(i+1))/2; 
end 
Wm=max(Wmax) 
% convert N/mm2 to MPa 
sigma=1000*F/(a0*b0); 
% calculate strain  
epsilon=L/L0; 
epsilonmax=max(epsilon) 
sigmamax=max(sigma) 
epsilonatFmax=epsilon(I) 
% Plot % strain vs. stress 
%plot(100*epsilon+0.04, sigma,'c:', 'linewidth', 2) 
%xlabel('% Nominal Strain') 
%ylabel('Nominal Stress [kPa]') 
%LEGEND('B','Bw','Bc','Bcw') 
%AXIS([0 0.8 0 300]) 
n=length (F) 
E=((sigma(471)-sigma(451))/(epsilon(471)-epsilon(451)))/1000 
% calculate ductility index -D in MPa 
D=-((sigma(I+10)-sigma(I+20))/(epsilon(I+10)-epsilon(I+20)))/1000 
deltaepsilon=(sigma(451))/(E*1000) 
epsilon2=epsilon(451)-deltaepsilon 
epsilonatFmaxcorr=epsilonatFmax-epsilon2 
for i=1:length(F)-1; 
    d(1)=0; 
    Es(1)=0; 
    Es(i+1)=(sigma(i+1)/(epsilon (i+1)-epsilon2))/1000; 
    d(i+1)=1-Es(i+1)/E; 
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end 
% Plot strain vs. d or Es 
plot(100*epsilon+0.04, d,'c:', 'LineWidth',2) 
%plot(100*epsilon+0.04, Es,'c:', 'LineWidth',2) 
xlabel('% Nominal Strain') 
%ylabel('Es [kPa]') 
ylabel('d [-]') 
LEGEND('B','Bw','Bc','Bcw') 
AXIS([0.13 0.8 0 1.05]) 
%AXIS([0.15 0.8 0 1400]) 
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Appendix B: Detailed Data Analysis Results 

Original Results of experiments at 23°C 
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