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Abstract 
 

The temperature induced damage in asphalt mixtures has always been a major 

distress that requires a substantial consideration in the asphalt industry. One of 

the most important aspects of studying temperature induced damage is 

developing a practical test method for evaluation of the material’s resistance to 

it. Hence, there is a growing interest in developing testing methodologies which 

are more efficient, less expensive and simpler to perform than the conventional 

test methods. Impact resonance testing is a well-documented non-destructive 

testing method, and it has been successfully applied on asphalt mixtures to 

measure their elastic and viscoelastic properties. This research aims at extending 

the impact resonance testing methodology to characterization of temperature 

induced damage in asphalt mixtures and to investigate experimentally and 

numerically damage induced in asphalt mixtures due to thermomechanical 

mismatch between the mastic and aggregate phases. 

 

In order to improve temperature control and thus accuracy of the resonance 

testing, an automated non-contact test procedure is developed with a 

loudspeaker utilized as a source of excitation. The developed methodology has 

been evaluated for a range of asphalt concrete materials and temperatures. The 

measurements obtained from the new method have been verified by taking 

similar resonance frequency measurements using an instrumented impact 

hammer. Results from this work show that repeatable fundamental resonance 

frequency measurements can be performed on a disc shaped specimen in an 

automated manner without the need to open the thermal chamber that is used 

to condition test specimens. 

 

Investigations of micro-damage in asphalt concrete due to differential thermal 

contraction during cooling cycles have been carried out experimentally by using 

the developed automated non-contact resonance testing combined with cyclic 

cooling. The results of the experimental work have shown the initiation of low 

temperature micro-damage and a hysteretic behavior of stiffness modulus 

during the thermal cycles. Energy based micro-mechanical model is also utilized 

in order to characterize the micro-crack initiation and growth in asphalt concrete 

due to cyclic low temperature variations. Results of this approach have indicated 

the initiation of micro-cracks at low temperatures as well as the decrease in their 

length with increase in temperature.  

 

In order to obtain a quantitative insight into the temperature induced damage 

formation, a micromechanical finite element model (FEM) of asphalt mixture 



 
 

under thermal loading is developed. The model is used to investigate the damage 

evolution during the thermal cycles as well as its effect on material’s stiffness. 

Four cases of mastic-aggregate combinations are modelled in order to 

investigate effects of aggregate gradation as well as of mastic properties on the 

thermal damage evolution. Cohesive Zone Model (CZM) is used to define 

aggregate-mastic interface so that an initiation of micro-damage due to 

differential thermal contraction can be probed in terms of its effect on the overall 

stiffness modulus. It is observed numerically that during the thermal cycles, 

thermal damage is initiated at the aggregate-mastic interface due to the 

differential contraction of mastic. It is also shown that the modelling 

observations are in qualitative agreement with the experimental findings from 

the resonance testing. Accordingly, the proposed modelling approach is a viable 

tool for evaluation of the effect of asphalt mixture design on its resistance to 

thermally induced damage. 

 

 

Keywords: Asphalt concrete, dynamic modulus, non-contact 

excitation, resonance testing, thermally induced damage, viscoelasticity  
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Sammanfattning 
 
Temperaturinducerade skador i asfaltbeläggningar har alltid varit en viktig 
faktor som kräver ett väsentligt övervägande i asfaltindustrin. En av de viktigaste 
aspekterna av att studera temperaturinducerade skador är att utveckla en 
praktisk provningsmetod för utvärdering av materialets motstånd mot sådana 
skador. Följaktligen finns det ett växande intresse för att utveckla testmetoder 
som är effektivare, billigare och enklare att utföra än de konventionella 
provningsmetoderna. Resonansprovning är en väldokumenterad oförstörande 
provningsmetod som framgångsrikt har tillämpats på asfalt för att mäta dess 
elastiska och viskoelastiska egenskaper. Denna forskning syftar till att utvidga 
metoden för resonansprovning till att karakterisera temperaturinducerad skada 
i asfalt och att experimentellt och numeriskt undersöka skada som framkallats i 
asfalt på grund av termomekanisk ojämnhet mellan asfaltbruket och 
stenskelettet. 
 
För att förbättra temperaturkontrollen och därmed noggrannheten i 
resonansprovningen utvecklas ett automatiskt provförfarande med en högtalare 
som används som exciteringskälla. Den utvecklade metoden har utvärderats för 
en rad asfaltbetongmaterial och temperaturer. Mätningarna som erhållits från 
den nya metoden har verifierats genom att göra liknande 
resonansfrekvensmätningar med hjälp av en instrumenterad hammare. 
Resultaten från detta arbete visar att repeterbara mätningar av 
resonansfrekvenser kan utföras på ett skivformat prov på ett automatiserat sätt 
utan att behöva öppna klimatskåpet. 
 
Undersökning av mikroskador i asfaltbetong på grund av differentiell termisk 
sammandragning under kylcykler har utförts experimentellt med användning av 
det utvecklade automatiserade resonansprovet kombinerat med cyklisk kylning. 
Resultaten av det experimentella arbetet har identifierat uppkomsten av 
mikroskador under låg temperatur och ett hysteretiskt beteende av 
styvhetsmodul under de termiska cyklerna. En energibaserad mikromekanisk 
modell används också för att karakterisera mikrosprickornas initiering och 
tillväxt i asfaltbetong på grund av cykliska lågtemperaturvariationer. Resultaten 
av detta tillvägagångssätt har indikerat initiering av mikrosprickor vid låga 
temperaturer såväl som minskningen av sprickornas längd med ökad 
temperatur. 
 
För att få en kvantitativ inblick i temperaturinducerad skadebildning i asfalt 
utvecklas en mikromekanisk finit elementmodell (FEM) av asfalten under 
termisk belastning. Modellen används för att undersöka skadeutvecklingen i 
asfalt under de termiska cyklerna samt dess effekt på materialets styvhet. Fyra 
fall av asfaltbruk och graderingskombinationer beaktas i denna del av studien 
för att undersöka effekterna av kornkurvan såväl som av asfaltbrukets 
egenskaper på termisk skadeutveckling. Cohesive Zone Model (CZM) används 



 
 

för att definiera gränssnittet av asfaltbruk och stenskelett så att en initiering av 
mikroskada på grund av differentiell termisk kontraktion kan undersökas i 
termer av dess effekt på den totala styvhetsmodulen. Det observeras numeriskt 
att under temperaturcyklerna initieras termisk skada vid gränssnittet av 
asfaltbruk och stenskelett på grund av differentiell kontraktion av asfaltbruket. 
Det visas också att modelleringsobservationerna överensstämmer kvalitativt 
med de experimentella resultaten från resonansprovningen avseende hysteretisk 
styvhetsmodulbeteende under de termiska cyklerna. Följaktligen är det 
föreslagna modelleringssättet ett möjligt verktyg för utvärdering av 
asfaltmaterialegenskapers effekt på asfaltens motståndskraft mot termiskt 
inducerad skada. 
 

Nyckelord: Asfaltbetong, beröringsfri excitation, resonansfrekvens, 
resonansprovning, styvhetsmodul 
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1 Introduction 

 
1.1 Background 
 

The study of low temperature behavior of asphalt mixtures is of significant 

practical importance since flexible pavements in cold regions are subjected to 

several months of very low temperatures each year of their service lives. It is well 

understood that the excessive brittleness and stiffness of asphalt, caused by low 

temperatures and its inability to relax stress, lead to an accumulation of 

thermally induced stresses that may result in cracking of pavements (Vinson T. 

S, 1989; Marasteanu M. et al., 2007). The shifting of day and night in cold 

regions also results in thermal cycles imposed on asphalt pavements.  These 

cycles result in cyclic thermal stresses, which may in turn initiate thermal fatigue 

damage in asphalt layers making them more susceptible to the further thermal 

and traffic loads (Vinson T.S, 1989; Islam R., 2015). Fatigue damage due to 

thermal cycles can manifest itself in the form of stiffness modulus reduction 

(Islam R., 2015). Such a distress results in a reduced load carrying capacity of 

pavements and accordingly in reduced service life. 

 

Most of the studies carried out regarding the performance of asphalt concrete at 

low temperatures deal with determining critical low temperatures at which the 

thermal tensile stress exceeds the tensile strength of the mixtures. In an effort 

to evaluate distress caused by thermal fatigue, cyclic cooling is applied on 

asphalt mixtures in thermal stress restrained specimen test (TSRST) test 

(Kliewer J.E., 1996; Jackson N. M. and Vinson T.S., 2014). The results showed 

that low temperature cracking is a consequence of cyclic temperature variations 

as well as effect of aging. Statistically significant relations between rheological 

characteristics of bitumen and TSRST fracture temperatures of asphalt concrete 

were also established in order to capture the effect of binder properties on low 

temperature performance of asphalt pavements (Isacsson U. and Zen H., 1998). 

However, binder properties alone are insufficient to fully understand the 

performance of asphalt concrete at low temperature (Pszczola M., 2018). 

Coefficient of thermal contraction and glass transition temperature of binders 

also have significant effects in the buildup of  thermally induced stress, which 

can be shown by using asphalt thermal cracking analyzer (ATCA) (Tabatabaee 

H. et al., 2012). Another recent study on testing methods resulted in the 

development of asphalt concrete cracking device (ACCD), which can measure 

thermal stress in asphalt concrete mixtures in a relatively simpler equipment 

setup (Akentuna M., 2016). X-ray computed micro-tomography investigations 

on asphalt concrete specimens that are conditioned at low temperatures have 

shown the presence of micro-cracks at aggregate-mastic interface as well as 

within the mastic matrix which may be caused by differential thermal 
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contraction of mastic and aggregates (Behnia and Buttlar, 2014). 

 

 

Viscoelastic properties of asphalt mixtures, expressed through their complex 

dynamic modulus (E*) control the magnitude of stress induced in the material 

due to thermal contraction. Accordingly, E* is one of the main parameters for 

studying and characterizing these changes associated with decrease in 

temperature. It is also an important input to the mechanistic empirical 

pavement design procedures (e. g. NCHRP Synthesis 457, 2014). The dynamic 

modulus of asphalt mixtures is usually measured with cyclic tension or 

compression tests (Charles E. Dougan et al., 2003). However, conventional 

cyclic testing methods to determine dynamic modulus of asphalt mixtures are 

generally costly and are affected by different biasing effects including thermal 

contaminations. These effects limit their applicability to evaluation of the effects 

of thermal cycles on asphalt mixtures. Therefore, it is beneficial to develop an 

alternative test method that can mitigate these problems. Figure 1 shows a 

typical behavior of asphalt mixture’s dynamic modulus as a function of 

temperature and loading frequency for a typical mixture. Asphalt mixtures have 

a tendency of becoming stiffer as temperature decreases and/or loading rate 

increases due to their viscoelastic behavior. Tests carried out with decreasing 

temperature are expected to reflect the behavior shown as in Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1 A schematic depiction of the asphalt mixture dynamic modulus with 

respect to loading frequency and temperature 

 

An alternative methodology to the conventional modulus testing of asphalt is the 

Low loading 
frequency and/or 
High temperature 

High loading 
frequency and/or 
Low temperature 

Temperature  

E
* 
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impact resonance testing (IRT). In IRT, an excitation is induced using a manual 

impact on a specimen and the specimen’s vibrational response is consequently 

measured. A further analysis is carried out to determine the elastic/viscoelastic 

material properties. This testing technique has been adapted for characterizing 

asphalt mixture’s viscoelastic properties and construction of their master curves 

(Gudmarsson et al. 2012). It has shown promising results as a convenient, less 

costly and efficient method. An early contribution regarding its applicability was 

made by investigating if ASTM C 215, which is utilized for Portland cement 

concrete, can also produce consistent and precise results for asphalt mixtures 

(Whitmoyer and Kim, 1994). IRT has been proposed for the purpose of 

laboratory quality control of AC and its comparison with field seismic tests has 

shown good agreement (Nazarian et al., 1999).  

 

Thin disc shaped AC specimens have been utilized for IRT and dynamic modulus 

master curves have been compared against master curves obtained from 

Witczak’s predictive equations (Ryden, 2011). Complex dynamic modulus of a 

beam shaped asphalt mixture specimen has also been determined by using 

resonance ultrasound spectroscopy (RUS) technique at multiple resonance 

frequencies obtained from IRT (Gudmarsson et al., 2012). Dynamic modulus 

master curve of asphalt mixtures from indirect tensile strength (IDT) test was 

compared with corresponding results obtained from IRT carried out on rod 

shaped specimens (Sungho Mun, 2015) resulting in a good agreement. 

Excitations induced by dropping a steel ball on thin disc shaped asphalt mixture 

specimens have been used in IRT. In the tests, dynamic modulus master curves 

similar to the ones obtained from AASHTO T342-11 tests were measured (D. 

Kim and Y. R. Kim, 2017).  

 

Results of a sensitivity analysis of IRT of asphalt have shown that while 

variations in specimen geometries have no significant effects, the quality of 

signal is affected by the test temperature and the test can be unreliable at 

temperatures above 30 oC (R. Tauste et al., 2017). It has also been shown that 

Hirsch model can underestimate the limiting maximum modulus at the lower 

temperature asymptote of dynamic modulus master curve of asphalt mixtures 

and significant improvement is achieved by using IRT (Boz et al., 2017). 

Optimization of measured frequency response functions from impact resonance 

testing against theoretical frequency functions was carried out to characterize 

dynamic modulus master curves of beam shaped asphalt mixture (Gudmarsson 

et al., 2012). Multi modal back analysis based on IRT of asphalt mixture has been 

applied in order to compare complex dynamic modulus and Poisson’s ratio 

results with cyclic tension-compression test (Jean-Claude Carret et al., 2018). 

 

In most applications of impact resonance testing, the specimens are excited by 
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a manual impact. In order to limit potential temperature and operator related 

disturbances, an automated impact method was developed recently 

(Gudmarsson and Jakobsson, 2016). This system enables resonance frequency 

measurements of several specimens inside a closed climate chamber. In another 

recent study, a solenoid piston programmed with a microcontroller (Arduino 

UnoR3) was utilized to automate impact resonance testing inside a closed 

thermal chamber (Jean-Claude Carret et al., 2018).  

 

 

The main advantages of automated resonance testing procedure on asphalt 

mixtures are their simplicity, lower experimental costs, and possibility to avoid 

thermal contaminations during the test. Due to these advantages, automated 

resonance testing is a promising tool for investigation of temperature-induced 

damage accumulation and recovery (healing) in asphalt mixtures. The most 

important aspect of automated resonance testing is that it allows applying 

excitations to the specimen without opening the thermal chamber. Since asphalt 

mixtures’ viscoelastic properties are highly dependent on temperature, 

variations in specimen temperature due to opening of the thermal chamber can 

have a profound effect on the measured resonance frequencies particularly at 

low temperatures.  

 

In summary, reliable and practically feasible experimental methods that allow 

investigation of cooling cycles’ effects on asphalt mixtures are still lacking. 

Furthermore, most of the previous studies carried out regarding low 

temperature behavior of asphalt have focused mainly on characterizing thermal 

stress and fracture by assuming asphalt mixtures as a homogeneous material. 

The differential thermal contraction of mastic against aggregates is, however, an 

important occurrence with respect to low temperature-induced damage which 

still needs to be adequately addressed, both experimentally and numerically. 

 

1.2  Objectives 
 

The first objective of this thesis is to develop a test method suitable for 

investigating thermally induced damage in asphalt mixtures caused by 

differential thermal contraction of mastic and aggregates. For this, an 

automated non-contact resonance testing method is developed with loud 

speaker as an excitation source. The second objective is to investigate 

experimentally and numerically thermally induced damage accumulation 

during thermal cycles. This is addressed by measuring the stiffness modulus and 

the damping ratio behavior under thermal cycles for five different asphalt 

mixture types. The attention is focused on damage arising due to 

thermomechanical mismatch between aggregates and mastic phases in asphalt 
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mixtures. Accordingly, the tests are performed on unconstrained specimens. To 

link the measured stiffness evolution with the thermally induced damage 

accumulation, a theoretical fracture mechanics-based approach is applied. In 

order to further investigate quantitatively the damage evolution during the 

thermal cycles, a micromechanical finite element (FE) model is developed. The 

model’s ability to capture the influence of asphalt’s material parameters and 

volumetric composition, as well as of thermal loading characteristics on the 

thermal damage accumulation is examined based on comparisons with the 

experimental data.  

 

 

1.3 Limitations 

 
The number of mixtures tested in this study is limited to five different types of 

mixes. In the theoretical part of the study, low temperature damage initiation 

within mastic and at the interface between aggregates and mastic are considered 

uncoupled. Material parameters used in the micro-mechanical modelling are 

assumed based on the literature. Accordingly, only qualitative agreements 

between modelling and experimental results are expected. It is also to be noted 

that both in the experimental and the modelling parts of this thesis, only few 

thermal cycles are investigated for practical reasons. 

 

1.4 Outline of the thesis 

  
This thesis is based on the four appended papers with addition of an overall 

summary of methodology used and obtained results. First, background to the 

research problem investigated is presented along with the objectives of this work 

and its limitations. The experimental and numerical methods used in this study 

are then described. Following the methodology, main numerical and 

experimental findings of this thesis are presented and discussed. Finally, the 

main conclusions of this study are summarized along with suggestions for future 

work.   

 

Paper I. Automated Non-contact Resonance Excitation Method for 

Low Temperature Behavior of Asphalt Concrete 

 

A non-contact resonance testing is developed for the purpose of automating the 

test. Evaluation of the technique is carried out by considering its repeatability, 

adaptability and verification by comparing with manually applied impact 

hammer resonance excitation. The method is shown to be suitable for studying 

low temperature behaviours of asphalt concrete.   
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Paper II. Effect of Cyclic low temperature conditioning on Stiffness 

Modulus of Asphalt Concrete based on Non-contact Resonance 

testing method  

 

This paper presents a study of the effect of cyclic low temperature conditioning 

on stiffness modulus of asphalt concrete. A hysteretic behavior is observed on 

measured stiffness modulus of asphalt mixture. Results from the behaviours of 

damping and stiffness modulus of the specimens indicated the presence of 

damage in asphalt mixtures due to differential thermal contractions. 

 

Paper III. Application of Energy based Crack Initiation approach on 

Low temperature Damage and Recovery based on Non-contact 

Resonance Testing 

 

Energy based micromechanical modelling approach is applied for assessing low 

temperature damage and recovery in asphalt mixture. Damage probing test is 

carried out by thermal loading and unloading of asphalt mixture specimens. 

Behaviour of micro-crack length estimated from energy redistribution theory is 

compared with damage probing test results.  

 

Paper IV. Micro-mechanical Modelling of Low temperature-
induced micro-damage initiation in asphalt concrete based on 
cohesive zone model 
 
Cohesive zone model (CZM) is adopted to simulate thermally induced damage 

at the mastic-aggregate interface (adhesive failure) of asphalt mixture. A cyclic 

cooling and heating is applied in the micro-mechanical modeling in order to 

capture the effect of the thermally induced damage at the interface on the overall 

stiffness modulus of the mixtures. The effects of aggregate gradation and binder 

grade are also monitored. Results of the micro-mechanical modelling are also 

compared with experimental observations of comparable mixture types. 
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2 Methodology 
 

The methodology of this study includes experimental and modelling 

approaches. The experimental approach is explained in terms of its theoretical 

background, technique and equipment set up used, as well as the studied 

materials in Sections 2.1-2.3. Two approaches are relied upon in the micro-

mechanical modelling part of the study. The fracture energy-based analytical 

approach used to estimate thermal crack length in asphalt mixtures is presented 

in Section 2.4 and the micro-mechanical finite element modelling approach in 

Section 2.5. The research approach of this thesis is described by a flowchart as 

in figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2 Flowchart of the study approach in the thesis. 

 

 

2.1 Acoustic Resonance Excitation 
 

Seismic waves in a solid object generated by an external excitation source can 

superpose and create standing waves if the input can provide energy in a 

frequency that is equal to the object’s natural frequency. The instance at which 

the input wave frequency equals the natural frequency of the object is known as 

resonance. Every specimen has its own resonance frequencies depending on its 

Study of thermally induced 
damage in asphalt mixtures  
 

Analytical and 
numerical approach 

Automated non-contact 
resonance testing  

Input parameters, 
model validation Stiffness modulus 

evolution 
during thermal 
cycles 

• Stiffness modulus 
evolution due to 
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Physical 
interpretation of 
measurements 
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geometry, modes of vibrations, elastic or viscoelastic constants, mass density, 

and its boundary conditions. Therefore, elastic/viscoelastic constants of 

materials can be calculated by measuring resonance frequencies. 

 

Through air coupling, it is possible to obtain resonance for the purpose of 

frequency response measurement in a non-contact manner. Non-contact 

method of excitation has been successfully utilized in modal testing that requires 

small orders of strain magnitudes (M. Luukkala et al. 1971; I. Solodov et al. 2006; 

M. Brigante et al. 2013). The method facilitates a control of testing temperatures 

since specimens can be set up in a controlled environment together with the 

excitation source (loud speaker). The excitation signal can also be defined 

according to required bandwidth. In this work, a loud speaker is used to transmit 

a sinusoidal signal generated by a MATLAB function. Emitted sound waves 

excite the fundamental resonance frequency of the axially symmetric mode of 

vibration of a disc shaped asphalt mixture specimen. Air coupling can be applied 

to this mode where the direct displacement is normal to the specimen’s plane 

surface. Figure 3 shows a schematic of the mode of vibration considered for this 

study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 3 The fundamental axially symmetric mode of vibration under 

excitation by an acoustic sound wave 

 

Free vibration of thin circular plates has been analyzed in multiple previous 

studies in order to determine elastic material properties (J.So and A.W Leissa 

1998; S. Kolluru et al., 2000). A basic theory of elasticity i.e. the dependency of 

measured fundamental resonance frequency of a circular thin plate on its 

dynamic modulus and Poisson’s ratios has been utilized as a basis for the analysis 

in the above mentioned studies. According to this method, a dimensionless 

frequency parameter, Ω𝑛, can be computed for a circular plate from its measured 

resonance frequencies by taking its diameter, thickness, Poisson’s ratio and mass     
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density into consideration. Equation 1 shows how Ω𝑛 is subsequently used to 

determine shear modulus (G). 

 

𝐺 =
4𝜋2𝑓𝑛

2𝑅𝑜
2𝜌

Ω𝑛
2

 
                                                        (1) 

  
 

  

In Equation 1, fn is the undamped natural resonance frequency, Ro is radius of 

sample and ρ is its mass density. Young’s modulus can be determined from shear 

modulus as in Equation 2 by using Poisson’s ratio (𝝂). 

 

𝐸 = 2𝐺(𝑣 + 1) 

 

 

(2) 

The complex dynamic modulus (𝐸∗) is calculated by taking damping into 

consideration as in Equation 3 

 

𝐸∗ =  𝐸(1 + 𝑖𝜂) = 𝐸′ +  𝑖𝐸′′        (3) 

 

Where 𝐸′ and 𝐸′′ are the storage and loss moduli respectively and η is the loss 

factor which is twice the damping ratio (𝜉). The half power band width principle 

is utilized in order to calculate the damping ratio according to equation 4, where 

∆𝑓 is the frequency bandwidth at 0.707 times the peak amplitude in the 

resonance curves and fd is the damped resonance frequency. 

 

𝜉 =  
∆𝑓

2𝑓𝑑
 

                                                          (4) 

 

 

2.2 Automated Non-contact Resonance Testing Set-Up 

 

The test equipment setup used to develop the non-contact resonance test 

includes a loudspeaker (Seas Prestige 17TDFC/TV H1210) used for inducing 

non-contact excitation. MATLAB is used to define a 10 s long sinusoidal sweep 

signal to the loudspeaker. By increasing the frequency of the signal from 8 kHz 

to 12 kHz, a frequency sweep is applied to the disc shaped asphalt mixture 

specimen. The test frequency range is selected based on typical results from a 

similar trial test by using an impact hammer on specimens of similar geometry.  
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Fig.4 Automated non-contact resonance test set-up 

 

A National Instruments data acquisition device (NI USB-6251 M series) is used 

for recording input data and sending measured data to a computer. A signal 

conditioner (PCB model 480B21) is used to amplify the accelerometer signal. 

The sampling frequency of the sweep is 100 kHz. An accelerometer (PCB model 
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352B10) with an operating temperature range of -54oC to 121oC is attached by 

wax to the sample. Figure 4 shows the schematic representation and photos of 

the experimental setup. The set-up is arranged in such a way that a test sample 

with the attached accelerometer and loud speaker are placed within the 

temperature chamber and the excitation is carried out in an automated manner 

by using a computer. 

 

2.3. Experimental study of thermal cycles effect on asphalt mixtures 

 

In the experimental protocol for the investigation of effects of thermal cycles, 

the specimens are tested in such a way that both the effects of a stepwise 

decrease and increase in temperature as well as the effect of repeated cycles can 

be monitored. The measurement of resonance frequencies of the specimens are 

carried out by applying thermal cycles with a stepwise thermal stage (every 

measurement temperature). The samples are conditioned for 4 hours at every 

stage of measurement within the cycles. Figure 5 shows the first two cycles of the 

thermal loading, the remaining two cycles are applied in a similar fashion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Applied cyclic temperatures for resonance frequency 

measurements 

 

Disc shaped asphalt mixture specimens with 100 mm diameters and thicknesses 

of 20 mm have been used for the testing in this study. Cement concrete of similar 

geometry is also utilized for the purpose of measurement verifications. The 

mixtures are labelled according to the Swedish mixture standard. ABS-11 70/100 

is a coarse graded mix (SMA) with a binder of grade 70/100. ABT-11 70/100 is a 

fine (dense) graded mixture of the same binder grade. ABT-11 160/220 is a fine 

(dense) graded mixture with a soft binder of grade 160/220. ABb-16-70/100 is 
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a fine (dense) graded mix with a binder of grade 70/100. ABS-16-70/100 is a 

coarse graded mix with a binder of grade 70/100. The numbers 11 and 16 refer 

to the nominal maximum aggregate size (NMA). Details of the asphalt mixture 

contents and parameters are shown as in table1. 

 

Table 1: Proportions of components of asphalt mixtures and bitumen grade 

used in test specimens 

 

Mixture  
Bitumen 

content  

Bitumen 

Penetration 

Air Void 

Content 

(%) Grade (%) 

ABT-11-70/100 5.9 70/100 2.6 

ABb-16-70/100 5.2 70/100 3.0 

ABS-11-70/100 6.4 70/100 2.2 

ABS-16-70/100 6.0 70/100 2.2 

ABT-11-160/220 6.4 160/220 2.1 
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2.4. Local energy redistribution theory for thermally 

induced damage 
 

In order to theoretically evaluate the micro-crack evolution with thermal cycles 

in asphalt mixtures, an analytical derivation is carried out based on energy 

redistribution theory. The resulting behaviour of the estimated crack lengths are 

further compared with the behaviour of stiffness modulus from experimental 

results in Paper 3. 

 

In the energy redistribution theory developed in (Luo and Lytton 2014; Luo and 

Lytton 2015), air voids are considered as initial flaws within asphalt mixtures. 

The regions close to these randomly distributed air voids act as stress 

concentration areas when damage is present in the mixture. The distributed 

continuum fracture (DCF) model is developed in the above mentioned works to 

study a multitude of these randomly distributed air voids within asphalt 

mixtures. This micro-mechanical model accounts for the heterogeneity and 

evolving microstructure of asphalt mixtures by means of a representative 

volume element (RVE) that includes an average air void size or crack size. An 

average crack size is defined as a value representing the actual distributed air 

void in an undamaged asphalt mixture according to this model. The definition 

is based on an equal energy consumption principle, which states that a material 

having distributed cracks consumes the same amount of energy for damage 

independent of crack size distribution.  

 

The pre-existing crack in the mastic phase of an asphalt mixture under remote 

thermally induced tensile stress is shown as in Figure 6. The dashed lines 

represent the uniform thermal stress induced by differential thermal contraction 

and the localized non-uniform stress near the initial crack. Assuming asphalt 

mixture to be elastic at  temperatures below 0 oC, the stress redistribution at the 

tips of the cracks due to viscoelastic effect is neglected in this approach. 

According to the redistribution theory, the energy that would have been stored 

in the void-less intact material is released in the region above and below the 

initial crack (Figure 6). This area is defined as local energy release zone. The 

released energy is absorbed by the crack surfaces and consequently stored in the 

material as surface energy.  
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Figure 6: Schematic representation of energy redistribution within asphalt 

mixture subject to thermal stress (𝜎𝑇). 

 

According to the energy redistribution theory described above, thermally 

induced crack initiation can be formulated by considering the energy balance 

principle. Thus, the critical condition for crack initiation is an equilibrium 

condition, where the net change of the potential energy in a material is zero 

(Griffith 1921). If Wr is the total recoverable thermal strain energy released from 

the energy release zone and Ws is the energy stored in the cracked surface of 

average crack size C, then the critical condition for crack initiation can be 

expressed as  

 

𝑑(𝑊𝑟 − 𝑊𝑠)

𝑑𝐶
= 0                                                                                                                      (5) 

 

Assuming that the cold asphalt mixture is an elastic material since its behavior 

at very low temperatures shows nearly negligible damping effect, the released 

recoverable thermal strain energy (RTSE) density (Luo and Lytton 2014; Luo 

and Lytton 2015) due to the differential thermal contraction of the mastic 

against the aggregates is calculated by 

𝑅𝑇𝑆𝐸𝑟 =
1

2
𝐸𝑚(𝛼𝑚𝛥𝑇)2                                                                                                          (6) 

 

where 𝐸𝑚 and 𝛼𝑚 are the stiffness modulus and the coefficient of thermal 

contraction, respectively, of the mastic at low temperatures and ΔT is the change 
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in temperature causing the thermal strain.  

 

In the energy based mechanics (EBM) approach explained in (Luo and Lytton 

2014), the thermal strain energy within the intact material is referred to as the 

true energy while the thermal strain energy within the bulk material with 

distributed cracks in it is referred to as the apparent energy. According to this 

approach, an energy balance can be formulated in order to accommodate the 

stage after the crack has already been initiated. The energy balance formulation 

from the energy based mechanics (EBM) (Luo and Lytton 2014), can be used to 

determine the average crack size by considering damage density and associated 

number of cracks as in Equations 7, 8 and 9 as follows. 

 

𝑅𝑇𝑆𝐸𝐴𝑉𝑚 = 𝑅𝑇𝑆𝐸𝑇𝑉𝑚 − 𝑅𝑇𝑆𝐸𝑇𝑉𝑟 + 𝛾𝑠𝐴𝑠,                                                                          (7) 

 

where 𝑅𝑇𝑆𝐸𝐴 is the apparent recoverable thermal strain energy density, 𝑅𝑇𝑆𝐸𝑇 

is the true thermal strain energy, 𝑉𝑚 is the volume of one layer of asphalt mastic 

which is equal to the mean film thickness, 𝑉𝑟 is the volume of the energy release 

zone, 𝐴𝑠 is the surface area of the crack and 𝛾𝑠 is the surface energy. Substituting 

each element from the above expressions and simplifying, Equation 7 becomes 

 
1

2
𝐸𝑚𝐴(𝛼𝑚𝛥𝑇)𝐴

2 𝑉𝑚 =
1

2
𝐸𝑚𝑇(𝛼𝑚𝛥𝑇)𝑇

2 𝑉𝑚 −
1

2
𝐸𝑚𝑇(𝛼𝑚𝛥𝑇)𝑇

2 2

3
𝜋2(𝑛1𝐶1

3 − 𝑛𝑜𝐶𝑜
3) +                                              

                                      2𝛾𝑠𝜋(𝑛1𝐶1
2 − 𝑛𝑜𝐶𝑜

2),                                                                           (8) 

 

where the number of cracks 𝑛𝑜 and 𝑛1 are for the initial damage state with crack length 

𝐶𝑜 and the next damage stage with crack length C1 respectively . Finally the required 

crack length C1 can be solved for as per Equation 9. 

 

𝐶1 =
𝐸𝑀𝑇(𝛼𝑀𝛥𝑇)𝑇

2 (𝑣𝑚%ẗ + 𝜋𝐶𝑜(𝛷 −
𝛷𝑜

3
)) −  𝐸𝑀𝐴(𝛼𝑀𝛥𝑇)𝐴

2 𝑣𝑚%ẗ

2
3 𝜋𝛷𝐸𝑀𝑇(𝛼𝑀𝛥𝑇)𝑇

2
                            (9) 

 

where 𝛷𝑜 is the damage density from the initial air void content and ΔΦ is the increase 

in damage density due to reduction of stiffness modulus of the mixture EM. The 

detailed derivation of the above equations is presented in Paper 3. 

 

2.4.1. Non-contact echo method for coefficient of thermal 

contraction  
 

Impact echo method is a technique for determining thicknesses of concrete and 

asphalt pavement based on propagating stress (sound) wave velocities 

(Sansalone and Streett 1998). This method is adopted in this thesis   in order to 
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estimate the coefficients of contraction of the asphalt mixture specimens. In 

echo methods a stress pulse is introduced into the test medium at an accessible 

surface by a transducer or by mechanical impact. Since a non-contact method is 

utilized in the testing set-up of this work, we refer to the method as non-contact 

pulse echo. Accordingly, measured resonant frequency is expressed as a function 

of p-wave velocity (𝑉𝑝) by Equation 10, a constant β taken to be 0.96 and 

thickness of the sample (d). 𝑉𝑝 can also be expressed by stiffness modulus (E), 

mass density (𝜌) and Poisson’s ratio (𝜈) as in Equation 11 

 

𝑓 = β
𝑉𝑝

2𝑑
,                                                                                                                               (10) 

 

 

𝑉𝑝 = √
𝐸(1 − 𝜈)

𝜌(1 + 𝜈)(1 − 2𝜈)
                                                                                                      (11) 

 

The coefficient of thermal contraction (𝛼(𝑇1)) at a temperature T1 can be 

estimated by Equation 12. To is a reference temperature at which initial 

measurement is made when the thickness of the specimen is 𝑑𝑜. The complete 

derivation is presented in Paper 3. 

 

𝛼(𝑇1) =
𝛽

2𝑑𝑜𝛥𝑇
[
𝑉𝑝(𝑇𝑜)

𝑓 (𝑇𝑜)
−

𝑉𝑝(𝑇1)

𝑓 (𝑇1)
]                                                                                     (12) 
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2.5.  Finite element micro-mechanical modelling 
 

A micro-mechanical finite element modelling is carried out in order to capture 

the micro-damage initiation at the aggregate-mastic interface of asphalt 

mixtures due to differential thermal contraction of mastic against aggregates. 

The effect of this type of damage initiation on the overall stiffness modulus of 

four cases of different aggregate gradation and mastic combinations are 

investigated.  

 

2.5.1. Material and geometry of the model  
 

A 2D finite element modelling of asphalt mixtures is carried out in order to 

evaluate the qualitative agreement between the model and the experimental 

results. In the simulation, asphalt mixture is represented by a rectangular 

representative volume element (RVE) of 200 mm by 200 mm. The size is chosen 

in order to accommodate the randomly generated elements as it is difficult to 

obtain reasonable aggregate percentage within smaller sizes.  

 

 

 

Figure 7. Representative volume elements (RVE) for asphalt mixtures micro-

mechanical model (a) Coarse graded and (b) Fine graded 

 

The aggregates are represented by circles of four different sizes of 10, 7.5, 5 and 

2.5 mm in diameter. Air voids are also represented by circles of 1.25 mm in 

diameter. Two different gradations are used in this model in order to take into 

consideration the effect of differences in gradations. Coarse and fine graded 

materials are modelled by varying the percentages of larger aggregates relative 

(a) (b) 
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to smaller ones. According to the generated images, the aggregates make up 

69.35 %, the mastic phase 27 % and air voids 3.65 % of the RVE. The two RVEs 

of the model are shown as in Figure 7.  

 

The aggregates are modelled as a linear elastic material with elastic modulus of 

50 GPa and Poisson’s ratio of 0.15. The mastic phase is modelled as a linear 

viscoelastic material using Generalized Maxwell model and coefficient of 

thermal contraction value of 2x10-5/ oC. Two types of mastic with different 

viscoelastic properties are considered for this study. The relaxation modulus of 

the mastic is accordingly described by a Prony series as  

 

𝐸(𝑡) = 𝐸∞ + ∑ 𝐸𝑛

𝑁

𝑛=1
𝑒

−
𝑡

𝜏𝑛   ,                                                                                              (13) 

 

where 𝐸∞ is the long term modulus, t is the time, En and τn are stiffness and 

relaxation time for the nth branch of the viscoelastic model. The time 

temperature superposition principle is applied in the model by the Williams-

Landel-Ferry shift factor which is expressed as 

 

log(𝛼𝑇) =
−𝐶1(𝑇 − 𝑇𝑟𝑒𝑓)

𝐶2 + 𝑇 − 𝑇𝑟𝑒𝑓
,                                                                                                   (14) 

 

where 𝛼𝑇 is the shift factor, T is the temperature, Tref is the reference 

temperature, C1 and C2 are constants from the sigmoidal master curve. The 

reduced time can be calculated based on the shift factor as  

    

𝑡𝑟𝑒𝑑 =
𝑡

𝛼𝑇
                                                                                                                                  (15) 

 

The overall Prony series for the time temperature superposition can therefore 

be expressed by combining Equations 13 and 15 in to Equation 16.  

 

𝐸(𝑡, 𝑇) = 𝐸∞ + ∑ 𝐸𝑛

𝑁

𝑛=1
𝑒

−
𝑡.𝛼𝑇
𝜏𝑛 ,                                                                                         (16) 

The Prony series data are presented in Table 2, which is based on DSR 

measurements for the two different mastic types. 
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Table 2: Prony series coefficients for mastic used in the simulations 

 

Mastic with 70/100 bitumen Mastic with 160/220 bitumen 

G*(MPa) τ(s) G*(MPa) τ(s) 
26.99 0.062 21.43 0.0628 

20.13 0.135 13.68 0.135 

13.85 0.291 8.15 0.291 

8.72 0.628 4.56 0.628 

5.04 1.352 2.44 1.352 

2.76 2.920 1.26 2.920 

1.44 6.28 0.64 6.28 

0.73 13.529 0.32 13.529 

0.37 29.149 0.15 29.149 

0.18 62.8 0.078 62.8 

 

 

2.5.2. Cohesive Zone Model  
 

In order to define the mastic-aggregate interface in the finite element model of 

asphalt mixtures, the Cohesive Zone Model (CZM) is adopted. It is introduced 

in fracture damage studies in various materials including metals, polymers, 

ceramics and geo-materials and cement concrete (Dugdale D.S., 1960; Barenblatt 

G.I, 1962 and Hillerborg A. et. al., 1976). According to this approach, fracture 

formation is a gradual phenomenon in which crack separation takes place across 

an extended crack tip or cohesive zone and is characterized by cohesive tractions 

and cohesive zone displacements. Material degradation and separation are thus 

assumed to take place in a discrete plane, represented by cohesive elements that 

are embedded in potential crack propagation paths. Bazant Z.P. and Planashave 

presented a comprehensive review of the cohesive crack models (Bazant and 

Planshave, 1998). 

 

The mastic-aggregate interface in asphalt mixtures is the weak area that is most 

susceptible to cracking due to differential thermal contraction. In the CZM, the 

physical fracture is assumed to be localized within a small zone defined by two 

imaginary surfaces and the bulk material outside this zone is still undamaged. 

When the traction across surfaces exceeds a certain threshold, these two surfaces 

start to open and a crack initiates. In the phenomenological description of crack 

propagation, the traction, T, acting on the crack surfaces, changes with the 

change of the separation Δ of the two imaginary surfaces. This constitutive 

behaviour of a cohesive crack is derived through a cohesive energy potential W 

as  
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𝑇 =
𝜕𝑊

𝜕Δ
                                                                                                                                     (17) 

 

In this work, a linear traction-separation law is used which is computationally 

more convenient. The cohesive elements behave linearly until the damage 

initiation threshold is reached and then the damage evolution proceeds. The 

maximum nominal stress criterion is adopted to control the damage initiation. 

This criterion assumes that damage will initiate when the maximum nominal stress 

ratio reaches unity and it can be expressed as 

 

𝑀𝑎𝑥 {
〈𝑡𝑛〉

𝑡𝑛
𝑜 ,

𝑡𝑠

𝑡𝑠
𝑜  ,

𝑡𝑡

𝑡𝑡
𝑜 } = 1,                                                                                                          (18) 

 

where, 𝑡𝑛
𝑜, 𝑡𝑠

𝑜 and 𝑡𝑡
𝑜 represent the peak values of the nominal stress when the 

deformation is either purely normal to the interface or purely in the first or 

second shear direction; and 𝑡𝑛,𝑡𝑠,𝑡𝑡 are nominal traction stresses in three 

directions, respectively.  

 

Once the damage initiation criterion is reached, fracture damage evolves as the 

material stiffness degrades. The overall damage of the cohesive zone elements is 

represented by a scalar variable D, whose value varies from 0 to 1. The stress 

components within the cohesive element are affected by the damage variable D 

as below:  

 

tn=(1−D)𝑡�̅�, 𝑡�̅�≥0                                                                                                                  (19) 

 

ts=(1−D) 𝑡�̅�                                                                                                                              (20) 

 

tt=(1−D) 𝑡�̅�                                                                                                                              (21) 

 

 

where, 𝑡�̅�, 𝑡�̅�, 𝑡�̅� are stress components when there is no damage within the 

cohesive zone element. The damage variable D can be defined by several damage 

evolution models. The power law is used in this work. This criterion is based on 

a power law interaction of fracture energies in three directions so that the 

degradation is evaluated under the mixed mode condition. It can be expressed 

as:  

 

     {
𝐺𝑛

𝐺𝑛
𝐶

}
𝛼

+ {
𝐺𝑠

𝐺𝑠
𝐶

}
𝛼

+ {
𝐺𝑡

𝐺𝑡
𝐶}

𝛼

= 𝐷                                                                                                   (22) 

 

Where, Gn, Gs and Gt are the work done by the traction force and its displacement 
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in the normal and two shear directions, respectively; 𝐺𝑛𝐶, 𝐺𝑠𝐶and 𝐺𝑡𝐶 are the 

critical fracture energies specified according to the material properties. 𝛼 is the 

power to be specified for this criterion (α is set as 1 in this study). The parameters 

for the cohesive zone model are adopted from (H. Kim and W.G. Buttlar, 2009) as 

they are experimentally verified for low temperatures and shown as in Table 3.  

 

Table 3: Cohesive zone parameters for the contact at the aggregate-mastic 

interface 

 tn
o 

 ts
o 

 tt
o Gn

c Gs
c Gt

c 

0.38 MPa 0.38 MPa 0.38 MPa 0.27N/mm 0.27N/mm 0.27N/mm 

 

The damage evolutions model determines the softening behaviour after the 

occurrence of damage initiation in the fracture cohesive zone. The softening 

region of the traction separation curve changes to a nonlinear shape when the 

parameter α is not equal to 1. The power law cohesive model becomes a bilinear 

cohesive model when α is equal to 1. 

 

2.5.3. The numerical simulations 
 

The numerical simulations have been conducted using the commercial finite 

element analysis software ABAQUS version 2017. The aggregates and the mastic 

are meshed separately with an approximate element size of 0.4 mm. The RVE is 

analyzed in one step with a free boundary condition at each required 

temperature within a full thermal cycle. In a next step, a compressive vertical 

displacement of 0.0001 mm is applied on the top edge and a symmetrical 

boundary condition is applied at its bottom. This is done in order to test for 

stiffness of the RVE at the corresponding temperature. A thermal cycle is applied 

in such a way that the above mentioned two steps are run for temperatures of 0 
oC, -10 oC, -20 oC, -30 oC, -40 oC respectively. That represents the thermal 

loading phase within the full cycle and a thermal unloading is also applied by 

doing the same in reverse order. 
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Figure 8. (a) Meshes of the finite element model and (b) boundary condition 

in the testing step (only case 1 selected) 

 

Four cases are created by combining the two mastic types and the two aggregate 

gradations mentioned above. Figure 8 shows the mesh and boundary conditions 

for the finite element model in case 1 (coarse graded gradation). The interface 

between mastic and aggregate is assigned an interaction property based on the 

cohesive zone model described above in Section 2.5.2. 

 

 

 

 

 

 

 

 

 

 

(a) (b) 
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3. Summary of results and discussions 
 

The first objective of developing the new non-contact resonance testing method 

is to obtain a repeatable and verifiable measurements. A loud speaker has been 

successfully used to excite the fundamental axially symmetric resonance 

frequency of a disc-shaped asphalt mixture. Figure 9 shows an example of a time 

domain response of an excitation and its corresponding frequency spectrum. 

Hilbert transform is used to obtain amplitudes of the frequency spectrum after 

the signal is filtered by the Savitszky Golay method (Brandt Anders, 2011). This 

filtering is carried out for the purpose of smoothing the signal data to improve 

the signal to noise ratio without affecting the obtained result. 

    

  

 
 

Figure 9 An example of measured resonance by using loud speaker as an 

excitation source (a) in time domain and (b) in frequency domain  
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Repeatability of the method is examined by taking 30 measurements on an 

asphalt mixture sample of similar geometry as the actual specimen. Results 

indicate standard deviations of 4.7 Hz and 2.4 Hz at -20oC and -30oC 

respectively. Figure 10 shows an example of repeatability study at -30oC. In 

general, the lower the temperature is, the better the repeatability becomes. 

Standard deviations of 4.9 Hz and 5.1 Hz have also been obtained at 

temperatures of 0oC and -10oC respectively. These deviations in resonance 

frequencies correspond to approximate modulus deviations of 0.21 %, 0.58 %, 

0.62 % and 0.7 % for temperatures of -30oC, -20oC, -10oC and 0oC respectively. 

Figure 10 Example of repeatability of measured resonance frequency of a 

dummy AC sample at -30oC using the automated non-contact resonance test 

method 

 

In order to verify the measured resonance frequencies by the new automated 

methodology, an instrumented impact hammer is used to trigger the same mode 

of excitation. Results have shown a good agreement between the impact hammer 

excitation and the non-contact excitation by a loud speaker on a cement concrete 

sample of similar geometry (Paper I). In this case, measurements are taken at 

room temperature since measurements on cement concrete are not affected by 

temperature. However, the main objective of this method is to improve the 

procedure of the testing so that measurements can be carried out under 

controlled conditions on an asphalt mixture sample at low temperature. 

Therefore comparison of results from impact resonance and the developed non-

contact resonance has to be carried out at low temperatures on asphalt mixture 

specimens. 

 

In order to observe the differences in results due to different durations of 

measurement, two impact resonance measurements are carried out at -20oC and 

-30oC at 5 and 10 seconds after the opening of the thermal chamber (Paper I). 

These chosen durations are assumed to be the time required to apply the impact 

while the thermal chamber is open. Depending on the experience of the operator 

and how many impacts are required, it could take more time than the assumed 

periods. These two manual measurements are then compared with the 
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automated non-contact measurement at each temperature. Results indicate that 

even with these short times considered for the manual measurement, there can 

be a significant difference due to the temperature contamination caused by 

opening of thermal chamber. The longer the duration of manual measurement, 

the more this difference becomes since the measurement temperature becomes 

more corrupted with a longer period while the climate chamber is open. Figure 

11 shows an example of a comparison based on the above mentioned 

measurement protocol. 

 
Figure 11 Examples of variations in resonance frequency measurements at -

30oC caused by manually applied impact while thermal chamber is kept open 

for 5 and 10 seconds. 

 

In order to show the application of the developed test method on a temperature-

dynamic modulus behavior, testing is performed on an ABT-11 70/100 

specimen. The details of this mixture’s properties are presented in Paper I. The 

conditioning period to obtain constant resonance frequency measurement at 

one temperature is obtained from a dummy sample and found to be from 3 to 4 

hours. Accordingly, the testing was carried out by conditioning the specimen at 

the required temperature for 4 hours and in a decreasing step wise order from 

0oC to -40oC, as shown in Figure 5. Figure 12 shows the complex dynamic 

modulus computed from measured resonance frequencies with decrease in 

temperature. 
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Figure. 12 Dynamic modulus at decreasing order of temperature computed 

from measured resonance frequencies using the non-contact resonance 

testing method 

 

Repeated cyclic low temperature measurements of resonance frequencies are 

performed in Paper II in order to study the effect of thermal cycles on asphalt 

mixture. A hysteretic behavior of measured resonance frequencies is observed 

for all specimens. Measured resonance frequencies in the thermal unloading 

(TU) phase are lower than the corresponding results in the thermal loading (TL) 

phase (Figure 13). Since the measured resonance frequencies are directly 

proportional to the stiffness modulus, the hysteretic behavior is also applicable 

to stiffness modulus. 

 

Asphalt mixture’s stiffness increases with decreasing temperatures due to 

changes in free volume which decreases when the temperature is decreased (H. 

U. Bahia and D.A. Anderson, 1992). Normally, it would be assumed that the 

asphalt mixture stiffness depends only on temperature and is independent of 

thermal history. However, the results reported in Paper II show that even though 

the modulus decreases as temperature increases, a reduction is also apparent as 

compared to the values at exact same temperatures in the TL phase. This is 

believed to be due to a presence of thermally induced damage that occurred 

below a certain threshold temperature value during the thermal cycles and 

further addressed in this section. Figure 13 shows an example of the observed 

hysteretic behavior on the ABS 11 70/100 sample. 
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Figure 13. Hysteretic behavior of measured resonance frequencies with 

cooling and heating cycles on sample ABS-11-70/100. 

 

In addition to the hysteretic effect, a decrease in stiffness modulus with thermal 

cycles is also observed on ABS 11-70/100 at -40oC. As reported in Paper II, the 

decrease of material stiffness, with thermal cycles has been observed for all 

tested materials. 

 

The reduction in modulus is calculated based on the measurements by assuming 

Poisson’s ratio values of 0.2 and 0.25 for temperatures below -20oC and above -

20 oC respectively. This calculation is carried out in order to show the relative 

changes in modulus due to the effect of the applied cyclic cooling. Figure 14 

shows these stiffness reductions in percent (i.e., (ETL-ETU)*100/ETL) of all the 

three specimens at each temperature within the thermal cycles. 

 

Measured resonance frequencies are used to compute damping ratios as per 

Equation 4 for the specimens tested within the temperature cycles. Results from 

these calculations show expected decrease of damping ratios as temperature 

decreases in the thermal loading phase up to -30oC in the first applied cycles. On 

the contrary, results calculated at -40oC are less than those at -30oC in the fourth 

cycles for all the specimens tested. ABS-11 70/100 shows this specified reduction 

in damping in the first cycle as well as the last one. In addition to these, a 

hysteretic effect is also observed on damping ratios of ABT 11 70/100 and ABS 

11-70/100 specimens. 
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Figure 14. Reduction in stiffness modulus of tested specimens due to cooling 

and heating cycles 

 

Recent studies regarding early damage detecting in different materials have 

shown that damping is a more reliable and sensitive parameter than stiffness (D. 

Montalvão et al. 2006; M S Cao et al. 2017). Higher damping ratio suggests the 

existence of more dissipated energy than expected, indicating the presence of 

micro damage which may be caused by thermal stresses developed due to 

differential contraction with in asphalt mixtures. Figure 15 shows the damping 

ratios of ABS 11-70/100 with the application of temperature cycles. It can also 

be observed that after the specimen is heated to 40oC and kept at room 

temperature, the first cycle has no such effect of increasing damping ratio at -

40oC. 

 
Figure 15. Damping ratios from measured resonance frequencies with 

application of cyclic cooling on ABS 11-70/100 
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Paper III shows a thermal damage initiation probing that is carried out by 

decreasing and increasing the temperature by 10oC within a range of 0oC to               

-40oC as a form of thermal loading and unloading of the specimens. This probing 

is carried out to discern a temperature around which a change in the material’s 

stiffness modulus is observed due to low temperature damage. Figure 16a and 

16b show examples of the results of the thermal damage initiation probing in 

paper III.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: Thermal loading and unloading of two different asphalt mixture 

specimens for probing low temperature damage initiation. 

 

 

a. 

b. 
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The green arrows in these figures indicate the TL and TU probing steps or 

decrease and increase in temperature by 10oC which is carried out in order to 

detect initiation of thermal damage. It can be observed in the results that until 

the temperature reaches -30oC, there is no separation of the green arrows. This 

shows that the stiffness modulus does not show any hysteresis meaning no 

damage initiation. However, when the temperature is further reduced to -40oC, 

a hysteresis is observed that is shown in the Figures 16 and 17 by the splitting of 

the green arrows. After the temperature is increased back to -30oC from -40oC, 

the stiffness modulus decreases as compared to its corresponding value at the 

same temperature (-30oC) during the TL phase of the test. This decrease is 

further observed at -20oC and -10oC while the same value is obtained at 0oC 

closing the observed hysteretic loop. This implies that thermal cracks, that cause 

stiffness modulus reduction, are initiated at a temperatures less than or equal to 

-30oC. The decrease in the modulus keeps decreasing in magnitude as the 

temperature increases towards 0oC. In this experimental protocol, the exact 

temperature at which thermal crack is initiated cannot be identified. 

Nevertheless, the exact temperature is not required for the theoretical model 

that is being applied to estimate thermal crack. This result is obtained in five 

different specimens of different mixtures as reported in Paper III. 

 

Results of estimation of coefficient of thermal contraction of the specimens 

tested in Paper III by the non-contact echo method show similar trend of 

decreasing with decrease in temperature.  

 

  

 

 

 

 

 

 

 

 

 

 

 

  

a. 
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Figure 17: Coefficients of thermal contraction (CTC) of asphalt mixture 

specimens based on non-contact echo method   

 

This expected result shows the potential of the non-contact resonance testing 

method for comparing and contrasting of the thermal contraction behavior of 

different mixtures with different bitumen grades and at different temperatures. 

Figures 17a and 17b show examples of coefficients of thermal contraction with 

decreasing temperature.  

 

Figures 18a and 18b show examples of the average thermal crack length, C in the 

specimens estimated as per the theory of energy redistribution and energy based 

mechanics (EBM) model explained in Section 2.4. From the results of the low 

temperature damage probing test mentioned above, it can be realized that the 

average crack length remains the same as Co until thermal crack is initiated. The 

average crack sizes calculated at -40oC for all the specimens are greater than the 

initial average crack sizes (Co). This result shows that a low temperature micro-

crack has been initiated in between -30oC and -40oC which agrees well with the 

experimental observations presented in Figures 16a and 16b as the behavior of 

the damage probing test.  

 

In the thermal unloading phase (Figure 18), the average crack length keeps 

decreasing as the temperature increases. This indicates the effect of heating 

which causes the average crack length to decrease due to healing. The crack 

length of the ABS samples (Figure 18a) which are coarse graded is observed to 

be generally greater than the ones of the other specimens as shown in Paper III. 

The ABT-11-160/220 (Figure 18b) specimen shows the smallest crack length and 

that can be attributed to its resistance to low temperature cracks because of its 

softer mastic. 

 b. 
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Figure 18: Average thermal crack length within asphalt mixture specimens 

according to local energy redistribution model under the application of cyclic 

cooling and heating. 

 

Paper IV presents results of finite element simulations in order to capture effect 

of adhesive thermal damage initiation and its effect on the stiffness modulus of 

asphalt mixtures. Four cases of aggregate-mastic combination are considered in 

order to be able to show effects of gradation and bitumen grade on thermal stress 

concentration and their response to cyclic thermal variations.   

 

a. 

b. 
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Figure 19: Examples of thermal stress distributions on a.case 1 and b.case 4  

of mastic-aggregate gradation combinations of mixtures at -40oC 

 

 

Case 1 refers to a coarse gradation-stiff mastic combination which corresponds 

to the experimental ABS-11 70/100 specimen described in Section 2.3, Case 2 to 

a coarse gradation-soft mastic combination, Case 3 to a fine aggregate-stiff 

mastic combination which corresponds to the experimental ABT-11 70/100 and 

Case 4 to fine aggregate-soft mastic combination, which corresponds to ABT-

11 160/220. Figures 19a and 19b show thermal stress distribution of case 1 and 

case 4, respectively, at -40oC. It can be noted that the stress distribution is 

 

b. 

a. 
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dependent on the gradation and coarse graded mixes are more susceptible to 

temperature induced stresses than fine graded ones. It can also be observed that 

stress concentration occurs at locations where aggregates are close to one 

another meaning when there is less mastic film thickness in between two 

aggregates. Additionally, mixtures with softer mastic endure less stress as 

compared to mixtures with stiffer mastics.  

 

Adhesive damage initiation due to differential thermal contraction at mastic-

aggregate interface is obtained from the results of the simulations. The damage 

magnitudes are identified by plotting a dimensionless parameter based on the 

maximum stress criteria (MAXSCRT) and the damage distribution of case 1 is 

shown in Figure 20. The thermal stress at the mastic-aggregate interface is 

computed based on the cohesive zone model criteria as per Section 2.5.2.  

 

 

Figure 20: Example of thermally induced damage at the aggregate-mastic 

interfaces at -40oC 

 

It can be observed that regions of the mastic are subject to different levels of 

damage. A MAXSCRT value of 1 is considered as an indication of full damage to 

a mastic element while the values less than 1 can also contribute to the overall 

damage of the whole asphalt mixture as it is evident that damage is already 

initiated. 

 

The stiffness modulus of all the four materials simulated has been calculated 

from the specimens’ response to a uniaxial compression test. Uniaxial 

compression tests have been simulated during thermal cycles similar to the 

experimental procedure in Paper III.  
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Figure 21: Simulation and experimental results of stiffness modulus 

behavior under cyclic thermal cooling and heating 

 

Comparison of the simulation results with the experimental results shows a 

similar behavior of stiffness reduction in the thermal unloading stage. Figure 21 

shows examples of results from Paper IV. It is to be noted that quantitative 

agreement between modelling and experimental results is not aimed at in this 

study. The focus here lies on establishing a model which has qualitative 

agreement with the experimental observations with respect to the hysteretic 

behavior of stiffness modulus due to thermally induced damage initiation.  
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Figure 22: Low temperature damage in the form of stiffness modulus 

reduction; comparison of experiment and micro-mechanical model. 

 

In Figure 22, modulus reduction due to thermal cycle is presented as obtained 

from the modeling as well as from the experiments. The results indicate that a 

mixture with coarser gradation (Case 1 and Case 2) is more susceptible to 

thermally induced damage than a mixture with finer gradation (case 3 and case 

4). A mixture with a coarse gradation and stiffer mastic (Case 1) shows larger 

reduction in stiffness modulus than a mixture with the same gradation but with 

softer mastic (Case 2). A mixture with softer mastic shows lesser reduction in 

modulus in the obtained results which agrees with the experimental results. A 

combination of softer mastic with finer gradation has the least thermally 

induced damage as shown by Case 4 in Figure 22. 
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4. Conclusions and future work 
 

In this thesis, a new non-destructive testing methodology for investigation of 

temperature induced damage in asphalt mixtures is developed. The newly 

developed method enables automatic measurement of the axially symmetric 

fundamental mode resonance frequency of a disc shaped asphalt mixture 

specimen. The objective of carrying out a resonance testing in a temperature 

controlled environment is accomplished by triggering specimen excitation 

remotely through sound waves generated by a loud speaker. Results of the study 

have shown a good repeatability of the developed method. The flexibility and 

adaptability of the measurement set-up have also been evaluated by varying the 

air gap between the specimen and the loudspeaker. A comparison with the 

conventional impact resonance method has revealed the new method’s 

advantage regarding control of measurement temperatures, particularly for 

asphalt mixtures. The proposed technique has a significant relevance for 

studying the sole effects of low temperature conditioning on asphalt by avoiding 

possible thermal contamination, which is associated with opening of the thermal 

chamber.  

 

A hysteretic behavior of stiffness modulus is observed experimentally on asphalt 

mixture specimens with applications of cooling and heating cycles. In addition 

to the hysteretic behavior, the coarse graded specimens’ (ABS 11-70/100 and 

ABS 16-70/100) stiffness modulus have shown a decrease at -40oC compared to 

their value at -30oC. As the number of applied cycles increases from first to 

fourth, stiffness moduli of all the specimens at -40oC decrease slightly. Results 

of damping ratio investigations show its increase at-40oC. A combination of 

reduction in stiffness and increase in damping at -40oC is considered as an 

indication of micro-damage presence. In a further investigation of the cause of 

the above mentioned hysteretic behavior, the experimental damage probing 

procedure has revealed that low temperature damage in the asphalt mixture 

specimens is essentially initiated at a temperature between -30oC and -40oC.  
 

Micro-mechanical modelling has been employed in order to investigate 

thermally-induced damage in asphalt mixtures from a theoretical point of view. 

The modelling results obtained were found to be in qualitative agreement with 

the experimental observations. Namely, the thermally induced micro-crack 

length, estimated based on the energy redistribution theory, was found to agree 

with the observations concerning the specimen’s stiffness evolution under the 

thermal cycles. Healing in the form of decrease in micro-crack length is also 

observed in the heating phase of the cooling cycles. This shows the potential of 

energy based mechanics to investigate low temperature induced damage 

initiation. Results from the finite element micro-mechanical modelling of the 
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study have shown the initiation of low temperature adhesive damage at 

aggregate-mastic interface. FE modelling results concerning the asphalt 

stiffness modulus evolution during a thermal cycle, exhibited behavior similar 

to the one observed experimentally. According to the results from the modelling 

work, coarse graded mixtures show more susceptibility to low temperature 

adhesive damage as compared to the fine graded ones. In addition, mixtures 

with softer mastic contents show less susceptibility.  

 

This work shows the potential of a non-contact non-destructive method and also 

the applicability of analytical and FE modelling approach for evaluating 

thermally induced damage to asphalt mixtures. Further investigations on 

thermally induced damage and healing can be recommended as a future work 

by extending the study approach to include other aspects such as non-linearity 

behaviors. In future research can also be carried out by using non-linear 

resonance ultrasound spectroscopy (NRUS) technique as a form of non-linearity 

investigation on lower scales of specimen sizes by incorporating more number 

of thermal cycles.  
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