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I 
 

Abstract 
 
 
This thesis present novel non-destructive laboratory test methods to characterize 
asphalt concrete. The testing is based on frequency response measurements of 
specimens where resonance frequencies play a key role to derive material 
properties such as the complex modulus and complex Poisson’s ratio. These 
material properties are directly related to pavement quality and used in thickness 
design of pavements. 

Since conventional cyclic loading is expensive, time consuming and complicated 
to perform, there has been a growing interest to apply resonance and ultrasonic 
testing to estimate the material properties of asphalt concrete. Most of these 
applications have been based on analytical approximations which are limited to 
characterizing the complex modulus at one frequency per temperature. This is a 
significant limitation due to the strong frequency dependency of asphalt concrete. 
In this thesis, numerical methods are applied to develop a methodology based on 
modal testing of laboratory samples to characterize material properties over a wide 
frequency and temperature range (i.e. a master curve).  

The resonance frequency measurements are performed by exciting the 
specimens using an impact hammer and through a non-contact approach using a 
speaker. An accelerometer is used to measure the resulting vibration of the 
specimen. The material properties can be derived from these measurements since 
resonance frequencies of a solid are a function of the stiffness, mass, dimensions 
and boundary conditions.  

The methodology based on modal testing to characterize the material properties 
has been developed through the work presented in paper I and II, compared to 
conventional cyclic loading in paper III and IV and used to observe deviations from 
isotropic linear viscoelastic behavior in paper V. In paper VI, detailed 
measurements of resonance frequencies have been performed to study the 
possibility to detect damage and potential healing of asphalt concrete.   

The resonance testing are performed at low strain levels (~10^-7) which gives a 
direct link to surface wave testing of pavements in the field. This enables non-
destructive quality control of pavements, since the field measurements are 
performed at approximately the same frequency range and strain level.  

 

 

Keywords 
Resonance frequencies; Modal testing; Frequency response functions; Cyclic 
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III 
 

Sammanfattning 
 
 
Denna avhandling presenterar nya oförstörande testmetoder för att karakterisera 
asfaltprovkroppars materialegenskaper. Provningen är baserad på att mäta 
provkroppars frekvensrespons över ett brett frekvensområde där 
resonansfrekvenser spelar en central roll i bestämningen av materialegenskaper 
som den komplexa modulen och komplexa Poisson’s tal. Dessa materialegenskaper 
är direkt relaterade till beläggningskvaliteten och används i 
bärighetsdimensionering av vägar för att bestämma asfaltlagrens tjocklek.  

Intresset för att använda ultraljuds- och resonansfrekvensmätningar till att 
bestämma materialegenskaper i asfalt har ökat på senare tid eftersom 
konventionella mätmetoder är dyra, tidskrävande och komplicerade att utföra. De 
flesta av de tidigare vågbaserade metoderna har dock använt sig av approximativa 
analytiska förhållanden som är begränsade till en specifik geometri och till att 
bestämma styvhetsmodulen för en frekvens per temperatur. Detta är en stor 
begränsning med tanke på asfaltens starka frekvensberoende. I denna avhandling 
har numeriska metoder använts för att utveckla en metodik baserad på 
resonansfrekvensmätningar som kan karakterisera asfaltprovkroppars 
materialegenskaper över ett brett frekvens- och temperaturspann (dvs. en 
masterkura). 

Resonansfrekvensmätningar har utförts genom att excitera en provkropp via en 
liten hammare och genom att använda en högtalare för kontaktlös excitering. En 
accelerometer har använts för att mäta upp de resulterande vibrationerna i 
provkropparna. Materialegenskaperna kan bestämmas utifrån dessa mätningar 
eftersom resonansfrekvenserna av en kropp är en funktion av styvhet, massa, 
dimensioner och randvillkor.  

Metodiken för att karakterisera materialegenskaper genom 
resonansfrekvensmätningar har utvecklats i artikel I och II, jämförts mot 
konventionella metoder i artikel III och IV och använts för att observera avvikelser 
från isotropiskt linjärt viskoelastiskt materialbeteende i artikel V. Genom att 
använda en högtalare har detaljerade resonansfrekvensmätningar utförts för att 
undersöka möjligheten att detektera skador och potentiell läkning av en 
asfaltprovkropp i artikel VI. 

Asfalten utsätts för ungefär samma töjningsnivåer och belastningsfrekvenser vid 
resonansfrekvensmätningar som vid oförstörande seismiska fältmätningar av 
beläggningar. Detta möjliggör oförstörande kvalitetskontroller av 
vägkonstruktioner eftersom resultaten från dessa metoder kan jämföras direkt 
utifrån liknande förutsättningar.  
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1 Introduction 
Asphalt concrete consists mainly of stone aggregates of different sizes, bitumen and 
air voids. This composite material has a complex mechanical behavior that depends 
on loading frequency, temperature and strain level. It is known that asphalt 
concrete show a non-linear dependence between stress and strain above a certain 
degree of deformation. At these levels of deformation the material displays a 
viscoelastic-plastic behavior. At lower levels of deformation, asphalt concrete is 
assumed to have a linear viscoelastic behavior which greatly simplifies the difficult 
task to predict the stress-strain behavior of the material. The isotropic linear 
viscoelastic behavior of asphalt concrete can be governed by two constants such as 
the complex stiffness modulus (E*) and complex Poisson’s ratio (v*). These 
frequency and temperature dependent material properties are key parameters in 
thickness design of pavements.   

1.1 Background 
Pavement design has traditionally been based on empirical values of material 
properties that are applicable for the traffic and climate conditions under study. 
Therefore, traditional design methods are often limited for use in certain areas or 
countries. This approach has not helped to increase the general understanding of 
the fundamental mechanical behavior of pavements. Nowadays, there is an 
increasing interest of being able to perform more mechanically based designs of 
pavements to potentially optimize the cost and life length for a given road 
construction. Therefore, accurate characterization of the material properties of 
asphalt concrete is necessary to improve the design of pavements. However, the 
viscoelastic behavior makes asphalt concrete more complicated than many other 
civil engineering construction materials due to its strong temperature and 
frequency dependency. When other materials such as e.g. concrete and steel can be 
described by a constant Young’s modulus, material properties of asphalt concrete 
need to be expressed as a function of loading frequency and temperature. A master 
curve describes this relation and is therefore a valuable tool for the characterization 
of asphalt concrete (Ceylan et al. 2009; Booshehrian et al. 2013). Any test methods 
used to determine the viscoelastic properties of asphalt concrete should be able to 
measure the response over a sufficient amount of frequencies to enable accurate 
estimation of master curves. 

Conventional test methods to measure the linear viscoelastic properties of 
asphalt concrete are based on applying cyclic loading to specimens while 
continuously measuring the displacements. The cyclic testing is usually performed 
at some frequencies between 0.01 to 25 Hz and at different temperatures (Brown et 
al. 2009). This type of testing is associated with high costs and the accuracy of the 
measurements is very sensitive to the set-up of the test (Daniel et al. 2004). This 
makes the test complicated and extensive experience of the operator is often 
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required to be able to accurately perform the time consuming preparations to run 
the testing. Despite these issues, the cyclic loading is currently the most common 
and useful test to characterize a complex modulus master curve ranging from low 
to fairly high frequencies (Di Benedetto et al. 2007). Due to the high costs and 
complexity of conventional testing, predictive models have been developed to 
estimate the dynamic modulus of asphalt concrete. These models use information 
of the gradation of the aggregates, the binder, and empirical data based on 
conventional testing to predict the dynamic modulus of different mixtures (Bari 
and Witczak 2006; Christensen et al. 2003; Garcia and Thompson 2007). The use 
of predictive models save time and costs but is not as accurate as actual testing. In 
addition, most models provide an approximation of only the absolute values of the 
complex modulus. Recent work has been performed to also predict the phase angle 
of asphalt concrete, which is needed to predict a complex modulus (Yang and You 
2014; Naik and Biligiri 2014) 

Resonance and ultrasonic testing are interesting alternative test methods to 
conventional cyclic loading that have been applied to asphalt concrete specimens. 
These methods are economic, simple to perform and especially resonance testing 
has a great potential to accurately characterize the material properties. Whitmoyer 
and Kim (1994) used impact resonance testing to investigate if the concrete 
standard “ASTM C215, Test Method for Fundamental Transverse, Longitudinal, 
and Torsional Frequencies of Concrete Specimens” was applicable to asphalt 
concrete. The concrete method allows the elastic modulus to be derived for the 
fundamental resonance frequency by using simplified analytical formulations 
which are applicable to specimens with a length to diameter ratio of at least 2 
(ASTM C215 2008). Although this work did not account for the viscoelasticity of 
asphalt concrete, the precise repeatability and reproducibility were identified as 
one of many advantages of resonance testing. The concrete method was further 
applied to asphalt concrete by Kweon and Kim (2006), where correction factors of 
the damping and the specimen geometry were used to increase the accuracy of the 
elastic modulus. The half-power bandwidth method was also used to estimate the 
damping, giving the phase angle and consequently the complex modulus. A large 
number of mixtures were tested by both impact resonance testing and conventional 
cyclic compression loading in this study. The comparison of the two methods 
showed a promising agreement. However, an important finding from this study 
was that shift factors were needed to be known beforehand to be able to apply the 
concrete standard to estimate master curves of asphalt concrete. This is due to that 
the ASTM C215 standard allows the elastic modulus to be determined for one (the 
fundamental) resonance frequency which gives only one modulus per measurement 
temperature. This significant limitation has been seen in most of the work applying 
either resonance or ultrasonic testing to asphalt concrete (cf. e.g. Lacroix et al. 
2009; Nazarian et al. 2005; Di Benedetto et al. 2009; Norambuena-Contreras et al. 
2010; Mounier et al. 2012; Larcher et al. 2014). An approach capable to increase 
the usable resonance frequencies was presented by Ryden (2011), where three-
dimensional numerical calculations were applied to derive the complex moduli of 
asphalt concrete from resonance testing. The numerical calculations open up the 
possibility to estimate the complex modulus from several resonance frequencies of 
specimens with arbitrary dimensions. However, the measurements of the 
cylindrical disc-shaped specimens were limited to the fundamental longitudinal 
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and flexural modes of vibration in this study. This thesis continues to develop the 
approach of using numerical methods to derive the complex modulus and complex 
Poisson’s ratio master curves of asphalt concrete specimens with arbitrary 
dimensions through resonance testing. 

In addition to economic, fast and simple measurements, there are further 
advantages of developing accurate test methods based on resonance frequency 
measurements: 

• The mechanical properties of asphalt concrete are, in similarity to many 
other materials, dependent on the magnitude of the applied stress (Airey 
and Rahimzadeh 2004; Nguyen et al. 2014). Conventional tests, usually 
performed at strain levels of around 50∙10-6, are limited to testing above 
the magnitude of approximately 10-6. Resonance frequency testing is 
performed at lower strain levels (10-7 and below) and can therefore extend 
the strain level measurement range. This can be used to increase the 
knowledge of the strain level dependency of asphalt concrete and low 
strain measurements can be used for early damage detection (Van Den 
Abeele et al. 2000). 

• The thickness and air void content of cored samples from the roads are 
currently used as quality control of pavements. There is a will to reduce 
this destructive point wise testing of pavements. Low strain laboratory 
resonance testing has the potential to provide the necessary link to non-
destructive field measurements to enable non-destructive quality control 
of pavements (Ryden 2004). 

1.2 Objectives 
The objectives of this thesis are to develop economic and accurate non-destructive 
testing (NDT) methods to characterize the isotropic linear viscoelastic properties of 
asphalt concrete over a wide frequency range. Effects of applied strain levels, 
applicability to different geometries and dimensions and the possibility for early 
damage detection are also studied in this thesis.  

1.3 Limitations 
The novel NDT methods presented in this thesis have been applied to a limited 
number of asphalt concrete specimens of different shapes and dimensions. The 
appended papers present modal test results of three beam shaped asphalt concrete 
specimens and of three cylindrical shaped specimens. One disc-shaped asphalt 
concrete specimen has been tested by the non-contact excitation approach using a 
speaker. Concrete and PVC-U specimens have been tested in addition to the asphalt 
concrete specimens. The modal testing to determine frequency response functions 
has been performed by using an impact hammer. Other excitation methods such as 
e.g. a shaker remain to be applied to asphalt concrete for this purpose.  
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2 Methodology 
The main findings presented in the appended papers of this thesis are based on 
resonance frequency measurements of asphalt concrete specimens with different 
shapes and dimensions. Resonance occurs when the frequency of a driving force 
equals the natural frequencies of an object. The natural frequencies of a solid with 
free boundary conditions are a function of the mass, the dimensions and the elastic 
constants. This relation has been widely used to derive elastic constants of many 
different materials through resonance frequency measurements. Resonant 
ultrasound spectroscopy (RUS) is one of the most accurate and well-known 
methods based on resonance frequency measurements to derive elastic constants of 
isotropic and anisotropic materials (Migliori and Sarrao 1997; Li and Gladden 
2010). RUS is also referred to as resonant acoustic spectroscopy (RAS) in cases 
where the measurements are performed below the ultrasonic frequencies i.e. < 20 
000 Hz (Ostrovsky et al. 2001). In RUS and RAS, a large number of resonance 
frequencies of several modes of vibration are excited and measured by one single 
frequency sweep. To derive the elastic constants from these measurements the so-
called forward and inverse problem need to be solved. The forward problem is 
solved by using numerical methods to calculate all theoretical resonance 
frequencies based on assumed values of the elastic constants. The following inverse 
problem is solved by adjusting the elastic constants so that the theoretical 
resonance frequencies agree with the measured resonance frequencies. The 
number of measured resonance frequencies is often much larger than the number 
of elastic constants that are to be determined. This enables very accurate 
estimation of the elastic constants of both isotropic and anisotropic elastic 
materials (Migliori and Sarrao 1997). The development of RUS is relatively new 
compared to e.g. wave propagation techniques, due to need of computers for 
efficient calculation of the forward and inverse problem. Before Holland (1967) and 
Demarest (1971) applied numerical approximation methods to calculate theoretical 
resonance frequencies, analytical calculations were limited to specific geometries as 
cubes or spheres. Ohno (1976) refined and extended the work performed by 
Demarest to determine elastic constants for further symmetries. However, RUS got 
widely known and applied first after work by e.g. Migliori et al. (1990), Maynard 
(1992) and Visscher et al. (1991) where computational algorithms were developed 
to enable the determination of elastic constants of samples with arbitrary 
geometries (Migliori et al. 1993; Maynard 1996).  

Other NDT measurements based on recording the travel time of a wave 
propagating through a sample have been applied to asphalt concrete by e.g. 
Nazarian et al. (2005), Di Benedetto et al. (2009) and Norambuena-Contreras et al. 
(2010). The wave speed generally depend on the stiffness and the density which 
enable an estimation of the modulus by measuring the time of the propagating 
wave over a known distance. However, there are some important disadvantages 
related to applying ultrasonic wave propagation methods to asphalt concrete. For 



6 | Methodology 

 

example, the modulus is determined at very high frequencies (> 20 kHz) and for 
only one frequency at each test temperature. It is important to be able to determine 
the complex modulus of asphalt concrete over a wide frequency range including 
low frequencies, since pavements are exposed to much lower frequencies than the 
ultrasonic frequencies. One of the main disadvantages is although that the accuracy 
of the ultrasonic testing decreases when it is applied to materials that are not truly 
homogeneous (Bernard et al 2014). For such materials, as e.g. asphalt concrete, it is 
important that the wavelength is larger than the inhomogenities in the sample to 
reduce diffraction and scattering effects. Inhomogenities with similar sizes as the 
wavelength can cause diffraction which limits the accuracy, since wave propagation 
methods are usually based on the approximation of plane-waves. In addition, the 
waves can be scattered by the local inhomogenities if the wavelength is shorter than 
the local obstructing objects. This gives a diffuse wave front and the measured wave 
speed becomes dependent on the fastest path of the wave inside the sample and on 
the placement of the sensors. At the same time the wavelength need to be much 
smaller than the specimen due to the plane-wave approximation. This limits the 
minimum size of the specimen and the measurements becomes less accurate with 
increasing frequencies. Resonance testing is less affected by the heterogeneous 
nature of asphalt concrete since measurements are performed at lower frequencies 
and does not rely on an approximation of plane-waves. In fact, no assumptions of 
idealized states of stress and strain are needed since RUS accounts for the complex 
vibrations of the sample. Another important advantage with RUS is that it is 
possible to determine the complete stiffness coefficient matrix from one single 
measurement. The number of measurements needed to obtain the same result 
using wave propagation methods is at least equal to the number of stiffness 
coefficients in the matrix (Leisure and Willis 1997).  

The approach of measuring resonance frequencies and solving the forward and 
inverse problem to determine material properties has been central in the methods 
presented in papers I to V appended in this thesis. However, the frequency 
dependency of asphalt concrete does not allow the concept of RAS to be fully 
applied in its original form. Several discrete resonance frequencies cannot be used 
to increase the accuracy of a specific material property since each frequency gives a 
unique modulus. Therefore, there is a need to use additional information, namely 
the amplitude of the frequency response curve, from the resonance frequency 
measurements. The amplitude of the frequency response curve can be accounted 
for by also measuring the applied force of the impact. This force is used to 
normalize the amplitude of the response by dividing the response with the force. 
This gives a transfer function or a frequency response function (FRF) when it is 
expressed in frequency domain. Through the use of FRFs, the amplitude over the 
entire frequency range under study in addition to the resonances can be used as 
input to the estimation of the material properties. The additional input significantly 
increases the number of points that can be used to fit a theoretical curve against the 
measured behavior of the viscoelastic asphalt concrete. Consequently, viscoelastic 
material properties over a wide and fine sampled frequency range can be estimated 
with good accuracy by measuring and calculating FRFs. An application of RAS to 
asphalt concrete was applied in paper I and FRFs were measured and calculated in 
papers II to V. Optimization of FRFs to derive material properties have also been 
successfully applied to different types of frequency dependent viscoelastic materials 
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in other fields of engineering (Ren et al. 2011; Renault et al. 2011; Rupitsch et al. 
2011; Finnveden et al. 2014). 

2.1 Resonance frequency measurements 
The resonance frequencies of a specimen with free boundary conditions are 
determined by measuring the vibrations that are generated by an excitation. The 
excitation can be performed by an impact giving a transient vibration of the solid 
over a frequency range depending on the impact contact time. The resonance 
frequencies can also be excited through frequency sweeps where the driving 
frequencies can be defined beforehand. The impact excitation has been applied in 
papers I to V and a frequency sweep excitation using a speaker has been used in 
paper VI.  

The impact resonance test set-up is illustrated in Figure 1, where an impact 
hammer is used to apply the load and an accelerometer is used to measure the 
vibrations over time. The impact hammer (PCB model 086E80) and the 
accelerometer (PCB model 35B10) are connected to a signal conditioner (PCB 
model 480B21), which is shown down in the left corner of Figure 1. The signal 
conditioner prepares the signals for analog to digital conversion and can amplify 
the measurement signals if necessary. The signal conditioner is connected to the 
data acquisition device (NI USB-6251 M Series), shown in the right bottom corner 
of Figure 1, which converts the analog signals to digital signals.  

 

Figure 1: Equipment and test set-up for the impact hammer resonance frequency 
measurements 
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This specific data acquisition device has a sampling rate of 1.25 MHz which 
allows a sampling rate of 500 kHz for each of the two channels of the accelerometer 
and the impact hammer. The data acquisition device is connected to a computer 
through a USB cable. The data acquisition toolbox in MATLAB® is used to set-up 
the data acquisition device and to run and record the measurements. The specimen 
is placed on soft foam for free boundary conditions. 

Figure 2 shows an example of conventional cyclic loading test set-up as a 
comparison to the resonance frequency test set-up. Figure 2a shows a part of the 
heavy load frame used to apply the cyclic loading. Additional equipment needed for 
this test such as hydraulics, computer systems and connections are not shown in 
this figure. Figure 2b shows the details of the specimen set-up where the top and 
bottom is glued to enable tension and compression loading. Five sensors are used 
in this set-up to enable accurate measurements of the axial and radial 
displacements. A visual comparison between Figure 1 and 2 can give an indication 
of the advantages in speed and simplicity of performing resonance testing 
compared to the conventional cyclic loading. For example, all equipment that is 
needed to perform resonance testing can be carried in one single bag. Note that a 
climate chamber, such as the rectangular box shown in Figure 2a, is necessary in 
both test methods to perform measurements at different temperatures.  

  

a b 

Figure 2: Example of equipment and test set-up to perform conventional cyclic 
loading (a) and a detailed set-up of a specimen (b). The photos are taken at ENTPE, 
University of Lyon  
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Figure 3 shows the impact hammer and the accelerometer positioned to measure 
the flexural (anti-symmetric around the center of the diameter) modes of vibration 
of a disc-shaped asphalt concrete specimen. An impact in the center of the 
specimen generates the longitudinal (symmetric) modes of vibration. It is 
recommended to apply the impact to a stone on the surface of the specimen instead 
of to the binder. This is because hitting a stone often results in a shorter contact 
time of the impact compared to applying the impact to the binder. A shorter 
contact time of the impact provides energy to the specimen over a wider frequency 
range compared to a longer contact time of the impact. The softer binder may 
damp the impact which leads to a longer contact time that reduces the excitable 
frequency range compared to hitting a stone. The accelerometer is also 
recommended to be attached to a stone instead of to the binder.  

 

Figure 3: The accelerometer attached to the specimen and the impact hammer 

Figure 4 presents the measured response of the specimen due to five hammer 
impacts, where the acceleration is plotted over time (4a) and frequency (4b). The 
figure shows the response of the flexural modes of vibration of a disc-shaped 
specimen. The fast Fourier transform (FFT) is used to transform acceleration over 
time (4a) to acceleration over frequency (4b). The record time in figure 4a depends 
on the damping of the specimen. It is important to use a sufficiently long record 
time to not cut off the vibrations of the specimen before it has damped out. The 
record length can be reduced with increasing temperatures due to increased 
damping. In addition, the voltage range and amplification should be chosen so that 
the maximum peaks of the vibrations are not cut off. Figure 4b shows the first four 
flexural resonance frequencies (the peak amplitudes) excited by the impact 
excitation. The amplitude of the acceleration depends on the force of the impact. 
The resonance frequencies presented in Figure 4b can be used to apply the concept 
of RAS to estimate the material properties of asphalt concrete. 
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Figure 4: Measured response for an asphalt concrete specimen in time (a) and 
frequency domain (b) from five impacts 

2.2 Frequency response function measurements 
As mentioned earlier, the amplitude of the acceleration can be normalized by 
measuring the force of the impact. Figure 5 shows the measured force of each of the 
five impacts in time domain (5a) and frequency domain (5b). In similarity to the 
response, the FFT is used to transform the force over time to force over frequency. 
The recording of the measurements is initiated by using the impact of the hammer 
as a trigger. For this purpose a pre-trigger time is assigned to be sure to measure 
the complete load pulse (see Figure 5a). 

 

Figure 5: The applied load of five impacts in time (a) and frequency domain (b) 

The amplitude of the driving force (Figure 5b) and the amplitude of the response 
(4b) in frequency domain are used to determine FRFs according to the following 
equation,  

 ( ) ( )* *( ) ( ) ( ) ( ) ( )H f Y f X f X f X f= ⋅ ⋅   (1) 

where H (f) is the frequency response function, Y (f) is the measured acceleration, 
X (f) is the measured applied force and X*(f) is the complex conjugate of the 
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applied force. Figure 6 presents the five FRFs determined from the five measured 
responses and impacts (from figure 4 and 5). The five similar FRFs show the 
dynamic behavior of the asphalt concrete specimen independent of the applied 
force. Measurements of both the applied load and the resonance frequencies are 
often referred to as modal testing.  

 

Figure 6: FRFs determined from the measured response (Figure 4b) and force (Figure 
5b) of five impacts 

The determination of the material properties in this thesis have been based on 
averaged FRFs that are calculated from n number of measurements. The averaged 
FRF is calculated accordingly,  

 * *

1 1

1 1( ) ( ) ( ) ( ) ( )
n n

k k k k
k k

H f Y f X f X f X f
n n= =

   = ⋅ ⋅   
   
∑ ∑   (2) 

where n = 5 in the example presented in this chapter and k is the index of the 
impact number ranging from 1 to n. The averaging of the FRFs is performed in the 
complex domain for each frequency. The coherence function is often used as an 
indication of the quality of the averaged FRF. This function is a measure of the 
phase difference between the different measurements at each frequency. Thus, a 
value of one of the coherence function means that the phase difference between 
input and output is constant for the five (in this example) different impacts. The 
coherence function is calculated accordingly, 

2
* * *

1 1 1

1 1 1( ) ( ) ( ) ( ) ( ) ( ) ( )
n n n

k k k k k k
k k k

CF f X f Y f X f X f Y f Y f
n n n= = =

      = ⋅ ⋅ ⋅ ⋅      
      

∑ ∑ ∑     (3) 

where CF(f) is the coherence function, X*(f)∙Y(f) is the cross power spectrum, 
X(f)∙X*(f) is the auto power spectrum of the impulse and Y(f)∙Y*(f) is the auto power 
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spectrum of the response. Figure 7 presents the calculated coherence function 
based on the five measurements presented in this chapter.  

 

Figure 7: Coherence function determined from the measured response (Figure 4b) 
and force (Figure 5b) of five impacts 

2.3 Isotropic linear viscoelastic properties of asphalt concrete 
The isotropic linear viscoelastic behavior of asphalt concrete can be governed by 
two material parameters such as e.g. the complex stiffness modulus and complex 
Poisson’s ratio. These material properties are used as input to the design of 
pavements and are often used to calculate the complex shear modulus for rutting 
predictions of pavements. The material properties are expressed as complex 
numbers to describe the elastic and viscous behavior of asphalt concrete, where the 
phase angle (Φ) represents the relation between the viscous (imaginary part) and 
the elastic component (real part). The phase angle of asphalt concrete is therefore a 
measure of the intrinsic material damping. In conventional cyclic loading the phase 
angle can be quantified by the angular frequency and the measured time lag 
between the stresses and strains. In the case of resonance testing, the width of the 
resonance peaks and the amplitude of the FRFs are highly depending on the 
damping. The complex modulus (E*), the dynamic modulus (|E*|) and the phase 
angle are related according to the following relationships,  

 ' '' iE E iE E e φ∗ ∗= + = ⋅ , (4) 

 1 ''tan ( )
'

E
E

φ −= ,  (5) 

where E’ is the storage modulus representing the elastic component and E’’ is the 
loss modulus representing the viscous component.  

The material properties of asphalt concrete are frequency and temperature 
dependent due to the viscoelastic nature of the binder. Therefore, measurements of 
the material properties are performed at different temperatures and frequencies as 
illustrated through the dynamic modulus shown in Figure 8. The dynamic modulus 
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measured at 0.1 to 20 Hz and at six different temperatures is presented in this 
figure. 

 

Figure 8: Temperature and frequency dependency of the dynamic modulus of asphalt 
concrete 

Asphalt concrete is generally known to be a thermo-rheological simple material 
(Nguyen et al. 2009). This assumption enables shifting of the measured modulus in 
Figure 8 to a single curve, illustrated in Figure 9, which is valid for a specific 
reference temperature. The shifting is possible since a thermo-rheological simple 
material can have the same behavior (material properties) at low frequencies and 
low temperatures as at higher frequencies and higher temperatures, or vice versa. A 
shift factor can be calculated for each measurement temperature to shift the 
measured moduli so that it corresponds to performing the measurements at other 
frequencies at the specific reference temperature. The validity of the thermo-
rheological simple assumption can be controlled by plotting the results in e.g. a 
Cole-Cole diagram, Black diagram or a Wicket plot which are independent of the 
shift factors (Levenberg 2011). Cole-Cole diagrams are presented in the appended 
papers for each of the estimated master curves. The Williams-Landel-Ferry (WLF) 
relationship can be used to calculate the shift factors (αT) accordingly,  

 1

2

( )
log ( ) ref

T
ref

c T T
α T

c T T
− −

=
+ −

 (6) 

where c1 and c2 are material constants, T is the test temperature, and Tref is the 
reference temperature (Williams et al. 1955). The shifting is performed by 
multiplying the shift factors with the loading frequencies (f) to obtain reduced 
frequencies (fred) accordingly,  

 ( )Tred αf T f=  (7) 

The single curve presented in Figure 9 is the master curve, which describe the 
modulus over a range of frequencies and temperatures. The master curve is often 
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expressed by approximate relationships such as e.g. the sigmoidal function 
(Pellinen et al. 2003). However, there are several models that can be fitted to 
dynamic and complex modulus measurements to estimate master curves (Yusoff et 
al. 2011; Pritz 2003; Moon et al. 2013). The sigmoidal, the Havriliak-Negami (HN) 
and the 2S2P1D models have been applied in the appended papers in this thesis 
(Olard and Di Benedetto 2003; Havriliak and Negami 1966; Madigosky et al. 
2006).  

 

Figure 9: Shifted dynamic modulus of asphalt concrete to create a master curve at 10 
°C 

2.4 Characterizing material properties through FRFs 
Measured FRFs, presented in chapter 2.2 and Figure 6, provide the base needed to 
characterize isotropic linear viscoelastic properties of asphalt concrete specimens 
through modal testing. In addition to measured FRFs, theoretical FRFs need to be 
accurately calculated to extract information of the material properties from the 
measurements. In this thesis, the finite element method (FEM) has been applied to 
perform three-dimensional calculations of FRFs using the following equation of 
motion, 

 2
p

iF e φρω σ− −∇⋅ =u , (8) 

where ρ is the material density, ω is the angular frequency (ω = 2πf), u is the 
displacement vector,∇  is the vector operator (∇= [∂/∂X, ∂/∂Y, ∂/∂Z]), σ is the 
Cauchy stress tensor (σ  = C : ε), Fp is a point load, Φ is the phase of the cyclic load, 
ε is the strain tensor (ε = ½[(∇u)T +∇u]), C is the is the fourth-order stiffness 
tensor (including E* and v*) and ∇u is expressed accordingly, 
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 ∂ ∂ ∂ 
∂ ∂ ∂ ∇ =  ∂ ∂ ∂

 ∂ ∂ ∂ 
 ∂ ∂ ∂ 

u , (9) 

where (X, Y, Z) are the constant material (reference) coordinates and (u, v, w) are 
the global Cartesian components of the displacement vector. Details about the 
finite element model such as the mesh, geometry and positions of the applied load 
are explained for the specific specimens in the appended papers. 

Initial values of the complex modulus and complex Poisson’s ratio are assumed 
to be able to compute FRFs that can be compared to the measured FRFs (the 
forward problem). Thereafter, the complex modulus and complex Poisson’s ratio 
are adjusted iteratively until the computed FRFs match the measured ones (the 
inverse problem). This procedure requires the use of a model capable to account for 
the complex (elastic and viscous) behavior along with the temperature and 
frequency dependency of asphalt concrete. The following equations show the HN 
model including the shift factors applied to estimate the complex modulus and 
complex Poisson’s ratio master curves, 

 ( )0*( , )
1 ( ( ) )T

βα

E E
E ω T E

iωα T τ
∞

∞

−
= +

 + 
, (10) 

 ( )0*( , )
1 ( ( ) )T

βα

v v
v ω T v

iωα T τ
∞

∞

−
= +

 + 
. (11) 

where E0 and v0 are the low frequency values of the modulus and Poisson’s ratio, 
E∞ and v∞ are the high frequency values of the modulus and Poisson’s ratio, ω is the 
angular frequency, α governs the width of the loss factor peak, β governs the 
asymmetry of the loss factor peak, τ=1/ω0 is the relaxation time which describes 
the position of the loss factor peak along the frequency axis and where ω0 is the 
frequency at the loss factor peak (Hartmann et al. 1994). It is the parameter values 
of E∞, v∞, α, β and τ that are estimated through the optimization of the FRFs. The 
low frequency parameters E0 and v0 are assumed since realistic values of asphalt 
concrete do not affect the FRFs. As mentioned earlier there are several models that 
can be applied to accurately describe the frequency dependent complex modulus 
and complex Poisson’s ratio (Olard and Di Benedetto 2003; Pritz 1996; Pritz 2003). 
However, it is of great practical advantage to limit the number of parameters that 
needs to be estimated in the optimization process of the computed FRFs, since this 
reduces the computational time and facilitates the process of finding the global 
minimum. The optimization has been performed by using COMSOL® LiveLink™ 
for MATLAB®, where COMSOL® is used to compute the FRFs and MATLAB® 
enable the optimization of the FRFs through the patternsearch function 
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(LiveLink™ for MATLAB® User’s Guide 2013). The following objective function has 
been used to minimize the difference between the computed and measured FRFs. 

 
1

i i

i

i

N
M T

MNorm
i M

H H
Error H

H=

 −
 = ×
 
 

∑ , (12) 

where HMNorm is the normalized measured FRF used to weigh the frequencies 
around the resonances higher, HM is the measured FRF, HT is the theoretical FRF, 
N is the number of data points and i is the index of the data point. Figure 10 shows 
an example of a computed FRF that has been optimized to fit the measurements. 

 

Figure 10: Example of measured and computed FRF of the longitudinal mode type of a 
beam shaped asphalt concrete specimen 

2.5 Materials 
The measurements presented in the appended papers have been performed to 
asphalt concrete specimens of different shapes and mixture designs. Beam shaped 
specimens were tested in Paper I, II and V, cylindrical specimens were tested in 
paper III and paper IV, and a disc-shaped specimen was tested in paper VI. Details 
of the materials used in this thesis are presented in each of the appended papers. 

2.6 Non-destructive quality control of pavements 
The above presented modal testing to estimate master curves of asphalt concrete 
specimens can be directly linked to surface wave testing of pavements (Ryden 
2004). Surface wave testing can be used to estimate the stiffness and thickness of 
the different layers in a pavement construction (Nazarian 1993; Nazarian 1999; 
Ryden 2004). This is performed by measuring the phase velocity of dispersive 
guided Lamb waves generated by applying a load impulse to the surface of the 
pavement structure according to Figure 11. Due to the free surface and the different 
layers of a pavement structure, guided waves (surface waves) are formed when 
compression and shear waves interact at the interfaces of the different layers. The 
propagation of guided Lamb waves is depending on the stiffness and thickness of 
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the different layers making them useful for characterization of pavement 
structures. The guided Lamb waves are dispersive which means that the phase 
velocity of the propagating waves is frequency dependent. The relation between 
phase velocity and frequency can be described by dispersion curves. The stiffness 
and thickness of the layers in a pavement structure are estimated by solving the 
forward and inverse problem. Theoretical dispersion curves are calculated and 
iteratively matched against the measurements until the adjusted theoretical layer 
model provides dispersion curves that match the measured ones.  

 

Figure 11: Surface wave testing of pavements illustrating the measurement procedure 
(a) and the measured phase velocity (b) (Ryden et al. 2004) 

Results from non-destructive field measurements of pavements can be directly 
linked to laboratory modal testing since the material is subjected to approximately 
the same loading frequency and strain levels in both the field and laboratory 
measurements. As an example, a modulus measured at any temperature in the field 
can be directly compared to a master curve that has been estimated through modal 
testing of a laboratory produced specimen. This allows for non-destructive quality 
control and quality assurance of new and old pavement constructions. The surface 
wave testing of pavements has been developed by using accelerometers to measure 
the phase velocity. Recent work has presented an application of microphones to 
enable future field measurements that can be performed faster by continuously 
moving over the pavement (Bjurström et al. 2014).    
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Figure 12 illustrates the use of a master curve as a tool for quality control and 
quality assurance of pavements. In this example, a master curve has been 
determined through modal testing and upper and lower limits of the dynamic 
modulus are determined by the design requirements of the pavement. By 
performing surface wave measurements at any temperature within the presented 
interval and at the frequency of 500 Hz, the resulting dynamic modulus can be 
compared to the laboratory determined master curve and to the design 
requirements. 

 

Figure 12: Non-destructive quality control of pavements through surface wave testing 
and laboratory modal testing 
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3 Repeatability of resonance frequency testing 
In addition to the work presented in the appended papers, a number of 
measurements have been performed to investigate and demonstrate the 
repeatability of impact resonance testing of asphalt concrete. The findings from 
these measurements are aimed to facilitate the practical implementation of this 
testing technique by highlighting some important aspects of the test. All 
measurements presented in this chapter have been performed to a cylindrical disc-
shaped specimen.  

3.1 Effect of impact force and accelerometer attachment 
A study was conducted by investigating if the force of the impact affects the 
amplitude and the resonance frequencies of the FRFs. The measurements were 
performed by applying light and hard impacts exciting the flexural modes of 
vibration at room temperature. Firstly, three series of five light impacts were 
applied, which were followed by three series of five hard impacts. Averaged FRFs 
were calculated for each series. Figure 13 and 14 present the magnitude of the force 
for one series of five light impacts and one series of five hard impacts, respectively.  

 

Figure 13: Magnitude of the applied force through light impacts 
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Figure 14: Magnitude of the applied force through hard impacts 

The results of the six averaged FRFs presented in Figure 15 shows a good 
repeatability. Neither the resonance frequencies nor the amplitude seems to 
depend significantly on the magnitude of the applied load at the strain levels 
generated by these impacts. Note that the accelerometer was attached carefully 
once and not reattached during the measurements. 

 

Figure 15: Effect of light (1 to 3) and hard impacts (4 to 6) to FRFs of the flexural 
modes of vibration 

The effect of a poorly attached accelerometer was also studied. Figure 16 
presents six averaged FRFs, where the accelerometer has deliberately been 
attached lightly and/or not perfectly aligned with the surface. Each FRF has been 
averaged from five impacts of the same accelerometer attachment. The figure 
indicates that the resonance frequencies are less affected of the poor attachment 
compared to the amplitude of the FRFs. Especially the two higher modes of 
vibration and the higher frequency range show significant variations of the 
amplitude. This study demonstrates that it is very important with a good bond to 
the specimen and to perform a proper attachment of the accelerometer. Additional 
results of this effect are presented in section 3.3 where measurements have been 
performed by different operators. 



  Repeatability of resonance frequency testing | 21 

 

 

Figure 16: Effect of a poorly attached accelerometer to FRFs of the flexural modes of 
vibration 

3.2 Repeating the attachment of the accelerometer 
In this study, the accelerometer was carefully attached and removed five times to 

investigate if attaching and removing the accelerometer from the specimen affects 
the measurements. Each series, including five impacts, were followed by removing 
and reattaching the accelerometer before the next series. The flexural modes of 
vibration of a cylindrical disc-shaped asphalt concrete specimen were excited at 20 
°C. The reattachments and the excitations were performed by the same operator. 
Table 1 shows the results of the fundamental flexural resonance frequency. The 
table presents the standard deviation (SD) in hertz and the relative standard 
deviation (RSD) in percent for each impact number and for each attachment. The 
SD and RSD (the absolute value of the coefficient of variation) are also calculated 
from the averages of the impacts and the attachments. It can be seen in Table 1 that 
the SD and RSD are lower for the five impacts of the same attachment compared to 
the SD and RSD of the five different attachments. Although it is clear that the 
attachment has an effect on the resonance frequency measurements, the RSD has a 
maximum value of 0.1 % which is still very low. It should be noted that with the 
sampling rate of 500 kHz (max frequency = 250 kHz) and the FFT size of 500 000 
(frequency bins = 250 000), the frequency resolution becomes 1 Hz in these 
measurements. 
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Table 1: Effect of repeating the accelerometer attachment to the fundamental 
resonance frequency 

Impact 
nr. 1 2 3 4 5 Average 

SD 
(Hz) 

RSD 
(%) 

Attach. 1 4791 4791 4792 4794 4794 4792.4 1.52 0.03 

Attach. 2 4779 4784 4782 4784 4783 4782.4 2.07 0.04 

Attach. 3 4789 4786 4787 4788 4787 4787.4 1.14 0.02 

Attach. 4 4785 4789 4788 4790 4788 4788.0 1.87 0.04 

Attach. 5 4790 4791 4787 4791 4788 4789.4 1.82 0.04 

Average 4786.8 4788.2 4787.2 4789.4 4788 4787.9 1.01 0.02 

SD (Hz) 4.92 3.11 3.56 3.71 3.94 3.64 
 

RSD (%) 0.1 0.07 0.07 0.08 0.08 0.08 

 

Figure 17 presents the averaged FRFs measured in this study, where each 
averaged FRF are based on five impacts in each series. The figure shows that the 
amplitude of the FRFs appears to be more affected by the reattachment of the 
accelerometer than the resonance frequencies. Table 2 presents the values of the 
attachment study for the measured FRFs shown in Figure 17, where the SD and 
RSD of the amplitude and the resonance frequencies have been calculated for the 
three first flexural resonance frequencies. 

 

Figure 17: Averaged FRFs of five different accelerometer attachments 
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The RSD of the resonance frequencies of the FRFs show values in the same low 
magnitude as the study of the resonance frequencies of the response only. 
However, larger RSD values are shown for the amplitude of the FRFs.  

Table 2: Effect of repeating the accelerometer attachment to FRFs 

Attachment 1 2 3 4 5 Average SD 
RSD 
(%) 

1st resonance 4801 4783 4791 4791 4792 4791.5 6.27 0.13 

1st amplitude 13.86 13.39 13.91 13.31 13.24 13.55 0.32 2.35 

2nd resonance 9630 9652 9628 9631 9628 9633.7 10.11 0.10 

2nd amplitude 15.47 15.11 15.97 15.80 15.64 15.60 0.33 2.13 

3rd resonance 14737 14741 14712 14717 14717 14725.0 13.48 0.09 

3rd amplitude 16.91 15.55 16.30 16.55 16.31 16.32 0.50 3.04 

3.3 Measurements performed by different operators 
The effect of different operators was investigated by letting people with no earlier 
experience of resonance frequency measurements perform the measurements. 
After a brief (~5 minutes) introduction and demonstration by the author, the 
unexperienced operators were supposed to attach the accelerometer to the 
specimen and apply five impacts each. The resulting FRFs from the five operators 
are shown in Figure 18. There are clear differences between the different operators 
regarding the amplitude of the second and third resonance frequency. The 
resonance frequencies showed a good agreement between the operators with one 
exception for the third resonance frequency.  

 

Figure 18: Averaged FRFs of the five operators. Each operator attached the 
accelerometer before applying five impacts 
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Table 3 present the measured values of the frequencies and amplitudes for the 
three first flexural resonance frequencies. The RSD of the resonance frequencies 
show that the third resonance stands out from the others. The RSD of the 
amplitudes increases considerably with increasing frequencies. 

Table 3: Results of five different operators attaching and applying five impacts to 
excite the flexural modes of vibration of the disc-shaped asphalt concrete specimen 

Operator 1 2 3 4 5 Average SD 
RSD 
(%) 

1st resonance 4816 4826 4811 4815 4811 4816 6.18 0.13 

1st amplitude 14.08 12.94 13.31 12.71 13.70 13.35 0.55 4.14 

2nd resonance 9687                 9666 9648 9644 9678 9665 18.48 0.19 

2nd amplitude 15.72 16.24 17.76 15.59 21.14 17.29 2.32 13.42 

3rd resonance 14792 14802 14809 14747 14527 14735 119 0.81 

3rd amplitude 16.49 19.39 22.26 16.13 26.65 20.18 4.38 21.71 

 

Based on the earlier results of the effect of a poorly attached accelerometer it was 
identified that this might be an influence to the deviations shown in Figure 18 and 
Table 3. Therefore, another study was performed by carefully attaching the 
accelerometer once, which was followed by five different operators applying five 
impacts each to the specimen. These results are presented in Figure 19 and show a 
better agreement between the operators.  

 

Figure 19: Averaged FRFs of the five operators. The author attached the 
accelerometer and each operator applied five impacts without changing the position 
of the accelerometer 
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Table 4 presents the averages, the SD and the RSD of the frequencies and 
amplitudes of the three first flexural resonance frequencies. The second and the 
third resonance frequency show an improved repeatability for both resonances and 
amplitudes of the FRFs compared to the results in Table 3. As mentioned earlier it 
is important with a proper attachment of the accelerometer when performing these 
kinds of measurements. Therefore some training of attaching the accelerometer is 
recommended for new operators that will perform this kind of testing. However, 
the most essential aspect to avoid errors is to simply be careful when attaching the 
accelerometer and to control that the accelerometer is properly attached. 

Table 4: Results of five different operators applying five impacts to excite the flexural 
modes of vibration of the disc-shaped asphalt concrete specimen 

Operator 1 2 3 4 5 Average SD 
RSD 
(%) 

1st resonance 4784 4778 4776 4777 4779 4779 3.11 0.07 

1st amplitude 13.51 13.19 12.24 13.00 13.94 13.18 0.63 4.80 

2nd resonance 9605 9593 9600 9594 9571 9593 13.26 0.14 

2nd amplitude 15.58 15.18 13.84 14.75 15.38 14.95 0.69 4.60 

3rd resonance 14660 14665 14696 14674 14643 14668 19.48 0.13 

3rd amplitude 15.27 15.11 13.96 14.96 15.95 15.05 0.71 4.74 

3.4 Position of the accelerometer and the impact 
The effect of the position of the accelerometer and the impact on a cylindrical disc-
shaped asphalt concrete specimen was investigated for the flexural and 
longitudinal modes of vibration. Small variations in geometry and possible 
inhomogeneity within the specimen may introduce differences to these resonance 
frequency measurements. The different positions of the accelerometer are 
illustrated in Figure 20. The excitation of the flexural modes of vibration was 
performed by applying the impact to the opposite position of the accelerometer, 
e.g. an impact in position 5 for accelerometer position 1 and so on. The longitudinal 
modes of vibration were excited in the middle of the specimen while moving the 
accelerometer around the eight different positions.  
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Figure 20: Positions of the accelerometer on the cylindrical specimen 

Figure 21 shows the measured FRFs of the flexural modes of vibration measured 
at eight different positions. The resonance frequencies seem to be less affected by 
the position compared to the amplitude in this figure. Table 5 shows the values of 
the frequencies and amplitudes of the three first resonances frequencies. Also in 
this study there are higher values of the RSD for the amplitude compared to the 
resonance frequencies.   

 

Figure 21: FRFs of the flexural modes of vibration due to eight different positions of 
the accelerometer 

The results presented in Figure 21 and Table 5 can be compared to the study of 
repeating the accelerometer attachment in chapter 3.2 (Figure 17 and Table 1 and 
2). Such a comparison indicates how much the reattachments of the accelerometer 
contribute to the variations and how much the position of the measurements 
affects the variations.  
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Table 5: Different position of the accelerometer and the impacts of the flexural modes 
of vibration 

Position 1 2 3 4 5 6 7 8 Aver
age SD RSD 

(%) 

1st 
resonance 4796 4755 4754 4755 4772 4730 4760 4732 4757 21.2 0.45 

1st 
amplitude 13.63 15.39 14.24 14.79 13.12 15.63 13.69 14.20 14.34 0.88 6.12 

2nd 
resonance 9621 9558 9529 9522 9571 9527 9466 9478 9534 50.0 0.52 

2nd 
amplitude 16.33 18.45 13.79 16.37 16.01 17.24 17.36 16.71 16.53 1.35 8.16 

3rd 
resonance 14709 14649 14668 14631 14630 14613 14574 14530 14626 55.24 0.38 

3rd 
amplitude 17.39 19.82 14.66 16.91 16.08 18.52 17.24 16.41 17.13 1.56 9.01 

 

Figure 22 shows the results of the different accelerometer positions of the 
longitudinal modes of vibration and Table 6 present the frequency and amplitude 
for the fundamental resonance frequency. Also in this case, the amplitude of the 
FRFs is more affected by the different positions than the frequency of the 
fundamental longitudinal mode of vibration.  

 

Figure 22: FRFs of the longitudinal modes of vibration due to eight different positions 
of the accelerometer 
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Table 6: Different position of the accelerometer and the impacts of the longitudinal 
modes of vibration 

Position 1 2 3 4 5 6 7 8 Average SD RSD 

Frequency 7474 7472 7393 7423 7474 7456 7450 7438 7448 28.6 0.38 

Amplitude 8.69 9.38 9.24 8.87 7.94 7.49 9.15 9.09 8.73 0.67 7.70 

 

3.5 Summary of the repeatability studies 
The resonance frequencies show low values of the RSD throughout all of the 
repeatability studies. However, the amplitude is consequently showing higher 
values of the RSD for the different studies. The dominating elastic component 
(storage modulus) of the complex modulus is mostly depending on the resonance 
frequencies while the smaller viscous component (loss modulus) is governed by the 
amplitude. The accuracy of the dynamic modulus is therefore reflected by the good 
repeatability of the resonance frequencies while the loss modulus (e.g. phase angle 
and damping) is more sensitive to the factors showed to affect the amplitude. To 
conclude, measurements of resonance frequencies measurements can be 
performed by unexperienced operators and still provide repeatable values of the 
dynamic modulus. To obtain a high repeatability of the phase angle, care must be 
taken when attaching the accelerometer and the position of the impact and 
accelerometer may affect these results. Studies as presented in chapter 3.2 and 3.4 
may be used in the future to estimate a magnitude of the error that comes from 
measuring an actual specimen (heterogeneous to some degree) in comparison to a 
truly homogenous modelled specimen. 
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4 Summary of appended papers 
This thesis is based on six papers which are presented in an order reflecting the 
steps taken to develop and apply the resonance and modal testing to characterize 
asphalt concrete. This chapter presents a brief summary of each appended paper 
while the following chapter 5 summarizes the key figures and findings of the six 
papers appended in this thesis.  

Paper I: Application of resonant acoustic spectroscopy to asphalt concrete beams 
for determination of the dynamic modulus 

In this paper, resonant ultrasound spectroscopy was applied to asphalt concrete 
to study the potential to determine the complex modulus for several measured 
resonance frequencies. Resonance frequency measurements were performed by 
measuring the responding vibration of the specimens due to a hammer impact. 
Numerical calculations based on minimizing the Lagrangian and the Rayleigh-Ritz 
approximation is applied to solve the forward problem of calculating the natural 
frequencies. This is followed by the inverse problem where the elastic constants are 
adjusted iteratively until a good match between calculated and measured resonance 
frequencies are obtained. The complex modulus was derived for three resonance 
frequencies per temperature and mode type for the studied beam shaped 
specimens. Although this was an improvement to earlier reported resonance 
frequency measurements, binder shift factors were still needed to accurately 
determine the master curves due to the limited temperature and frequency range 
covered in these tests.  

Paper II: Characterizing the low strain complex modulus of asphalt concrete 
specimens through optimization of frequency response functions 

The gained knowledge from paper I showed that the complex modulus needed to 
be characterized over a wider frequency range at each measurement temperature. 
For this purpose, frequency response functions (FRFs) were determined by 
measuring both the applied impact force and the responding vibration of the 
specimen. The FRFs adds an additional input to the complex moduli 
characterization in terms of the amplitude of the measured frequency response. 
The finite element method was used to compute theoretical FRFs that were 
optimized against the amplitudes and frequencies of the measured FRFs to derive 
the complex modulus and Poisson’s ratio over a wide frequency range. The fitting 
of the amplitude gives a direct estimation of the damping properties (hence the 
complex moduli) in contrast to only matching resonance frequencies. The approach 
of optimizing FRFs was compared to the application of RAS used in paper I. The 
developed method based on FRFs showed an improved accuracy of estimating the 
damping compared to the application of RAS to asphalt concrete. Furthermore, 
master curves of the complex modulus were determined by only applying modal 
testing to the specimen. 
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Paper III: Comparing linear viscoelastic properties of asphalt concrete 
measured by laboratory seismic and tension-compression tests 

In this paper the modal test method presented in paper II and conventional 
tension-compression test were performed to a cylindrical asphalt concrete 
specimen. The complex moduli and the complex Poisson’s ratio determined from 
the two test methods were compared. The master curves of the complex moduli and 
complex Poisson’s ratio are determined at lower strain levels in the modal test 
method (maximum ~10-7) compared to the tension-compression testing (50∙10-6). 
As expected, the modal testing resulted in a slightly higher dynamic modulus where 
the strain level dependency of the asphalt concrete was seen to increase with 
increasing temperatures. However, the complex Poisson’s ratio of the two test 
methods showed large differences that could not be explained except for that the 
tension-compression determined complex Poisson’s ratio could not match the 
measured FRFs. 

Paper IV: Complex modulus and complex Poisson’s ratio from cyclic and 
dynamic modal testing of asphalt concrete 

Due to the observed differences between the Poisson’s ratio of the modal and the 
conventional tension-compression testing presented in paper III, further 
comparisons between the two methods and Poisson’s ratio were performed in this 
paper. This comparison was extended to include eight different specimens of two 
different mixes including the mix tested in paper III. Modal testing was performed 
to two cylindrical specimens of different mixes and compared to previously 
tension-compression tested specimens. Hence, the comparison between the two 
testing methods is based on results from different specimens in this paper. The 
complex modulus and complex Poisson’s ratio that were characterized through the 
modal test showed consistent results to the previous measurements presented in 
paper III. However, the new tension-compression results showed different values 
of the complex Poisson’s ratio compared to the tension-compression measurements 
performed in paper III. The new tension-compression determined Poisson’s ratio 
agreed well with the modal testing determined complex Poisson’s ratio. It was 
concluded that the modal testing and tension-compression measurements results 
in similar values of the complex Poisson’s ratio while the dynamic modulus of the 
modal test becomes slightly higher than the conventional testing due to the strain 
level dependency of asphalt concrete. 

Paper V: Observed deviations from isotropic linear viscoelastic behavior of 
asphalt concrete through modal testing 

The modal testing developed in paper II was used to measure E*, v* and G* of a 
beam shaped asphalt concrete specimen by exciting the longitudinal, flexural and 
torsional modes of vibration. The measurements were performed to the same 
specimen to investigate the validity of isotropic linear viscoelastic theory to asphalt 
concrete. Unlike previous conventional testing of E* and G* performed to asphalt 
concrete, the modal testing does not introduce any differences in the test 
conditions (such as e.g. boundary conditions, set-up, and specimens) between the 
characterization of E* and G*. This enables a direct study of the different material 
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behavior without a need to account for possible differences in the test equipment as 
in the case of the conventional testing. The results indicated that the asphalt 
concrete specimen agreed with the isotropic linear viscoelastic assumption at low 
temperatures and high frequencies (>10 kHz at 0 °C). However, at higher 
temperatures and lower frequencies, deviations from the isotropic linear 
viscoelastic behavior were observed. An overestimation of the dynamic shear 
modulus and Poisson’s ratio values above 0.5 were obtained at the low frequency 
and high temperature range when these material properties were calculated 
according to isotropic linear viscoelastic theory.  

Paper VI: Non-contact excitation of fundamental resonance frequencies of an 
asphalt concrete specimen 

In this paper, the possibility to excite an asphalt concrete specimen through non-
contact excitation was studied. The fundamental longitudinal resonance frequency 
of a disc-shaped asphalt concrete specimen was measured by using a speaker to 
perform the non-contact excitation. The non-contact excitation enabled automated 
measurements at different strain amplitudes without disturbing the temperature of 
the asphalt concrete. The effect of damage to the fundamental resonance frequency 
of an asphalt concrete specimen could therefore be investigated. Neither the 
undamaged nor the damaged asphalt concrete specimen showed any strain level 
dependency at the applied strain levels (maximum ~0.26 micro-strains). However, 
the damaged specimen showed a drop in resonance frequency compared to the 
resonance frequency of the undamaged state. Continuous measurements over time 
of the damaged specimen revealed a recovery (healing) of the resonance frequency 
towards the frequency of the undamaged state. The results of this non-contact 
approach demonstrated an accuracy which opens up the possibility for future 
studies of damage, fatigue, and healing with a precision that has not been possible 
before. 
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5 Summary of results and discussion 
Paper I shows that an application of RAS can be used to characterize the 

complex modulus of asphalt concrete. However, RAS only provide a sparse amount 
of data at each temperature since the derivation of the modulus is limited to the 
first few resonance frequencies. Furthermore, the damping properties need to be 
estimated by an additional approach such as e.g. the half-power bandwidth 
method, which may reduce the accuracy of the complex modulus in the case of high 
intrinsic damping. The optimization of FRFs developed in Paper II overcomes these 
problems and can provide accurate values of the complex modulus (including 
damping) over a wide and fine sampled frequency range. Figure 23 presents the key 
results of Paper I and Paper II, where the RAS and FRFs characterized complex 
moduli at different measurement temperatures are compared. The presented 
master curve is determined through the FRF optimization approach. 

 

Figure 23: Complex modulus of a beam shaped asphalt concrete specimen determined 
through RAS (paper I) and optimization of FRFs (paper II) 
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Figure 23a show that the two approaches results in very similar dynamic moduli, 
while the phase angle presented in Figure 23b indicate small differences between 
the RAS and FRF determined moduli at higher temperatures and lower 
frequencies. The differences between the two approaches are more clearly shown in 
the Cole-Cole diagram presented in Figure 23c, where results from the low 
frequency and high temperature range are emphasized. The Cole-Cole diagram 
show that the loss moduli estimated through RAS deviates from the FRF estimated 
loss moduli when the intrinsic damping increases due to increasing temperatures. 
The half-power bandwidth method applied in the application of RAS has been 
shown to be sufficiently accurate only as long as the damping ratio is below 
approximately 0.1, corresponding to a phase angle of approximately 11 ° (Wang et 
al. 2012). In this case, the complex moduli of the two approaches start to deviate at 
a phase angle of approximately 10 °, which indicates a reduced accuracy of the half-
power bandwidth method. The Cole-Cole diagram presented in Figure 23c is an 
indication of the accuracy of the estimated master curve due to that it is 
independent of the calculated shift factors. Therefore, a unique curve is expected 
for the complex moduli determined for each temperature if the assumption of a 
thermo-rheological simple material holds. The estimated loss and storage moduli 
(complex moduli) at each temperature follow the unique master curve in Figure 
23c. 

The modal testing and optimization of FRFs are compared to conventional 
tension-compression testing in paper III and IV. Figure 24 shows the results of the 
complex moduli measured and presented in these papers for one of the mixtures. 
The tension-compression results of three different specimens show consistent 
results in all three subplots which include the dynamic moduli (Figure 24a), the 
phase angle (Figure 24b) and a Cole-Cole diagram presenting the loss and storage 
moduli (Figure 24c). Also, the modal testing of two measured specimens show 
consistent results in all three subplots. Note that the specimen GB3 (s.3) has been 
tested by both tension-compression and modal testing. The master curves enable a 
detailed comparison of the two test methods over a wide frequency range even 
though the modal testing is performed at higher frequencies compared to the 
tension-compression tests. The difference between the dynamic moduli and phase 
angle (Figure 24a and 24b) of the two test methods is believed to be due to the 
strain level dependency of asphalt concrete. This difference was seen to be smaller 
at high frequencies and low temperatures and to increase with increasing 
temperatures and decreasing frequencies 
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Figure 24: Complex modulus determined through modal and tension-compression 
testing of cylindrical asphalt concrete specimens 

Figure 25 shows the modal and tension-compression determined complex 
Poisson’s ratio of the same specimens as presented in Figure 24. It is clear that the 
tension-compression determined Poisson’s ratio of the specimen labeled TC-GB3 
(s.3) differs from all other tension-compression and modal test results of the 
complex Poisson’s ratio. The most likely reason for this is that there have been 
some measurement errors in this conventional test. The deviation is an example of 
the sensitivity of the conventional test set-up. Very small measurements errors 
have a relatively large effect on the Poisson’s ratio. For example, a ∼0.4μm change 
of the specimen diameter corresponds to a change of Poisson’s ratio with ~0.1, 
which is approximately the difference shown in Figure 25a. The difference between 
the Poisson’s ratio of the two specimens characterized through modal testing comes 
from that different amount of parameters in the applied HN model were optimized 
to match the theoretical and measured FRFs. In the case of the specimen measured 
in paper III (GB3 (s.3)), the estimated parameters (α, β and τ) of the complex 
modulus were also applied to the complex Poisson’s ratio. However, it was 
observed in paper IV that a diffrent value of the relaxation time (τ) for Poisson’s 
ratio may in some cases improve the fit between measured and theoretical FRFs as 
the temperatures increases. The complex Poisson’s ratio of the specimen labeled 
FRF long. – GB3 (s.3) in Figure 25 has been estimated using the τ of the complex 
modulus, while the specimen labeled FRF long. – GB3 (s.4) has been estimated 
with a different value of τ for Poisson’s ratio in the HN model. The characterized 
complex Poisson’s ratio of the modal testing using a specific value of τ for Poisson’s 
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ratio show a good agreement with the Poisson’s ratio determined through the 
tension-compression testing.  

 

Figure 25: Complex Poisson’s ratio determined through modal and tension-
compression testing of cylindrical asphalt concrete specimens 

The developed modal testing provides new opportunities to accurately study the 
behavior of asphalt concrete. Therefore, the modal testing was applied to a beam-
shaped specimen in Paper V to study if the commonly assumed isotropic linear 
viscoelastic behavior of asphalt concrete is valid over a wide frequency range. 
Previous measurements to investigate the validity of this relation have shown 
discrepancies from isotropic linear viscoelastic behavior. However, different 
specimens for the shear and Young’s modulus measurements have been required in 
most of these different conventional tests (Christensen et al. 2003; Saadeh et al. 
2003). The complex shear modulus determined through the torsional modal 
testing is presented in Figure 26 along with the complex shear moduli calculated 
from the measured complex Young’s moduli and Poisson’s ratio. The results in 
Figure 26 show that the isotropic linear viscoelastic behavior is valid at higher 
frequencies and lower temperatures but not at higher temperatures and lower 
frequencies. Figure 26 also shows that a dynamic shear modulus calculated 
according to linear viscoelastic theory from the measured complex Young’s 
modulus and Poisson’s ratio is overestimated at temperatures and frequencies that 
pavements normally are exposed to. 

 



  Summary of results and discussion | 37 

 

 

Figure 26: Measured and calculated complex shear modulus of a beam-shaped asphalt 
concrete specimen 

Figure 27 show a similar discrepancy between the measured and calculated 
complex Poisson’s ratio. The calculated Poisson’s ratio based on the measured 
Young’s and shear moduli agrees with the measured Poisson’s ratio at higher 
frequencies. However, at lower frequencies the Poisson’s ratio deviates from the 
measurements and eventually exceeds 0.5. These results of the discrepancy from 
isotropic linear viscoelastic theory presented here confirm the results of earlier 
conventional testing. 
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Figure 27: Measured and calculated complex Poisson’s ratio of a beam-shaped asphalt 
concrete specimen 

Figure 28 presents the normalized complex Young’s moduli determined from the 
longitudinal and flexural modes of vibration measurements. The normalized 
complex shear moduli determined from the torsional modes of vibration are also 
presented in this figure. Figure 28 shows that the phase angle and the damping of 
the shear moduli are higher than the Young’s moduli at the lower frequency range 
and higher temperatures. The increasing deviation between the complex shear and 
complex Young’s moduli as the frequencies decreases seems to be a reason to the 
discrepancies from isotropic linear viscoelastic behavior.  
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Figure 28: Normalized complex modulus master curves of the flexural, longitudinal 
and torsional modes of vibration 

Measurements of resonance frequencies can also be applied to study nonlinear 
properties such as damage, healing and fast and slow dynamics (Payan et al. 2014). 
Nonlinear resonant ultrasound spectroscopy (NRUS) was therefore applied to a 
disc-shaped asphalt concrete specimen in Paper VI. Figure 29 presents the 
fundamental longitudinal resonance frequency of the specimen excited by both an 
impact hammer and by a speaker. The use of the speaker enabled non-contact 
excitation of the specimen at different automatically controlled drive levels and the 
measurements could be performed without opening the door to the climate 
chamber. This eliminated any disturbances to the temperature when measuring 
small possible changes of the resonance frequency due to nonlinear effects. Figure 
29 show that both the hammer and speaker excitation of an undamaged asphalt 
concrete specimen resulted in the same resonance frequency. Also, the resonance 
frequency of the undamaged specimen did not change with increasing drive 
amplitudes. Consequently, a linear behavior was observed at these strain levels 
were the maximum strain level was approximated to ~0.26 micro-strains. 
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Figure 29: The fundamental longitudinal resonance frequency excited at different 
strain amplitudes before damage 

Figure 30 show results of measurements performed after a small damage was 
induced by applying several hard impacts with a ~0.055 kg hex key to the asphalt 
concrete specimen. The damage caused a drop in the resonance frequency 
(compare to Figure 29) but no strain level dependency was seen from the speaker 
excitation at different drive amplitudes. However, a small difference between the 
resonance frequency excited by the hammer and speaker can be observed in this 
figure which may indicate nonlinearity. 

 

Figure 30: The fundamental longitudinal resonance frequency excited at different 
strain amplitudes after damage 

Potential healing or slow dynamics effects were studied by repeating the speaker 
frequency sweeps at several different times after the damage was induced. These 
measurements showed a systematic recovery of the resonance frequencies towards 
the initial resonance with increasing time. Figure 31 presents the resonance 
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frequency measured before damage and at four different times after the damage 
was induced. The measured recovery may be due to healing of the asphalt concrete 
specimen or due to slow dynamics, where the recovery to the equilibrium state may 
last for days. However, since the degree of damage was not measured it is difficult 
to separate these effects. A comparison of these presented results of the asphalt 
concrete specimen can be made to rubber, where measurements showed large slow 
dynamics effects while no strain level dependency was observed (Haller and 
Hedberg 2006). This novel application of a speaker demonstrates the accuracy and 
truly non-destructive nature of non-contact resonance testing, which enables 
studies of nonlinear parameters such as e.g. damage, healing, aging and slow 
dynamics with a new level of precision. 

 

Figure 31: Recovery of the fundamental longitudinal resonance frequency excited by a 
speaker 
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6 Conclusions 
The resonance frequencies of asphalt concrete specimens can be measured with 
very good repeatability. Therefore, resonance and modal testing can be used to 
characterize material properties of asphalt concrete with high accuracy. However, 
care should be taken when attaching the accelerometer so that a good bond to the 
sample is obtained.  A poor bond between the accelerometer and the sample can 
affect the accuracy of the measured amplitude of the FRFs. 

The application of RAS to asphalt concrete beams has shown that the complex 
modulus can be characterized for multiple modes of vibration at each testing 
temperature. However, by optimizing FRFs an increased accuracy of the complex 
moduli is obtained due to the improved estimation of the damping. In addition, 
measuring and calculating FRFs enable material characterization over a sufficiently 
wide frequency range to determine master curves by only applying modal testing.  

The comparison between the modal testing and the conventional cyclic loading 
show that the lower strain levels applied in the modal testing gives higher dynamic 
moduli and lower phase angle than the conventional measurements. The strain 
level does not seem to have a significant effect on the complex Poisson’s ratio since 
the two test methods results in similar values. However, it was observed that an 
accurate characterization of the complex Poisson’s ratio is more challenging than 
determining the moduli. Modal testing in combination with conventional tests can 
be used to extend the material characterization over a wider range of frequencies 
and strain levels. This may increase the knowledge of the nonlinear behavior of 
asphalt concrete. Although, the modal testing have several advantages compared to 
the conventional testing such as cost and time, it may not be possible to 
characterize the material properties at the lowest frequencies of the conventional 
testing. The modal testing is also performed at lower strain levels compared to 
what an actual pavement are exposed to. 

The results of the discrepancy from isotropic linear viscoelastic theory confirmed 
results of earlier measurements. However, the modal testing does not introduce 
any differences in the test conditions between the complex Young’s modulus and 
complex shear modulus unlike some of the previous conventional measurements 
performed to asphalt concrete. Therefore, the comparison can be focused only on 
different material behavior instead of accounting for possible differences in the test 
equipment. In addition, the measurements are performed to the same specimen. 
The differences in the damping properties between the complex Young’s moduli 
and complex shear moduli at higher temperatures and lower frequencies may be a 
reason to the observed deviations from isotropic linear viscoelastic theory. An 
overestimation of the dynamic shear modulus is made for the asphalt concrete 
specimen at high temperatures when calculated from the measured Young’s 
modulus and Poisson’s ratio.  
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Non-contact excitation of the resonance frequencies of asphalt concrete 
specimens can be performed through the use of a speaker. Impact and speaker 
excited resonance frequencies at different strain amplitudes were shown to give 
similar results for the undamaged asphalt concrete specimen. Damage in the 
asphalt concrete specimen was identified by a drop of the resonance frequency, but 
no nonlinear fast dynamics was observed. However, a recovery of the resonance 
frequency was measured over time for the damaged asphalt concrete specimen. 
This recovery may be due to healing or slow dynamics. These results demonstrate 
the possibility for new truly non-destructive applications to monitor damage and 
healing of asphalt concrete.  

To conclude, resonance frequency measurements are in contrast to conventional 
cyclic loading economic and simple to perform. Resonance and modal testing can 
provide an improved accuracy to the characterization of asphalt concrete which 
may lead to a better understanding of the mechanical material properties at low 
strain levels. The modal testing provide a link to surface wave testing of pavements 
which enable non-destructive quality control of new and old pavement 
constructions. 
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7 Recommendations and future work 
It is recommended to measure specimens with other gradations, binder, shapes 
and dimensions than those presented in this thesis. Such a study may help to find 
geometries that can be excited over extended frequency ranges to include more 
resonance frequencies which can simplify accurate estimation of the complex 
modulus and especially the complex Poisson’s ratio. In addition, the possibility to 
estimate and account for the magnitude of the error that comes from measuring an 
actual (heterogeneous) specimen in comparison to a truly homogenous modelled 
specimen could be further studied.  

Further studies of nonlinear measurements to asphalt concrete are of interest. 
The work presented in paper VI show that non-contact measurements of resonance 
frequencies is a promising method to detect damage and to study healing. This 
method can be further used to study healing of samples with a known degree of 
damage. These types of measurements are needed to be able to account for possible 
healing in future design procedures.  

The methodology presented in this thesis can be implemented for practical use 
in any laboratory aiming at testing asphalt concrete. The testing is easily performed 
and does not require expensive or heavy equipment. The main challenge for a 
successful implementation may be to compute and optimize the FRFs. However, 
measurements of FRFs performed in a laboratory could be combined with an 
application developed specifically to compute and optimize FRFs. The development 
of such an application could be a focus of future work to facilitate the 
implementation of the presented method.   
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