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Abstract 
 

Nondestructive laboratory seismic testing to characterize the complex modulus and 
Poisson’s ratio of asphalt concrete is presented in this thesis. These material properties 
are directly related to pavement quality and the dynamic Young’s modulus is used in 
thickness design of pavements. Existing standard laboratory methods to measure the 
complex modulus are expensive, time consuming, not truly nondestructive and cannot be 
directly linked to nondestructive field measurements. This link is important to enable 
future quality control and quality assurance of pavements based on the dynamic modulus. 
Therefore, there is a need for a more detailed and accurate laboratory test method that is 
faster, more economic and can increase the understanding and knowledge of the behavior 
of asphalt concrete. Furthermore, it should be able to be linked to nondestructive field 
measurements for improved quality control and quality assurance of pavements. 

Seismic testing can be performed by using ultrasonic measurements, where the speed of 
sound propagating through a material with known dimensions is measured. Seismic 
testing can also be used to measure the resonance frequencies of an object. Due to any 
excitation, a solid resonates when the frequency of the applied force matches the natural 
frequencies of the object. In this thesis, resonance frequency measurements have been 
performed at several different temperatures by applying a load impulse to a specimen 
while measuring its dynamic response. The measured resonance frequencies and the 
measured frequency response functions have been used to evaluate the complex modulus 
and Poisson’s ratio of asphalt concrete specimens. Master curves describing the complex 
modulus as a function of temperature and loading frequency have been determined 
through these measurements.  

The proposed seismic method includes measurements that are significantly faster, easier 
to perform, less expensive and more repeatable than the conventional test methods. 
However, the material properties are characterized at a higher frequency range compared 
to the standard laboratory methods, and for lower strain levels (~10-7) compared to the 
strain levels caused by the traffic in the pavement materials.  

Importantly, the laboratory seismic test method can be linked together with 
nondestructive field measurements of pavements due to that the material is subjected to 
approximately the same loading frequency and strain level in both the field and 
laboratory measurements. This allows for a future nondestructive quality control and 
quality assurance of new and old pavement constructions. 
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1. Introduction 
 

The magnitude of the strain level at the bottom of asphalt concrete layers is currently 
used in thickness design of pavements in Sweden. At this date, the strains are estimated 
through an empirical approach by using tables of the stiffness of the material. These 
tables account for the type of asphalt mixture and climate conditions but are not specific 
for the actual materials used in the pavement construction (TRVK Väg 2011). Therefore, 
there is a great interest to use a more analytical approach of predicting the upcoming 
stresses and strains in the materials used in pavement constructions.  

Furthermore, today’s control of pavement quality is based on coring to investigate the air 
void content and thickness of the asphalt layer. The air void content in the cored 
specimens is used as a measure of the packing quality for new pavement constructions, 
since it may indicate if the correct stiffness has been achieved. However, there is no 
parameter investigated that could be directly related to the stiffness of the material. 
Quality control based on a direct relation to the stiffness would provide a better 
knowledge of the true behavior of the material. 

The dynamic Young’s modulus of asphalt concrete is one of the main inputs in thickness 
design of pavements. Due to the viscoelastic nature of asphalt concrete, a master curve is 
can be used to characterize the viscoelastic complex modulus over a range of 
temperatures and frequencies. The estimation of a master curve requires a nondestructive 
testing technique to be able to measure the complex modulus of a specimen at several 
different temperatures and loading frequencies. However, the existing standard 
laboratory test methods to measure the complex modulus are not truly nondestructive 
(Brown et al. 2009). This limitation affects the test procedure of the traditional methods 
in order to cause as little damage as possible to the tested specimens. For example, the 
test sequence starts at the lowest test temperature and highest frequency and goes 
towards higher temperatures and lower frequencies. The traditional methods are 
performed by applying a cyclic load to the specimen while measuring the deformation of 
the specimen. The methods require relatively heavy equipment to apply the load and 
sensitive strain-gauges to measure the deformation. Hence, expensive equipment is 
needed and it is often time-consuming to perform the necessary settings to measure the 
complex modulus. The traditional methods sensitivity to the test set-up may also reduce 
the repeatability and reproducibility of these tests. Still, it is of great interest to be able to 
construct asphalt concrete master curves, due to its ability to express the complex 
modulus over a wide range of temperatures and frequencies. Master curves can also 
provide a great support in the development of new improved asphalt mixtures. There is 
therefore a need for a simpler, faster and more accurate method that is truly 
nondestructive to determine the complex modulus master curve of asphalt concrete 
specimens. 
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Resonance frequencies of all free solids depend on the dimensions, mass and stiffness of 
the object. Therefore, it is possible to determine the stiffness of a material through 
measurements of the solids resonance frequencies, mass and dimensions. Measurements 
of resonance frequencies to extract material properties are widely used in other fields of 
engineering and are often referred to as resonant ultrasound spectroscopy (Migliori and 
Sarrao 1997) or resonant acoustic spectroscopy (Ostrovsky et al. 2001). Resonance 
testing has also been applied to asphalt concrete specimens in several studies (e. g. 
Whitmoyer and Kim 1994; Kweon and Kim 2006; Lacroix et al. 2009). However the 
results from these measurements have been based on a simplified approach of calculating 
the modulus of the specimens (ASTM C215 2008). This has limited the determination of 
the complex modulus to the fundamental resonance frequency for different modes of 
vibration at each testing temperature. It has therefore not been possible to construct 
master curves using only results obtained from the resonance frequency testing in these 
studies.  

This thesis presents the development of truly nondestructive testing techniques based on 
seismic measurements. The aim of this study has been to develop a nondestructive 
measurement technique to be able to determine the complex modulus master curve of 
asphalt concrete specimens.   
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2. Summary of papers 
 

The papers appended in this thesis present methods of evaluating seismic measurements 
to characterize the complex moduli of asphalt concrete specimens. Paper I presents the 
approach of resonant acoustic spectroscopy (RAS) and how it can be applied to 
viscoelastic materials. The presented complex moduli are calculated for the resonance 
frequencies of the specimens only. Paper II expands the usable frequency range by the 
use of frequency response functions (FRFs), where theoretical FRFs are optimized 
against measured FRFs. 

 

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

The response of a specimen due to an impact is measured and used to determine the 
resonance frequencies of the specimens. The complex moduli are estimated through 
energy minimization techniques including the Rayleigh-Ritz approximation and an 
iterative procedure of matching theoretical against measured resonance frequencies. The 
complex modulus is determined for each resonance frequency and mode type. Binder 
shift factors are used to characterize the dynamic modulus master curve.   

 

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

The force of the impact and the response of the specimen are measured to determine the 
frequency response functions (FRFs) of the specimen at different temperatures. 
Theoretical FRFs are determined through the finite element method. An optimization 
process is developed to match theoretical FRFs with the measured FRFs to extract the 
material properties. The complex modulus master curve is constructed using only seismic 
measurements. 
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3. Theory and measurement techniques of the complex 
modulus 

 

The properties of viscoelastic materials like asphalt concrete depend strongly on 
temperature and loading frequency. Each type of asphalt concrete mixture has unique 
viscoelastic properties and testing of the material must therefore be performed at 
different temperatures and loading frequencies for each mixture. A numerous types of 
analysis are often performed to asphalt concrete. However, this thesis focuses on 
methods for complex modulus testing of asphalt concrete specimens.  

 

3.1  Traditional methods to measure the complex modulus 
There are three different standard laboratory test methods available today to measure the 
complex modulus of asphalt concrete specimens. They are the AASHTO TP-62 Standard 
Method of Test for Determining Dynamic Modulus of Hot-Mix Asphalt Concrete 
Mixtures (TP 62), the Asphalt Mixture Performance Tester (AMPT) and the Indirect 
Tension (IDT) complex modulus test. The TP 62 and AMPT tests both require cylindrical 
specimens with a diameter and height of approximately 100 mm and 150 mm, 
respectively. In these tests a sinusoidal load is applied in the direction of the axis of the 
height and 2, 3 or 4 LVDTs measure the axial deformation. The load is applied at six 
different loading frequencies between 0.1 to 25 Hz using the TP 62 test protocol and at 
four different frequencies between 0.01 to 10 Hz using the AMPT test protocol. For both 
the TP 62 and the AMPT test, the magnitude of the applied load and the cross-sectional 
area of the specimen are used to determine the applied stress (σ) to the specimen. The 
applied strain (ε) is determined through the axial deformation of the specimen and the 
gauge length. The dynamic modulus of the specimen can thereafter be calculated 
according to Eqn. 1 and the phase angle according to Eqn. 2. 

 0

0

E σ
ε

∗ =  (1) 

where |E*| = dynamic modulus [Pa], 
σ0 = peak-to-peak stress amplitude [Pa], 
ε0 = peak-to-peak strain amplitude [-]. 

 2 f tφ π= ∆  (2) 

where ϕ = phase angle [rad], 
f = frequency [Hz], 
Δt = time lag between stress and strain [s]. 
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The dynamic modulus and the phase angle relate to the complex modulus according to 
Eqn. 3. 

 iE E e φ∗ ∗= ⋅  (3) 

The complex modulus can also be expressed by the storage and loss modulus according 
to Eqn. 4, where the storage modulus represent the elastic energy and the loss modulus 
represent the viscous energy. 

 * ' ''E E iE= +   (4) 

where E = storage modulus, 
 E = loss modulus, 
 i = the complex number. 

Furthermore, the phase angle can also be expressed by the loss and storage modulus 
according to Eqn. 5. 

 
''

1
'tan ( )E

E
φ −=   (5) 

Fig. 1 shows an example of equipment that can be used to measure the complex modulus 
for the TP 62 and AMPT test methods.  

 

Fig. 1 Equipment to measure the complex modulus of asphalt concrete using the TP 62 and AMPT 
standard test methods 
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Fig. 2 Test set-up for the IDT complex modulus test, measuring both vertical and horizontal 
deformations (Kim et al. 2004)  

The IDT complex modulus test was developed to be able to use more easily obtained 
specimens than what the TP 62 and AMPT tests require. The specimen dimensions used 
in the TP 62 and AMPT test protocols are most often not possible to obtain from coring 
in real pavements. The IDT complex modulus test protocol reported by Kim et al. (2004) 
applies eight loading frequencies between 0.01 to 25 Hz. The test protocol uses disc-
shaped specimens with a diameter and thickness of approximately 150 mm and 40 mm, 
respectively. As a consequence of this geometry, the sinusoidal load is applied 
perpendicular to the actual compaction direction of the specimen, whereas the TP 62 and 
AMPT tests apply the load in the same direction as the compaction. Furthermore, the 
stress state in the IDT test becomes biaxial instead of uniaxial (as it is in the other test 
methods) and the deformations needs to be measured in both the horizontal and the 
vertical direction (see Fig. 2). Therefore, the calculation of the dynamic modulus requires 
additional terms to account for the displacements in two directions and the geometry of 
the specimen. The dynamic modulus from the IDT tests is calculated according to Eqn. 6 
(Kim et al. 2004). 

 * 0 1 2 2 1

2 0 2 0

2 PE
ad V U

β γ β γ
π γ β

−
=

−
 (6) 

where P0 = applied load amplitude [N], 
 a = width of loading strip [m], 
 d = thickness of specimen [m], 
 V0 = average vertical displacement magnitude [m], 



8 
 

 U0 = average horizontal displacement magnitude [m], 
 β1, β2, γ1, γ2 = geometric coefficients [-]. 

 

3.2  Master curves 
A master curve can be constructed for materials that are thermorheologically simple 
(Brown et al. 2009). Thermorheologically simple materials can have the same behavior at 
high loading frequencies and high temperatures as they have at lower loading frequencies 
and lower temperatures. For these materials it is possible to predict the same value of the 
modulus at a different temperature and frequency, than for which it was actually 
measured. This is performed by applying the time-temperature superposition principle 
(TTSP) to the measured modulus. By applying the TTSP a measured modulus is shifted 
horizontally until its value coincides with a modulus measured at another temperature 
and frequency (see Fig. 3 and 4). The shifted modulus then becomes a function of a 
reference temperature and reduced frequency. The application of the TTSP requires that 
there is an overlap of the modulus between the different measured temperatures. An 
example of the dynamic modulus measured at different temperatures and loading 
frequencies is presented in Fig. 3.  

 

Fig. 3 The dynamic modulus measured at different loading frequencies and temperatures 

In Fig. 3 it can be seen that the modulus is measured between minimum 0.1 Hz to 
maximum 50 Hz and that there is an overlap of the measured dynamic modulus between 
the temperatures. From these measurements it is possible to construct a master curve by 
shifting for example the measured modulus at -10, 0, 20, 25 and 30 °C to a single 
continuous curve at 10 °C. Fig. 4 shows the measured dynamic modulus that has been 
shifted to a single continuous master curve over a wide reduced frequency at a reference 
temperature of 10 °C. 
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Fig. 4 The dynamic modulus master curve at a reference temperature of 10 °C 

The shift factors (α(T)), which is a measure of the temperature dependency of the 
material, are often calculated by using the Williams-Landel-Ferry equation (Eqn. 7) 
(Williams et al. 1955). 

 1

2

( )
log ( ) ref

ref

c T T
α T

c T T
− −

=
+ −

 (7) 

where c1, c2 = material constants [-], 
 T = reference temperature [°C], 
 Tref = temperature [°C]. 

The reduced frequencies (fred) are obtained by multiplying the shift factors with the 
loading frequency (f) according to Eqn. 8. 

 ( )red αf T f=  (8) 

The sigmoidal function (Eqn. 9), that is commonly applied to asphalt concrete, shows 
how the analytical dynamic modulus master curve can be calculated. 

 
( )

*

log
log

1 redβ γ f

αδE
e
 
 
 
−

= +
+

 (9) 

where δ, α, β, γ = material constants [-], 
 fred = reduced frequency [Hz]. 

The master curve and the shift factors are determined by adjusting the unknown material 
constants δ, α, β, γ, c1 and c2 until the analytical dynamic modulus (Eqn. 9) matches the 
measured dynamic modulus. The procedure of estimating unknown constants applies for 



10 
 

any relationship that is used to characterize the dynamic or complex modulus master 
curve of asphalt concrete by comparison against measured complex modulus data. 

 

3.3  Seismic measurements 
Mechanical waves are waves that propagate through a medium in which the energy of the 
waves is transferred through the connected particles. Seismic, acoustic and sound waves 
are all examples of mechanical waves. Seismic waves include two types of waves, body 
waves and surface waves. Body waves can propagate longitudinally or transversely in an 
infinite medium. The longitudinal waves which are compressional waves are the fastest 
propagating waves and are therefore called for primary waves (P-waves). The transverse 
waves which are shear waves are called secondary waves (S-waves) since they propagate 
slower and always arrive after the P-wave. Surface waves that propagate along a free 
surface of a homogenous half space are generally either of the Rayleigh or the Love type 
of waves. Waves propagating in a free homogenous plate are called Lamb waves, which 
are important for seismic field testing of pavements. 

Compression waves propagate with the speed of sound, which depend on the medium 
they travel through. The general relationship describing the speed of sound (v) 
propagating through a medium in a linear system is given by Eqn. 10, where Cij is the 
elastic component related to the direction of the wave propagation and ρ is the density.  

 ijC
v

ρ
=  (10) 

Consequently, by measuring the time and distance of a wave propagating through a solid 
with a certain density the elastic properties of the solid can be determined. This basic 
relation has been utilized to develop nondestructive ultrasonic testing techniques in many 
fields of engineering (cf. e.g. Popovics and Rose 1994; Leisure and Willis 1997). Among 
the most common techniques is the pulse velocity method, which has been used since the 
1940’s to evaluate elastic properties of rocks and concrete (Popovics and Rose 1994). In 
the test, the time of flight of a wave propagating through e. g. concrete with known 
thickness is measured. Usually a source and a receiver are positioned on each side of the 
material to excite the wave propagation and to measure the arrival time. Another 
common technique is pulse-echo methods where the source and the receiver are located 
at the same side and measures the time of the echo to return from opposite surfaces.  

Nazarian et al. (2005), Di Benedetto et al. (2009) and Norambuena-Contreras et al. 
(2010) have all applied ultrasonic measurements to asphalt concrete specimens to 
determine the modulus. However, some important disadvantages applying ultrasonic 
methods to asphalt concrete are that the modulus is determined at very high frequencies 
(> 20 kHz) and that the modulus has only been determined for one frequency at each test 
temperature. It is important to be able to determine the complex modulus of asphalt 
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concrete over a wider frequency range including low frequencies, since knowledge of the 
low frequency modulus is significant for pavement response analysis. The main 
disadvantage is although caused by the inhomogeneity of asphalt concrete. The accuracy 
of the ultrasonic testing decreases when it is applied to materials that are not truly 
homogeneous. 

Measurement of resonance frequencies is another seismic method that can be applied to 
determine elastic constants of solids. A solid or a system resonates when the frequency of 
an external force matches the natural frequency or frequencies of the object. Resonance 
frequencies of a solid depend on the stiffness, mass, dimension and the boundary 
conditions. Hence, by controlling the boundary conditions and measuring a solid’s 
resonance frequencies, mass and dimensions, the elastic constants of the solid can be 
determined. Measurements of resonance frequencies are today widely considered as one 
of the most accurate methods to determine elastic constants (Li and Gladden 2010). 
Especially, the development of resonant ultrasound spectroscopy (RUS) has proven to be 
a very accurate and efficient method to determine elastic constants (Migliori et al. 1993; 
Migliori and Sarrao 1997). RUS includes detailed measurements of resonance 
frequencies, the forward problem of calculating theoretical resonance frequencies and the 
inverse problem where the assumed elastic constants are adjusted until the theoretical 
resonance frequencies matches the measured ones. The calculation of theoretical 
frequencies is performed by minimizing the Lagrangian and by using the Rayleigh-Ritz 
approximation to expand the displacement vector in terms of basis functions in order to 
evaluate the displacements numerically (Migliori and Sarrao 1997). This calculation 
require the assumptions of stress-free boundary conditions and simple harmonic motion 
which means that it is the natural resonance frequencies without any damping that are 
being calculated. The development of RUS is relatively new compared to the 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, the 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 and these papers provided a base for the development of the technique that is 
today called RUS, or resonant acoustic spectroscopy (RAS) when it is applied in a lower 
frequency range up to 20 kHz (Ostrovsky et al. 2001). Note that this development of 
RUS and RAS can be applied to arbitrary geometries by using e.g. powers of Cartesian 
coordinates as basis functions (Visscher et al. 1991). 

Comparing the two seismic methods of speed of sound and resonance frequency 
measurements, the latter method often provide important advantages in speed and 
accuracy. Wave propagation methods are usually based on the approximation of plane-
waves which are sensitive to diffraction effects that limits the accuracy of the 
measurements. For example, the more heterogeneous the material is, the more the 
propagating waves deviate from the assumption of plane-waves. This deviation gets 
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worse for the higher the frequencies are, that are applied in the test. Since there is no 
plane-wave approximation when evaluating resonance frequency measurements, and 
since lower frequencies can be applied the accuracy is higher. The plane-wave 
assumption also limits how small the specimens can be since the oscillating wavelength 
needs to be much smaller than the specimen. There is almost no limit of the size of the 
object that RUS can be applied to. Another important advantage is that using resonance 
frequency measurements 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).  

Resonance frequency measurements of asphalt concrete specimens evaluated analytically 
using the concrete standard ASTM C215 has been reported in several papers (cf. e. g. 
Whitmoyer and Kim 1994, Kweon and Kim 2006, Lacroix et al. 2009). The fundamental 
modes of vibration are used to determine the material properties of specimens using the 
ASTM C215 standard (ASTM C215 2008). This means that it is only possible to 
determine one modulus per measurement temperature. Although these results have 
shown a promising agreement with conventional testing of the complex modulus, they 
cannot be used alone to characterize the material properties over a wide frequency range. 
It is therefore not possible to determine master curves from these results only. Through 
the use of RAS it is on the other hand possible to determine the material properties at 
several resonance frequencies and not only for the fundamental resonance frequency. 
This opens up the possibility of being able to estimate master curves using only seismic 
testing. However, at higher resonance frequencies it may be difficult to make sure that 
the correct theoretical resonance frequency are matched against the corresponding 
measured resonance frequency. This is due to that resonance frequencies of different 
modes of vibration at higher frequencies may be difficult to differentiate. This mode 
identification issue may limit the amount of usable resonance frequencies available for 
the material characterization. The application of RAS to asphalt concrete specimens is 
explained in more detail in paper I. 

In general it may difficult to determine master curves of material properties using only 
the resonance frequencies of viscoelastic objects. In the case of asphalt concrete 
specimens it may in some cases only be possible to measure three or four resonance 
frequencies to determine the complex modulus, which is usually not enough to estimate a 
master curve. For viscoelastic materials it is therefore useful to be able to characterize the 
material properties in a more closely spaced frequency interval than what resonances can 
provide. This can be accomplished by using measured frequency response functions 
(FRFs) instead of only the measured resonance frequencies (Ren et al. 2011; Renault et 
al. 2011; Rupitsch et al. 2011). A FRF is determined by normalizing the measured 
response of a specimen with the measured applied load in frequency domain. Note that 
the same testing can be performed to measure the resonance frequencies and to determine 
the FRFs. However, by accounting for the applied load it becomes possible to use the 
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whole response curve to estimate the material properties instead of the resonance peaks 
only (see Fig. 5). Figure 5 shows a measured FRF at -1.6 °C for the longitudinal modes 
of vibration of a beam-shaped asphalt concrete specimen, where the peaks are the 
resonance frequencies that are used to estimate the material properties when applying 
RAS. The FRF has been determined by the following relationship, 

 ( ) ( )( )
( ) ( )

Y f X fH f
X f X f

∗

∗

×
=

×
,  (11) 

where  H(f) = the frequency response function, 
Y(f) = the measured response, 
X(f) = the measured applied force, 
X*(f) = the complex conjugate of the applied force. 

 

Fig. 5 The measured frequency response function at -1.6 °C for the longitudinal modes of vibration 
of a beam-shaped asphalt concrete specimen.  

Through the use of FRFs, the complex modulus of asphalt concrete specimens can be 
estimated by optimizing theoretical FRFs against measured FRFs, where the assumed 
material properties are adjusted until a good match is obtained. The theoretical FRFs can 
be calculated either analytically (Quo and Brown 2001; Renault et al. 2011) or 
numerically by using e. g. the finite element method (Rupitsch et al. 2011). The method 
of optimizing FRFs to characterize the complex moduli of asphalt concrete specimens is 
more thoroughly presented in paper II. 

 

3.4  QC/QA through seismic testing 
Seismic field measurements 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. 
Due to the free surface and the different layers of a pavement structure, guided waves 
(surface waves) are formed when P and S-waves interact at the interfaces of the different 
layers. The propagation of guided Lamb waves is therefore dependent on the stiffness 
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and thickness of the different layers making them very 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. This relation between phase 
velocity and frequency can be described by dispersion curves. Stiffness and thickness of 
the layers in the structure are estimated by calculating theoretical dispersion curves that 
are iteratively matched against measured dispersion curves until the adjusted theoretical 
layer model provides dispersion curves that match the measured ones.  

Results from seismic field measurements of pavements can be directly linked to seismic 
laboratory measurements due to that the material is subjected to approximately the same 
loading frequency and strain level 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 for a laboratory produced specimen through 
seismic laboratory testing. This allows for nondestructive quality control and quality 
assurance of new and old pavement constructions.  

Figure 6 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 
laboratory seismic testing and upper and lower limits of the dynamic modulus have been 
determined in the design of the pavement. By performing seismic field 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. 

 

Fig. 6 Illustration of quality control of pavements using a seismic laboratory determined master 
curve and seismic field measurements. 
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4. Results and discussion 
 

Both RAS and optimization of FRFs to evaluate seismic measurements applied to beam-
shaped asphalt concrete specimens are presented in the appended papers. This chapter 
presents a summary of the results obtained from both of these methods. All of the results 
presented in this thesis are based on the assumption that the material is isotropic, linear 
viscoelastic and homogenous. These assumptions imply that the material has the same 
stiffness in both tension and compression (i.e. flexural and longitudinal modes of 
vibration) and that the behavior of the material can be described by a complex modulus 
and Poisson’s ratio.  

The seismic measurements providing the results presented here were performed by 
placing a beam-shaped specimen (382, 58.74, 58.94 mm) on soft foam and applying a 
load impulse exciting the longitudinal modes of vibration. An instrumented hammer was 
used to apply the load and an accelerometer was used to measure the dynamic response 
of the specimen. These measurements were performed at 11 different temperatures (-
24.4, -20.5, -15.1, -10.5, -5.4, -1.6, 5.4, 11.3, 15.8, 20.5 and 30.1 °C).  

Applying RAS can provide characterization of the elastic constants of the material, 
which provides information of the real part (storage modulus) of the complex modulus. 
In order to account for the viscoelastic properties of the material, RAS needs to be 
supplemented with a method to characterize the intrinsic damping of the material, which 
can give information of the imaginary part (loss modulus). In this approach, RAS is 
combined with the half-power bandwidth method to be able to estimate the damping and 
hence, the complex modulus of the asphalt concrete specimens. However, the half-power 
bandwidth method 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). Note that when using FRFs the estimation of the 
damping is included in the optimization process through the direct characterization of the 
complex modulus. 

The results of the dynamic moduli of a beam-shaped asphalt concrete specimen estimated 
using RAS and FRFs are presented in figure 7. The RAS determined dynamic modulus is 
presented for the first two resonance frequencies for all measurement temperatures 
except 30.1 °C, where the damping was too high to be able to apply the half-power 
bandwidth method.  

The complex modulus determined through the optimization of FRFs has been performed 
by using two different optimization approaches. First, an optimization process has been 
performed for each measured FRF at the different temperatures giving results of the 
complex modulus at each temperature separately. Secondly, FRFs of all measurement 
temperatures have been used in one global optimization process leading to a direct 
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estimation of the complex modulus master curve. As can be seen in figure 7, the two 
optimization approaches of the FRFs provide very similar results of the dynamic moduli. 
The dynamic moduli results from RAS are also similar to the FRF results at the lower 
temperatures while a small difference can be found as the temperature increases. 

 

Fig. 7 The dynamic moduli determined by RAS – □, separate optimization of the FRFs – ○ and 
global optimization of the FRFs (master curve). 

This difference between RAS and FRFs is seen more clearly when presenting the 
estimated phase angle in figure 8, where the RAS determined phase angle has been 
estimated through the use of the half-power bandwidth method. In figure 8, the phase 
angle results of the FRF optimization (global and separate) are also similar, even though 
some differences are visible at a few temperatures. Since the complex modulus is 
estimated directly from the optimization of the FRFs, the phase angle can be determined 
without any additional methods.  
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Fig. 8 The phase angle determined by RAS – □, separate optimization of the FRFs – ○ and global 
optimization of the FRFs (master curve). 

The Cole-Cole diagram presented in figure 9 acts as an indication of the accuracy of the 
estimated master curve due to that it is independent of any shift factors and presenting 
the loss modulus against the storage modulus. Therefore, a unique curve is expected for 
the complex moduli determined for each temperature separately. If not a unique curve is 
obtained the assumption of a thermorheological simple behavior of the material may not 
be true, leading to that a master curve cannot be determined. The match between the 
complex moduli determined through the separate FRF optimization and the global FRF 
optimization is fairly good, showing that the use of FRFs is a promising approach to 
determine master curves of asphalt concrete specimens. However, the difference of the 
complex moduli results of RAS and FRFs are much more obvious in this figure. This 
difference that has been seen through all of these figures is believed to be caused by 
limited accuracy of the half-power bandwidth method. Other research has also shown 
that the accuracy of this method decreases as the damping increases (Wang 2011).  
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Fig. 9 Cole-Cole diagram of the complex moduli determined by RAS – □, separate optimization of 
the FRFs – ○ and global optimization of the FRFs (master curve). 

The results presented in this chapter and in the appended papers have not been compared 
to any results obtained from conventional standard testing of the complex modulus. This 
is partly because this comparison has been considered to be beyond the scope of this 
thesis, but also because of the different magnitude of the strain levels subjected to the 
specimens in the different tests. Results obtained from seismic testing (low strain levels) 
and conventional test methods (higher strain levels) are not expected to be same due the 
strain level dependency of asphalt concrete. Therefore, the Cole-Cole diagram has been 
used alone as an indication of the accuracy of the estimated master curve. Furthermore, 
the applied approaches (ASTM E 1876-99, RAS and FRFs) of estimating the repeatable 
seismic measurements have given very similar results of the dynamic modulus. This 
serves as a good indication of the accuracy of the results obtained through seismic 
testing. 
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5. Summary of findings 
 

Laboratory seismic measurements have proven to be able to characterize the complex 
modulus of asphalt concrete over a wide frequency range. The conventional standard 
laboratory test methods have several disadvantages as high cost, relatively low accuracy 
and time consuming test procedures. The traditional methods are also limited to testing of 
the complex modulus within a narrow frequency range. In contrast, the seismic 
measurements are fast and simple to perform, cost efficient and have a high repeatability 
and reproducibility. Some disadvantages using seismic testing are that it may not be 
possible to characterize the material properties at as low frequencies as the conventional 
testing. The measurements are also performed at a much lower strain level than what an 
actual pavement are exposed to. 

The use of FRFs gives several advantages compared to other methods for seismic 
evaluation of the complex modulus. The ultrasonic testing provides complex moduli 
above 20 kHz, the ASTM C215 standard limits the complex modulus to the fundamental 
resonance frequency and RAS suffers from the need of mode identification and that it 
must be combined with a method to estimate the intrinsic damping of the material. 
Importantly, the optimization of FRFs can characterize the complex moduli over a wider 
frequency range than the other presented methods, which opens up the possibility to 
determine master curves. A disadvantage with the proposed FRF method is that relatively 
heavy computer simulation is needed, which increases the time taken to analyze the 
seismic measurements. However, the theoretical calculation of the FRFs holds the 
potential for further development by using analytical calculations or by improving the 
current numerical calculations. 

The comparison between RAS and the FRF optimization method show that the 
optimization of FRFs gives more accurate results due to an improved estimation of the 
damping. Furthermore, the FRF method can provide a good estimation of the complex 
modulus master curve of an asphalt concrete specimen. 

Seismic measurements provide a truly nondestructive alternative to characterize material 
properties of asphalt concrete in both laboratory and field. Therefore, seismic 
measurements can be an efficient technique to improve the knowledge of the quality of 
roads by better quality controls and quality assurance of pavement structures. This can 
lead to improved production and maintenance of pavements. Finally, laboratory seismic 
testing opens up the possibility of performing highly detailed measurements of asphalt 
concrete that can give new insights and knowledge of the material. 
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