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A B S T R A C T   

Dynamic modulus is an essential parameter for the performance characterisation of asphalt materials for per
formance prediction and pavement design. The Indirect Tensile (IDT) test and the Uniaxial Compression (UC) test 
are both well-known experiments performed in the laboratory to characterise the dynamic modulus of asphalt 
mixtures over a range of temperatures and loading frequencies. A considerable amount of research has inves
tigated the difference between two test modes, while few studies analysed the fundamental difference in 
stress–strain distributions for the two test setups. This work aims at comparing the effect of the two test methods 
on dynamic modulus of asphalt mixtures, as well as stress–strain state. For these purposes, two types of mixtures 
commonly employed to build road surface layers, namely Asphalt Concrete (AC) and Stone Mastic Asphalt 
(SMA), were created and tested. The specimens were prepared with a gyratory compactor. The master curves of 
dynamic modulus and the stress–strain states obtained from the two testing procedures were compared. The 
dynamic modulus and phase angle results are almost identical for medium frequency and temperature, whereas 
the results exhibit significant discrepancies for lower and higher frequency values. AC 11 and SMA 11 mixtures 
show differences in comparison between the two tests. Moreover, the strains measured by the IDT test are 
variable and the strains obtained from the UC test stabilise around 40 με. Similarly, both tests have poor strain 
control at 40 ◦C. The values of normalised stresses measured by the IDT test are approximately 3.26 and 2.34 
times greater than the ones measured by the UC test for AC 11 and SMA 11 mixtures, respectively. In general, the 
results of the mechanical characterisation of the asphalt mixtures conducted using both tests are similar. The IDT 
test has the advantage of sample size for sample preparation methods in both laboratory and field, and the UC 
test has a better deformation control at low and medium temperatures.   

1. Introduction 

In the development of pavement design, the Mechanistic-Empirical 
(ME) pavement design approach applicable to various materials and 
environmental conditions has been gradually adopted to replace previ
ous empirical design approaches [1,2]. The mechanical characterisation 
of road construction materials is necessary to predict the response of the 
structure according to the ME pavement design. When it comes to 
asphalt materials, the dynamic modulus is an essential parameter for 
engineering computations [3]. The dynamic modulus of asphalt 

mixtures mainly depends on the temperature and the loading time due 
to its viscoelastic properties [4–6]. The Uniaxial Compression (UC) test, 
which can be conducted at different temperatures and frequencies with 
a dynamic loading form, is the standard test method for the determi
nation of dynamic modulus of asphalt mixture in the ME pavement 
design guide [7]. The dynamic modulus is calculated by dividing the 
peak-to-peak stress by the peak-to-peak strain for the asphalt mixture 
subjected to a sinusoidal load. Afterwards, the dynamic modulus master 
curve is constructed according to the time–temperature superposition 
principle [8] to predict the dynamic modulus of asphalt mixture over a 
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wide frequency range. This test method is widely used not only for 
traditional materials but also for innovative and recycled construction 
resources [9–11]. 

The dynamic modulus can be tested on samples produced in the 
laboratory or from samples cored from a real pavement. However, the 
thickness of the core sample extracted from the existing pavement is 
often less than the required height of the UC test. Differently, the Indi
rect Tensile (IDT) test determines the dynamic modulus according to a 
biaxial stress state on a thinner specimen [12]. Compared with UC test, 
the IDT test is largely used thanks to the easiness of operation (e.g., 
smaller samples) and its suitability to characterise core road samples. 
Even though the IDT test is commonly used for the evaluation of resilient 
modulus, strength and fatigue of asphalt mixture, it has been also per
formed to assess the dynamic modulus. Zaumanis et al. [13] conducted 
IDT investigation to determine the dynamic modulus of 100 % recycled 
asphalt mixtures while appraising the suitability of the IDT setup to 
characterise highly recycled asphalt mixtures. Mollenhauer et al. [14] 
obtained the stiffness of asphalt mixtures by conducting IDT tests to 
develop a German ME pavement design. Zhang et al. [15] have adopted 
the IDT test to compare the change in dynamic modulus of asphalt 
mixture before and after chemical ageing. The Norwegian Public Roads 
Administration (NPRA) is currently developing a ME pavement design 
system and, therefore, needs the creation of a database defining the 
dynamic modulus for the asphalt mixtures employed in the Nordics 
pavements [16]. 

Although both IDT and UC tests can measure the dynamic modulus of 
asphalt materials, their results show some discrepancies due to the 
different stress–strain states and test conditions [17]. Understanding 
these differences is important to select the correct material characteri
sation testing and to define the pavement design system more accu
rately. Kim et al. [18] developed an analytical solution to assess the 
dynamic modulus from the IDT test. In this regard, twelve asphalt 
mixtures used in North Carolina were tested according to both IDT and 
UC procedures. The results displayed a little discrepancy in the dynamic 
modulus master curves. However, Qin et al. [19] found some differences 
between the two tests in dynamic modulus, phase angle, and shift factor. 
The dynamic modulus and shift factor measured using the UC test were 
higher than the corresponding values obtained using the IDT test. As 
very few studies shed light on the differences between the IDT and the 
UC testing procedures from the perspective of stress–strain states for 
Norwegian asphalt mixtures, this work addresses this gap as well as 
delves into the fundamental difference in stress–strain distributions for 
the two test setups and provides guidance on test methods for the 
development of Norwegian ME pavement design. 

In this study, Asphalt Concrete (AC) and Stone Mastic Asphalt (SMA) 
mixtures were characterised as they were commonly used for surfacing 
road pavements. The mixtures were compressed using a gyratory 
compactor and the samples were drilled and cut according to the testing 
requirements. The IDT and UC tests were conducted in the laboratories 
of the Norwegian University of Science and Technology (NTNU) and the 
University of Agder (UiA), respectively. The master curves were con
structed based on the ME pavement design guide and shift factor func
tion defined by the Williams-Landel-Ferry (WLF) equation. The 
differences in the values of dynamic modulus, phase angle, shift factor as 
well as the discrepancies in the stress–strain states for the two tests were 
analysed. 

2. Materials and test methods 

2.1. Materials 

The bituminous binder employed was type 70/100, which is the most 
used in Norwegian asphalt pavements. Crushed rocks having magmatic 
and metamorphic origin as well as limestone filler were used as aggre
gates [20,21]. The main physical properties of the binder are given in 
Table 1. The resistance of aggregates to wear and fragmentation is 

Table 1 
Physical properties of bitumen 70/100.  

Physical property Unit Bitumen 70/ 
100 

Test standard 

Penetration at 25 ◦C 0.1 mm 92 EN 1426:2015  
[22] 

Softening point (Ring and 
Ball) 

◦C 46.0 EN 1427:2015  
[23]  

Table 2 
Resistance to wear and fragmentation of crushed rock aggregates.  

Property Value Requirements for AADT >
15 000 

Test standard 

Micro-Deval 
coefficient  

14.2 ≤ 20 EN 1097–1:2011  
[24] 

Los Angeles value  18.2 ≤ 15 EN 1097–2:2020  
[25]  

Fig. 1. Grading curves of (a) AC 11 and (b) SMA 11.  

Table 3 
OBC and voids characteristics of AC 11 and SMA 11.  

Asphalt 
mixture 

OBC 
[%] 

Void characteristic (EN 12697–8:2018 [29]) 

Va 

[%] 
Standard 
deviation 

VFB 
[%] 

Standard 
deviation 

AC 11  5.1 %  3.8 %  0.2 %  77.0 %  1.3 % 
SMA 11  5.3 %  4.0 %  0.3 %  77.1 %  1.6 %  
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specified in Table 2, which fulfils the Norwegian requirements of AC and 
SMA mixtures with an Annual Average Daily Traffic (AADT) higher than 
15 000. 

2.2. Sample preparation 

Sample preparation is very important for the results from laboratory 
testing of asphalt and special care was taken to produce samples as 
homogeneous as possible to compare the two testing methods without 
any bias from the sample preparation. 

The particle size distributions are given in Fig. 1 and the average 
gradation curves are selected to prepare the tested samples. The Opti
mum Binder Content (OBC) was determined by the Marshall mixture 
design. The asphalt mixture specimens were prepared in the laboratory 
of NTNU using a gyratory compactor (ICT-150RB produced by Invelop 
Oy, Savonlinna, Finland). The compaction pressure was 620 kPa, and 
the gyratory angle was set to 17 mrad (0.97◦) [26]. The 100 and 115 
design gyrations were applied for the AC 11 and SMA 11, respectively 
[27]. Asphalt cylinders with a diameter of 150 mm and a height of 180 
mm were thus obtained; afterwards, IDT specimens (diameter = 100 
mm, height = 40 mm) and UC specimens (diameter = 100 mm, height =
150 mm) were drilled and cut. The OBC and the void characteristics 
including the Air Voids Content (Va) and the Voids Filled with Binder 
(VFB) are shown in Table 3, which fulfil the corresponding requirements 
[28]. Four replicate samples were created for each asphalt mixture type. 

Fig. 2. (a) IDT test setup using UTM, (b) scheme of IDT test specimen subjected to a vertical load and (c) stress distribution.  

Fig. 3. Schematic trend of stress and strain for IDT test.  

Fig. 4. (a) UC test setup using UTM-130 and (b) scheme of UC specimen sub
jected to a vertical load. 

H. Chen et al.                                                                                                                                                                                                                                    



Construction and Building Materials 366 (2023) 130187

4

A total of 16 samples were tested and they were denominated as AC 11- 
IDT, AC 11-UC, SMA 11-IDT and SMA 11-UC. 

2.3. Dynamic modulus tests 

2.3.1. Indirect tensile test 
The cyclic IDT test was performed by a servo-pneumatic Universal 

Testing Machine (UTM) produced by Cooper Technology exerting a 
controlled harmonic sinusoidal load with a haversine wave. Two Linear 

Variable Differential Transformers (LVDT) were used on both sides in 
the horizontal direction. The test was conducted in accordance with EN 
12697–26 [30] at frequencies of 10, 5, 2, 1, 0.2 and 0.1 Hz and the 
temperatures of − 10, 5, 21 and 40 ◦C to obtain a broad and continuous 
dynamic modulus master curve for measured values. The applied loads 
were adjusted to keep the initial horizontal strain amplitude in a range 
between 50 µε to 100 µε for every testing temperature and frequency. 
The IDT test is regarded as a stress–strain dual control test. 

The scheme of the IDT test is shown in Fig. 2; the x and y axes are 

Fig. 5. Schematic trend of stress and strain for UC test.  

Fig. 6. Dynamic modulus results: (a) AC 11 and (b) SMA 11.  
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defined as the horizontal and vertical direction, respectively. Based on 
the linear viscoelastic solution the stress and strain in the horizontal 
direction of the IDT test specimen are used to calculate the dynamic 
modulus [18]. The stress distribution is presented in Fig. 2(c). The co
ordinate axis between the position in the horizontal direction and the 
stress at this position was established. The IDT test specimen was applied 
a vertical harmonic sinusoidal load, P, which can be expressed as shown 
in Eq. (1). Along the horizontal diameter of the IDT specimen the hor
izontal stress, σx(x), and the vertical stress, σy(x), can be evaluated as 
defined by Eq. (2) and Eq. (3), respectively [31–33]. 

P = P0⋅eiωt = P0[cos(ωt) + isin(ωt) ] (1)  

σx(x) =
2P
πaz

[ (
1 − x2/R2)sin2α

1 + 2
(
x2/R2)cos2α + x4/R4 − tan− 1

(
1 − x2/R2

1 + x2/R2 tanα
)]

=
2P
πaz

[f (x) − g(x) ]

(2)  

σy(x) = −
2P
πaz

[ (
1 − x2/R2)sin2α

1 + 2
(
x2/R2)cos2α + x4/R4 + tan− 1

(
1 − x2/R2

1 + x2/R2 tanα
)]

= −
2P
πaz

[f (x) + g(x) ]

(3)  

where x is the distance from the origin along the abscissa, P0 is the 

amplitude of the sinusoidal load, ω is the angular frequency of the si
nusoidal load, t is time, a is the loading strip width, z is the thickness of 
the sample and R is the radius of the sample. The horizontal strain, εx(x, 
t), is expressed: 

εx(x, t) =
1

E*

[
σx(x) − νσy(x)

]

=
2P0

E*πaz
ei(ωt− φ)[(ν + 1)f (x) + (ν − 1)g(x) ]

(4)  

where E* is the dynamic modulus, φ is the phase angle and ν is the 
Poisson’s ratio. The total deformation between -R and R at the horizontal 
central axis, ΔH(t), is given: 

ΔH(t) =
∫ R

− R
εx(x, t)dx

=
2P0

E*πaz
ei(ωt− φ)

[

(ν + 1)
∫ R

− R
f (x)dx + (ν − 1)

∫ R

− R
g(x)dx

]

=
2P0

E*πaz
ei(ωt− φ)A

(5) 

Therefore, in the IDT mode, the dynamic modulus from the hori
zontal deformation can be expressed as: 

E* = |E*|⋅eiφ =
2P0sin(ωt − φ)

πazΔH(t)
A (6) 

Fig. 7. Coefficient of variation of dynamic modulus results: (a) AC 11 and (b) SMA 11.  
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where |E*| is the norm of the dynamic modulus. 
The schematic trend of the stress–strain state for the IDT test is 

shown in Fig. 3. In the IDT test mode, the value of biaxial stress and 
strain in the horizontal direction were recorded. The peak-to-peak stress 
and strain of the specified five cycles per test condition according to EN 
12697–26 [30] are used to determine the dynamic modulus. For the 
cyclic IDT test, the vertical load and the peak-to-peak deformation were 
recorded to calculate the dynamic modulus based on Eq. (6). The test 
data is analysed to obtain the dynamic modulus of the IDT test specimen 
under a certain test condition. The strain response lags to the stress due 
to the viscoelastic behaviour of asphalt materials, as shown in Fig. 3. The 
phase angle is to describe the lag of the strain response, which is equal to 
the lag time, tlag, multiplied by the angular frequency. The stress and 

strain as a function of the time are expressed in Eq. (7) and Eq. (8). 

ε(t) = ε0sin(ωt) (7)  

σ(t) = σ0sin(ωt − φ) (8)  

where σ0 is the stress amplitude, and ε0 is the strain amplitude. 

2.3.2. Uniaxial compression test 
The UC test was performed using the servo-hydraulic UTM (UTM- 

130) manufactured by IPC global®. The machine is capable of exerting 
sinusoidal axial load over a wide range of frequencies. Three LVDT with 
70 mm gauge lengths installed at 120◦apart were used. The test was 
conducted in accordance with AASHTO T378-17 [34] at the same test 
conditions as the IDT test. The UC dynamic modulus test was performed 
in a controlled-strain mode with a target strain of 50 με or less. 

The illustration of the UC test is shown in Fig. 4. Differently from the 
IDT test, the UC test determines the dynamic modulus uniaxially as it 
measures the vertical stress, σy(t), and strain, εy(t), along the direction of 
the applied load as shown in Fig. 5., which is expressed as follows. 

E* = |E*|⋅eiφ =
σy(t)
εy(t)

=
σ0sin(ωt − φ)

ε0sin(ωt)
(9) 

In the UC test, the value of axial stress and strain were recorded. The 
mean value of stiffness from the 10 testing cycles determined the dy
namic modulus of the UC test specimen at a certain test condition. As the 
same as the IDT test, the phase angle can be determined by the lag time 
between stress and strain. 

2.4. Master curve construction 

The master curve was constructed by fitting the experimental test 
data of dynamic modulus according to the sigmoidal function described 
in the ME pavement design guide was selected as expressed in Eq. (10) 
and Eq. (11). The WLF equation given in Eq. (12) was used to describe 
the relationship between shift factor and temperature above the glass 
transition temperature (Tg) [35]. 

log(|E*|) = δ+
α

1 + eβ− γ(logfr)
(10)  

log(fr) = log(f )+ log[α(T) ] (11)  

where fr is the frequency at the reference temperature, Tr, T is the test 
temperature, α(T) is the shift factor, δ, α, β and γ are the fitting 
parameters. 

Fig. 8. Master curves of dynamic modulus: (a) AC 11 and (b) SMA 11.  

Table 4 
The fitting parameters and statistical parameters of the dynamic modulus master 
curves for asphalt mixtures.  

Fitting parameter AC 11-IDT SMA 11-IDT AC 11-UC SMA 11-UC 

Sigmoidal 
function 

δ  1.755  2.152  1.594  1.575 
α  2.974  2.431  2.823  2.847 
β  − 0.382  − 0.106  − 0.385  − 0.432 
γ  0.413  0.504  0.701  0.650 

WLF equation C1  33.802  49.893  19.297  11.018 
C2  243.539  356.001  166.369  87.622 

Goodness of fit statistics 
Se   724.649  673.983  798.555  1098.795 
Sy   12566.958  10345.098  8937.466  10067.358 
Se/Sy   0.058  0.065  0.089  0.109 
R2   0.997  0.996  0.992  0.988  

Fig. 9. NSE of dynamic modulus between two test modes for AC 11 and 
SMA 11. 
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log[α(T)] = − C1(T − Tr)

C2 + (T − Tr)
(12)  

where C1 and C2 are the fitting parameters. The reference temperature of 
master curve construction for both tests was the same at 21 ◦C. 

The phase angle master curve was constructed through the Lor
entzian equation, denoted as Eq. (13) [36,37]: 

φ =
kp⋅k2

g

[log(fr) − kc ]
2
+ k2

g

(13)  

where φ is the phase angle, kp is the peak value, kg is the growth rate and 
kc is the critical point. The master curves of both tests were constructed 
using the Solver add-in tool in Microsoft Excel. The non-linear least 
squares regression was performed to fit the test data based on the 
sigmoidal function, WLF equation and Lorentzian equation [38,39]. 

3. Results and discussion 

3.1. Master curve of dynamic modulus and phase angle 

3.1.1. Dynamic modulus 
The dynamic modulus results of the IDT and the UC tests are shown 

in Fig. 6. Fig. 6(a) displays that the dynamic moduli of AC 11 mixtures 
measured by both tests are similar at 5 ◦C and there are some differences 

at higher and lower temperatures. The dynamic moduli of SMA 11 
mixtures obtained by two tests are similar at low temperatures (-10 and 
5 ◦C) and different at higher temperatures. The Coefficients of Variation 
(CoV) of the dynamic modulus results are given in Fig. 7. The CoV of AC 
11-IDT, AC 11-UC, SMA 11-IDT and SMA 11-UC are smaller at − 10, 5, 
21 ◦C, which are around 10 % or less. The CoV of AC 11-IDT, SMA 11- 
IDT and SMA 11-UC are bigger at 40 ◦C, which is up to 30 %. This in
dicates that the dynamic modulus test has a smaller variation at low 
temperatures and a bigger variation at high temperatures. Furthermore, 
the CoV of SMA 11 mixtures are lower than the ones of AC 11 mixtures, 
which displays that the grading type of mixtures has an influence on the 
test variation. 

To compare the two test methods under a wider range of conditions, 
dynamic modulus master curves of asphalt mixtures are constructed. 
The dynamic modulus master curves of AC 11-IDT, SMA 11-IDT, AC 11- 
UC and SMA 11-UC are presented in Fig. 8. The fitting parameters and 
the goodness of fit statistics [40], including the standard error of esti
mation (Se), the standard error of deviation (Sy), the standard error ratio 
(Se/Sy) and the coefficients of determination (R2), are given in Table 4. 
All master curves have good fits. The R2 of dynamic modulus are over 
0.988. Both R2 of dynamic modulus for AC 11-IDT and SMA 11-IDT are 
bigger than the R2 values of AC 11-UC and SMA 11-UC. Meanwhile, both 
the Se/Sy of dynamic modulus for AC 11-IDT and SMA 11-IDT are 
smaller than the Se/Sy of AC 11-UC and SMA 11-UC. These outcomes 

Fig. 10. Phase angle results: (a) AC 11 and (b) SMA 11.  
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indicate that the dynamic modulus master curves have a better fit for 
IDT test data. Furthermore, it can be observed from Fig. 8 that the dy
namic moduli obtained by the two tests are relatively consistent in the 
frequency range from 10 Hz to 104 Hz. When the frequency is higher 
than 104 Hz or lower than 10 Hz, the dynamic moduli display differ
ences. Compared with SMA 11, two tests induce a more severe difference 
in dynamic modulus at both higher and lower frequencies for AC 11. 
This result indicates that AC 11 structure tends to expand the difference 
in dynamic modulus caused by the two tests compared to SMA 11 
structure. 

As all the dynamic modulus master curves of the four asphalt mix
tures have a good fit, the dynamic modulus predicted by the master 
curves at each frequency is compared by the Normalized Squared Error 
(NSE) following Eq. (14). The smaller the NSE value, the more consistent 
the two test results. 

NSE =

(
|E*|IDT − |E*|UC

)2

|E*|
2
IDT

(14)  

where |E*|IDT is the dynamic modulus obtained by the IDT test, |E*|UC is 
the dynamic modulus obtained by the UC test. The NSE between two 
tests of AC 11 and SMA 11 is illustrated in Fig. 9. The dynamic moduli 
obtained by the two tests are considered relatively consistent with a NSE 
less than 0.005. 

As presented in Fig. 9, the dynamic moduli obtained from both tests 

for the AC 11 are consistent in the frequency range from 102 Hz to 103 

Hz. The dynamic modulus evaluated from both tests for the SMA 11 is 
consistent in the frequency range from 10 Hz to 104 Hz. Meanwhile, the 
NSE of the two mixtures increase gradually with the increase of the 
frequency over 104 Hz or decrease of the frequency less than 10 Hz. The 
NSE of SMA 11 is smaller than that of the NSE of AC 11. These results 
indicate that the dynamic moduli of asphalt mixtures measured by the 
two tests are almost the same in the reduced frequency range from 10 Hz 
to 104 Hz. On the contrary, differences are found at high and low fre
quencies (temperatures) where the dynamic moduli measured by the 
IDT test are greater than those obtained with UC test. Fig. 9 shows that 
the NSE of the two mixtures is large at extreme frequencies, particularly 
at very low reduced frequencies. This might be connected to the various 
stress–strain responses of the specimens under the two test modes at 
relatively high temperatures. The difference in NSE between the two 
asphalt mixtures might be caused by the distinct physical structures. 
Comparing with AC 11 mixture, SMA 11 has an embedded structure 
between large size aggregates and its dynamic modulus is less affected 
by temperature [41]. 

3.1.2. Phase angle 
Fig. 10 presents the phase angle results of the IDT test and the UC 

test. The phase angles obtained by both tests are similar at 21 ◦C for AC 
11 and SMA 11 mixtures. The differences in phase angles between the 

Fig. 11. Coefficient of variation of phase angle results: (a) AC 11 and (b) SMA 11.  
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two tests occur at higher and lower temperatures. The CoV of phase 
angle results are smaller at 21 ◦C as shown in Fig. 11, which indicates 
that the two test modes are stable at 21 ◦C leading to fewer result dif
ferences of both tests in the properties of the same materials. 

Similar to the dynamic modulus, phase angle master curves are 
constructed to compare the differences between the two test methods 
over a wider range of conditions. The phase angle master curves of AC 
11-IDT, SMA 11-IDT, AC 11-UC and SMA 11-UC are presented in Fig. 12. 
The fitting parameters and the goodness of fit statistics are given in 
Table 5. The statistical parameters of phase angle for the two tests are 
different from the ones of dynamic modulus. Both R2 of phase angle for 
AC 11-IDT and SMA 11-IDT are smaller than R2 of AC 11-UC and SMA 
11-UC shown in Table 5. Both Se/Sy of phase angle for AC 11-IDT and 
SMA 11-IDT exceed Se/Sy of AC 11-UC and SMA 11-UC. Thus, the phase 

angle master curves of the UC test data have a better fit than that of the 
IDT test data. As shown in Fig. 12, the phase angle master curves for both 
tests are similar at high frequencies and show differences at lower fre
quencies. This difference is more severe for the SMA 11 mixtures than 
for the AC 11 mixtures. 

The NSE of the phase angle is calculated from the Lorentzian equa
tion and is also utilised to compare the phase angle at each frequency as 
similar to the comparison of dynamic modulus. Fig. 13 presents the NSE 
of phase angle for AC 11 and SMA 11. A smaller NSE value is obtained at 
a higher frequency and a bigger NSE value emerged at a lower 

Fig. 12. Master curves of phase angle: (a) AC 11 and (b) SMA 11.  

Table 5 
The fitting parameters and statistical parameters of the phase angle master 
curves for asphalt mixtures.  

Fitting parameter AC 11- 
IDT 

SMA 11- 
IDT 

AC 11-UC SMA 11- 
UC 

Lorentzian 
equation 

kp  40.006  45.656  38.960  37.745 
kg  3.167  3.141  2.946  3.114 
kc  − 0.910  − 1.154  − 0.639  − 0.653 

Goodness of fit statistics 
Se   2.961  2.661  1.299  1.611 
Sy   11.358  12.273  11.223  11.934 
Se/Sy   0.261  0.217  0.116  0.135 
R2   0.932  0.953  0.987  0.982  

Fig. 13. NSE of phase angle between two test modes for AC 11 and SMA 11.  

Fig. 14. Shift factors for specimens: (a) AC 11 and (b) SMA 11.  
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frequency. Meanwhile, the NSE of AC 11 is less than 0.005 in the range 
of 0.1 Hz to 105 Hz, showing the consistency of the phase angle of the 
two tests in this range. For the SMA 11 mixtures, the consistent range of 
phase angles from 10 Hz to 105 Hz for both tests is smaller than the range 
for the AC 11 mixtures. Furthermore, the NSE values of SMA 11 mixtures 
are bigger than the ones of AC 11 mixtures in the low frequency range. 
This phenomenon indicates that the difference in phase angle between 
the two test methods is larger for SMA 11 mixtures than for AC 11 
mixtures. Besides, the phase angle of the IDT test is larger than that of 
the UC test, which is consistent with Kim’s research [18]. The horizontal 
phase angles of the IDT test are generally higher than the phase angles 
determined from the UC test. The averaged phase angles from horizontal 
direction and vertical direction are close to the values from the UC test. 
It can be interpreted that the IDT test only considers the phase angle in 
the horizontal direction. 

3.1.3. Shift factor 
The results of the shift factor are also investigated, as shown in 

Fig. 14. The shift factor reflects how far the measured values have moved 
relative to the dynamic modulus at the reference temperature, resulting 
in an impact on the modelling values of the master curves. In terms of AC 
11 mixtures, the slope of the shift factor of AC 11-IDT is higher than the 
one of AC 11-UC, which means that the curve of AC 11-IDT is shifted 
more in the construction of the master curve than that of AC 11-UC. 
However, for the SMA 11 mixtures, the measured values of SMA 11- 
UC move more at high frequencies relative to SMA 11-IDT. When the 
measured values are higher, moving more distance to high and low 
frequencies widens the difference, reflecting that the difference in dy
namic modulus of the two test methods is greater for the AC 11 mixtures 

than for the SMA 11 mixtures. This result reveals that the structure of the 
tested asphalt mixture has a great impact on the results obtained with 
the two test procedures. The SMA mixtures with the embedded structure 
are less affected by the test than the AC mixtures with the dense 
structure. 

3.2. Comparison of stress–strain state 

3.2.1. Stress–strain response 
The stress–strain states are obtained based on Section 2.3. The stress 

amplitude of the IDT test is expressed in Eq. (15). The stress amplitude of 
the UC test and the strain amplitudes of the two tests can be obtained 
from the testing programs. 

σ0 = σ0x − νσ0y

=
2P0

πaz
(sin2α − α) − ν

[

−
2P0

πaz
(sin2α + α)

]

≈
P0

πRz
+ ν 3P0

πRz

(15) 

The stress–strain states of AC 11 mixtures for the two tests are rep
resented in Fig. 15 at various temperature and frequency conditions. 
Fig. 16 shows the CoV of the stress and strain results. As shown in Fig. 15 
(a, c), the stresses of both test modes for AC 11 decrease as the tem
perature increases. This is explained that both test modes control the 
strain in a certain range to ensure that the tested asphalt mixture is in the 
linear viscoelastic range. The increase in temperature causes the soft
ening of the asphalt mixture yet the strain range does not change. The 
strains of two tests for AC 11 are shown in Fig. 15(b, d). It is observed 

Fig. 15. Stress–strain states of AC 11 in IDT test and UC test at various conditions: (a) AC 11-IDT stress, (b) AC 11-IDT strain, (c) AC 11-UC stress and (d) AC 11- 
UC strain. 
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that the strains of the UC test are maintained around 40 με at all tem
peratures except for 40 ◦C. However, the strains of the IDT test are not 
stable at a certain value with the temperature changing, and there is no 
intuitive changing trend between the strain and the temperature. This 
indicates that the UC test controls the strain better than the IDT test and 
the strains of both tests are varied at the high temperatures. 

Fig. 15 also shows the changes in stress and strain with the fre
quency. At low temperatures, the stresses measured for both tests are 
maintained at a relatively constant stress level as the frequency changes. 
The stresses are gradually affected by frequency as the temperature in
creases. For high temperatures, the stress values fluctuate more with 
various frequencies for both tests. The variation in the trends of strain 
and stress with frequency for the IDT test is similar, while the strain in 
the UC test is stable at an average of 40 με. When it comes to the changes 
in strains, the UC test has better deformation control than the IDT test. 
However, both approaches do not control the deformation well at high 
temperatures due to the viscous properties of the asphalt mixture at high 
temperatures. The change in the stress–strain state with temperature 
and frequency can be explained by considering the viscoelastic behav
iour of asphalt materials. At low temperatures, the elastic component 
plays a major role; therefore, the dynamic modulus does not change 
much with frequency, and the stress and strain are stable. At high 

temperatures, the viscous component plays a more important role, and 
the dynamic modulus as well as the stress–strain state are highly related 
to temperature values. It is worth noting that the strain value measured 
during the IDT test at a high temperature and low frequency is close to 
the upper limit. Therefore, it is difficult to ensure that the asphalt ma
terial specimen is within the linear viscoelastic range at high tempera
tures when investigated with the IDT test. 

Fig. 16 indicates that the CoV of stress and strain results for AC 11 
mixtures are small at − 10, 5, 21 ◦C and high at 40 ◦C, which is consistent 
with the CoV of dynamic modulus results. This result further reflects that 
the mechanical properties of asphalt mixtures are more stably deter
mined at low and medium temperatures by both two test modes. The 
larger variations occur at high temperatures. 

The stress–strain states measured for SMA 11 mixtures and their CoV 
are shown in Fig. 17 and Fig. 18, respectively. The trend of stress–strain 
states for SMA 11 is similar to the one for AC 11, indicating the major 
relevance of the viscoelastic properties of asphalt materials. However, 
there are still some distinctions between the two asphalt mixtures. At 
low temperatures, the stress of the SMA 11 is larger than that of the AC 
11 except for 10 Hz in the IDT test. The strain of the SMA 11 is bigger 
than that of the AC 11 except for 10 Hz in the IDT test. Meanwhile, the 
stresses of the UC test grow slowly with the increase in frequency, and 

Fig. 16. Coefficient of variation of stress and strain results of AC 11 mixtures: (a) stress and (b) strain.  
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the strains remain around 40 με for both AC 11 and SMA 11. Thus, this 
finding illustrates that the UC test has better control of stress and strain 
than the IDT test. Comparing the results depicted in Fig. 15(a, c) and 
Fig. 17(a, c) for high temperatures, the IDT test stress values measured 
for the SMA 11 samples are smaller than the ones for the AC 11 speci
mens. At 40 ◦C, the stress values of the SMA 11 in the IDT test decrease 
on average by about 15 % relative to the AC 11. However, the stress of 
the SMA 11 is almost the same as that of the AC 11 in the UC test at 
40 ◦C. The trends of the strain values measured for both SMA 11 and AC 
11 asphalt mixtures are similar at high temperatures. 

The CoV of stress and strain results for SMA 11 mixtures have a 
similar trend to that for AC 11 mixtures as presented in Fig. 18. It is 
worth finding that the CoV of the UC test strain is very small at − 10, 5, 
21 ◦C and is relatively large at 40 ◦C for both asphalt mixtures. This 
reflects that the UC test has a very stable control on strain at − 10, 5, 
21 ◦C and controls strain unstably at high temperatures. 

3.2.2. Normalised stress and strain 
As the different modes of control strain for the two tests, the stress 

and the strain are normalised by dividing by the maximum value method 
for comparison. The normalised stresses at every temperature are used 
to reflect the changing trend of the stress. The exponential formulations 
used to fit the experimental values of mean stress and temperature are 
shown in Fig. 19. The high R2 values validate the reliability of the 
relationship. The normalised stresses at − 10 ◦C are similar for both tests 
and the difference occurs at high temperatures. At 40 ◦C, the values of 
normalised stresses measured by the IDT test are approximately 3.26 
and 2.34 times greater than the ones measured by the UC test for AC 11 

and SMA 11 mixtures, respectively. Compared with UC test, the results 
indicate that the stress level of the IDT test is higher and the difference 
between the two tests of AC 11 is greater than that of SMA 11 in terms of 
stress. 

The relationship between normalised strain and temperature is 
shown in Fig. 20. At − 10 ◦C, the normalized strain of the UC test has a 
stable value of around 0.8, which corresponded to 40 με. The strain 
difference with frequencies increases gradually with the increase in 
temperature. At 40 ◦C, the strains of the UC test at six frequencies are 
quite different. The normalised strain of the IDT test shows large de
viations at all four test temperatures. The strain deviation under 
different frequencies of the IDT test is greater than that of the UC test at 
− 10, 5 and 21 ◦C and smaller than that of the UC test at 40 ◦C. The 
results indicate that the changing trend of strain with temperature for 
the UC test is smaller than that of the IDT test at low and medium 
temperatures, while higher at high temperatures. This result demon
strates a better control over strain of the UC test at low and medium 
temperatures, which is consistent with the CoV of strain results. 

3.3. Comparison between IDT test and UC test 

The main features of the IDT test and UC test setups and result trends 
are summarised in Table 6. Due to the smaller dimension (weight) of the 
test specimen dimension (weight) the IDT test is more convenient for 
testing field core samples and for sample preparation in the laboratory, 
e.g., making plate samples and core and cut from them. The biaxial stress 
of the IDT test involves Poisson’s ratio. In this test, the stress–strain 
response in horizontal direction is only considered and Poisson’s ratio is 

Fig. 17. Stress–strain states of SMA 11 in IDT test and UC test at various conditions: (a) SMA 11-IDT stress, (b) SMA 11-IDT strain, (c) SMA 11-UC stress and (d) SMA 
11-UC strain. 
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selected as a constant value of 0.35 according to the standard (EN 
12697–26). Differently from IDT test, the UC test takes account into 
stresses in a single direction (vertical direction) less affected by Pois
son’s ratio. Moreover, the UC test employs confining pressure, which can 
better simulate real service conditions of road pavement [42]. However, 
the UC test needs more time to condition temperature due to the larger 
size of the sample. Nevertheless, both IDT test and UC test can work well 
at intermediate temperatures. Considering the dynamic moduli, the re
sults from the two tests are almost identical for intermediate frequency 
and temperature ranges, and slightly different at extreme temperatures. 
Regarding the phase angle, the UC test results are more accurate than 
IDT test results. Besides, the stress–strain states for IDT test and UC test 
are different. This is due to the different force forms and strain control 
modes of the two tests. The biaxial and uniaxial loads are applied to the 
IDT and UC tests, respectively. The initial strain of IDT test is controlled 
manually, while the strain of UC test is controlled by the software in the 
whole test procedure. Furthermore, the greater number of analysed 
cycles for the UC test also reflects better stability than the IDT test. 
Therefore, the UC test shows better deformation control at low and 
medium temperatures. 

4. Conclusions 

This study compares the two standard laboratory tests used for the 
mechanical characterisation of bituminous asphalt, namely Indirect 
Tensile (IDT) test and Uniaxial Compression (UC). The performance of 
two mixtures commonly employed for road surfacing, Asphalt Concrete 
(AC) and Stone Mastic Asphalt (SMA), are compared in terms of dynamic 
modulus, phase angle, shift factor and stress–strain state. Based on the 
attained results, the conclusions are drawn as follows:  

• The dynamic moduli measured using both tests at medium frequency 
(temperature) range are the same. Moreover, the values obtained 
from IDT test are higher than the ones assessed by UC test at extreme 
frequencies (temperatures). The different mesoscopic structures of 
the asphalt mixture can account for the discrepancies in the results 
attained with the two test methods. The difference in dynamic 
modulus of SMA mixtures measured by both tests is smaller than that 
of AC mixtures.  

• Compared with IDT test, the phase angle master curve has a better fit 
for UC test and has lower values.  

• The shift factor of SMA 11-UC is bigger than that of SMA 11-IDT at 
low temperatures, which is different from the situation for AC 11 

Fig. 18. Coefficient of variation of stress and strain results of SMA 11 mixtures: (a) stress and (b) strain.  
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mixtures. The measured dynamic modulus and the shifting situation 
cause a smaller difference between the two test methods in model
ling dynamic modulus for the SMA 11 mixtures.  

• The stress level pertaining to the IDT test is bigger than the one 
achieved during UC test. The IDT test strain values are various at all 
four test temperatures. Although the variation of strain obtained 
from the UC test is based on the frequency largens as the temperature 
increases, the stress–strain states are stable at low and medium 
temperatures, showing a better strain control than the IDT test.  

• The coefficients of variation of dynamic modulus, stress and strain 
results are small at − 10, 5, 21 ◦C and higher at 40 ◦C indicating that 
both test modes are more stable for testing the mechanical properties 
of asphalt mixtures at low and medium temperatures. The phase 
angle results only show small variations at 21 ◦C. 

In general, both tests can be used to properly characterise the dy
namic modulus of asphalt materials. The IDT test can be efficiently used 
for the characterisation of road surfaces built in cold regions. Moreover, 
the IDT test plays an important role when it comes to the mechanical 
characterisation of existing asphalt pavements since the dimensions of 
the field samples normally meet the size requirements. The UC test 
controls strain better for low and medium temperature ranges compared 
with IDT test, resulting in more accurate results. A confining pressure 
can be applied for UC test, which better simulates real field conditions. 
For Norwegian conditions as a basis for practical design, the IDT test 
seems to be the best choice due to easier/more realistic sample 

preparation and to compare with field cored samples. 
The comparison between IDT and UC modes in dynamic modulus 

tests for AC 11 and SMA 11 mixtures was focused on in this study. 
Further studies involving more types of asphalt mixtures are recom
mended to investigate the effect of materials on the difference between 
the two test modes and fully understand the two modes of dynamic 
modulus tests. Moreover, the connection of the IDT and UC tests under 
extreme environmental conditions will be established to develop the 
wide application of the IDT test in ME pavement design. 

5. Data availability 

Data will be made available on request. 
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