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Kort sammanfattning 
Funktionsorienterad karakterisering av asfaltbeläggning är värdefull för analytisk proportionering av 
asfaltmaterial och dimensionering av bituminösa vägöverbyggnader. Denna rapport presenterar en 
testmetod för att bestämma skjuvmodul, fasvinkel och viskositet för bituminösa beläggningar. Testet 
kan utföras på laboratoriepackade beläggning eller borrkärnsprov och utförs med en sinusformad 
skjuvbelastning vid olika temperaturer och frekvenser. Förfarandet används för att karakterisera 
bituminösa blandningar med avseende på skjuvmodul, fasvinkel och viskositet. Resultaten från 
provningen kan användas för att utvärdera asfaltbeläggningens deformationskänslighet eller för att 
beräkna spårutvecklingen i asfaltsbeläggning givet andra parametrar såsom klimat, trafikfördelning 
tvärs vägriktningen och belastningsspektra. 

Nyckelord 

Asfaltbetong, skjuvtest, skjuvmodul, fasvinkel, viskositet, spårutveckling. 
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Abstract 
Performance-orientated characterization of asphalt concrete materials is indispensable for analytic mix 
and pavement design. This report presents a test method for determining the shear modulus, phase 
angle and viscosity of bituminous mixes by the shear box test. The test is performed on laboratory 
compacted or cored bituminous mixes using a sinusoidal shear loading at different temperatures and 
frequencies. The procedure is used to characterize bituminous mixtures with respect to shear modulus, 
phase angle and viscosity. The obtained data can be used to estimate the bituminous layer’s structural 
behaviour in the pavement such as the development of ruts in the asphalt concrete layers.  

Keywords 

Asphalt concrete, shear test, shear modulus, phase angle, viscosity, rutting. 
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Preface 
Different techniques and testing methods can characterize asphalt concrete materials. Sometimes the 
effort focuses on capturing a particular type of damage in the road environment. Such methods can 
fulfill their purpose of sorting the materials as good or less good but do not generate any fundamental 
understanding of the material's properties. Nor can the methods be used to build analytical models to 
simulate the processes. In other cases, the test method focuses on capturing the fundamental 
parameters of the material. Herein lies the difficulty in finding models that link the fundamental 
properties of asphalt mixes with the damage in the field. VTI, led by Safwat Said, has worked for 
many years to develop a method to characterize the shear properties of asphalt and build models to 
calculate rutting in asphalt pavements. One of the guiding principles was to develop a testing 
technique that could be performed on material taken from roads and thus represent actual properties in 
the field. I am delighted that Safwat has gone all the way and not only developed the test method 
presented in this report but also developed a model and simulation program, PEDRO, to translate the 
test results into the rutting observed in the field. 

Linköping March 2023 

Björn Kalman 
Research Director for Road and Track Engineering 

Granskare/Examiner 

Björn Kalman, VTI. 

De slutsatser och rekommendationer som uttrycks är författarens/författarnas egna och speglar inte 
nödvändigtvis myndigheten VTI:s uppfattning./The conclusions and recommendations in the report 
are those of the author(s) and do not necessarily reflect the views of VTI as a government agency. 
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1. Introduction 
Rheology is the science of flow and deformation of liquid and solid materials. The rheological 
characteristics of asphalt concrete are essential in predicting pavement performance. Shear modulus, 
phase angle, and viscous properties of asphalt concrete are good indicators of a mixture’s resistance to 
deformation. In addition to asphalt concrete ingredients, traffic speed and temperature must be 
considered in estimating the rheological properties of asphalt concrete to simulate the field conditions. 
This is required explicitly in evaluating asphalt concrete properties to rutting when the mix properties 
are dictated by the viscous character of the material (Sousa et al. 1991). The master curve of shear 
modulus and phase angle of bituminous mixtures can be constructed to summarize the viscous 
properties at various loading frequencies and temperatures that reflect the field conditions. These 
properties can be used in the performance evaluation of asphalt materials. The viscous properties of 
bituminous mixtures can be determined by mechanical testing of an asphalt concrete specimen, for 
example, using a shear test (Van Wazer et al. 1963, Ferry 1980, Monismith et al. 1994, Airey 2001). 

This report describes a test equipment that can be used to evaluate the rheological properties of asphalt 
concrete materials. The report presents discuses of the testing procedure of shear modulus, phase 
angle, and viscosity of asphalt concrete using a frequency sweep test on a cylindrical specimen. A 
detailed background information regarding the shear testing can be found in Said et al. (2013).  
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2. Asphalt concrete shear box 
A cylindrical asphalt concrete specimen is glued to two conical loading disks mounted on guided 
plates. The specimen is attached to the disks with epoxy eliminating the risk of specimen sliding along 
the disks. Conical disks guarantee to center the specimen in the guided plates and avoids risk of 
undesirable stresses. The clamping fixture enabling the application of a sinusoidal shear loading 
through one of the disks (shear load disk) and a compressive axial loading through the second disk 
(axial load disk) is schematically illustrated in Figure 1. The clamping fixture is a built-in steel frame 
to guide the disks mounted in guiding plates (Figure 1). The clamping fixture and the outer frame, 
called the shear box, are shown in Figure 2. A positioning rig with the conical disks, shown in Figure 
3, is used to center the specimen and guarantees that the loading disks are parallel, as well as assigning 
the position of strain gauges to be located at the mid-height of the specimen at testing. Two-
component slow-hardening epoxy is found suitable for gluing the specimen to the loading disks with a 
curing time of approximately 12 hours. The glued specimen is then mounted on the shear box tester. 
The shear loading plate that moves freely is connected to the hydraulic actuator, while the axial 
loading plate is connected to an actuator for a constant compressive load. Position the shear box in the 
loading machine with a temperature chamber. Attach the two strain gauges to the specimen as shown 
in Figure 1. The movement of the disks relative to each other is measured using two strain gauges 
showing shear deformation. An extensometer with a resolution of 6 x 10-5 mm (0.06 µm) is adequate.  

 

Figure 1. Loading frame of shear test. 1-Specimen, 2-Conical shear load disk, 3-Shear load guide 
plate, 4-Displacement strips, 5-Strain gauge, 6-Axial load guide plate, 7-Conical axial load disk, 8-
Axial load guidepost. 
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Figure 2. Shear box (loading frame within outer frame). 

 
Figure 3. Positioning rig, 1-Positioning plates, 2-Conical loading disks, 3-Specimen. 

The rheological parameters of viscoelastic materials determined from frequency sweep test analysis 
are interpreted as follows (Van Der Poel 1954, Van Wazer et al. 1963, Ferry 1980, Airey 2001): 

𝐺𝐺∗ = 𝜏𝜏𝑡𝑡
𝛾𝛾𝑡𝑡

       Equation 1 

𝜏𝜏𝑡𝑡 = 𝜏𝜏0 ∙ sin (𝜔𝜔𝜔𝜔)      Equation 2 

𝛾𝛾𝑡𝑡 = 𝛾𝛾0 ∙ sin (𝜔𝜔𝜔𝜔 +∅)      Equation 3 

𝜙𝜙 = 𝑡𝑡𝑙𝑙𝑙𝑙𝑙𝑙
𝑡𝑡𝑐𝑐

 ∙ 360     Equation 4 

|𝐺𝐺∗| = �(𝐺𝐺′)2 + (𝐺𝐺′′)2     Equation 5 

 

2 

3 
2 

1 

1 
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𝐺𝐺′ = 𝐺𝐺∗ ∙ cos (∅)     Equation 6 

𝐺𝐺′′ = 𝐺𝐺∗ ∙ sin (∅)     Equation 7 

|𝐺𝐺∗| = |𝜂𝜂∗| ∙ 𝜔𝜔     Equation 8 

|𝜂𝜂∗| = �(𝜂𝜂′)2 + (𝜂𝜂′′)2     Equation 9 

𝜂𝜂 
′ = 𝐺𝐺′′

𝜔𝜔
      Equation 10 

𝜂𝜂 
′′ = 𝐺𝐺′

𝜔𝜔
       Equation 11 

where; 

G* complex shear modulus, MPa 

τt shear stress at time t, MPa 

τ0 maximum amplitude of the stress, MPa 

Ø phase angle, degrees 

tlag time lag/ interval between a cycle of load and deformation signals, seconds 

tc loading time of a cycle (=1/frequency), seconds   

γt shear strain at time t, m/m 

γ0 maximum amplitude of the strain, m/m 

t time, seconds 

ω angular frequency, rad/s (s-1)  

G´ real part of the complex shear (storage modulus), MPa 

G´´ imaginary part of the complex shear (loss modulus), MPa 

η∗ complex viscosity, MPa s 

𝜂𝜂 
′ real part of the complex viscosity, MPa s 

𝜂𝜂 
′′ imaginary part of the complex viscosity, MPa s 

τ0,γ0, and Ø are measured from loading and deformation signals. 
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3. Testing 

3.1. Specimen 
Cylindrical specimens between 100 and 150 mm in diameter can be tested in the shear box. The 
thickness of the specimen should be less than ¼ of the diameter to come close to the pure shear state. 
It is recommended to test specimens having a diameter of 150 mm. The test is otherwise affected by 
bending stresses. It is thus possible to test specimens of actual thin pavement layer thickness. The ends 
of the test specimen shall be even, plane, and parallel to each other, e.g., by cutting with a saw 
equipped with parallel diamond blades. The thickness tolerance shall be less than 1 mm. The 
dimensions of the specimens shall be measured according to the EN 12697-29. 

3.2. Test procedure 
The specimen is conditioned to the test temperature in a thermostatic chamber. A dummy specimen 
with a thermocouple in the centre of the specimen can be used to determine the temperature of the 
specimen. A constant normal compressive stress of 0.15 MPa is applied to the specimen through the 
axial loading plate to ensure that neither excessive dilatation nor axial compressive deformation occurs 
during loading (Said et al. 2014). A typical set of frequencies could be 0.1, 0.5, 1, 5, 10, 16, 20, and 30 
Hz. A typical set of testing temperatures could be -5, 10, 30, and 50 °C. The test begins at the lowest 
temperature and highest frequency and ends at the highest test temperature and lowest frequency 
minimizing the risk of damage to the specimen. The test must be performed in the linear viscoelastic 
(LVE) range to avoid damage to the internal structure. The LVE range is the zone where stress in the 
stress-strain curve diverges by less than a certain degree from the rectilinear stress-strain relationship 
(Said 1990). Divergence in the stress of 5% is recommended as a LVE range. The LVE range can be 
determined in a specific test. Tests conducted at shear strain less than 50 µm/m were found to 
guarantee ensure that the test is performed in the linear viscoelastic range.  

The rheological properties of the asphalt concrete mixes were evaluated based on the measurements of 
complex shear modulus and phase angle at testing conditions. Frequency sweeps are performed at 
variable frequencies, keeping the stress amplitude constant by subjecting the specimen to sinusoidal 
shear stresses at various temperatures. The horizontal force on one side of the specimen (shear area), 
representing shear force, is applied through one of the disks that can be subjected to sinusoidal or 
repetitive loading over a range of frequencies. Constant compressive stress of 0.15 MPa is applied 
parallel to the specimen´s axis through the stationary second disk, resulting in a shear stress to normal 
stress ratio of 0.11 to 0.30 depending on testing conditions. The adapted compressive stress is 0.15 
MPa, which normally results in an axial strain of < 15 µstrain during loading at various loading 
frequencies and temperatures. This limit ensures no excessive specimen dilation occurs during testing 
(Sousa 1993).  
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4. Analysis of measurements 

4.1. Shear modulus and phase angle regarding traffic speed and 
temperature 

Master curves of the shear modulus and phase angle are presented in Figure 4 and Figure 5 using the 
time-temperature superposition principle. A horizontal shifting factor (αT) is used to shift the different 
isotherms of the shear modulus and the phase angle along the log frequency scale. Arrhenius’ equation 
(Francken and Vanelstraete1997) or Williams-Landel-Ferry (WLF) equation (Williams et al., 1955) 
are possible to determine the shift factors for asphalt concrete mixtures. The example used in this 
report uses the Arrhenius equation. The modulus or phase angle measurement at a given temperature 
can be shifted to a reference temperature along the x-axis (frequency axis) using the shift factor (Eq. 
12).  Eqs. 13 and 14 along with Eq. 12 are applied to shift a frequency at a specific temperature. For 
each test temperature and frequency, the specimen´s dynamic modulus and phase angle are determined 
according to Eq. 5 and Eq. 4, respectively.  

log(𝛼𝛼𝑇𝑇) = 𝐶𝐶 � 1
𝑇𝑇+273.15

−  1
𝑇𝑇𝑟𝑟+273.15

�     Equation 12 

𝛼𝛼𝑇𝑇 =  𝑓𝑓𝑟𝑟
𝑓𝑓

 =  𝜔𝜔𝑟𝑟
𝜔𝜔

       Equation 13 

Master curve is usually plotted in a semi-logarithmic or log-log axes as a function of the reduced 
angular frequency according to Eq. 14. 

log(𝑓𝑓𝑟𝑟) = log(𝛼𝛼𝑇𝑇) + log (𝑓𝑓)     Equation 14 

Where C = E/R called Arrhenius constant or activation constant in K (Kelvin), E is the activation 
energy (energy needed against the frictional forces) of tested material in kJ/mole. The ideal gas 
constant R=8.314.10-3 kJ/(mol.K) (see estimation of the C-value further in the text), T is the test 
temperature in oC, Tr is the reference temperature in oC, αT is the shift factor, fr is reduced frequency at 
the reference temperature Tr in Hz, f is loading frequency at the test temperature T in Hz, ωr is reduced 
angular frequency at the reference temperature Tr in rad/s, and ω is angular frequency at the test 
temperature T in rad/s. The frequency (ω or f) of measurement at the test temperature T will be shifted 
to the master curve using the shift factor (αT).    

The master curve data of the shear modulus can be fitted to a sigmoidal function according to Eq. 15, 
while the phase angle data can be fitted to a compound sigmoidal and unimodal function according to 
Eq. 16. The x-axis should be on a logarithmic scale for frequency. 

𝑙𝑙𝑙𝑙𝑙𝑙|𝐺𝐺∗| = 𝛿𝛿 +  𝛽𝛽
1+ 𝑒𝑒𝑒𝑒𝑒𝑒(𝛾𝛾−𝜆𝜆∗log (𝑓𝑓𝑟𝑟))     Equation 15 

𝜙𝜙 = 𝑑𝑑 ∙  �1 − 𝑒𝑒𝑒𝑒𝑒𝑒
�log (𝑓𝑓𝑟𝑟)−𝑙𝑙

𝑙𝑙 �

1+𝑒𝑒𝑒𝑒𝑒𝑒
�log (𝑓𝑓𝑟𝑟)−𝑙𝑙

𝑙𝑙 �
�+ 𝑐𝑐 ∙ � 1

1+�log (𝑓𝑓𝑟𝑟)−𝑙𝑙
𝑏𝑏 �

2�    Equation 16 

where G* is the complex shear modulus, fr is the reduced frequency in Hz, δ, β, λ, and γ are sigmoidal 
fitting function parameters for the shear modulus master curve; φ is the phase angle and a, b, c, d, and 



16  VTI rapport 1168A 

g are the phase angle master curve fitting parameters. The fitting curve parameters can be estimated 
through regression analysis e.g., with Excel Solver. C, activation constant, for asphalt materials in Eq. 
12 is approximately 10920 K (Francken and Vanelstraete 1997). It can also be estimated as a constant 
in the curve fitting procedure of Eqs. 15 and 16. The fitting curves, Eqs. 15 and 16 are necessary to 
estimate the dynamic shear modulus and phase angle at any combinations of loading frequency and 
temperature for analysis and design of pavements simulating actual traffic speed and temperature in 
the field.    

 
Figure 4. The construction of the master curve for dynamic shear modulus of asphalt concrete. 

 
Figure 5. The construction of the master curve for phase angle of asphalt concrete. 
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4.2. Determination of asphalt concrete viscosity 
The viscosity of asphalt concrete is useful predicting of pavement performance using viscoelastic 
models and in the mix design of asphalt mixture. Eqs. 6 and 7 describe the storage modulus (G´), a 
measure of elastic property during shearing, and the loss modulus (G´´), a measure of viscous property 
during shearing. Figure 6 illustrates the master curve of |G*|, G´ and G´´ in relation to the reduced 
frequency at Tr = 10 oC. The G´ continues to increase with increased frequency. However, the G´´ 
approaches a maximum value, för an asphalt concrete mixture. Decreasing the G´´ with further 
increases in frequency at maximum value indicates gradually increased contact between aggregate 
particles. The quotient of the G´´/G´ is the ratio of a mix´s viscous and elastic properties. The ratio or 
tan φ (phase angle) = G´´/G´ is always less than 1 unit for an asphalt concrete specimen, indicating the 
increased contact between aggregate particles testing in the LVE range. Lower values of the tan φ 
increase the resistance of an asphalt material against flow deformation. Therefore, the viscosity at the 
maximum phase angle (φ) is an indicator describing the asphalt concrete resistance against rutting. The 
viscosity at the maximum phase angle defined in Figure 7 can be estimated using Eq. 8, which is a 
ratio of dynamic shear modulus (|G*|) to angular frequency (ω) at the maximum phase angle, which is 
the indicator of an asphalt concrete resistance to rutting.  

 
Figure 6. Master curves of the dynamic shear modulus (|G*|), the storage shear modulus (G´), and the 
loss shear modulus (G”) at reference temperature (Tr) 10oC. 

1E+1

1E+2

1E+3

1E+4

1E-8 1E-6 1E-4 1E-2 1E+0 1E+2 1E+4 1E+6

|G
*|

, G
' a

nd
 G

'' 
M

Pa

Reduced freqency rad/s

|G*|@10 C

|G*|@40 C

G´@10 C

G´@40 C

G´´@10 C

G´´@40 C



18  VTI rapport 1168A 

 
Figure 7. Description of the indicator of an asphalt mixture resistance to rutting by dynamic viscosity, 
which is the ratio of G/ω at the peak phase angle. 

4.2.1. Viscosity – temperature relationship 
The rheological properties of asphalt concrete are essential evaluating pavement performance. 
Viscosity or shearing viscosity as a measure of flow deformation of asphalt materials is very sensitive 
to temperature. To calculate the viscosity of a mix at peak phase angle, estimate the reduced frequency 
at the maximum phase angle using Eq. 16, e.g., by Excel Solver. Then, the dynamic shear modulus 
estimates using Eq.15 at the reduced frequency at the maximum phase angle. The dynamic viscosity at 
peak phase angle calculated using Eq. 8.  

Eq. 17 can be used to estimate the reduced frequency at the maximum phase angle at test temperature 
T based on the reduced frequency at the maximum phase angle at the reference temperature Tr. 

𝐿𝐿𝑙𝑙𝑙𝑙(𝑓𝑓𝑓𝑓𝑇𝑇) = log(𝑓𝑓𝑓𝑓𝑇𝑇𝑟𝑟)− log (𝛼𝛼𝑇𝑇)    Equation 17 

where frT is reduced frequency at the maximum phase angle at test temperature T in Hz, frTr is reduced 
frequency at the maximum phase angle at a reference temperature Tr in Hz, and aT is the shifting 
factor at test temperature T (Eq.12). The dynamic shear modulus at the reduced frequency (frT) at the 
maximum phase angle and the dynamic viscosity at the maximum phase angle are estimated using Eq. 
15 and Eq.8. Figure 8 illustrates the dynamic viscosity of a mix at the maximum phase angle (|𝜂𝜂𝑒𝑒∗ |) |in 
relationship to temperature with a curve fitting according to Eq. 18 for practical use.   

𝐿𝐿𝑙𝑙𝑙𝑙��𝜂𝜂𝑒𝑒∗ �� = 𝑎𝑎1 ∙ 𝑇𝑇2 + 𝑎𝑎2 ∙ 𝑇𝑇 + 𝑎𝑎3    Equation 18 

Where a1, a2, a3 are material constant and T is temperature in oC.  
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Figure 8. Relationship of dynamic viscosity of a mix at the maximum phase angle to temperature. 
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5. Comments 
Functional properties of asphalt concrete materials are indispensable in the characterization of mixes 
and evaluation of mixes for pavement design. A shear test and a procedure for the rheological 
characterization of asphalt concrete materials have been described for use as a performance indicator 
and in pavement evaluation models. The master curve technique describing asphalt concrete properties 
is valuable for predicting asphalt concrete behaviour in the field, considering the traffic speed and 
ambient temperature. It is specifically requisite in the estimation of flow rutting in asphalt concrete 
layers when the temperature and loading time may vary widely within a region or sections of a road. 
Shear tests for determining shear modulus, phase angle, and shear viscosity under field-like conditions 
are material parameters for use in modelling rutting and evaluating mixes.    
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