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ABSTRACT  

The bonding at the interface is seen in most road structure design methods as perfectly bonded and this ideal condition is 

supposed to last during the whole service life. However, the real working capacity at the interface is complex and 

gradually degrades because of repeated traffic load and weather conditions. A new apparatus called 2T3C (“Torsion, 

Traction, Compression sur Cylindre Creux” in French, or “Torsion, Tension, Compression on Hollow Cylinder” in 

English) was developed at the ENTPE/University of Lyon to investigate the thermomechanical behaviour of the interface 

between bituminous layers. The sample has two layers of similar or different materials. It has a total height of 125 mm 

and a wall thickness of the 25mm. The thickness was chosen small enough in order to validate the assumption of quasi-

homogenous stress and strain fields between inner and outer surface. The DIC technology is performed considering the 

three listed elements: (1) two couple of cameras are situated on two opposite sides of the sample (4 cameras in total) to 

take 3D images; (2) a software is employed to calculate the displacements in 3 dimensions of all points in the area of 

interest; and (3) the strain fields in the 2 layers and the displacement gap at the interface are computed using a method 

developed at the University of Lyon/ENTPE. In this paper, a focus is proposed on the viscoelastic and fatigue behaviours 

of the two bituminous layers and of the interface. Small and large numbers of loading cycles are successively considered 

in the small strain domain. 
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1. Introduction 

In a flexible pavement structure, emulsified bitumen 

is used to bind adjacent asphalt layers together. The 

layers are designed to be perfectly bonded. Therefore, a 

solid bonding capacity of the tack coat at the interface 

plays a key role in ensuring the lifespan of a pavement 

structure. Due to the traffic loading and weather effects, 

the quality of the tack coat reduces gradually, which can 

lead to premature failures or degradation of the whole 

structure. The perfect bonding at the interface is probably 

not maintained during the service life, as considered in 

most of the design methods. 

The need to better understand the actual behaviour at 

the interface has been studied with different apparatuses. 

These devices are able to apply monotonic or cyclic shear 

loading combined with different temperatures and 

loading rates on samples. It is worthy to mention some 

significant apparatuses for the interface study in shear 

loading mode: for example, at the Politechnic University 

of Marche (Ancona, Italy), they developed the Ancona 

shear testing research and analysis device (ASTRA) 

(Canestrari et al. 2013, 2016; Graziani et al. 2017). At 

EMPA in Switzeland, the Layer Paralell Direct Shear 

(LPDS) test, which is a modified version of the Leutner 

test, was developed (Raab, N. Partl 2009). At the 

University of Limoges the double shear test can apply 

cyclic shear loading on two parallel interfaces (Diakhaté 

et al. 2011, Ktari et al. 2017), and the shear-torque fatigue 

testing device uses acoustic emission to quantify the 

complex shear modulus during a test (Ragni et al. 2020, 

2021). At the Technical University of Braunschweig, the 

direct shear test was developed. The apparatus is the 

cyclic version of the Leutner test (Isailović 2017, 2018). 

Diakhaté and his co-authors witnessed the decrease in 

fatigue life at the interface when there was not sufficient 

tack coat content (Diakhaté 2011). Inanother research, 

authors showed the influence of the normal loading on 

the shear fatigue life at the interface. As expected, a 

higher compression normal force helps the interface 

resist longer during shear fatigue tests (Isailović, 

Falchetto, and Wistuba 2017) 

However, the common disadvantage of these 

apparatuses is the non-homogenous stress and strain (or 

displacement) fields existing at the interface, which do 

not allow for the characterization the interface‘s intrinsic 

properties. 

The 2T3C apparatus developed in ENTPE/University 

of Lyon allows to apply quasi-homogenous (i) stress and 

strain field in the two mixture layers and, (ii) the strain 

fields in layers and displacement gap at the interface. 

Furthermore, we can have the access to the behaviour at 

the interface in the overview of a two-layer structure. 

This means that the apparatus allows to characterise 

mechanical properties of the interface and also of two 

bituminous layers. Previous studies showed that the 

mechanical behaviour at the interface within the small 



 

strain domain is viscoelastic in shear loading mode (Attia 

2020, 2021; Tran 2022 (a, b); Tran 2023). 

In this study, the thermomechanical fatigue behaviour 

in the small strain domain of an interface is investigated 

using the 2T3C apparatus in small strain domain. First, 

the 2T3C device and tested materials are presented. Then, 

complex shear modulus tests at five temperatures (from 

0 to 40°C) combined with five frequencies (from 0.01 to 

1 Hz) are considered to quantify the viscoelastic 

behaviour of the two layers and the interface. Finally, a 

shear-torque fatigue test at 10°C and 3 Hz is analysed. 

2. 2T3C apparatus to study bituminous 
interface 

As mentioned in the earlier part, one of the 

advantages of the apparatus is that the stress and strain 

fields applied in both layers and the stress and 

displacement fields at the interface are quasi-

homogenous. In order for this assumption to be valid, the 

hollow cylindrical samples wall thickness must be small 

enough. The outer and inner radii chosen are 86mm and 

61mm, respectively. The ratio of the inner radius over the 

outer one is 0.71, which is within the range of an 

acceptable homogeneuos assumption. Sayao and Vaid 

proposed the range of 0.65 to 0.82 (Sayao, Vaid 1991). 

Tested samples are double-layered hollow cylinders, and 

the two layers have the approximate heights. The total 

height of a double-layered hollow cylinder is 125 mm. 

The samples are located inside a thermal chamber, 

which regulates the temperature in a wide range from -

20°C to 60°C, which is sufficient for testing a sample 

made of bituminous mixtures. Two thermal sensors 

(PT100) are placed on the inner and outer surfaces of the 

tested sample to monitor temperatures and verify a 

uniform temperature inside the sample. Two sides of the 

thermal chamber are built with transparent windows, 

allowing four cameras to take images from the outside. 

The 2T3C apparatus is equipped with a hydraulic 

press that can impose axial or/and torsion loading either 

cyclically or monotonically. The greatest axial loading is 

±100 kN, and that of torsion is ±2 kN.m. For cyclic 

loading, the maximal frequency is 10 Hz in 

tension/compression and torsion. There are two load cells 

as can be seen from Figure 1, measuring normal force and 

torsion applied from the press. There are four noncontact 

sensors. Two of them measure the relative axial 

displacements of top and bottom caps on two opposite 

diametral sides of the sample. They allow to obtain the 

global axial strain (����) as an avergare value. The two 

others give the global displacements in the tangential 

direction (����) and allow, in the same way, to obtain the 

global shear strain (����). The global shear strain is used 

by the press monitoring system to control shear loading 

during the test (sinusoidal loading). The accuracy of the 

sensors is 0.1 µm. During the test, the applied axial load 

is kept constant by the really small compression (-0.026 

MPa) and the press‘s monitoring system. 

 
Figure 1. 2T3C apparatus ((1) load cells, (2) thermal chamber, 

(3) camera system, (4) noncontact sensor groups, (5) thermal 

sensors) 

3. Materials and sample production 

3.1. Materials 

A sample tested in this study has two layers fabricated 

from two different bituminous mixtures with an interface 

made of bitumen emulsion. The two mixtures are BBSG3 

0/10 (BBSG in the following figures) for the upper layer 

with the nominal maximum aggregate size of 10mm and 

EME2 0/14 for the lower layer with the nominal 

maximum aggregate size of 14mm (EME in following 

figures). The gradation curves of two mixtures are shown 

in Figure 2; 160/220-graded base bitumen with a residual 

content of 350 g/m². 

 
Figure 2. Gradation curves of upper layer BBSG, and lower 

layer EME 

3.2. Sample production 

The tested sample was prepared in the laboratory. 

Double-layered sample production starts with slab 

fabrication. There are 3 main steps, as illustrated in 

Figure 3, to produce a double-layered slab. In the first 

step, the lower layer was compacted with the dimensions 

of 600x400x75 mm3. The second step was followed after 

24 hours of cooling down the lower layer. In this step, a 



 

tack coat was applied on stop of the previous layer, and 

the slab was left for at least 4 hours for the tack coat to 

fully brake. In the final step, the top layer is compacted 

to achieve the total height of a 150 mm double-layered 

slab. 

 
Figure 3. Steps for double-layered slab fabrication 

The fabricated slab was left in the laboratory at 

ambient temperature for few days before coring the 

samples. The coring stage starts with creating an inner 

surface of a hollow cylinder (with a dimension of 122 

mm) with the smaller drill. Then, the bigger drill was 

used to extract the sample from the slab, and the 

dimension of the outer surface of the sample is 172 mm. 

The sample was then trimmed on its two edges, and the 

final height is 125mm. There are three samples cored and 

trimmed from each slab. 

In order to use 3D-DIC analysis, a speckle pattern 

needs to be created on the outer surface of a sample. For 

that reason, a thin layer of white paint is applied, and 

black dots are then randomly prayed on top. An 

illustration is given in Figure 4, which shows the position 

of three samples in the slab and pictures of a sample 

before and after speckle pattern application. 

 
Figure 4. (a) Scheme for double-layered slab and three 

samples; a sample (b) before speckle pattern application, (c) 

after speckle pattern application 

4. Analysis method and testing procedure 

4.1. DIC application, calculation method to 

obtain strains and displacement gap 

The measured displacements from non-contact 

sensors are global values. In order to distinguish the 

strain in each layer and the displacement gap at the 

interface, 3D DIC technology is used. There are two 

groups of cameras placed outside transparent windows. 

50 images are taken by a camera during a loading cycle, 

except at the loading frequency of 1 Hz where only 35 

pictures are taken due to the cameras highest acquisition 

frequency of 35 images per second. The first image is 

considered a reference image. The following images are 

taken at different deformed states of the sample during a 

loading cycle. At a single time, two cameras in a group 

take a pair of pictures of the same area of interest; each 

pair of 2D images is used by the software VIC® 3D to 

construct a 3D image. The displacements of all points 

inside an area of interest will be deduced using 3D-DIC 

technology. One point in the area of interest is 

represented by a pixel; which is equivalent to 75x75 µm² 

(technical property of the cameras). A pixel has a grey 

colour within the greyscale ranging from 0 (total black) 

to 255 (total white). To insure the accuracy of 

displacement deduced for a point, a subset with that point 

in the centre is chosen. The size of a subset is decided at 

25x25 pixels². The idea is to have a unique combination 

of 25x25 pixels², so that subset is easier to search in all 

deformed states. Algorithms for DIC technology then 

work on a subset scale, and the deduced relative 

displacement of the subset between two states is 

subsequently given back to the points at the centre. The 

distance between two calculating points is chosen to be 6 

pixels. 

When all points in the area have their displacements 

deduced, the shear strain in layers and displacement gap 

can be calculated as in Figure 5. This calculation method 

was developed at the Univ. of Lyon/ENTPE. The 

principle of the method is to create 12 trips (3x100 mm²) 

in a single layer and calculate the averaged tangential 

displacement of all trips (uθ) and plot them in the x axis 

of a graph against their heights at the centre in the y axis. 

If the bituminous mixture in each layer is homogenous, 

there is a linear regression line formed from 12 averaged 

tangential displacement values for each layer in the 

graph. The slope of each linear regression line is the shear 

strain of that layer. Since two different bituminous 

mixtures are used for the double-layered hollow cylinder 

sample, there are two linear regression lines with two 

different slopes. The displacement gap at the interface 

(���) is calculated from the gap between the two lines. 

 

 
Figure 5. 3D-DIC procedure to find strains in layers and 

displacement gap at the interface for a deformed state 



 

4.2. Calculation of shear complex modulus in 

the two layers and complex shear stiffness 

of the interface 

Since stress field is assumed to be homogenous in the 

sample, the stress is calculated in Eq. (1). T is the torque 

measured by the load cell, Rext and Rint are respectively 

the outer and inner radius of the sample. 
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If the two tested materials and the interface have 

linear viscoelastic properties, a sinusoidal strain as Eq. 

(2) leads to a sinusoidal stress as Eq. (3). A phase lag ��  

, which depends on frequency and temperature, exists 

between the global shear strain (����) and the shear stress 

(����. In Eq. (2), ����_� is the global shear strain 

amplitude, ����_� is the global tangential displacement 

amplitude, and ���_� is the stress amplitude in Eq. (3). 
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Thanks to 3D-DIC technology and the method 

developed, the shear strains in upper layer (���') and 

lower layer (���
� are both measured (Eq. (4) and (5), 

respectively). Where ���'_� and ���
_� are the shear strain 

amplitudes in the upper and lower layers. In Eq. (4) and 

(5) (' and (
 are the two measured phase lags. 

���' � ���'_�sin �$% & ('�   (4) 

���
 � ���
_�sin �$% & (
�   (5) 

 

The displacement gap at the interface (∆��) can be 

seen in Eq. (6), where ∆��_� is displacement gap 

amplitude, and (∆ is a phase lag. 

∆�� � ∆��_�sin �$% & (∆�   (6) 

 

Because the stress is homogeneous, the shear stress 

values in the two layers (���' in upper layer and ���
 in 

lower layer) and at the interface (���∆� are the same ( ���' 

= ���
 = ���∆ = ��� as shown in Eq. (3)) 

Shear complex moduli in upper and lower layers 

(*��'
∗   and *��


∗  , respectively) are given in Eq. (7) and 

(8), |*��'
∗ | and |*��


∗ | are their norms. The interface 

complex stiffness (-��
∗   ) is calculated in Eq. (9), |-��

∗ | is 

its norm. 
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Figure 6 shows signals for one cycle obtained from 

the complex shear modulus test at 10°C, 1 Hz. As can be 

seen, all the signals are sinusoidal. 

 
Figure 6. Example of data and sinusoidal fitting curves for 

one cycle signals at 10°C, 1 Hz: ���' and ���
 are the shear 

strain value in upper and lower layers; ∆�� is the displacement 

gap at the interface; ��� is the shear stress 

4.3. Shear complex modulus test 

In order to study the thermomechanical behaviour of 

the interface in shear loading mode, the shear complex 

modulus tests were launched. The tests consist of 

applying sinusoidal tangential displacement in the small 

strain domain. A sample was tested at different 

combinations of 5 temperatures (0, 10, 20, 30, and 40°C) 

with 5 frequencies (0.01, 0.03, 0.1, 0.3, and 1 Hz). Figure 

7 illustrates the loading history applied to one 

temperature. The tests were torsional displacement 

controlled, and the global displacement magnitude was 

22.5 µm which corresponds to global shear strain of 

50µm/m (when a sample were made with one mixture 

without an interface in between). This strain was 

calculated from the relative displacement between non-

contact sensors attached to the top cap and their targets 

attached to the bottom cap. During a complex shear 

modulus, the normal stress was kept constant at -0.026 

MPa. This very small compression has also been applied 

to glue the sample to the caps. 

 

 
Figure 7. Loading history applied for one temperature in 

the shear complex modulus (5 temperatures from 0°C to 

40°C), there are 5 temperature (from 0°C to 40°C) 

4.4. Shear fatigue test 

The shear fatigue test is conducted at a frequency of 

3 Hz and a temperature of 10°C. The test was controlled 

in global displacement, which is the same as in shear 

complex modulus test (22.5 µm). This is the relative 

tangential displacement (����) between the top and 

bottom surfaces of the sample. This relative displacement 

corresponds to the shear strain (����) of 50 µm/m on the 

whole sample. The normal force applied to the sample 

during this shear fatigue test is constant -0.026 MPa. 



 

  

This strain is chosen in order to have a fatigue life of 

interface from 103 to 106 (cycles). The characteristics of 

the camera gives it an accuracy of 0.75 µm. The loading 

frequency during the fatigue test is 3 Hz, as mentioned, 

and the highest frequency of cameras is 35 Hz. There will 

be about 12 photos taken during each loading cycle at 

3Hz, and this quantity is not enough for the measurement 

of complex moduli and interface stiffness. In order to 

overcome this difficulty, the loading frequency is 

reduced to 1 Hz when the cameras work. Each time, a 

camera takes 105 photos, corresponding to three cycles 

(or three seconds). The shear fatigue test procedure is 

shown in Figure 8. 

5. Results 

5.1. Shear complex modulus in layers and 

stiffness at interface 

Figure 9(a) shows master curves for norm of shear 

complex moduli (|*��'
∗ | for the upper layer and *��


∗ | for 

the lower layer) and complex interface stiffness |-��
∗ |, 

while Figure 9(b) presents master curves for their phase 

angle �', �
, and ��. The master curves are built by 

multiplying the experimental frequencies of each 

isothermal curve with their corresponding shift factor 

indicated in Figure 10. The referent temperature chosen 

in this paper is 20°C, so experimental frequencies at 20°C 

multiply by 1. If a viscoelastic material follows Time-

Temperature Superposition Principle (TTSP), there are 

unique master curves for norm and phase angle of 

complex modulus built. As can be seen from Figure 9 (a) 

and (b), there are not only unique curves for norm and 

phase angle of complex shear moduli in two bituminous 

layers, but also for those of complex shear interface 

stiffness. This also confirms that the interface shows 

viscoelastic behaviour in the small strain domain. 

 

 

 

 
 

 
 

Figure 9. Master curves of (a) norm of shear complex 

modulus: |G:;'
∗ | and |G:;


∗ | for upper and lower layers, 

corresponding; |K:;
∗ | norm of complex interface stiffness of 

interface; (b) phase angle of shear complex modulus in layers 

��', �
), and of shear complex shear interface stiffness ����. 

Figure 8. Loading history applied for shear fatigue test procedure (testing temperature: 10°C) 



 

 

Figure 10. Shift factors to build master curves of complex 

shear modulus/stiffness 

5.1. Fatigue behaviour in layers and at interface 

The evolution of complex shear moduli for both 

bituminous layers and the complex shear interface 

stiffness are shown in the figures below (Figure 11 for 

their norms and Figure 12 for their phase angle). Norms 

of shear complex moduli in both layers decrease a bit at 

the beginning of the test and then maintain constant until 

the sample is fractured, while the norm of shear interface 

stiffness reduces constantly for the whole test. The shear 

stiffness drops significantly in the beginning, then 

reduces gradually until it approaches constant 37 

MPa/mm. The fatigue failure appears at the interface 

rather than in one of the two layers. 

 

 
Figure 11. Evolutions of norms of complex shear modulus 

|G:;'
∗ | and |G:;


∗ | in upper and lower layer, corresponding; and 

of complex shear interface stiffness |K:;
∗ | during the fatigue 

test. 

 

The phase angles witness an opposite trending of shear 

complex moduli/stiffness which means the phase angle 

of complex stiffness interface (��) increases 

dramatically, while the phase angles of complex shear 

moduli (�', �
) in two layers rise slightly in the first 

10000 cycles. Later, ��  increases quickly, while �', �
 

in two layers remain constant. The phase angle of 

interface stiffness (��) reaches its maximal value after 

300000 cycles, then drops and the sample is separated at 

the interface. Therefore, the shear fatigue test has more 

influence at the interface between two bituminous layers 

than in layers. 

 
Figure 12. Evolutions of phase angle of complex shear 

modulus �' and �
 in upper and lower layer, corresponding; 

and of complex shear interface stiffness ���� during the 

fatigue test. 

 

To have a clearer look at the behaviour of the 

interface, Figure 13 shows the evolution of the 

displacement gap at the interface between two 

bituminous layers (∆��) and shear stress during the 

fatigue test. The displacement gap increases quasi-

linearly in the first 200000 cycles, then accelerates at a 

high speed until failure. On the other hand, the shear 

stress (���) decreases slowly within the first 200000 

cycles, then rapidly reduces until the sample is separated 

at the interface. 

 

 
Figure 13. Evolution of displacement gap at the interface 

(∆��) and shear stress (���)  inside the sample during the 

shear fatigue test. 

6. Conclusions 

In this research, a shear complex modulus test was 

successfully launched at five different temperatures 

(from 0°C to 40°C) combined with five different 

frequencies (from 0.01 Hz to 1 Hz). Furthermore, a shear 

fatigue test was also performed at a temperature (10°C) 

and a frequency (3 Hz), some conclusions are withdrawn: 

 The apparatus 2T3C can apply sinusoidal torsion to 

a sample. 

 Shear stress in the whole sample, strain in two 

layers, and the displacement gap at the interface are 

quasi-homogenous. 



 

 The precision of the camera allows to measure the 

really small displacement gap at the interface (down 

to 0.75 µm). 

 Time-Temperature Superposition Principle is 

validated for the mechanical behaviour of two 

layers and the interface between them. 

 The thermomechanical behaviour is viscoelastic not 

only in the two layers but also at the interface. 

 The fatigue failure appears at the interface rather 

than in the layers. The sample resists the fatigue test 

until it gets separated at the interface after around 

220000 cycles. 
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