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9 Abstract. To improve pavement resistance, asphalt concrete layers are

10 bonded together with a tack coat. A new device has been developed to

11 describe the mechanical behavior of interfaces between asphalt concrete

12 layers. The 2T3C Hollow Cylinder Apparatus (2T3C HCA) can apply

13 torsion and tension-compression to hollow cylinder samples composed

14 of two asphalt concrete layers with a tack coat in between. Normal and

15 shear stresses can be applied independently with any type of loading

16 (monotonic or cyclic). In addition to global measurements, a local optical

17 method, based on Digital Image Correlation (DIC), is used to observe the

18 deformation of the interface. The first interface characterization results

19 are presented in this paper.

20 Keywords: Pavement layers, Asphalt concrete, Interface behavior, Hol-

21 low Cylinder Apparatus (HCA), Digital Image Correlation (DIC), Ex-

22 perimental results

23 Declarations of interest: none

24 1 Introduction

25 Pavement sustainability is a major issue both economically and environmentally.
26 Building long-life pavements that require little maintenance saves money and energy.
27 Pavement structure is constituted by multiple layers made in different materials such as
28 cement concrete or asphalt concrete. Each layer has a different function in the structure.
29 The top layer, the wearing course, guarantees the adherence with the tires. The layer
30 under the wearing course, the base course, diffuses in the lower layers the loads caused
31 by traffic and climate. In pavements subjected to high traffic, both of these layers are
32 generally made in asphalt concretes. Numerical simulations [1,2] showed that binding
33 the layers between them reduces the maximal deformation in the pavement improving
34 its lifetime. In order to achieve this bonding, a tack coat, often made of bitumen emul-
35 sion, is applied at the interface between the two layers. Assuming the tack coat has been
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correctly applied, the asphalt concrete layers are considered perfectly bonded in some
of the current pavement design methods [3,4]. However, premature degradations linked
with the debonding of the layers have been reported [5,6]. In this case, the pavement is
subjected to loads it is not designed to resist to, implying a shortened lifetime. It is also
possible that even for tack coat applied carefully and with a good dosage the interface
will fail in fatigue before the asphalt concretes [7]. Yet, interface fatigue behavior is
not considered in the design methods. The study of the mechanical behavior of inter-
faces between asphalt concrete layers is then critical to help designing better roads.

The mechanical testing of interfaces began in the 1970’s [1,8] and has gained more
and more importance with time. Traffic and climate loads create complex stress states
in the pavement. Different types of tests were developed to evaluate the bond strength
at the interface between two asphalt pavement layers: tensile tests [9], shear tests [8,10-
12], wedge splitting tests [9,13], torque test [14] (for broader overviews, see [15,16]).
The shear tests are the most common and some of them can also apply compressive or
tensile stress. Most of these tests aimed at evaluating only the shear strength of inter-
faces, which is the highest possible shear stress the interface can endure before failing.
The influence of factors such as temperature [17], normal stress application [10], nature
and dosage of tack coat [18] have been investigated. Several shear tests are used to
assess interface fatigue properties under cyclic shear loadings [2, 19-22] in order to
obtain the fatigue law of interfaces for different test conditions or different materials.
All these shear tests are inhomogeneous: the shear stress is not uniform at the interface.

It appears that a powerful test on interfaces should, (i) be able to apply shear and
compressive/tensile stress, in monotonic or cyclic modes, to reproduce the actual pave-
ment conditions, and (ii) be homogeneous in order to be analyzed correctly.

This paper presents the development of a new device to test interfaces between pave-
ment layers. It is called 2T3C Hollow Cylinder Apparatus (2T3C HCA) and can apply
torsion and tension-compression to hollow cylinder samples composed of two asphalt
concrete layers. This apparatus uses 3D Digital Image Correlation (3D DIC) to observe
the behavior of the interface. Additionally, the first experimental characterization of the
viscoelastic behavior of asphalt concretes and of the interface using 2T3C HCA is pre-
sented.

This work is part of the industrial chair Eiffage/ENTPE dedicated to pavement ma-
terials and structures.

2 Description of 2T3C Hollow Cylinder Apparatus (2T3C
HCA)

2.1 Hollow cylinder sample

Applying a torque to a cylinder creates an inhomogeneous shear stress field. For
example, if the material is elastic linear isotropic, the shear stress varies linearly with
the radius, being nil at the center of the cylinder. In a hollow cylinder, the inner part of
the cylinder is removed. If the thickness left is thin enough then one can consider that
the shear stress is homogeneous with a good approximation [23] which ensures simpli-
fied but accurate test analysis. This is why a hollow cylinder apparatus is relevant to
study interfaces behavior. Hollow cylinder tests have been broadly used for the testing
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of soils and granular materials [24,25] and they have also been used for the study of
asphalt concrete [26-28]. However, no example of application to the study of interfaces
between asphalt layers was found in the literature.

A new hollow cylinder apparatus has been developed at the University of
Lyon/ENTPE: it is called 2T3C (in French, Torsion-Traction-Compression sur Cylin-
dre Creux) Hollow Cylinder Apparatus (2T3C HCA). It allows applying torsion and
tension-compression to hollow cylinder samples. The sample dimensions are: height of

125 mm, internal diameter of 122 mm, external diameter of 172 mm and thickness of
25 mm. The sample section area is 115.5 cm?. The samples are composed of two asphalt
concrete layers with a tack coat at the interface located in the middle of the sample
(Figure 1). The external diameter and the height are chosen considering fabrication
constraints. The selected thickness is a compromise between having a thickness large
enough compared to the maximum aggregate size and small enough to obtain the max-
imum shear stress applicable and a good shear stress homogeneity. The ratio between
internal radius and external radius is 0.71, this value is between 0.65 and 0.82, the range
recommended for a reasonable assumption of homogeneity of shear stress for a hollow
cylinder test [23].

F
“ t T ® Dy =122mm p, 475 g

t=25 mm

Upper layer

Interface

Interface Stresses

Lower Layer
h=125m

Fig. 1. 2T3C HCA hollow cylinder samples: (a) schematic, (b) picture

2.2 Sample preparation

In this section, the fabrication of laboratory samples is presented (Figure 2) but sam-
ples from real pavements cored in situ can also be tested with the 2T3C HCA. A slab
with two layers and a tack coat at the interface is created using the French wheel com-
pactor [29] (Figure 3). This is done in three steps. First, half a slab (600x400x75 mm?)
of the material representing the base course, the lower layer, is compacted. Then, after
a 24 h rest period, a tack coat made of asphalt emulsion is applied on the surface of the
lower layer using a brush (Figure 3). Finally, after another 24 h rest, the upper layer is
compacted using the compacting wheels again to get the complete slab (600x400x150
mm?).
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109 Fig. 2. Process to obtain hollow cylinder sample from a two layered slab with a tack coat at the

110 interface

111

112 Fig. 3. French wheel compactor [29] (a) and tack coat application with brush (b) for the sample
113 preparation

114 First the inside of a hollow cylinder is cored and then the outside. The two ends of
115 the sample are then sawed to guarantee their planarity. A speckle pattern consisting of
116 sprayed black paint over a thin white paint coat is applied on the surface of the sample
117 for Digital Image Correlation (DIC) analysis. Samples are glued to aluminum plates
118 using epoxy resin. A specially designed gluing device ensures that the axis of the hol-
119 low cylinder is coincident with the axes of the plates and thus of the hydraulic press.

120 2.3 2T3C HCA measuring systems

121 Torsion and tension-compression are applied to the samples using a servohydraulic
122 press. Load cells measure the axial force up to £ 100 kN (with an accuracy of 0.010
123 kN) and the torque up to + 2 kNm (accuracy of 0.1 Nm). Axial loadings and rotation
124 loadings can be applied independently with any type of loading history: monotonic or
125 cyclic (up to 10 Hz), stress or displacement controlled, following any load path. The
126 sample with the plates, fixed to the press, is located in a thermal chamber with a tem-
127 perature range from — 20 °C to + 60 °C (Figure 4). The temperature is measured on the
128 surface of the sample with two PT100 sensors, one on the inside surface of the sample
129 and one on the outside surface of the sample (Figure 5) in order to verify the homoge-
130 neity of the temperature field in the sample.
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132 Fig. 4. Picture and scheme of the 2T3C HCA with measuring systems
133 Two pairs of non-contact sensors measure the global displacements (in rotation and

134 axial direction) between the top and the bottom of the samples. They can measure dis-
135 placements with an accuracy of about 0.1 um on a 1000 pm range. Sensors are fixed to
136 the top plate and their aluminum target is fixed to the bottom plate. On each side of the
137 sample there is one pair of non-contact sensors with one sensor that measures vertical
138 displacement and one sensor that measures the displacement related to the rotation (Fig-
139 ure 5). The value of global vertical displacement is taken as the average of the values
140 of the two sensors measuring the vertical displacement (V1 and V2 in Figure 5). The
141 global horizontal displacement related to the rotation is obtained in a similar way. Tests
142 can be performed under displacement control using the non-contact sensors values.

(@) F ®)
Sensor support T V2 1

fixed to the top plate == [o]== HI1,H2:
— 5 VL—-'_\—‘ Horizontal non-contact sensors
Top plate \ﬁzl

_ V1, V2:
Aluminum target -~ Vertical non-contact sensors
fixed to the bottom plate Te
= Ti, Te :
Bottom plate /lli]_l =[] " Temperature sensors (PT 100)
143 Hlyg
144 Fig. 5. 2T3C HCA sample instrumentation: (a) Side view, (b) Top view
145 In addition to global measurements, a local optical measurement method, the 3D

146 DIC is used in the 2T3C HCA. This method finds the displacement field in the three
147 dimensions on the surface of the sample and is presented in the next section.
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2.4  Analysis from Digital Image Correlation

Two pairs of CCD cameras take digital pictures of 4 Mpx of each side of the sample
(Figure 4) with a maximum acquisition frequency of 10 Hz. In each pair, the optical
axii of the two cameras form an angle of 30° in order to use 3D DIC. Cameras are
located outside the thermal chamber, 600 mm from the surface of the sample. At this
distance and considering the CCD sensor characteristics, one pixel of a picture repre-
sents 150 um of material. The thermal chamber has windows on its sides, which makes
it possible to take pictures of the sample during tests at controlled temperature.

DIC principle is schematized in Figure 6. During a test, grayscale pictures of the
sample are taken at different levels of deformation. The first image, representing the
reference state, is called the reference picture. The goal of DIC is to obtain the displace-
ment of the points at the surface of the sample at each level of deformation, i.e. for each
picture, relatively to the reference state. For each pixel of the reference picture located
in the area of interest (area where displacements are researched), a subset of the picture
is selected. It is a square, usually a dozen pixels long, centered around the pixel. A
correlation algorithm finds the subset of the deformed pictured that looks the most like
the subset in the reference picture and deduces the displacement of the pixel [30].

There needs to be a very contrasted and random pattern at the surface of the studied
material. Asphalt concretes samples are naturally not well-contrasted. A speckle pat-
tern, as the one described in section 2.2, is usually applied on the samples surface [31].
DIC has been used for the study of asphalt concretes cracking behavior [32] and rarely
for the study of interfaces [33]. It has proved to be a consistent tool in the study of
deformations of many materials such as cement concrete [34,35], glass [36] or metals
[37].

2048 pixels Reference
subset
around M

Deformed subset

o Final

2048 pixels B e T R n:
L0 position

position

( (x.y,2)
3D Displacement of M

u=(x-X,y-Y,z-Z)

(X,Y.2)

Deformed pictufe

Reference picture

Fig. 6. 3D Digital Image Correlation: determination of 3D displacements of each point M of the
area of interest

For 3D DIC, two pictures of the same surface taken from different angles are needed
at each state of deformation. An algorithm between the two pictures associates a spatial
position to any pixel of the images. Displacements in the three dimensions are found
using the correlation algorithm between reference and deformed states on one image of
each pair [38].

The Vic-3D® software developed by Correlated Solutions is used for 3D DIC meas-
urements in the 2T3C HCA. It computes displacements in the three dimensions on the
hollow cylinder surface and expresses them in the cylindrical coordinate system related
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to the hollow cylinder (u,, ug, u., Z being the axis of the cylinder). The heterogeneity of
the asphalt concretes induces high spatial variability of displacements due to the differ-
ence in mechanical behaviors of bitumen and aggregates. A specific analysis developed
at the ENTPE computes the three strain tensor components (ggs, €, €o;) of both asphalt
concrete layers and the displacement gaps at the interface (4u;, Auq) throughout a test,
anytime a picture is taken. Strain is obtained with an accuracy of about 1 pm/m and
displacement gaps with an accuracy of 0.1 pm.

For &;; computation, horizontal strips (100 mm long and 3 mm thick) are drawn on
the pictures as illustrated in Figure 7. The number of strips in each layer depends on the
sample dimensions (between 10 and 15). For each state of deformation, the displace-
ment component u; is averaged on each strip and the average value is affected to the
coordinate Z of the center of the strip. The slopes of the lines obtained with linear re-
gressions in the diagram Z-u;, one in each layer, give the strain components & in both
asphalt concretes. These two lines do not intersect at the interface and the gap between
them at the level of the interface (located visually) defines the axial displacement gap
Au.

\
13
=]
E
.:‘
A

u; (um) -

4
9.4 3 mm“
8.1
6.8 Upper
5.5 Layer
4'28 = [ : = = R,
29
1.6 Lower A 1
03 Layer €7z low
s - . EuEEE -
Average displacement on the strip u,

Fig. 7. Vertical displacement u; measurements from DIC and illustration of computation of &;; in
both asphalt layers and of the displacement gap Au; at the interface (picture at 12.5 pm in exten-
sion)

The strain tensor component &y, is obtained using the same method as above, but
replacing the displacement component u, with us. The displacement gap Auy is then
found. In the analysis method presented in this paper, the interface thickness is consid-
ered nil, corresponding to a structural point of view. However, it is also possible to use
DIC to look at the interface from a closer range and to define the thickness of the inter-
facial transition zone [33]. The latter approach can be used to model interfaces at a
smaller scale, taking precisely into account aggregate interlocking.
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Fig. 8. Computation of s in one asphalt layer (picture at 12.5 pm in compression)

Assuming that the hollow cylinder remains a hollow cylinder during a test, the strain
tensor component &g is equal to the relative variation of external perimeter of the cyl-
inder. The computation of gy is illustrated in Figure 8. In each layer, about 20 vertical
strips (4 mm thick and 45 mm high) are drawn on the pictures so that the central points
of the strips are situated along an arc. Its length in the reference picture can be calcu-
lated. For each level of deformation, i.e. for each picture, the three displacement com-
ponents (u-, ug, u;) of the points in each strip are averaged and affected to the center of
the strip. The coordinates of the center after transformation are obtained using this av-
eraged displacement. The centers of the strips after transformation are situated along a
deformed arc, the length of which is also calculated. The strain tensor component &g,
equal to the relative variation of arc length, is thus obtained at each state of deformation
in both asphalt concretes.

In the 2T3C HCA, two pairs of cameras are used on opposite sides of the sample.
The strain tensors components (ggs, -z, €0;) and the displacement gaps (vertical 4u. and
rotation Aug) are calculated on each side. Then, for each quantity, the two obtained
values are averaged. The average values are used for the mechanical analysis of the
sample.
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3 Interface mechanical properties

3.1  Asphalt complex moduli and complex interface stiffnesses definitions

The axial stress o, and the shear stress 7y, in the sample are obtained from load cells
measurement considering equations (1) and (2). These equations are derived with the
assumption that stress field is homogeneous in the sample:

F 1)

where F is the axial force measured with press load cell and A the section area of the
hollow cylinder, and:

_ 3T 2)
B 27 * (szt - R}

int

Toz

where T is the torque measured with press load cell, R.\; the external radius and R;, the
internal radius.

For a small number of applied loading cycles and for small loadings amplitudes,
conditions similar to those existing in a real pavement, asphalt concretes present a linear
viscoelastic (LVE) behavior [39]. For a sinusoidal loading in stress control mode, the
LVE material strain response is also a sinusoidal signal with a phase lag.

For an axial stress sinusoidal signal o.; such as equation (3), the strain tensor com-
ponent ¢, is given in equation (4).

O3zz (t) = O-ZZ,O Sin(wt) (3)
&2 (O) = €220 sin(wt — @g) “4)

where o, ois the vertical stress amplitude, & ¢ the vertical strain amplitude and ¢r the
phase angle.
The Young’s complex modulus E_.* is defined in equation (5):

0, . .
Ej, =22 el¥E = |y, |eis ©)
gzz_o

When shear stress is applied, for example 74, in direction “6z”, the complex shear
modulus Gg,* is given in equation (6):

. _ Toz 0

oz = 289270
with 7¢, o the amplitude of shear stress and &g, o the shear strain amplitude. ¢¢ is the
phase angle in shear mode.

096 = |G}, |ei¥c (©6)
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Fig. 9. Example of stress, strain and displacement gap measurements in one layer and at the
interface for an axial test (with least square approximations in continuous lines)

It is observed that when a sinusoidal stress signal is applied to the interface, displace-
ment gaps are also sinusoidal (as in Figure 9). It is then possible to define a complex
interface stiffness.

The normal complex interface stiffness K. * is defined in equation (7).

0220 i i 7
* = 22— pl¥Kzz = |K* |e'¥Kzz
zz Auz_o | zzl

with Au, o the amplitude of the vertical displacement gap at the interface. gk is the
phase angle for interfaces in tension-compression mode.
If torsion is applied, the shear complex interface stiffness Ky, * is given in equation

(8).

£ _ Toz 0

= e'Pkoz = |K; |e'PKoz (
6z Aue,o | Gzl

with 4ug_o the amplitude of the horizontal (tangential) displacement gap at the interface.
@k 1s the phase angle for interfaces in shear mode.
The complex Poisson’s ratio ve.* in each layer can also be found using equation (9):

* €o 6.0

Vog = ei¢v02 = |V52|eilpv92 &)

82270
with &g9_o the amplitude of the relative variation of cylinder perimeter. ¢,¢.is the phase
angle for Poisson’s ratio.
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3.2 Procedure and tested material

One sample with two asphalt concrete layers and a tack coat at the interface has been
tested. The upper layer was in BBSG3 0/10 [40], representing the wearing course of a
pavement, and the lower layer was in GB5® 0/14, usually used as a base course. The
two layers had the same thickness. The tack coat is a bituminous emulsion of pure bi-
tumen with a residual dosage of 350 g/m?.

In order to characterize the viscoelastic properties of the interface and of the asphalt
concretes, sinusoidal loading cycles at small strain amplitude were applied to the sam-
ple. The tests presented in this paper were performed at four different temperatures
(about 10, 20, 30, and 40 °C). At each temperature, two types of tests were done suc-
cessively: axial tests and rotation tests (Table 1). During axial tests, vertical displace-
ment was controlled with the averaged value of the two vertical non-contact sensors
while torque was maintained nil. During rotation tests, rotation displacement was con-
trolled with the averaged value of the horizontal non-contact sensors and axial force
was maintained at a very small compressive value (around 15 kPa). The amplitude val-
ues for non-contact sensors were calculated in order to get 200 um/m in global vertical
strain &, (corresponding to the case where the sample would be constituted of one ho-
mogeneous material) for axial tests and 200 pm/m in global shear strain &g, for rotation
tests. For each type of test, four frequencies were tested with five sinusoidal cycles
applied for each frequency.

Table 1. Mechanical loading for each temperature

Type of Axial Torsion Frequencies Amplitude Cycles per
. . Non-contact
test loading loading (Hz) frequency
sensors
Axial Smusmdal Zero torque ax =25 um 5
displacement
Smmall 0.01; 0.03;
. . Sinusoidal 0.1; 0.3
Rotation | compression . rot =90 um 5
15 kPa displacement

Each camera took 50 pictures of the sample per cycle (Figure 10) except for cycles
at 0.3 Hz where 30 pictures were taken at each cycle. The subset size for DIC was
21 x 21 pixels, which corresponds to 3.1 x 3.1 mm? on the material. The capture time
of a picture was 6 ms.
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307
308 Fig. 10. Global displacement from non-contact sensors and acquisition of pictures on one side
309 of the sample during the tests (T is the loading period)
310 3.3 Results and discussion
311 All stress and strain signals were fitted with sinusoidal functions using the least

312 square method before being analyzed. An indicator was used to quantify and check the
313 signal quality. With 3D DIC, the measured vertical strain amplitudes ¢, o for axial tests
314 ranged from 200 to 250 um/m in the upper layer and from 100 to 150 pm/m in the
315 lower layer, the vertical displacement gap amplitude Au. o being between 1 and 3.5 pm.
316 ego amplitude was between 70 and 100 pm/m in the upper layer and between 25 and 50
317 um/m in the lower layer. For rotation tests, the shear strain amplitudes eg, o were be-
318 tween 250 and 350 um/m in the upper layer and between 75 and 100 um/m in the lower
319 layer, the rotation displacement gap amplitude Aduy o was between 4 and 8 pm/m. The
320 difference in strain values between the two layers is related to the difference in modulus
321 between the two asphalt concretes, it depends on the temperature and the frequency.
322 For the asphalt concretes layers, isothermal curves of the Young’s complex modulus
323 norm |E.;*| are shown in the Figure 11 and isothermal curves of the complex shear
324  modulus norm |Gy, *| are represented in Figure 12.

325
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Fig. 11. Isothermal curves of Young’s complex modulus norm | E;*| for asphalt concretes in the
upper layer (BBSG) and in the lower layer (GB)
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v} 0 BBBSG 40.4 °C
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0.01 0.1 1
Frequency (Hz)

Fig. 12. Isothermal curves of complex shear modulus |Gs.*| for asphalt concretes in the upper
layer (BBSG) and in the lower layer (GB)

The BBSG 3 asphalt concrete is less rigid than the GB5® at the same temperature
and frequency. This can be seen in axial tests (Figure 11) and in rotation tests (Figure
12) and is consistent with the specifications of these asphalt concretes.

Isotherms of normal complex interface stiffness norm | K;;*| obtained from axial tests
and shear complex interface stiffness norm |Ky,*| obtained from the rotation tests are
presented in Figure 13. Interfaces are more rigid in tension-compression mode than in
shear mode.
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Fig. 13. (a) Isothermal curves of normal complex interface stiffness norm |K*| for axial tests
and (b) isothermal curves of shear complex interface stiffness norm |Ks.*| for rotation tests

The isotherms of complex Poisson’s ratio norm |vg,*| in the upper (BBSG) layer and
in the lower (GB) layer are presented in Figure 14 for axial tests. Poisson’s ratios values
are between 0.3 and 0.4 which is a good order of magnitude for asphalt concretes at
these temperatures and frequencies [41]. No significant differences could be observed
between the two layers.
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Fig. 14. Isothermal curves of complex Poisson’s ratio norm |ve;*| for asphalt concretes in the
upper layer (BBSG) and in the lower layer (GB)

4 Conclusions

The 2T3C Hollow Cylinder Apparatus (2T3C HCA) is an innovative prototype with
unique characteristics to study the interfaces between pavement layers. It can apply
torsion and/or tension-compression independently to hollow cylinder samples. The
tests can be cyclic or monotonic with temperature control. The thickness of the wall is
small regarding the external diameter so the stress distribution can be considered as
homogeneous in the sample.

3D DIC measurements and the developed analysis method enable to obtain the strain
tensor components (€, €z, €4;) of both asphalt concrete layers and the displacement
gaps at the interface (vertical 4u, and rotation Aus). The Young’s and shear complex
moduli (E.;*, Gg;*) and Poisson’s ratio (ve;*) of the two asphalt mixes and the complex
interface stiffnesses (K. *, Ko *) are obtained.

In this paper, tests at four temperatures (from 10 °C to 40 °C) and four frequencies
(from 0.01 Hz to 0.3 Hz) in shear mode and in tension-compression mode were per-
formed on a sample with two asphalt layers and a tack coat at the interface. The follow-
ing conclusions were drawn from these tests:

1) Presented results show the accuracy and efficiency of the 2T3C HCA prototype
to study interfaces in the small strain domain.

2) Displacement gaps with amplitudes as low as 1 um were observed. Magnitude of
measured strain amplitude in asphalt layers was of some 10 m/m.

3) The interfaces seem more rigid in tension-compression than in shear.

The developed 2T3C HCA device appears as a powerful experimental tool to inves-
tigate interface properties between bituminous layers.
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