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Abstract. T The roadway networks have been played a vital role in the development of all
countries. The assessments of pavement conditions during their service life are therefore
decisive to maintain the stable performance of the network. From this point of view,
pavement instrumentation allows monitoring pavement conditions continuously and without
traffic interruption. The study aims to illustrate the effectiveness of embedded strain gauges
and temperature probes to follow the pavement responses with different traffic speeds, traffic
loads and temperature conditions. The longitudinal strain signals are then examined with
regards to representative parameters of the loading times and strain amplitude. The results
show that the traffic load levels and asphalt temperature are directly responsible for the
change of strain amplitudes, while those have almost no impact on loading times. Numerical
simulations are also introduced to validate the applicability of both layered elastic and
viscoelastic models to the strain signals observed in the field.

Keywords: longitudinal strain, instrumentation, accelerated full-scale experiment, strain
signal.
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1. INTRODUCTION

The horizontal tensile strain at the bottom of asphalt layers has been a critical parameter
in pavement design in many countries [1-3]. As the leading cause of the asphalt pavement
damage under the effect of traffic solicitations and environmental conditions, high tensile
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asphalt strain levels have become significant interest in recent decades [4-6]. The knowledge
of asphalt strain of the in-situ pavement, therefore, is a key element to govern and ensure the
quality and performance of the pavement during its service life as proposed in the study of
Shafiee et al. [7], Yoo et al. [8], Al-Qadi [9] among others.

The objective of the study is to illustrate the strain measurement in the instrumented
asphalt pavement with the changes of loading solicitations (traffic load levels and speeds) and
asphalt temperature. To achieve that goal, strain and temperature instrumentations were
carried out on the accelerated pavement testing facility (APT) at Nantes campus, Gustave
Eiffel University, France. The pavement was then applied to different traffic configurations to
serve as the study of pavement response. Detailed representations of longitudinal strain
signals were then presented to point out the effect of traffic solicitations and temperature on
asphalt strain. The last part is the modelling of the pavement response using elastic (Alize)
and viscoelastic (ViscoRoute) multilayer programs. The experimental strain signal at the non-
damage stage is then compared to the simulations to assess the simulation accuracy of the two
models.

2. MATERIALS, PAVEMENT STRUCTURE AND TEST PROGRAM

2.1. Pavement structure and asphalt concrete material
Pavement structure

The experimental test track has a 19-meter length was constructed with the pavement
structure of two asphalt layers (AC), an unbound granular material (UGM) subbase and one
soil layer (see Figure 1). The semi-coarse asphalt concrete (SCAC) 0/10 mm (the maximum
aggregate size) of class 3 [10] with the binder made of a neat bitumen of 35/50 penetration
grade [11] was used for both two asphalt layers. The binder content is 5.58% by mass of the
aggregate. The bearing capacity of the soil layer, measured during the construction by
dynamic load plate tests [12], was between 95 and 110 MPa. The UGM layer modulus,
measured during the construction by dynamic load plate tests, was between 150-200 MPa.
The stiffness modulus of the asphalt mixture was approximately 12 000 MPa at 15°C and 10
Hz, obtained from the two-point bending tests [13] which were carried out on samples
extracted during the construction.

Traffic direction

,

—> Temperature probe
&

6 cmAC
5cmAC

30 cm UGM

> Strain gauge

260 cm Soil

Figure 1. Pavement structure and instrumentation layout.
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Complex modulus of asphalt mixture

Complex modulus tests were performed on the asphalt mixture in the laboratory. The test
results are presented in Figure 2. The Cole-Cole plan (Figure 2a) illustrates the relationship
between the real (E;) and the imaginary (E,) components of the complex modulus of

bituminous material, while the Black space (Figure 2b) plots |E*| values against the
corresponding phase angle values. It can be seen that there is an existence of a unique curve in
both graphs that verifies the application of the Time-Temperature Superposition Principle —
TTSP [14,15] to construct a master curve from isothermal curves in Figure 3.
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Figure 2. Curves of the complex modulus in the: a) Cole-Cole plan, and b) Black space.
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Figure 3. The master curve of complex modulus as a function of frequency at reference temperature of
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Figure 4. The shift factors (a,) obtained during the construction of the complex modulus master curve
and the WLF law.

The master curve, in Figure 3, is established by shifting parallel each isothermal curve to
the frequency axis with the shift factor a; at the reference temperature of 15°C. The shift

factor a; (Figure 4) is calibrated using the WLF law [16]. It is then possible to obtain asphalt
complex modulus values for inaccessible frequencies in the experiment.

2.2. Test program

The study is a part of the fatigue experiment, at which the traffic solicitations were
produced by a one thousand horse-power electro-hydraulic facility (Figure 5), with a central
tower and four 19-metre loading arms which can generate traffic load up to 150 kN at a
maximum speed of 100 km/h [17-19]. At the end of the fatigue experiment, a total of 2.2
million cycles of the equivalent 65 kN dual wheel load was applied.
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Figure 5. View of the accelerated pavement testing facility at Gustave Eiffel University, France [20].

Longitudinal strain gauges (KM-100HAS model, see Figure 6) were instrumented at the
bottom of the asphalt layers to monitor the pavement responses under the full-scale traffic
loads at different traffic speeds.

Figure 6. Strain gauge, type KM-100HAS, for the strain measurement in asphalt layers [18].

The results presented in this paper were during the first approximately 50 000 equivalent
65 kN load cycles when it was assumed that no damage happened to the pavement. In this
phase, the traffic was controlled at three load levels of 45, 55, and 65 kN and at speeds of 7,
14, 21, 29, 43, 57, and 72 km/h. Asphalt strain was recorded corresponding to different
configurations of traffic load levels and speeds. The temperature data was obtained for each
10 minutes thanks to an embedded temperature probe at the depth of 6 cm in asphalt layers,
providing precise temperature data to each strain measurement moment.

3. LONGITUDINAL STRAIN ANALYSIS

3.1. Characteristics of a longitudinal strain signal

Figure 7 introduces a characteristic longitudinal strain signal at the bottom of the base
asphalt layer in the experimental pavement. As the traffic load moves close to the strain gauge
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position, a contraction pick (1) is observed (negative value in longitudinal strain). Following
tension pick (3) appears when the load is right on the strain gauge (positive value in
longitudinal strain). When the load passes the position of the strain gauge, the signal will
move to the second contraction pick (5). Between the two contraction picks and tension pick,
two zero points (2,4) are identified when strain values are equal to zero.

1,5 - Contraction points

2,4 - Zero points

3 - Tension point
Emax - Maximum strain

A smax - -
1 €miny - Minimum strain 1

€minz - Minimum strain 2

Emint uct A, - Strain amplitude (&~ Emin)

3 v 5
1 tonin A, - Strain amplitude (g, - €ming)

t, - Time distance between zero points

/.

Longitudinal strain (um/m)

Time (s)

tmin - TiMe distance between contraction points

Figure 7. Fundamental representations of a longitudinal strain signal.

In order to analyse the evolution of the longitudinal strain signal with traffic solicitations
and temperatures, the following parameters are proposed:

In vertical axis (strain value):

e & .. the maximum longitudinal strain in extension,

&.iny- the minimum longitudinal strain in contraction (vertical distance between
first contraction pick (1) and zero point (2) ),
&.inp- the minimum longitudinal strain in contraction (vertical distance between
second contraction pick (5) and zero point (4) ),
e A, :the strain amplitude (vertical distance between first contraction pick (1) and
tension pick (3) ),
e A, the strain amplitude (vertical distance between second contraction pick (5)
and tension pick (3) ).
In horizontal axis (time value):

e t,: the time distance between two zero points (2,4),
e t . :the time distance between two contraction points (1,5).

3.2. Effect of traffic solicitations and temperatures
On asphalt strain
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According to the proposed parameters of a longitudinal strain signal in section 3.1, the
two strain amplitudes (A, A,) are employed to examine the effect of traffic solicitations and

asphalt temperatures on the strain signal.
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Figure 8. Effect of a) Traffic speed at 21°C, b) Asphalt temperature at the speed of 57 km/h, ¢) and d)
Traffic load at 21°C to the tensile strain amplitude A, (Solid lines) and A, (Dotted lines).

Figure 8 shows the results of the experimental study, in which strain amplitudes between
maximum pick of strain and first minimum pick (A, —solid lines), and second minimum pick

(A, — dotted lines) over a range of traffic speeds (Figure 8a), asphalt temperatures (Figure 8b),

and traffic loads (Figure 8c and Figure 8d). The figures indicate that strain response is
affected by the change of those parameters, and the evolutions follow non-linear relationships.
Concerning load levels, it can be observed from Figure 8 that the higher load level was, the
higher strain amplitudes were at the same traffic speed and asphalt temperature condition. In
the view of traffic speeds, the evolutions in Figures 8a, ¢, and d pointed out that with the
increase of speed, the strain amplitudes (A, and A,) decreased. This was mainly due to the

increase of asphalt complex modulus at higher traffic speeds. The same observation was
found in Figure 8b but with the decrease of asphalt temperature. The results in Figures 8c and
8d show that the non-linear relationships between the strain and load amplitude can be
observed for rather small strain amplitude (less than 250 pm/m) [21,22]. Moreover, the
differences are always observed when comparing the evolutions of the two strain amplitudes
(A, A, in the same condition of traffic speed, traffic load, and temperature. Those

observations validate the viscoelastic behaviour of asphalt material under the effect of traffic
and temperature.

In the time domain
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All the experimental strain responses in the study were time-based signals. Therefore, it is
necessary to examine the evolution of the response time with all the inputs of loading and
temperature. As proposed in Section 3.1, the two parameters t, and t_. are employed to serve

as the assessment of asphalt tensile strain at different traffic speeds, traffic loads and asphalt
temperatures.

Figure 9 shows the evolutions of parameters t, (dotted lines) and t_, ~(solid lines) with

traffic speeds, asphalt temperatures, and traffic loads. It can be observed that the traffic loads
(see Figure 9c and Figure 9d) and asphalt temperatures (see Figure 9b) have no significant
effect on the tensile strain signal. Meanwhile, traffic speeds (see Figure 9a) modified the two
parameters t; and t . , particularly in the low-speed range (up to 30 km/h).
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Figure 9. Effect of a) Traffic speed at 21°C, b) Asphalt temperature at the speed of 57 km/h, ¢) and d)
Traffic load at 21°C to the time distance tmin (Solid lines) and t, (Dotted lines) of the strain signal.

3.3. Numerical simulation of the strain signal

The theoretical responses of the flexible pavement systems under the traffic load have
been widely studied. Plenty of models were then developed to integrate those responses. For
that purpose, there have been mainly two approaches that are used. The first approach has
based on layered elastic theory, in which each pavement layer is homogenous, isotropic, and
linear elastic [23,24]. This approach simplified the pavement structure into a two-dimensional
(2D) model to calculate stresses, strains, and deflections in pavement layers. The second
approach has based on the theory of the viscoelasticity of the pavement layers system,
whereby three-dimensional (3D) responses of the pavement have been largely investigated
[3,25,26].
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In this study, numerical simulations of the strain signal will be introduced using Alize
pavement design software [27] and ViscoRoute [28-30] for those static 2D and dynamic 3D
models respectively. Following input data will be used:

e The simulations will be carried out with experimental conditions (pavement
structure, traffic speed of 57 km/h, traffic load of 65 kN) for linear elastic and
viscoelastic models with experimental asphalt temperature of 21°C. The pavement
layers properties were summarized in Table 1.

e With regards to the thickness of the strain gauges (around 1.0 cm), the
simulations will calculate the results at 0.5 cm from the bottom of the base asphalt
layer where it is assumed that the experimental strain signals are obtained from strain
gauges.

e For the simulation with Alize: The asphalt modulus data, which will be put in
the material library of the program, is obtained from complex modulus tests in the
laboratory [13]. The equivalent frequency at the traffic speed of 57 km/h is
approximately 7.5 Hz according to the procedure presented in the parametric study of
Bodin [31]. The frequency is then used to get the asphalt modulus in the simulation.

e For the simulation with ViscoRoute: The asphalt temperatures of 21°C and
traffic speed of 57 km/h are used.

200
—Measurement

=
a1l
o

&-Visco-Elastic model

100 -=-Elastic model

Longitudinal strain (um/m)
a1
o

Time ()

Figure 10. Measured and simulated (with elastic and viscoelastic models) longitudinal strains at V' =
57 km/h, dual wheel of the axle loaded at 65 kN, 0.5 cm at the bottom of the asphalt layer for the
temperature of 21°C.

The longitudinal strain signal comparison of measurement with elastic (Alize) and
viscoelastic (ViscoRoute) simulations in Figure 10 (T = 21°C) indicates that both elastic and
viscoelastic models give a good agreement with the measured strain signal. The simulated
strain signals followed very well experimental one with regards to the shape and the peak
values. The dissymmetry of the experimental signal could come from the imperfect strain
gauge installation during the construction.

367



Transport and Communications Science Journal, Vol. 73, Issue 4 (05/2022), 359-370

Table 1. Pavement layers properties for the simulations at the traffic speed of 57 km/h, asphalt
temperature of 21°C, under the traffic load of 65 kN.

Pavement layer Linear Elastic Linear Viscoelastic
8 093! E*2
Asphalt ~ Modulus (MPa) 51007 5 14y (21°C, 57 km/h)
concrete )
Thickness (cm) 1158
Modulus (MPa) 190
UGM -
Thickness (cm) 30
Modulus (MPa) 100
Soil
Thickness (cm) 260
Concrete
substratum Modulus (MPa) 55 000

! Obtained from the material library of the programme, with parameters from the complex modulus
test [13].

2 E* = 8 487 MPa, corresponding to traffic speed of 57 km/h, asphalt temperature of 21 <C.

3 Actual thickness of the two asphalt layers, measured by levelling measurement during the pavement
construction.

4. CONCLUSION

This paper presents an example of an experimental strain signal study in a full-scale
pavement test to characterize a typical longitudinal strain signal at the bottom of the base
asphalt layer. Strain signal parameters are introduced to follow the evolution of a signal under
the accelerated dual wheel load. The traffic speed and traffic load were adjusted to obtain
strain responses at respective asphalt temperatures. The examined results then pointed out
that:

e The strain amplitudes were affected by the change of traffic solicitation levels
and asphalt temperature. The non-linear relationships between those studied
parameters could be explained by the viscoelastic behaviour of the asphalt material.

e In time domain: the two studied parameters t, and t_, were almost unchanged
with different traffic load levels and asphalt temperatures while significant evolutions
of those parameters were observed with the change of the traffic speed.

Numerical simulations of the strain signal with elastic and viscoelastic models are also
presented in this study. The good agreement between modelled and experimental signals
verified the applicability of those models to further studies.

The presented procedure has proved pavement instrumentation could serve as a suitable
implement to measure and predict the pavement responses to loading for different types of
researches in particular for parametric studies.
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