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Abstract.  A hierarchical multi-scale modeling strategy devoted to the study of a Bitumen-Bound Gravel 

(BBG) is presented in this paper. More precisely, the paper investigates the temperature-dependent linear 

viscoelastic of the material when submitted to low deformations levels and moderate number of cycles. In 

such a hierarchical approach, 3D digital Representative Elementary Volumes are built and the outcomes at a 

scale (here, the sub-mesoscale) are used as input data at the next higher scale (here, the mesoscale). The 

viscoelastic behavior of the bituminous phases at each scale is taken into account by means of a generalized 

Maxwell model: the bulk part of the behavior is separated from the deviatoric one and bulk and shear moduli 

are expanded into Prony series. Furthermore, the viscoelastic phases are considered to be 

thermorheologically simple: time and temperature are not independent. This behavior is reproduced by the 

Williams-Landel-Ferry law. By means of the FE simulations of stress relaxation tests, the parameters of the 

various features of this temperature-dependent viscoelastic behavior are identified. 
 

Keywords:  hierarchical multi-scale modeling; road aggregates; bitumen; viscoelasticy; Prony series; 

thermorheological simplicity; WLF law; standardized elastic moduli; standardized volume moduli 

 
 
1. Introduction 
 

1.1 On the interest of bituminous binders in road engineering  
 

In road engineering, the different layers must be made of materials capable of recovering and 

distributing loads from rolling vehicles. The foundations of pavement play an important structural 

role in reducing the stresses on the foundation floor. The materials constitutive of these layers must 

have mechanical characteristics enabling them to fully perform their functions in the pavement 

structure. To reach such a goal, materials constitutive of the upper layers of a road structure need 

to be treated by a binder. Hydraulic (e.g., cement) and bituminous binders may thus be considered 

alone or in a combination of both of them.  

The treatment with cement enables one to achieve great performances in terms of stiffness or 
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resistance but as any other cementitious materials, this kind of road materials are also 

characterized by their brittleness and their sensitivity to cracking, whatever is the cause of this 

cracking. 

The use of bituminous binder may decrease this particular risk but the behavior of road 

materials with this kind of binder needs to be accurately known in a performance-based design 

procedure. More especially, bituminous binders exhibit a sensitivity to temperature and their 

behavior passes from brittle and sensitive to cracking at low temperatures to very soft and then 

sensitive to pavement deformation at high temperatures. 

 

1.2 On the interest of morphological multi-scale simulations for heterogeneous 
materials   
 

These last years, bituminous road materials and pavement technology have experienced a 

fundamental innovative transition and their study changes from an empirical approach to a 

mechanistic engineering one. This transition process is firstly the consequence of increasing 

performances requirements especially in terms of bearing capacity, durability and repair 

possibilities. The main objective now is to propose to the materials developers a rational approach 

and also to assist the structural mechanical engineers by providing tools enabling them to 

introduce fundamental and accurate materials behaviors. 

In the same time, since now 10 years, there has been a tremendous increase in multiscale 

modeling investigation of the behavior of building and construction materials (Wittman 2008, Van 

Breugel 2008). It is well recognized now that the development of computational strategies to 

predict the mechanical properties of this kind of materials is of undeniable practical importance 

and that these strategies need to be based on a realistic and multi-scale description of the materials 

structure. Indeed, construction materials are inherently heterogeneous. Furthermore, the large 

differences between the mechanical properties of the various constituents of the materials increase 

even more their heterogeneity. These heterogeneous materials are preferential sites of damage and 

rupture, due in part to stress concentrations in certain phases or to certain interfaces and, on the 

other hand, to a possible decrease in fracture properties on or near interfaces or interphases.  

However, the structure is thus too complex and random to allow for the development of 

analytical schemes enabling one to link the properties to the structure. This is where simulation 

based investigations could make the difference, using the advanced numerical tools available 

today. More particularly, simulations have to take into account as many as possible the 

heterogeneities of the material structures. Studied materials need to be considered as multi-phases 

composites in the simulation procedure.   

Several authors have thus been interested in such a modeling for non-cohesive (see for example 

among the most recent studies: She et al. 2018, Asadi et al. 2018, Zhu et al. 2016) as well as for 

cohesive granular materials (Narayan et al. 2017, Iona et al. 2017, Yang et al. 2017, Brahim et al. 

2017, Želiko and Joško 2017, Hadi and Vahab 2016, Eyad et al. 2016, Wei et al. 2016, Augusto 

and Ki 2015, She et al. 2014, Saliba et al. 2013, Schlangen et al. 2009, Grondin et al. 2007)  

including some co-authors of this present work (Bernard et al. 2008, 2010, 2012, 2015, Kamali-

Bernard et al. 2009a, 2009b, 2011, 2014, Comby-Peyrot et al. 2009, Keinde et al. 2014, Fu et al. 

2017a, 2017b). These last studies were generally devoted to concrete materials and very few works 

were performed on road materials, at the exception of (Allou et al. 2015, Tehrani et al. 2013a, 

2013b). 

It is possible to define several scales of heterogeneities for road materials treated by cement 
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because of the intrinsic heterogeneity of the binder, the Hardened Cement Paste (HCP). However, 

in comparison with HCP, bituminous binders are quite homogenous, except maybe the presence of 

porosity. Thus, the mesoscale appears as the pertinent level to investigate the properties of road 

materials treated with bituminous binder. These materials may be considered as a two phases 

composite material: aggregates embedded in a homogeneous matrix. 

During their service life, road materials may exhibit several kinds of mechanical behavior in 

function of the intensity and the number of applied cycles of the loadings (Di Benedetto 1990, 

Ambassa 2013). The work related in this paper is devoted to the determination of the temperature-

dependent linear viscoelastic behavior of road materials which is involved for low deformation 

values (Ɛmax ≤ 10-4) and moderate number of cycles by means of a 3D mesoscale modeling 

approach. Starting from the behavior of a bituminous binder found in the literature, the 

temperature-dependent viscoelastic behavior of a given Bituminous-Bound Gravel (BBG) is 

determined. 

 

 

2. General modeling procedure 
 

2.1 Construction of representative elementary volumes (REV) 
 

A bound gravel with a bitumen mass percentage of 5% is considered in the following. The 

particles size distribution (PSD) considered in this modeling enables the studied virtual material to 

correspond to the specification of aggregates that can be used in road pavements. The mean grain 

size curve for road aggregates is indeed considered. This size distribution is so spread that it is 

necessary, to avoid a too large number of particles to generate, to make an assumption of scales 

separation. The PSD is divided into two parts. Two scales are thus defined. The first one, namely 

the sub-mesoscale, contains the 0-6 mm fraction of the PSD embedded in a matrix of bitumen. The 

material representative of this scale is called hereafter the micro bitumen-bound gravel (µ-BBG). 

The second one is the mesoscale itself. It represents the bitumen-bound gravel (BBG) and is 

composed of the 6-25 mm fraction of the PSD embedded in the homogenous µ-BBG. 

The hierarchical multi-scale modeling, which is developed in this work, consists of 

representing the heterogeneities of the BBG in 3D numerical Representative Element Volumes 

(REV) of the two defined scales. The importance to perform a 3D modeling instead of a 2D one 

has been put into evidence in (Sow 2018) following also the previous works of (She et al. 2014) or 

(Schlangen et al. 2009). The objective is to set up a methodology for the determination by simple 

numerical simulations of the temperature-dependent viscoelastic behavior of the BBG. For the 

generation of the two REV, the same procedure, as in some of the previous references of the 

authors (see just above), is consider to randomly generate the various aggregates in a 

computational voxelized volume. A “take and place” algorithm is used and grains are randomly 

placed in the computational volume in order from the largest one to the smallest in size. The REV 

volume is 404040 voxels in each case with a resolution of 1 mm and 2.5 mm for the µ-BBG and 

the BBG respectively. That corresponds to a cube of 40 mm and 100 mm on a side, respectively. 

The particles size distribution is divided into 3 diameters at the sub-mesoscale (µ-BBG) and 4 at 

the mesoscale (BBG). Tables 1 and 2 present the composition of the sub-mesoscale and the 

mesoscale respectively. It is worth noting that a special attention is paid to respect a REV side-to 

maximal diameter ratio larger than 4, as prescribed by (Keinde 2014). 
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Table 1 Volume composition of the sub-mesoscopic REV: Micro Bitumen-Bound Gravel 

Phases Volume fraction 

Porous bitumen 15% 

Granular skeleton (0/6 mm fraction) 

Including: 

 = 1 mm 

 = 3 mm 

 = 5 mm 

85% 

 

40% 

31% 

14% 

 

Table 2 Composition of the mesoscopic REV: Bitumen-Bound Gravel 

Phases Volume fraction 

Homogenous µ-BBG 47.5% 

Granular skeleton (6/25 mm fraction) 

Including: 

 = 07.5 mm 

 = 12.5 mm 

 = 17.5 mm 

 = 22.5 mm 

52.5% 

 

22% 

14.5% 

11% 

5% 

 

 

Furthermore, it is also important to point out the fact that the granular skeleton represents also 

85% in volume of the REV at the sub-mesoscale. Such a computational volume is only reachable 

by considering the smallest particles with a non-spherical shape (here, a cubic one). On the 

contrary, particles with larger diameter are assumed to be spherical and this shape is voxelized. 

Figs. 2(a) and (b) show cross-sections of the REV obtained at the two scales. 

 

 

 

 
(a) (b) 

Fig. 2 Cross-section of the sub-mesoscopic REV (a) and the mesoscopic REV (b) generated with the “Take 

and place” method 
 
 

2.2 Assumptions on the mechanical behaviors of the 2 phases at each scale 
  

The mechanical behavior of the viscoelastic phases (bitumen and µ-BBG) at each scale is first 

taken into account in terms of stress relaxation by means of a generalized Maxwell model. The 
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bulk part of the behavior is separated from the deviatoric one and bulk and shear moduli are 

expanded into Prony series 

GR(t) = G0 (1 − ∑ g̅k
p

(1 − e−t τk⁄ )

N

k=1

) (1) 

KR(t) = K0 (1 − ∑ k̅k
p

(1 − e−t τk⁄ )

N

k=1

) (2) 

where: 

- G0 and K0 are respectively the instantaneous shear and bulk moduli; 

- g̅k
p
 and k̅k

p
 are respectively the standardized shear and bulk moduli; 

- τk is the relaxation time  

These expressions show that the behavior of the material can be phenomenologically 

reproduced by parallel associations of springs and damping in series.  

Furthermore, the bitumen exhibits a thermorheologically simple behavior. This principle of 

time-temperature equivalence makes it possible to specify the temperature dependence of the 

linear viscoelastic quantities. If a constant deformation is imposed at two temperatures T and T0, 

the stress relaxes faster at the highest test temperature. However, the thermorheological simplicity 

feature leads to consider that time and temperature are not independent state variables. The 

relaxation functions at two different temperatures have the same form and are only translated 

along the temperature scale. It implies that knowing the bituminous material behavior at a 

reference temperature enables one to know its behavior at any other temperature. For that, a 

reduced time, , is introduced thanks to a shift factor aT0→T(T) 

log aT0→T(T) = −
C1(T − T0)

C2 + (T − T0)
 (3) 

where T0 is the reference temperature at which the parameters of the Prony series for both bulk and 

shear moduli are known. C1 (in °C-1) and C2 (in °C) are two constant parameters that need to be 

calibrated. 

 

2.3 Modeling strategy 
 

In a hierarchical multi-scale modeling, such as the one developed in this paper, the outcomes at 

a given scale are used as input data at the next higher scale. Thus, the simulation strategy adopted 

in this work is summarized in Fig. 4. Stress relaxation is one of the experimental methods to study 

linear viscoelasticity, together with creep and dynamic techniques. Relaxation is a non-

instantaneous property: when a deformation step is imposed, due to the viscoelastic behavior of the 

material, the material gradually returns to a more stable state, involving thus a decrease of the 

consecutive stress from its instantaneous to its final value. In this paper, stress relaxation is 

simulated by imposing a compression displacement on one of the faces of the REV. Displacements 

are prevented on the opposite face, the other faces are left free as shown in Fig. 3. 

 

 

513



 

 

 

 

 

 

Libasse Sow, Fabrice Bernard, Siham Kamali-Bernard and Cheikh Mouhamed Fadel Kébé 

 

Fig. 3 Boundary conditions for stress relaxation in uniaxial compression 

 

 

Fig. 4 Developed modeling strategy used in the hierarchical approach 

 

 

The hierarchical strategy needs to define, as a starting point, each term of the Prony series of 

the viscoelastic phases at the sub-mesoscale and for the reference temperature: the bituminous 

binder. The stress relaxation 1D test at a reference temperature is simulated on a REV of the µ-

BBG. The evolutions of the stress and the Young’s modulus according to time may then be 

determined. Thanks to the well-known relationships between shear and bulk moduli with Young’s 

modulus (Eqs. (4) and (5)) and the definition of the Poisson ratio (Eq. (6)) that may also be 

determined as outcome data of the sub-mesoscale, the evolutions of G and K, or the dimensionless 

moduli g and k, of the µ-BBG at the reference temperature, may be drawn. 

GR(t) =
E

2(1 + ν)
 (4) 

KR(t) =
E

3(1 − 2ν)
 (5) 
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ν(t) =  
(l0 –l)/l0

(L0 –L)/L0
 (6) 

where: 

- l0 and L0 are respectively the transverse initial side length and the initial longitudinal side 

length of the REV; 

- l and L are respectively the transverse final side length and the final longitudinal side 

length of the REV. 

The specification of the evolution of the normalized shear and bulk moduli may be done by the 

specification of the shear and volumetric test data. A separate nonlinear least-squares fit may then 

be performed on each data set and two derived sets of Prony series parameters may be obtained at 

the reference temperature. 

The study of the influence of the temperature needs first to define, besides the parameters of the 

Prony series, the two constants C1 and C2 of the thermorheologically simple feature WLF law for 

the bituminous binder. Then, after performing relaxation tests at various temperatures, the 

translation of the various obtained relaxation curves in order to superimpose them with the 

reference temperature enables one to determine the shift factor aT→T0
in function of the 

temperature, as presented in Fig. 5. The calibration of the C1 and C2 constants of the WLF law for 

the homogenous µ-BBG may be done.  

 

 

 
Fig. 5 Principle of test time-temperature equivalence 

 

 

At the mesoscale which represents the BBG as the largest fraction of the aggregates embedded 

in a matrix of µ-BBG, the same simulations are performed. The input data at this scale are the 

outcomes at the lower scale: temperature-dependent viscoelastic behavior of the homogenous µ-

BBG. The parameters of the BBG mechanical behavior are deduced in the same way than those of 

the µ-BBG. 

 

 

3. Simulations at the sub-mesoscale: µ-BBG 
 

3.1 Specific assumptions on the mechanical behavior of the various phases at the sub-
mesoscale 
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The aggregates are considered to have an isotropic linear elastic behavior. The characteristics 

are: E = 80 GPa and ν = 0.30. 

The bituminous binder considered in this work is that studied in (Nguyen 2008) or (Tehrani 

2013a). Its main characteristics are provided in these previous references. Bitumen is a viscoelastic 

material, that is to say that its mechanical properties depend on the duration of stress (or its 

frequency) and the temperature. In the isotropic linear elastic domain, the characteristics of the 

bitumen are the modulus of elasticity and the Poisson ratio. In his work, (Tehrani 2013a) 

considered a bitumen Young’s modulus 37 times lower than the one of the inclusions. Based on 

this hypothesis, in the present modeling approach, a modulus of 2.162 GPa is imposed. In (Nguyen 

2008), by adjusting experimental and numerical force-displacement curves, the Poisson ratio of the 

bitumen on its stretching phase has been determined. A value of 0.49 has been found. The elastic 

characteristics of the bitumen at the sub-mesoscopic scale are given in Table 3. The Prony series as 

well as the constants of the WLF law considered for the bituminous matrix are based on the work 

of (Nguyen 2008). The reference temperature, as defined in previous sections, is equal to 0°C. 

 

 
Table 3 Isotropic elastic characteristics of the bitumen at sub-mesoscopic scale 

Grade of bitumen E (GPa) υ 

50/70 2.162 0.49 

 

 

3.2 Results of stress relaxation tests simulations 
 

Stress relaxation tests are simulated on the micro Bitumen-Bound Gravel. The parameters of 

the Prony series are obtained by a calibration using the least squares method. Contrary to the 

bituminous binder, very few parameters are needed to reproduce the behavior. The Prony series for 

the homogenous µ-BBG need two terms, as presented in Table 4. 

 

 
Table 4 Prony series of the µBBG at 0°C 

i gi ki τi (s) 

1 

2 

3 

0.22105 

0 

0.24879 

0 

5.054E-02 

0 

13.671 

132.05 

315.54 

 

 

The stress relaxation tests are carried out at different test temperatures so as to have the same 

modulus for each temperature (equal to the modulus at -10°C). The stress relaxation curves at -10, 

-5, 0, 5 and 10°C are shown in Fig. 6. On a 4 GB RAM and 5 processors computer, the 

computation time for such simulations is about 1 hour. 
 

3.3 Assessment of the thermorheologically simple parameters of the µ-BBG 
 

From the stress relaxation curves of Fig. 6, the values of the shift factor for various 

temperatures may be firstly determined at the peak of each stress-time curve (time at the end of the 

loading phase) since the simulations have been carried out in such a way that the Young’s moduli  
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Fig. 6 Stress relaxation curves of the µ-BBG at different test temperatures 

 

 

at each temperature were the same and equal to the modulus at the reference temperature (0°C). 

Knowing the time at the peak of each simulation for a given test temperature, the coefficient aT0→T 

can be calculated according to Eq. (7). Table 5 summarizes the values of aT0→T. 

aT0→T =
tpeak,T

tpeak,T0

 (7) 

With: tpeak,T  : peak time for a test temperature T; tpeak,T0
: peak time for the reference 

temperature. 

 

 
Table 5 aT0→T  values from stress relaxation simulations at different test temperatures on µ-BBG 

Temperature (°C) 𝑎𝑇0→𝑇 log(𝑎𝑇0→𝑇) 

-10 40 1.60206 

-5 5.8333 0.7659 

0 1 0 

5 0.1667 -0.77815 

10 0.0333 -1.47712 

 

 

These values of aT0→T are used to calibrate the C1 and C2 constants of the WLF law. The best 

fit is presented in Table 6. Table 7 shows the comparisons between the values of log(aT0→T) 

obtained by the simulations on the sub-meso REV and by the calibration. 

  

 
Table 6 Calibrated constants of the WLF law for the µ-BBG  

C1 (°C-1) C2 (°C) 

20 130 
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Table 7 Best fit for log(aT0→T) - µ-BBG 

Temperature (°C) 
log(𝑎𝑇0→𝑇) calculated with time 

at peak stress 

log(𝑎𝑇0→𝑇) obtained by the WLF law 

with C1=20 and C2=130 

-10 1.60205 1.6666 

-5 0.76591 0.8 

0 0 0 

5 -0.77815 -0.74074 

10 -1.47712 -1.42857 

 

 

Finally, the calibration of the shift factor is validated on the whole stress-time curve. A single 

curve, namely the reference (or “master”) curve, is obtained as revealed by Fig. 7.  

 

 

 
Fig. 7 Reference stress relaxation curve of the µ-BBG 

 

 

4. Simulations at the mesoscale: BBG 
 

4.1 Specific assumptions on the mechanical behavior of the various phases at the 
mesoscale 
 

As at the sub-mesoscale, an isotropic linear elastic behavior is considered for the 6/25 mm 

fraction of the granular skeleton. Young’s modulus and Poisson ratio are respectively E = 80 GPa 

and ν = 0.30. 

The matrix in which the granular skeleton is embedded is composed of the micro bitumen-

bound gravel seen as a homogenous phase. The behavior of this bituminous matrix is assumed to 

be viscoelastic. An expansion in Prony series is also considered and the parameters of this 

behavior are the outcomes of the previous simulations performed at the sub-mesoscale and 

reported in Table 4. 

The constants of the WLF law used in these simulations are also those determined from the 

simulations performed on the µ-BBG. They are given in Table 6. 

 

4.2 Stress relaxation tests on BBG 
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The stress relaxation tests are carried out at different test temperatures so as to have the same 

modulus for each temperature (equal to the modulus at -10°C). As a result of the simulations 

performed at this mesoscale, Fig. 8 shows the stress relaxation curves at -10, -5, 0, 5 and 10°C. 

Another time, on a 4 GB RAM and 5 processors computer, the computation time for such 

simulations is about 1 hour. 

 

 

 
Fig. 8 Stress relaxation curves of the BBG for different test temperatures 

 

 

4.3 Outcomes from stress relaxation curves 
 

From the stress relaxation curves obtained by the simulations on the REV of BBG, the Prony 

series and the constants of the WLF law are determined. By calibration using a lest-squares 

method, the Prony series of the 6/25 mm fraction of aggregates treated by bitumen may be found 

and the results are given in Table 8. 

 

 
Table 8 Prony series of the BBG at the reference temperature of 0°C     

i gi ki τi (s) 

1 

2 

3 

0.11265 

0 

0.14593 

0 

2.5455E-02 

0 

16.367 

124.28 

357.97 

   

 

Using the same approach as in Section 3.3, the constants of the WLF law of the BBG are 

determined with a mean deviation of 3% for the best fit (Table 9). The parameters C1 and C2 of the 

BBG at the mesoscale have been found to be the same as for the µ-BBG (Table 10) showing that 

the thermorheologically simple behavior of the material at this scale is completely governed by the 

one of its matrix (µ-BBG). As long as they have the same constants C1 and C2, the micro Bitumen-

Bound Gravel and the Bitumen-Bound Gravel follow the same WLF law.  
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Table 9 Comparison of log (aT) for different values of C1 and C2 – BBG  

Temperature (°C) 
log(𝑎𝑇0→𝑇) calculated with time 

at peak stress 

log(𝑎𝑇0→𝑇) obtained by the WLF 

law with C1=20 and C2=130 

-10 1.60205 1.66666 

-5 0.76591 0.8 

0 0 0 

5 -0.77815 -0.74074 

10 -1.47712 -1.42856 

 
Table 10 Calibrated constants of the WLF law for the BBG  

C1 (°C-1) C2 (°C) 

20 130 

 

 

Finally, it is checked that with the determined shift factor, used for all temperatures and on the 

full-time scale, a single “master” curve is obtained (Fig. 9). 

 

 

 
Fig. 9 Reference stress relaxation curve of the BBG 

 

 

5. Validation of the temperature-dependent viscoelastic properties 
 

In order to validate the methodology and to check the identified parameters of the temperature-

dependent viscoelastic behavior, a comparison is made between the response of the heterogeneous 

REV and that of a homogenous REV of the same dimensions and having the characteristics 

obtained by the hierarchical modeling strategy. Table 11 gives the mean relative deviations 

between the heterogeneous and the homogenous REV responses for respectively the µ-BBG and 

the BBG at various temperatures. These deviations are calculated for a stress relaxation test time 

calibrated to be three times the time required by the mean axial stress to reach its asymptotic value. 

Examples of comparisons are furthermore provided in Figs. 10 and 11. It has been chosen here to 

present the comparisons for a temperature of +10°C, where the deviation is maximal for the µ-
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BBG. Some differences in the simulated test time at the sub-meso and meso-scales appear. The 

reason is that the µ-BBG relaxes quickly and reaches its asymptotic value for a less test time 

duration. 

 

 
Table 11 Mean relative deviations (in %) between the responses of the homogenous and the heterogeneous 

REV of the µ-BBG and the BBG 

Test temperature (°C) -10 -5 0 5 10 

µ-BBG 7.88 4.17 0.41 5.34 11.83 

BBG 7.07 2.56 0.52 3.59 3.82 

 

 
Fig. 10 Comparisons between the responses of heterogeneous and homogenous REV for µ-BBG at +10°C 

 

 
Fig. 11 Comparisons between the responses of heterogeneous and homogenous REV for BBG at +10°C 

 

 

6. Conclusions 
 

A hierarchical multi-scale modeling strategy devoted to the study of a Bitumen-Bound Gravel 

(BBG) is presented in this paper. 

Two scales are defined in order to take into account the whole particle size distribution. At the 
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sub-mesoscale, the µ-BBG is defined by the smallest fraction of the PSD (0/6 mm) embedded in a 

matrix of bituminous binder. At the mesoscale, the BBG comprises the remaining aggregates 

fraction (6/25 mm) in a homogenous matrix of µ-BBG. In this hierarchical strategy, the input data 

for the behavior of the phases at the mesoscale are the outcomes of the simulations performed by 

the FE method at the sub-mesoscale. 

The paper investigates the temperature-dependent linear viscoelastic of a bitumen-bound gravel 

that may be exhibited when the material is submitted to low deformations levels and moderate 

number of cycles. The viscoelastic phases at each scale are considered to follow a generalized 

Maxwell model and their bulk and shear moduli are expanded into Prony series. Furthermore, 

these viscoelastic phases are also thermorheologically simple and time and temperature are not 

independent. To take into account this temperature-dependent behavior, a Williams-Landel-Ferry 

approximation law is considered. 

The parameters of the viscoelastic and thermorheologically simple behaviors for both µ-BBG 

and BBG are the outcomes of the developed hierarchical modeling strategy. They are identified by 

means of the simulation of stress relaxation tests at various temperatures. In addition, some other 

conclusions may be drawn: 

• in comparison with the bituminous binder, the µ-BBG and BBG viscoelastic behaviors appear 

to be less complex since two terms of the Prony series seem to be sufficient and to describe with 

enough precision the behavior of these two materials; 

• the thermorheologically simple behavior of the BBG is fully defined by the one of the µ-BBG 

and thus the two constant parameters of the WLF law are the same for each scale; 

• on the contrary, the viscoelastic behavior is slightly different for each scale and the µ-BBG 

relaxes more quickly than the BBG. 

Finally, such a multi-scale modeling approach plays the role of a “virtual laboratory” and opens 

numerous applications perspectives to study common problems in road engineering and several 

examples of pavement degradation (such as rutting, cracking…).  
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