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ABSTRACT 
 

Due to economic and environmental benefits, the development of new road materials such as polymer modified 

materials, Reclaimed Asphalt Pavement (RAP), etc., has become a top priority. It is therefore essential to develop tools 

to determine mechanical properties of these materials while avoiding lengthy and costly laboratory studies. A number 

of models were developed and used to predict composite bituminous asphalt properties from properties of single 

components. This type of approach is generally known as forward problem. Recently, researchers started to investigate 

the possibility of predicting bitumen properties from asphalt properties (inverse problem).  

In this paper both forward and inverse problems are investigated for materials obtained from two types of bitumen: 

pure bitumen and polymer modified bitumen. Experimental measurements of bitumen complex modulus are performed 

with a Dynamic Shear Rheometer (DSR), while bituminous asphalt complex modulus is measured using the three-

dimensional complex modulus test developed at ENTPE (“Ecole Nationale des Travaux Publics de l’Etat”). First, the 

forward problem of predicting bituminous asphalt three-dimensional linear viscoelastic properties from bitumen one-

dimensional linear viscoelastic properties is investigated using the proposed ENTPE SHStS transformation. This 

transformation in the complex plane allows asphalt behaviour to be predicted easily and efficiently from bitumen 

complex modulus on both large frequency and temperature ranges. Then, the same transformation is applied to obtain 

bitumen properties from asphalt properties (inverse problem). It is shown that the transformation can be successfully 

used for both forward and inverse problems. This prediction tool could be really helpful in laboratory for practical 

design of bituminous asphalts. 
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2 INTRODUCTION 
 

2.1 Context 

 

This study has been realized within the framework of a partnership between the “DGCB” (French acronym for 

“Building and Civil Engineering Department”) of the “ENTPE” (French acronym for “National School of Public 

Works”) and the company EIFFAGE Travaux Publics. 

 

2.2 Objectives 

 

Due to economic and environmental benefits, the development of new road materials such as polymer modified 

materials, Reclaimed Asphalt Pavement (RAP), etc., has become a top priority. It is therefore essential to develop tools 

to determine mechanical properties of these materials while avoiding lengthy and costly laboratory studies. A number of 

models were developed and used to predict composite bituminous asphalt properties from properties of single 

components. This type of approach is generally known as forward problem [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] 

[12] [13]. Recently, researchers started to investigate the possibility of predicting bitumen properties from asphalt 

properties (inverse problem) [14]. 

 

In this paper both forward and inverse problems (Figure 1) are investigated for materials obtained from two types of 

bitumen: pure bitumen and polymer modified bitumen. Experimental measurements of bitumen complex modulus are 

performed with a Dynamic Shear Rheometer (DSR), while bituminous asphalt complex modulus is measured using the 

three-dimensional complex modulus test developed at ENTPE. First, the forward problem of predicting bituminous 

asphalt three-dimensional linear viscoelastic properties from bitumen one-dimensional linear viscoelastic properties is 

investigated using the proposed ENTPE SHStS transformation. This transformation in the complex plane allows asphalt 

behaviour to be predicted easily and efficiently from bitumen complex modulus on large frequency and temperature 

ranges. Then, the same transformation is applied to obtain bitumen properties from asphalt properties (inverse problem). 

It is shown that the transformation can be successfully used for both forward and inverse problems. This prediction tool 

could be really helpful for practical design of bituminous asphalts. 
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Figure 1: Linear viscoelastic domains for bitumen and asphalts in the axes log(strain amplitude)-log(number of 

cycles). The link between the two behaviours is presented section 3.2. 

 

3 PREDICTION OF ISOTROPIC LINEAR VISCOELASTIC BEHAVIOR FOR BITUMINOUS MATERIALS 
 

In this paper, only linear behaviour is considered (small strain domain). Non-linearity (fatigue, permanent deformations, 

cracks) is not taken into account. 

 

3.1 Advanced viscoelastic characterization of bituminous materials 

 

3.1.1 Experimental approach 

 

Complex modulus tests on bitumen were performed at the EIFFAGE Travaux Publics laboratory using a Dynamic 

Shear Rheometer (DSR) over a frequency range from 1 to 100Hz and a temperature range from -30°C to 70°C. 

Equations X(1)X and X(2)X are used to determine complex shear modulus G*(). 
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where: 

(t) sin( t ).


   
0

 is the shear stress; 

(t) sin( t ).     
0

 is the shear strain; 

G is the phase angle between shear strain and shear stress (phase angle of complex modulus). 

As behaviour is supposed isotropic, relation X(3)X is considered. It allows to obtain E*. For bitumen, a constant Poisson’s 

ratio “n” equal to 0.5 is considered (incompressibility), which is an approximation as shown by [15]. In this case, E 

=G. 
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Complex modulus tests on bituminous asphalts were performed in tension/compression mode to characterize linear 

viscoelastic behaviour in the small strain domain (< 10
-4

). Test principle is described in Figure 2. It should be noted 

that radial strain measurements (r) are added to classical axial stress (z) and strain measurements (z) (Figure 2). 

Measured sinusoidal signals (Figure 2) are expressed in complex form (equation (4)). 
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Where 0z, 0z and 0r are amplitudes and 0, z and r phase lags of respectively axial stress, axial strain and radial 

strain.  

Complex Young’s modulus E* and complex Poisson’s ratio n* are then obtained using equations (5) and (6). They are 

defined with their norm and phase angle, respectively |E*| and E for complex Young’s modulus and |n*| and n for 

complex Poisson’s ratio. 
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With the postulated hypothesis of isotropy, three-dimensional (3D) linear viscoelastic behaviour is completely 

determined by E* and n*. 
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Figure 2: Schematic explanation of the complex modulus test 

 

Measurements were made at 9 different temperatures (from -30°C to 50°C), sweeping 7 frequencies from 0.01Hz to 

10Hz. From experimental data, the Time Temperature Superposition Principle (TTSP) is considered as a first 

approximation (some discrepancy appears at very low frequencies and/or for high temperatures polymer modified 

materials). In this paper, complex Young’s modulus E* and complex Poisson’s ratio n* master curves are plotted at a 

reference temperature (Tref) of 10°C. The classical WLF law (William, Landel and Ferry) [16] is used to fit shift factors 

aT (equation (7)). 
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Where T is the considered temperature, Tref is the reference temperature and C1 and C2 are constants depending on the 

material. 

 

3.1.2 Viscoelastic modelling using the 2S2P1D model 

 

The 2S2P1D (2 Springs, 2 Parabolic, 1 Dashpot) model, introduced in 2003 [9] and developed at the DGCB, consists of 

a generalization of the Huet-Sayegh model [17]. It is valid for any bituminous material: bitumen, mastic or asphalt [7] 

[9] [10]. This model is based on a simple combination of physical elements (spring, dashpot and parabolic element). 

The analogical representation of the 2S2P1D model is given in Figure 3. The considered version of the 2S2P1D model 

in 3D is able to simulate three-dimensional isotropic behaviour of bituminous materials. 

 

 

E00, n00

k h hE0 - E00n0

 
Figure 3: Representation of 2S2P1D model 

 

At a given temperature, the introduced 2S2P1D model has 9 constants. Complex modulus and complex Poisson’s ratio 

are respectively given by expressions (8) and (9). 
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Where: 

j is the complex number defined by j
2
 = -1  

ω is the pulsation, ω = 2πf, (f is the frequency) 

k, h: exponents such as 0 < k < h < 1 

δ: constant 

E00: static modulus when ω → 0 

E0: glassy modulus when ω → ∞ 

ν00: static Poisson’s ratio when ω → 0 

ν0: glassy Poisson’s ratio when ω → ∞ 

η: Newtonian viscosity of the dashpot, η = (E0 – E00)βτ 

τ: characteristic time, whose value varies only with temperature (equation X(10)X) 

 

    TT a T .  0  (10) 

 

Where aT is the shift factor at the temperature T. 

At a given temperature, 9 constants (E00, E0, δ, k, h, β, τ0, n00, n0) are required to completely characterize linear 

viscoelastic properties of considered material. τ evolution is approximated by a WLF-type law (equation (7)) [16]. In 

this paper τ0 = τ(Tref) is determined at the reference temperature Tref = 10°C. When temperature effect is considered, the 

number of constants amounts to 11 including the 2 WLF constants (C1 and C2 calculated at the reference temperature). 

 

3.2 ENTPE SHStS transformation 

 

A lot of work has already been done and presented in the literature to relate bitumen and asphalt moduli for a given 

asphalt design ([1] [3] [4] [6] [7] [8] [9] among others). 

In this paper, the obtained relationship between bitumen and asphalt complex moduli, based on the developments made 

in DGCB by Di Benedetto and Olard (for both phase angle and norm of the complex moduli), is proposed and extended 

in the three-dimensional case. Even though this relationship was built with the help of 2S2P1D model, presented in 

section 3.1.2, it is independent of any rheological model. 

In addition, this transformation is completely reversible and allows treatment of both forward and reverse problems. 

The following relationship between asphalt and bitumen complex moduli is proposed (equation (11)). 
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0_asphalt 00_asphalt* * α

asphalt 00_asphalt bitumen 00_bitumen

0_bitumen 00_bitumen

E E
E (ω,T) E E (10 ω,T)-E

E E


     

 (11) 

 

E00_asphalt and E0_asphalt (resp. E00_bitumen and E0_bitumen), more widely known as “static modulus” and “glassy modulus”, 

respectively correspond to the minimum and maximum asymptotic values of the norm of complex modulus of asphalt 

(resp. of bitumen), respectively at very low frequencies and high frequencies. The additional parameter  depends on 

the considered asphalt design and/or ageing during mixing. 

Considering that E0_bitumen (resp. E0_asphalt) is much higher than E00_bitumen (resp. E00_asphalt), equation (11) can thus be 

simplified in first approximation by equation (12). 

 

 
0_asphalt* * α

asphalt 00_asphalt bitumen

0_bitumen

E
E (ω,T) E E (10 ω,T)

E
   (12) 

 

If the bitumen complex modulus is known at a given temperature T, equation X(11)X gives the asphalt complex modulus 

at this temperature T considering only three constants: E00_asphalt, E0_asphalt and . 

If Time-Temperature Superposition Principle (TTSP) is verified for bitumen, then the following property can be added 

(idem for asphalts): 

 

 * *

bitumen bitumen T refE (10 ,T) E (10 a (T),T )     (13) 

 

Where aT(T) is the shift factor at temperature T for bitumen and Tref is the reference temperature. 

It should be underlined that equation X(11)X is very simple and covers the whole frequency-temperature range. Indeed, 

equation X(11)X corresponds to a simple geometric transformation of the bitumen curve in the Cole-Cole plane, called 

ENTPE SHStS (for “Shift – Homothety – Shift – time Shift”) transformation. XFigure 4 explains how to practically 

obtain asphalt modulus from the bitumen one. 
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Figure 4: One-dimensional schematic of SHStS transformation in Cole-Cole plane 

 

Starting from bitumen complex modulus E*bitumen(,T) at a pulsation  and a temperature T, three steps have to be 

carried out to obtain asphalt modulus E*asphalt(10
-
,T) at a pulsation 10

-
 and the same temperature T: 

i) a negative shift along the real axis of E00_bitumen value (we also can consider E00_bitumen ≈ 0 and skip this step if the 

frequency is not too low); 

ii) an homothetic expansion from the origin with a ratio of 
0_asphalt 00_asphalt

0_bitumen 00_bitumen

E E

E E




; 

iii) a positive shift along the real axis of E00_asphalt value. 

 

As already shown by [7] and [10], equation X(11)X which is independent of any rheological model appears as a powerful 

predicting tool for asphalt modulus prediction from bitumen modulus. Complex modulus of any bitumen is sufficient to 

predict complex modulus of the corresponding asphalt.  Indeed, static and glassy moduli of the corresponding asphalt 

design are known. If another asphalt composition is considered, E00_asphalt (resp. E0_asphalt) could be obtained in a simple 

way by performing complex modulus tests at high temperatures and low frequencies (resp. low temperatures and high 

frequencies). Consequently, tremendous asphalt testing work could be saved, at least for the purpose of first estimates in 

the small strain domain (linear viscoelasticity). 

 

The generalization to the three-dimensional case of the previous developments was more recently studied by [13] [15] 

[18] [19] [20] [21] [22]. The generalization keeps the general concept and structure of the unidirectional case and can be 

schematized by Figure 5.  Equation (14) is used to predict asphalt complex Poisson’s ratio evolution from bitumen 

experimental values. Equation (14) can be simplified as a first approximation by equation (15). 
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Figure 5: Three-dimensional schematic of SHStS transformation in Cole-Cole plane with normalized axis 
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n00_asphalt and n0_asphalt respectively correspond to the minimum and maximum asymptotic values of the norm of complex 

Poisson’s ratio of asphalt, respectively at very low and high frequencies. 
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Finally, if bitumen complex modulus is known at a given temperature T, asphalt three-dimensional complex behaviour 

in the linear domain at this temperature T is completely defined considering only five constants: E00_asphalt, E0_asphalt, 

n00_asphalt, n0_asphalt and . 

 

4 APPLICATION TO ROAD MATERIALS 
 

This section focuses on the validation of both forward (section 4.1) and reverse (section 4.2) problems using ENTPE 

SHStS transformation proposed in equations (11) and (14) (respectively for complex modulus and complex Poisson’s 

ratio). With this intention, a study on two bituminous asphalts produced with the same asphalt design (continuous 0/10 

mm aggregates grading with 6% bitumen content (by aggregate weight) was carried out: 

- E5070 asphalt produced with a 50/70 penetration grade pure bitumen called B5070; 

- Polymer-Modified Asphalt (PMA) produced with a highly Polymer-Modified Bitumen (PMB) (more than 7% 

of SBS content with cross linking procedure). 

 

4.1 Forward problem 

 

Figure 6 (resp. Figure 7) represents complex modulus and complex Poisson’s ratio experimental values of E5070 (resp. 

PMA) asphalt and the corresponding predicted values, obtained using equations (11) and (14), considering experimental 

data from B5070 (resp. PMB) bitumen and constants from 2S2P1D model (excepted  obtained by fit) and listed in 

Table 1. 

 

Figure 6 reveals that ENTPE SHStS transformation successfully simulates E5070 asphalt complex modulus E* and 

complex Poisson’s ratio n* (for norm and phase angle) from experimental data issued form pure bitumen B5070 on a 

large range of frequencies and temperatures. 

In Figure 7, it can be observed that PMA and PMB do not conform very well to TTSP at high temperatures. This is an 

expected result, due to the high content of polymer. In order not to overload the formalism, the simplification of 

considering TTSP respected is introduced in the modelling tool. Nevertheless, predicted curves correctly describe the 

evolution of complex modulus E* and of complex Poisson’s ratio n*. This observation is particularly valid for low 

temperatures, where TTSP is well respected. 

 

Table 1: Constants used to predict isotropic linear viscoelastic behaviour of considered bituminous materials 

Bituminous materials E0_bitumen E00_bitumen E0_asphalt E00_asphalt n0_asphalt n00_asphalt  

B5070 & E5070 1800 MPa 0 MPa 36000 MPa 10 MPa 0.22 0.50 2.10 

PMB & PMA 3250 MPa 0.006 MPa 41500 MPa 15 MPa 0.30 0.46 3.33 
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Figure 6: Experimental data from E5070 asphalt and prediction from equations (11) and (14) using experimental 

data of the introduced B5070 bitumen, at a reference temperature Tref=10°C. 

Above Left: norm of complex Young’s modulus |E*|; Above Right: complex modulus’ phase angle E 

Below Left: norm of complex Poisson’s ratio |n*|; Below Right: complex Poisson’s ratio phase angle n
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Figure 7: Experimental data from PMA and prediction from equations (11) and (14) using experimental data of 

the introduced PMB, at the reference temperature Tref=10°C. 

Above Left: norm of complex Young’s modulus |E*|; Above Right: complex modulus’ phase angle E 

Below Left: norm of complex Poisson’s ratio |n*|; Below Right: complex Poisson’s ratio phase angle n
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4.2 Inverse problem 

 

Dealing with inverse problem can be particularly helpful for study of RAP materials. SHStS transformation allows 

predicting bitumen complex modulus from RAP complex modulus. 

 

As a example, Figure 8 (resp. Figure 9) represents complex modulus experimental values of B5070 (resp. PMB) 

bitumen and the corresponding predicted values, obtained using equations (11) and (14) (which are completely 

reversible) considering experimental data from E5070 (resp. PMA) asphalt and constants listed in Table 1. 

Similar conclusions as for forward problem can be drawn. Complex modulus prediction of pure bitumen using ENTPE 

SHStS transformation gives good simulation. Considering PMB and PMA, due to the high polymer content, complex 

modulus prediction at high temperatures is not perfect. However predicted curves adequately describe the evolution of 

complex modulus E*. This observation is validated for low temperatures, where TTSP is well respected. 
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Figure 8: Experimental data from B5070 bitumen and prediction from equation (11) using experimental data of 

the introduced E5070 asphalt (also plotted), at the reference temperature Tref=10°C. 

Left: norm of complex Young’s modulus |E*|; Right: complex modulus’ phase angle E 
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Figure 9: Experimental data from PMB and prediction from equation (11) using experimental data of the 

introduced PMA (also plotted), at the reference temperature Tref=10°C. 

Left: norm of complex Young’s modulus |E*|; Right: complex modulus’ phase angle E 

 

4.3 Summary 

 

As already established by our team, the shift factor aT is a bitumen characteristic. Its value remains the same (as a first 

approximation) for any mixture produced with the considered bitumen regardless of the added solid aggregates (mastic 

or asphalt) [2] [5] [11] [12] [13]. Figure 10 confirms this observation for E5070 mix made with 6% of B5070 pure 

bitumen. 

However, considering PMA made with 6% of PMB, differences appear at high temperatures (at T>30°C, where the 

TTSP is not well-verified) due to polymer effect.  This might explain the deviation observed between experimental and 

predicted values (for E* and n*). 

 

As introduced by [13], complex modulus values can be plotted in a normalized Cole-Cole diagram to obtain a unique 

curve for asphalt and its constitutive bitumen. This representation is proposed for the two studied materials in Figure 11. 

A unique curve is observed. 
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Finally, these developments are complementary to those realized by Olard and Di Benedetto [7] and Olard [9]. As 

illustrated in Figure 12,  constant used for SHStS transformation, can be determined considering logarithms of 

0_bitumen and 0_asphalt (issued from equation (10)). For a reference temperature of 10°C respectively for bitumens and 

asphalts, 0_bitumen and 0_asphalt are well correlated (r
2
 = 0.89) using equation (16). 

 

 _ asphalt _ bitumen10 .  0 0  (16) 

 

with  = 2.764, probably depending on asphalt design and ageing during mixing . 
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Figure 10: Experimental shift factors aT and comparison with WLF simulation (equation (7)) 

Left: E5070 asphalt and B5070 bitumen; Right: PMA and PMB 
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Figure 11: Cole-Cole diagram with normalized axis 

Left: E5070 asphalt and B5070 bitumen; Right: PMA and PMB 
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Figure 12: Relationship between log(0_bitumen) and log(0_asphalt) 

determined at 10°C for asphalt designs using the 

same grading shape 
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5 CONCLUSION 
 

A rational approach, which consists in comparing the properties of bitumens and asphalts only in the small strain 

amplitude domain (where linear viscoelastic behaviour is observed), was considered in this paper. The aim of this work 

was to seek both handy and pertinent relations between rheological properties of bitumens and asphalts in the linear 

viscoelastic domain. Pertinent rheological modelling based on physical analogical elements was considered. 

Viscoelastic behaviour of bitumens and asphalts was evaluated using complex modulus tests. 

 

Pure unmodified bitumens and associated asphalt formulations respect the Time-Temperature Superposition Principle 

(TTSP). Construction of polymer-modified bitumen and asphalt master curves relies on the so called “Partial Time-

Temperature Superposition Principle” (PTTSP). The PTTSP is herein considered as an effective approximated approach 

for analysing viscoelastic data in the case of PMB’s. 

 

In addition, simple relations (equations (11) and (14)) have been proposed to obtain three-dimensional isotropic linear 

viscoelastic behaviour of asphalt from bitumen complex modulus (forward problem). They are called ENTPE SHStS 

transformation, that is independent of any rheological model. The relation between bitumen and asphalt complex 

moduli does not depend on any considered model and can be applied to any existing model (2S2P1D model or another 

model) or more directly and simply to bitumen experimental data. If bitumen complex modulus is known, only five 

parameters (, E00_asphalt, E0_asphalt, n00_asphalt and n0_asphalt) need to be determined to obtain asphalt three-dimensional 

isotropic linear viscoelastic behaviour. From the literature, E00_asphalt and E0_asphalt highly depend on asphalt composition. 

The additional parameter  might depend on the considered asphalt design and/or ageing during mixing. 

 

Equations (11) and (14) are completely reversible. They allow predicting bitumen complex modulus from asphalt 

complex modulus. This approach is known as inverse problem. Satisfactory results are obtained as well for forward than 

reverse problems for materials made from pure unmodified bitumen and PMB at low temperatures (< 30°C), where 

TTSP is respected. 

 

It must be noted that equations (11) and (14) do not suppose the Time-Temperature Superposition Principle. If this 

property holds for the bitumen, it will appear as automatically verified for the corresponding asphalt. 

 

Finally, ENTPE SHStS transformation is a powerful predicting tool which can be used for any given bitumen, provided 

that coefficient  and static and glassy moduli (also Poisson's ratio in the three-dimensional case) of the considered 

asphalt design are known. Briefly, if bitumen i and the corresponding i asphalt –for a given asphalt design– have been 

tested, complex modulus of bitumen j can be then sufficient to predict three-dimensional isotropic linear viscoelastic 

behaviour of the corresponding j asphalt, for the considered asphalt design. This result is of prime importance since a 

tremendous amount of asphalt testing work could be saved.  
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