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ABSTRACT 

The main aim of this paper is to describe the development and validation of a new test apparatus for measur-

ing complex stiffness modulus and fatigue of asphalt mix, so-called FADECOM. Both evaluations are exe-

cuted with cyclic loading and continuous modes, in order to demonstrate the effectiveness of test results 

when applied to asphalt pavement design solutions. Results obtained with the new apparatus are compared to 

existing methods designed on the same mechanical principles, and which are already calibrated and taken as 

international standardized references.  Methods presented in this paper are based on Discrete Fourier Trans-

form (DFT) analysis of data recorded by the test apparatus; a parametric code which executes the analysis 

was implemented in C++.  Interlaboratory comparisons of test results with FADECOM indicate random de-

viations of approximately 3 microstrains (x 10
-6

 µdef) for determination of fatigue strain at 10
6
 cycles, and 

less than 10% relative difference for complex stiffness modulus.  Agreement with FADECOM demonstrates 

direct applicability of the new method for obtaining accurate data for dynamic numerical simulations compri-

sing asphalt pavement design.   

Keywords: Rheological-mechanical performance evaluation. Complex modulus. Fatigue. Asphalt mix. Pa-

vement design. 

1. INTRODUCTION 

Asphalt pavement is regularly subjected to intense loading and varied environmental stressors.  Predicting 

pavement degradation and useful life requires an acute understanding of rheological-mechanical properties of 

asphalt mixes at different temperatures and loading frequencies, due to influence these properties exert di-

rectly on the thermo-viscoelastic linear behavior of these materials [1-6].   

There is a constant need for formulating asphalt mixes, which are able to support the growing, continu-

ous and intense loading axle levels of the traffic fleet worldwide. Ongoing research is focused on the effect of 

high consistent 10/20 (0.1mm) asphalt binder in increasing the stiffness dynamic complex modulus and re-

sistance to fatigue, which is the main phenomenon responsible for the rupture of pavement structures in the 

field [7-14]. 

Test methodologies based on observing mechanical and rheological behavior under cyclic loading of 

test samples are known to reliably produce laboratory results that closely correlate to field observations [15-

20].   

Considering the above-mentioned principles, several researches have been carried out aiming to use or 

to develop apparatuses capable to simulate mechanical and rheological behavior of diverse materials, includ-

ing asphalt mixes [21-24]. 
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However, this manuscript presents the first Brazilian-French interlaboratory dynamic Fatigue Develop-

ment and Complex Stiffness Modulus test apparatus (FADECOM) has been designed by the Pavement Re-

search and Development Group (GDPPav), from Federal University of Santa Catarina (UFSC) - Campus 

cited at Joinville-SC Brazil.  The collaboration has been endeavoring for more than a decade in continuous 

improvement research on structural adjustment, physical and mathematical models, as well as on numerical 

simulations, committed to taking into account the technical principles of the French pavement design meth-

odology. 

Among particular and notable characteristics of the FADECOM apparatus are its easy portability, de-

spite the robust and stable stainless-steel framework.  The apparatus presents possesses the capability to carry 

out complex stiffness modulus or fatigue tests with four trapezoidal specimens simultaneously, in continuous 

mode, with displacement amplitude control and generation of sinusoidal loading and displacement signals 

(Fig. 1), allowing to simulate mechanical efforts in laboratory close to real occurrences in pavement struc-

tures in the field [25-28]. 

 

 

 

 

 

 

 

 

 

 

 

 

(a)                                                                                     (b) 

Figure 1: Signal captured with: (a) strain gauges in the field and (b) overlapping a field sinusoidal strain signal calculated 

using Fourier series [26]. 

 

Asphalt mixes that are designed for using as pavement materials must be evaluated for rheological-

mechanical performance. A new test apparatus and methods are described for measuring complex stiffness 

modulus and fatigue of asphalt mixes, based on evaluation of sample frequency response under dynamic 

loading conditions. Test procedures are formulated from fundamental principles of engineering, in order to 

ensure that test results represent accurate assessments of relevant phenomena which are observed in practical 

situations. Results obtained using the new apparatus and methods will therefore produce realistic physical 

properties which can subsequently be relied upon for modeling and evaluation of asphalt mixtures as pave-

ment materials. 

Furthermore, it consists in the first scientific initiative worldwide to propose a design solution capable 

of carrying out dynamic complex stiffness modulus and fatigue tests in the same apparatus, with a possibility 

to perform both under distinct environmental conditioning states, i.e., in wet and dry states. It is also a pio-

neering experience in South America to carry out interlaboratory tests to validate an apparatus, in cooperation 

with Institut Français des Sciences et Technologies des Transportes, de l‟Aménagement et des Réseaux 

(IFSTTAR), currently Université Gustave Eiffel (UGE). 

 

 

2. TECHNICAL CHARACTERISTICS OF THE APPARATUS 

FADECOM apparatus (Fig. 2) has a solid stainless steel base, which supports a climatic chamber made of 

polyurethane. The temperature inside this chamber is adjusted by an automatic digital controller that com-

mands two distinct climatic systems: one for heating and another for freezing. Hence, when one of these sys-

tems is being adjusted for operation, the other is deactivated automatically, thus, guaranteeing the desired 

temperature for the tests.  
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Figure 2: Overview of the FADECOM apparatus framework.  

 

With this automatic digital controller commanding the heating and condensing unit, it is possible to car-

ry out tests with temperatures ranging from -30ºC to higher than 100ºC. The temperature value during the 

tests is supplied by 9 thermocouples placed at different points into the chamber with an accuracy of 0.1ºC. 

The rotational movement of the eccentric axles generates a force that is transmitted gradually to a set of 

interlocking pieces until reaching the oscillator rods connected to the specimens. 

The force transmitted gradually to the oscillator rods imposes a back and forth displacement on the top 

part of the specimens, which generates a sinusoidal loading signal from alternating flexion forcing (Fig. 3).  

The laboratory setup is capable of reproducing strain signal amplitudes measured in the field, i.e., close to 

real situations, as demonstrated in Fig. 1.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Imposed displacement on the specimens generating sinusoidal loading signal. 

 

Force and displacement signals are captured simultaneously by load cells and Hall Effect sensors, re-

spectively, whereas a frequency inverter is responsible for adjusting the frequency of the tests, which com-

mands a 6-pole induction motor connected to two eccentric axles (Fig. 4). 
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Figure 4: Detailed view of the: (a) loading cell, (b) Hall Effect sensor, (c) digital automatic controller (left) and frequen-

cy inverter (right). 

 

With regards to trapezoidal geometry of the specimen illustrated in Fig. 4, [29] explains that despite the 

possibility to carry out complex stiffness modulus and fatigue tests with use of prismatic geometries, such as 

four point bending beams, for instance, a technical inconvenience arises: the section submitted to the highest 

stresses and, consequently, where collapse normally will occur, is the cantilevered portion, principally during 

alternated flexion fatigue tests. 

Furthermore, during the tests, it is not known the exact distribution and intensity of stresses in the bond-

ing or cantilevered sections. The Saint-Venant Principle can also be cited, which indicates the influence of 

the cantilevered section is not affected, if the most stressed zone is far from it, allowing to calculate applied 

stresses taking into account the effective resistance of the materials. Therefore, the most critical section must 

be designed to occur in the central part of the specimen [30]. 

Based on the arguments presented, [29] modified the beam prismatic geometry of the specimens initial-

ly considered in the research campaign to a profile considered of equal resistance, with parabolic form and 

being loaded on its free end, i.e. on the top part, generating the most stressed zone in its central part „C‟ (Fig. 

5). 
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Figure 5: Trapezoidal profile of the specimens [29]. 

 

It is also possible to perform complex stiffness modulus and fatigue tests under conditioning states, 

simulating alternated or continuous wet and dry environmental conditions, submitting the trapezoidal speci-

mens to a prior saturation process into water using a vacuum pomp pressure of 47 kPa ± 5.0% immediately 

before the beginning of the tests, in order to achieve a saturation degree of the air void content of each spec-

imen. 

These conditioning possibilities allow simulating seepage effects that act continuously on the asphalt 

mixes layers in the field during their life spans, gradually degrading the mechanical performance of these 

materials, such as: surface tension, aging and stripping [31].  

After this pre-conditioning stage, the specimens are kept immersed in water reservoirs during the men-

tioned tests, affixed on a stainless-steel base specifically designed for this procedure, in order to keep a con-

stant seal and prevent water leakage during the tests (Fig. 6). 

 

  

 

 

 

 

 

 

 

 

 

Figure 6: Overview of the environmental conditioning set. 

 

A data acquisition system captures the electrical pulses sent by the load cells and by the Hall Effect sen-

sors with a sample frequency of 640 Hz. A computerized terminal conceived in programming language C
++

 

follows a source code flowchart (Fig. 7) to convert these pulses into values of force and displacement for 

exporting to a graphical interface in Excel sheet in real time, as for complex stiffness modulus (Fig. 8) as for 

fatigue tests (Fig. 9), using Discrete Fourier Transform (DFT). 

According to [32], applying DFT in a set of real and imaginary or complex numbers „x(n)‟, considering 

a constant data set „i‟ acquisition interval for a given angular frequency „‟ rate „k‟, it can be assumed as 

finite the length „L‟ of the sequence „N‟ uniformly spaced „k/N‟ along a period „T = 2/‟ (Fig. 4), i.e., re-

stricted to a fixed number of points acquired „j‟ (Eqs. 1 to 6).   

 

 ( )  ∑ ( )     
   

   

 (1) 

where: 
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resulting in: 
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which can be written as: 
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Thus, discrete samples can be calculated taking into account the base functions of a DFT, i.e., real „cosinus-

oidal‟ and imaginary „sinusoidal‟ periodic amplitudes, such as: 
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Figure 7: Flowchart of the source code.  
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Figure 8: Displacement and force amplitudes captured by the load cells and Hall Effect sensors, evidencing the phase 

angle () during complex stiffness modulus tests. 

 

 

Figure 9: Evolution of the force and phase angle () captured by the load cells and Hall Effect sensors during fatigue 

tests. 

 

It is important to emphasize the sharpness of the signals captured by the load cells and Hall Effect sen-

sors suitable accuracy of the measurements carried out.  In this context, the most important aspects that must 

be taken into account to obtain sharp signals and qualified data are: a data acquisition system capable to pro-

cess large number of iterations in a short period of time; force and displacement captors designed with sen-

sors of high sensibility, highlighting the quartz and magnetic technologies; an apparatus framework designed 

with enough robustness capable to avoid environmental vibrations on the captors, which can cause important 

noise during the caption of electrical pulses, causing lack of sharpness. 

However, there is a perceivable increase of the noise level in phase III of the fatigue tests (Fig. 9), tak-

ing into account Hall Effect sensor responses, because at this stage the specimens have reached the structural 

collapse, in which the displacement amplitude control becomes disordered within the magnetic spectrum of 

the referred sensors (REF‟s). 

 

 

3. VALIDATION PROCESS 

In order to attest the accuracy of the tests carried out by FADECOM apparatus, a pioneer scientific coopera-

tion agreement in South America was celebrated in 2015 and renewed in 2017 between GDPPav, represent-

ing UFSC, and IFSTTAR, currently Université Gustave Eiffel (UGE), from Nantes, France, to compare the 

results obtained by both research centers taking into account an interlaboratory campaign considering dynam-

ic complex stiffness modulus and fatigue tests (Fig. 10). 
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                                                    (a)                                                                       (b) 

Figure 10: IFSTTAR (a) fatigue and (b) complex stiffness modulus apparatuses. 

 

High modulus asphalt mix, named in France as Enrobé Bitumineux à Module Élevé from class 2 

(EME2), which comprises many rigorous criteria to be achieved [17], with 0/12.7 mm granitic crushed rock 

gradation and use of asphalt binder penetration 10/20 (0.1 mm) was chosen to be tested. All trapezoidal spec-

imens were produced in GDPPav laboratory premises, in order to avoid distinct production procedures and to 

keep the homogeneity of the samples.  

The planning of the tests followed the standardized French specifications [17-19], which determine that 

at least 18 specimens (distributed equally among 3 different strain levels of evaluation) must be tested in a 

laboratory campaign on the fatigue behavior of a given asphalt mix and at least 4 specimens for carrying out 

complex stiffness modulus tests [20]. Tests were carried out just in dry state. 

In this particular research, 2 sets of 24 specimens were selected, distributed into 3 subsets of 8 units to 

be tested at each strain level for the fatigue tests, as well as 2 sets of 4 specimens for the complex stiffness 

modulus tests provided by the same asphalt mix slab (Fig. 11). 

 

 

 

 

 

 

 

 

 

                                       

                                           (a)                                                                                   (b) 

Figure 11: Overview of the (a) asphalt mix slab sawing procedure and (b) specimens selected for the tests.   

 

However, to validate each set of specimens to be tested, they must comply with the limits defined by the 

rigorous statistical criteria of the standardized specifications. These criteria are the variation coefficient based 

on the results of the constant so-called „K‟, related to the geometric dimensions of each specimen (Eq. 7), 

which must be ≤ 1.0%, as well as the standard deviation concerning to the air void content of each set of 

specimen must be ≤ 0.5%. To calculate the air void content, a relation is established between the maximum 

specific gravity determined by vaccum tests (Fig. 6) and the apparent specific gravity, which considers the 

mass and volume taken directly from each specimen. If any specimen does not obey one of these criteria, it 

must be rejected before the beginning of the test and replaced by another suitable unit. 
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where „K‟ is a constant related to the geometric dimensions of the specimens (mm
-1

); „h‟ is the height of the 

specimen (mm); „b‟ is the small base of the specimen (mm); and „B‟ is the large base of the specimen (mm). 

The displacement amplitude imposed by the oscillator rods on the top part of the trapezoidal specimens 

(Fig. 5) is calculated through Eq. (8), which is related to each strain level chosen arbitrarily by the designer. 

 

  
    
  

 (8) 

Being the displacement amplitude calculated by A = 2f, where „f‟ is the half displacement amplitude applied 

to the small base of the specimen (x10
-6

); „K‟ is the constant related to the geometric values of the specimens 

(mm
-1

); max is the maximum strain level corresponding to a given displacement amplitude (x10
-6

); „A‟ is the 

peak to peak displacement amplitude applied to the small base of the specimen (x10
-6

). It must be remarked 

that 10
-6

 is the scientific notation for microstrains (def ). 

For fatigue tests, the adjustment of the displacement amplitudes calculated through Eq. (8) (Table 1) 

was measured with an accuracy of 1.0 m, using an analogical extensometer, which was placed on the top 

part of the specimens (Fig. 12). 

 

                                                             

Figure 12: Adjustment of the displacement amplitudes using an analogical extensometer. 

 

Table 1: Strain levels chosen for fatigue tests and air void content of the asphalt mixes. 

Asphalt mix 
Temperature 

of test 

Strain level (x10
-6
) 

Air void 

content 

(%) 

Relative 

standard 

deviation (%) 

Variation 

Coefficient 

(%) 

Sets of specimens Air void 

content 

K  

8 8 8    

10/20 10ºC 120 135 150 4.2 0.42 0.31 

10/20 30ºC 95 115 135 4.3 0.44 0.34 
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For all complex modulus tests, the displacement amplitude was calculated and adjusted using the same 

procedure considered for fatigue tests, but fixed at 40 x 10
-6

 def, respecting the standardized maximum limit 

of 50 x 10
-6

 def [20]. Additionally, frequencies of 1 Hz, 3 Hz, 10 Hz and 30 Hz were applied. For each fre-

quency, temperatures of -10ºC, 0ºC, 10ºC, 15ºC, 20ºC, 30ºC, 40ºC and 50ºC were simulated. The displace-

ment amplitudes were gradually regulated by two Allen head screws connected to each eccentric axle (Fig. 

2).  

With regards to laboratory campaign, Table 2 summarizes the results obtained by the FADECOM and 

IFSTTAR apparatuses, where „E1‟ is the elastic and „E2‟ the viscous components of the complex stiffness 

modulus |E*|, while „‟ is the phase angle measured between force and displacement amplitude signals. The 

respective standard deviations are also presented (Fig. 8). 

 

Table 2: Comparative results between FADECOM and IFSTTAR apparatuses.   

Dynamic Complex Stiffness Modulus Tests 

Test Condition 
E1

1  

(MPa) 

E1
2  

(MPa) 

E2
1 

(MPa) 

E2
2  

(MPa) 

|E*|1 

(MPa) 

|E*|2 

(MPa) 
1 () 2 () 

10C and 25Hz 24786 24516 2031 2339 24871 24627 4.7 5.5 

15C and 10Hz 20719 19697 2917 3054 20926 19932 8.0 8.8 

30C and 25Hz 12020 10703 4018 3651 12677 11309 18.5 18.6 

Relative Standard Deviation (%) 

10C and 25Hz 1.01 0.99 0.87 1.15 1.01 0.99 0.85 1.17 

15C and 10Hz 1.05 0.95 0.96 1.05 1.05 0.95 0.91 1.10 

30C and 25Hz 1.12 0.89 1.10 0.91 1.12 0.89 0.99 1.01 

Fatigue Tests 

Test Condition 6 (x10-6)1 6 (x10-6)2 

10C and 25Hz 128.8 130.2 

Residual Standard Deviation 

10C and 25Hz 0.039 0.043 

     1tests performed with FADECOM apparatus; 2tests performed with IFSTTAR apparatus. 

 

In this context, it is important to explain the distinction between relative and residual standard devia-

tions, considering the statistical definitions. Relative standard deviation is a standardized measure 

of dispersion of a probability or frequency distribution. It is often expressed as a percentage and is defined as 

the ratio of the standard deviation to the mean or its absolute value. It is widely used to express the precision 

and repeatability of an experimental procedure. On the other hand, residual standard deviation is a dimen-

sionless indicator with regards to difference between a set of experimentally determined and predicted val-

ues. Therefore, it expresses how much the data points spread around the regression line, often used in data 

curation for fatigue tests, aiming to determine the accuracy of the data measured in relation to the predictive 

model used.  

 

4. CALCULUS OF THE ADMISSIBLE STRAIN 

The results obtained in laboratory, more specifically those of complex stiffness modulus and fatigue tests, are 

directly inserted in numerical simulations by using Huet-Sayegh rheological model [29, 33] (Fig. 13; Eq. 9), 

as well as in the admissible strain calculus (Eq. 10), with support of the computerized tools Viscoanalyse 

Ver. Beta [34] and Viscoroute 2.0 [35], considering cyclic loading applications. 
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Figure 13: Huet-Sayegh rheological model [29, 33]. 

  

  ( )     
     

   (   )   (   )  
 (9) 

where „i‟  is the complex number defined by i
2
 = -1, which indicates the imaginary component of  the 

complex modulus; „E‟ is the instantaneous modulus, obtained when  tends to the infinite, considering 

higher frequencies and lower temperatures in loading application conditions; „E0‟ is the static modulus, con-

sidering lower frequencies and higher temperatures in loading application conditions; „‟ concerns the relaxa-

tion time of the bumpers „h‟ and „k‟, thus, a parameter dependent of the time and resembling to a delay time, 

in which the value varies with the temperature  = exp(A0 + A1. + A2. 
2
), being  the temperature and A0, 

A1 and A2 constants determined experimentally; „h‟ and „k‟ are the parabolic elements of the model, where 

for asphalt mixes they comprise the range 0 < k < h < 1; „‟ is a dimensionless constant, which depends on 

the asphalt binder nature and on the aggregate gradation curve; and  = 2f, being f = loading application 

frequency (pulsation).  

 (        )    (         ) *
  (   )

  (   )
+

 
 

(
  

   
)
 

       (10) 

where „(NE, eq, f)‟ is the admissible strain of the asphalt mix regarding a given number of loading cy-

cles (NE), equivalent temperature (eq) and loading frequency (f); „6(, f)‟ is the strain level at 10
6
 cycles at 

a given temperature () and loading frequency (f), considered as 10ºC and 25 Hz, respectively, in France; 

„(NE/10
6
)

b
‟ is the number of loading cycles predicted to be applicated on the asphalt mix during its service 

life, in relation to the standard criterion of 10
6
 cycles and the slope „b‟ concerning the fatigue tests; 

„[E*()/E*(eq)]
0,5

‟ is the square root between complex stiffness moduli determined at a given temperature 

() and at a temperature considered as equivalent (eq, 15ºC in France); and „kr, ks, kc‟ are the failure risk, 

heterogeneity minority and adjust coefficients, respectively (Eqs. 11  and 12). 

 

     
     (11) 

  *    (
  

  
)   +

 
 

 (12) 

where „kr‟ is the failure risk coefficient; „‟ is the standard deviation associated to SN, b, Sh e c; „SN‟ is 

the standard deviation regarding the number of cycles supported by the asphalt mix during fatigue tests 

log(N); „u‟ is the statistical factor (fractile) of the normal series associated to the assumed risk (logN/N50%); 

„b‟ is the fatigue exponent slope; „Sh‟ is the standard deviation concerning the thickness layer all over the 

pavement structure; and „c‟ is the coefficient which correlates the strain (or strength) variation in the pave-

ment structure to random thickness variation h (log = log0-c.h), in which for ordinary pavement struc-

tures is assumed as 0,02 cm
-1

. 

The parameters for defining the fractile „u‟ associated to a given percent of failure risk assumed, as well 

as „Sh‟, „ks‟ and „kc‟ are presented in Tables 3, 4, 5 and 6, respectively. 
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Table 3: Percent of failure risk assumed for asphalt concrete pavement structures regarding the fractile „u‟ [36]. 

Fractile (u) -0,84 -1,04 -1,28 -1,65 -2,05 

Risk (%) 20 15 10 5 2 

 

Table 4: „Sh‟ values assumed for asphalt concrete pavement structures regarding the entire bituminous thickness de-

signed [32]. 

Thickness (cm) e  10 10 < e < 15 15  e 

Sh (cm) 1 1 + 0,3(e-10) 2,5 

  

Table 5: Values assumed for the coefficient „ks‟ [36]. 

Stiffness Modulus (E) E < 50 MPa 50 MPa ≤ E < 120 MPa E ≥ 120 MPa 

Ks 1/1.2 1/1.1 1 

 

Table 6: Values assumed for the coefficient „kc‟ [36]. 

Material kc 

Road base asphalt concrete (GB) 1.3 

Bituminous concrete (BB) 1.1 

High modulus asphalt concrete (EME) 1.0 

 

It is important to discuss that for calculating the admissible strain at 10
6
 loading cycles „(NE, eq, f)‟ 

with use of Eq. (10), French design methodology considers negligible the direct correspondence between 

field measurements taken normally at 10 Hz in the bottom of the field asphalt concrete layers and those de-

termined at 25 Hz in laboratory tests, taking into account usual temperatures of service [36].     

However, the coefficient „kc‟ is predicted in the above-mentioned Eq. (10), in order to adjust the mat-

hematical model used in laboratory to the mechanical behavior evaluated in the field, since true-scale pave-

ment section tests, which have been carried out over three decades with a fatigue carroussel framework, 

being responsible to assure a narrow field/laboratory ratio (Table 6), thus, adjusting eventual scatters between 

measurements realized at 10 Hz and at 25 Hz [37]. 

These technical procedures made it possible to determine the viscoelastic linear parameters and me-

chanical behavior in pavement structure design regarding the asphalt mix tested. 

 

 

5. NUMERICAL SIMULATIONS ON DESIGNING PAVEMENT STRUCTURE  

For demonstrating the practical applicability of the mechanical and rheological parameters determined with 

use of the FADECOM apparatus, it was carried out numerical simulations comprising a pavement structure 

designed based on French methodology concepts [36], considering the following technical conditions: annual 

average daily traffic flow (MJA) of 6.000 heavy trucks (class TC8) with 130 kN double-wheeling standard 

single axle load each, applying cyclic loadings at 72 km/h.  

A cumulative traffic (NE) of 8.34 x 10
7
 was predicted to be supported along 30 years, assuming 15% of 

failure risk (kr = 0.887 at 10C and 25 Hz), besides 1/1.1 related to heterogeneity minority (ks) and 1.0 to 

adjust (kc) coefficients mentioned earlier in section 4.    

They were considered a foundation platform from class 3 (PF3) with a stiffness modulus of 100 MPa in 

soil treated with lime, while sub-base and base layers with high modulus asphalt mix or also so-called Enrobé 

Bitumineux à Module Élevé class 2 (EME2), taking into account the formulation tested in the experimental 

campaign carried out and described in section 3. For EME2, thickness layers from 9.0 cm to 13.0 cm were 

simulated following standardized recommendations [38].  

Rheological parameters of the asphalt mix EME2 were determined with use of Huet-Sayegh viscoelastic 

linear model (Eq. 9) simulated in the computerized tool so-called Viscoanalyse Ver. Beta (Table 7), conside-

ring results from complex modulus tests presented in Table 2. Complex modulus and fatigue test results used 

in the numerical simulations are compiled in Table 8. 
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Table 7: Rheological Parameters from Huet-Sayegh Model for EME2. 

Huet-Sayegh Model Parameters Results for EME2 

E 32215.90 MPa 

E0 139.938 MPa 

K 0.205 

H 0.65009 

 1.25729 

A0 4.45615 

A1 -0.345861 

A2 0.0014058 

 0.65009 

                 

Table 8: Complex Modulus and Fatigue Test Results for EME2. 

Test Condition 
Complex Modulus Fatigue 

|E*| (MPa) 6 (x 10
-6

) SN 1/b 

10C e 10Hz 23612 - - - 

15C e 10Hz 20926 - - - 

10C e 25Hz - 128.8 0.039 0.14 

 

Furthermore, according to [36], when it is being designed an asphalt concrete pavement structure able to 

support heavy traffic flows, it must be evaluated not only the admissible tensile strain in the bottom of the 

deepest asphalt layer „(NE,eq, f)‟ calculated by Eq. (10), but also the admissible vertical compression strain 

„z,ad‟ on the top of the foundation platform (PF), as defined in Eq. (13).  

    

           (  )
       (13) 

where „z,ad‟ is the admissible vertical compression strain on the top of the foundation platform (PF); and 

„NE‟ is the cumulative traffic concerning 130 kN standard double-wheeling single axle load.  

 

The development of numerical simulations interacting Huet-Sayegh rheological viscoelastic linear mo-

del and mechanical behavior at cyclic loading applications on the designed pavement structure was carried 

out with use of computerized tool so-called Viscoroute 2.0, in which the results are presented in Table 9 and 

illustrated by Fig. 14. 

  

Table 9: Results obtained in numerical simulations. 

Test condition 

(numerical simulation routi-

nes) 

Thickness (cm) 

Admissible calculated values Numerical simulation results 

(NE, eq,f) 

(x 10-6) 

(z,ad) 

(x 10-6) 

(t) 

(x 10-6) 

(z) 

(x 10-6) 

6 = 10ºC and 25Hz 

E*() = 10ºC and 10Hz 

E*(eq) = 15ºC and 10Hz 

 

9.0cm/9.0cm* 

 

59.32 -209.26 55.08 -56.49 

Legend:   

*Thickness (cm) in order: base/sub-base asphalt layers (2 layers). 

t : tensile strain in the bottom of the deepest asphalt layer. 

(NE,eq,f) : admissible tensile strain in the bottom of the deepest asphalt layer calculated with use of Equation 3. 

z : compression strain on the top of the platform foundation. 

z, ad : admissible compression strain on the top of the platform foundation, calculated with use of Equation 4. 

Signal convention of Viscoroute 2.0: (+) tensile and (-) compression. 
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Figure 14: Pavement structure designed after numerical simulation routine. 

 

The results presented in Table 9 indicate numerical simulation routine values of „t‟ and „z‟ minor than 

the admissible calculated limits „(NE,eq,f)‟ and „z,ad‟, considering initial asphalt layer thicknesses of 

9.0 cm, as well as complex modulus ratio „[E*()/E*(eq)]
0,5

‟ with E*() = 10ºC and E*(eq) = 15ºC, both 

determined at 10 Hz, and fatigue „6‟ obtained at 10ºC and 25 Hz, thus, being in accordance to French pave-

ment design standardized principles predicted in [32], attending the technical scope proposed to this research. 

 

 

6. CONCLUSIONS 

Analyzing data presented in this research, it is possible to infer that the variability of results is less than 5.0% 

for dynamic (complex) stiffness modulus (|E*|), less than 1.2% for phase angle (º) and 1.0% maximum for 

fatigue strain at 10
6
 loading cycles (6), when compared with the values determined by the FADECOM and 

IFSTTAR apparatuses. These trends are strongly lower than the standard deviation tolerances established by 

the French methodology, i.e., around 10% maximum for stiffness modulus and 3.0 (x10
-6

) for 6 (x10
-6

), de-

monstrating greatly improved accuracy of the FADECOM apparatus and its actual feasibility to be applied in 

pavement design solutions.  
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