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ABSTRACT 

The aging of bitumen has a significant impact on the mechanical behavior of asphalt. This aging is carried out at the 
mixing operation with the aggregates generally at 163˚C in the case of pure mixtures or at temperatures higher than in 
the case of the modification by polymers or industrial waste. This paper presents experimental results of a study of the 
rheological behavior of a class of bitumen 40/50 to the artificial aging. Three aging temperatures were selected: 163˚C, 
173˚C and 183˚C. From obtained results, a study of the risk of deformation of asphalt is performed, based on the results 
of correlation between the behavior of the coated and his binder deducted SHRP specifications and technical advice 
French. These results show that the stiffness of the aged binders increases with aging temperature. Moreover, there is no 
risk of rutting and fatigue cracking for thermal coated projected. 
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1. Introduction 

Bituminous binders are widely used for road paving ap- 
plications [1]. The ageing of the bitumen during storage, 
mixing, transport and laying on the road, as well as in ser- 
vice life, are the most important problems presented by 
the use of bitumen in pavements [2]. 

Indeed, Bitumen ageing is a very complex process re- 
sulting in hardening of bitumens and embrittlement, both 
in application and in service, which contributes greatly to 
the deterioration of paving applications [3]. 

Important ageing related modes of failure are traffic 
and thermally induced cracking, and ravelling and shor- 
ten the lifespan of pavement [4,5]. 

In bitumen aging, two types of mechanisms are invo- 
lved. The main aging mechanism is an irreversible one, 
characterised by chemical changes of the binder, which 
in turn has an impact on the rheological properties [6]. 
The second mechanism is a reversible process called phy- 
sical hardening [7,8]. Physical hardening may be attrib- 
uted to molecular structuring [5]. 

Several methods have been proposed to replicate the 
effect of aging and, therefore, to foresee bitumen behav-

ior during application and service life. To simulate the 
age hardening occurring during plant mixing and lay- 
down the most utilised test is Rolling Thin Film Oven 
Test (RTFOT, ASTM D-2872). The age hardening is 
evaluated by observing how viscosity, penetration and 
softening point change with aging [3]. Aging, which oc- 
curs in asphalt roadway pavements during construction 
and service life, affect the rheological properties of bitu- 
men [5,8]. 

Rheology involves the study and evaluation of the 
time—temperature dependent response of materials that 
are stressed or subjected to an applied force. Rheological 
properties of bitumen consist of age hardening, tempera- 
ture susceptibility, shear susceptibility, stiffness, penetra- 
tion, ductility, and viscosity [9]. 

Over the past few years, rheology has been extensively 
used in order to classify and evaluate bituminous binders 
according to their performance properties. This has led to 
a better knowledge of bitumen behaviour that occurs when 
subjected to different thermal and mechanical conditions, 
as seen during road construction and service in the field 
[3]. 

One of the key material properties of bitumen is the 
complex modulus. This property is related to major dis- *Corresponding author. 
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tress modes such as traffic induced permanent deforma- 
tion and rutting, as well as fatigue and low temperature 
cracking. The complex modulus is dependent upon tem- 
perature and loading frequency [10]. 

This paper presents experimental results of a study of 
the rheological behavior of a class of bitumen 40/50 to 
the artificial aging. Three aging temperatures were selec- 
ted: 163˚C, 173˚C and 183˚C. 

In this work, test aging was evaluated by means of 
complex modulus (G*) and phase angle (δ), determined 
by dynamic rheological analysis. 

From the results obtained a study of the risk of defor- 
mation of asphalt has been achieved, based on the results 
of correlation between the behavior of the coated and his 
binder deducted SHRP specifications and technical ad- 
vice French. 

2. Materials 

The bitumen of class of 40/50 (B) used in this study is 
commercialized by NAFTAL. The main physical proper- 
ties of the bituminous material are the following: pene- 
tration (at 25˚C 1/10 mm) = 27, softening point tempera- 
ture = 54.9˚C and penetration index (PI) = −1.33. 

Ring and ball temperature is considered as a value at- 
tached to the permanent deformation behavior (resistance 
to rutting) at high operating temperatures [11]. The bin- 
der B has an average value of the ring and ball tempera-
ture. Knowing that in Algeria the temperature of 50˚C is 
easily reached in the roadway this will increase certainly 
the risks of rutting in hot time [12], the risk of rutting in 
hot weather is not ruled out. The penetration index (PI) 
shows that the bitumen (B) has a high susceptibility to 
temperature change. 

3. Experimental Methods 

Penetration test according to ASTM D-5 was used to 
determine the consistency of a bitumen binder according 
to the following procedure [13]: bitumen is placed in a 
standard cup at 25˚C. A needle is then allowed to fall 
into the bitumen under a 100 g load for 5 s. The length 
the needle penetrates into the bitumen during this time is 
expressed in units of 0.1 mm. Soft bitumens exhibit high 
penetrations and harder bitumens low penetration values. 

The test of softening point temperature was performed 
according to ASTM D36. The heated bitumen sample is 
placed in each of two brass rings. The rings are then pla- 
ced in a bath of demineralised water/glycerol and a ball 
bearing is placed on each. The water/glycerol is heated at 
a rate of 5˚C/min until the binder deforms due to its de- 
creasing viscosity with increasing temperature. The sof- 
tening point temperature was taken as the temperature at 
which the sample became soft enough to allow the ball, 
enveloped in the sample material, to fall a distance of 

25.4 mm. This was recorded as the ring and ball soften- 
ing point temperature. 

The susceptibility of bitumen temperature, that is to 
say the measurement of the change in consistency de- 
pending on the temperature, is characterized by a number 
called Penetration Index noted PI [14,15]. 

Pfeiffer and Van Doormaal in 1936 [16] have defined 
the thermal susceptibility of bitumens based on penetra- 
tion index and stated that this index can take values 
ranging from −3 for asphalt very sensitive to +7 for bitu- 
mens with low thermal sensitivity. 

In addition, the temperature susceptibility of the bitu- 
mens has been calculated in terms of penetration index 
(PI) using the results obtained from penetration and sof- 
tening point tests. Temperature susceptibility is defined 
as the change in the consistency parameter as a function 
of temperature. A classical approach related to PI calcu- 
lation has been given in the Shell Bitumen Handbook as 
shown with the following equation [17]: 

 
 

25

25

1952 500 log pen 20 SP
PI

50 log pen SP 120

   


  
     (1) 

where, pen25 is the penetration at 25˚C and SP is the sof- 
tening point temperature of bitumens. Nowadays, bitu- 
men of straight run have negative PI generally between 
−1 and −2, semi-blown bitumens thermally less suscepti- 
ble have PI almost zero or slightly positive (from −0.2 to 
+0.6). Industrial bitumen sealing have positive PI (>+1) 
[15]. For asphalt “sol-like”, penetrability indices were 
negative by cons for asphalt “gel-like” they are positive 
[16]. 

According to ASTM D2872-04, simulation of aging of 
bitumen was done by Rolling Thin-Film Oven Test 
(RTFOT). Accordingly, a moving film of bitumen was 
heated in an oven for 85 min at 163˚C. 

The aging of bitumen was determined from changes in 
physical and rheological properties of bitumen, as meas- 
ured before and after the oven treatment. 

The most commonly used method of fundamental rhe- 
ological testing of bitumen was by means of dynamic 
mechanical analysis (DMA) using oscillatory-type test. It 
generally conducted within the region of linear viscoe- 
lastic response. 

These oscillatory tests were undertaken using control- 
ledstress rheometer (Haake RS1, Germany). It applied 
oscillating shear stresses and strains to samples of bitu- 
men sandwiched between parallel plates at different 
loading frequencies and temperatures. A temperature 
sweep was applied over the range 40˚C - 100˚C at a fixed 
frequency of 10 rad/s and variable strain. The strain was 
chosen to be as small as possible to ensure measurement 
in the linear region, but large enough to allow sufficient 
torque readings. A frequency sweep was applied over the 
range 0.01 - 10 rad/s at variable temperatures (40˚C to 
80˚C). 
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The binders rheological properties thus determined are 
appreciated by operating different curves plotted (iso- 
therms, isochronous, Black and master). 

4. Results and Discussions 

4.1. Aging Binders 

The simulation of the aging RTFOT shows an acceptable 
aging, according to the European specifications EN 
12591 (Table 1). 

Aged binders do not pose a risk of thermal fatigue 
cracking as their softening point does not belong to the 
interval (64 to 68) where the risk of cracking are not neg- 
ligible [18]. 

Another indicator can be used to estimate the risk of 
thermal fatigue cracking; it is the evolution of the sof- 
tening point during testing RTFOT. This value is limited 
to 8˚C (EN 12591) for class 35/50. 

Increasing the ring and ball softening binder studied 
does not exceed 8˚C showing that there is no risk of 
thermal fatigue cracking. 

The value of temperature ball and rings obtained on 
the asphalt before RTFOT may fear, risk of permanent 
deformations if the evolution of the binder in the coating 
was low. But its strong growth during RTFOT suggests 
that these risks are limited, at least if the formula of the 
mix is correct. This fact is verified by the modulus mea- 
sured by rheological tests. 

The evolution of the softening point according to the 
temperature of aging is in a proportional manner (Figure 
1). Indeed, the softening point increases of 0.2˚C for a  

 
Table 1. Binder characteristics aging. 

 B B_163˚C B_173˚C B_183˚C

Penetration  
(0.1 mm) 

27 24.8 19.8 18.3 

Softening  
point (˚C) 

54.9 59.7 59.9 60.1 

PI −1.33 −0.55 −1.00 −0.05 

∆ Softening  
point (˚C) 

- 4.8 5 5.2 

 

 

Figure 1. Softening point according to the aging tempera- 
ture. 

10˚C change in temperature aging. 
The evolution of the thermal susceptibility PI (Table 1) 

after RTFOT not improved thermal sensitivity (negative 
values). 

4.2. Rheological Behavior 

1) Isotherms 
The isotherms of the complex modulus are plotted on 

Figure 2. 
The complex modulus increases with frequency. For 

high temperature slope of the curve of the module is 
marked. In addition, the complex modulus isotherms 
show a small overlap area for high temperatures. This 
means that dispersion temperature and time are not equi- 
valent in this region. 

2) Isochrones 
Isochrones of the complex modulus and the phase an- 

gle at 10 rd/s, before and after RTFOT, are shown in 
Figure 3. The aging of the binder resulted a marked in- 
crease in stiffness binders with high operating tempera- 
tures thus reducing the thermal sensitivity. In addition, 
the decrease in phase angle increases the elastic contribu- 
tion to the module [19]. The main ageing mechanism of 
bitumen is the loss of volatiles and oxidation, which 
leads to having higher viscosity and a bitumen that is 
stiffer than fresh bitumen [20]. 

3) Black curves 
Figure 4 presents black curves of the binders before 

and after RTFOT. The analysis of these results shows 
that in the low frequency domain and high temperatures, 
the complex modulus G* decreases strongly, while the 
phase angle approaches 90˚ reflecting completely fluid 
behavior. 

Higher values of phase angle indicate a tendency to- 
wards more viscous behaviour, whilst lower values indi- 
cate more elastic response [21]. 

The uniqueness of the curve Black binders is relatively 
good. Curves are not too “waves” due to poor imple- 
mentation time/temperature. Discontinuities in the curve 
Black, often referred to as “waves” [19,22] reflect struc- 
tural changes, based on changes in temperature, due to: 
 Either the merger of certain chemical species such as 

certain paraffin; 
 Or the modification of some physical links between 

asphaltene agglomerates. 
Another phenomenon may be responsible for the for- 

mation of these waves [23] in the case of very paraffinic 
binders, relaxation due to dissolution/crystallization of pa- 
raffins is superimposed on the glass transition associated 
with the maltenes. 

Activation of two different phenomena explains the 
dispersion increasingly important experimental points on 
the curve Black when the content of crystallizable frac- 
tions (paraffins) increases bitumen. This phenomenon 
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Figure 2. Isotherms of the complex modulus. 
 

frequently observed in the aged binders in the coating or 
in situ occurs only rarely on new asphalt as is. Aging 
results in an increase in the structure reducing thermal 
and kinetic sensitivities. It may be that these binders are 

microscopically heterogeneous and contain asphaltenes 
highly interactive teaming agglomerates more or less 
stable with temperature and perhaps even the frequency. 

4) Master curves 
Master curves of complex modulus (G*) can be traced 

to a reference temperature, by translating the different 
isotherms according to the frequency axis [24]. This pro- 
perty is called “time-temperature superposition principle 
(TTSP)” [25] as the translation procedure isotherms give 
a single master curve and continue only for the complex 
modulus. Figure 5 shows the master curve plotted for the 
bitumen at a temperature of 25˚C. 

An examination of the complex modulus master cu- 
 

 

Figure 3. Isochrones of the complex modulus and phase 
angle. 
 

 

Figure 4. Black curves. 
 

 

Figure 5. Master curve at 25˚C. 
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Comparing the ratio given for each asphalt most aged bin- 
ders are more rigid. 

rves obtained before and after RTFOT for different aging 
temperatures, show that the value of each isothermal shifts 
to values higher modules, especially for the aged bitumen 
to 183˚C. This increase in modulus results in a cure. 

The risk of rutting evaluated by three criteria, although 
different, give the same trend: the binders studied do not 
present a risk of rutting. Note that the curves tend to join from a value of 10−1. 

Indeed, these isotherms also become less steep, for low 
temperatures indicating that the kinetic and thermal sen- 
sitivities decrease [15]. Table 2 gives the values of the 
constants C1 and C2 of Law WLF. 

The higher Temperature aging indices (TAI) was pro- 
posed [32] for indicate the effect of RTFO aging in 
rheological properties with respect to un-aged condition 
at high temperatures. The higher TAI values indicate a 
higher aging degree induced to bitumen. The indices use 
the measured rutting parameters at high in-service tem- 
peratures as follow:  

4.3. Study of the Risk of Deformation of the  
Asphalt through the Performance of  
Bitumen Rheological  

 
*

RTFOT

*

G sin
High TAI

G sin




         (2) The rheological characteristics measured on binders can 

be used to predict [19], given the Algerian climate, the 
type strain following: The index values show that when the temperature of 

aging increases, the rutting resistance is better.  Permanent deformation (rutting); 
 Thermal fatigue cracking; 

In fact, according to research arising from the program 
SHRP (Strategic Highway Research Program) [26] the 
binder is responsible for 40% of rutting phenomenon, at 
60% of the fatigue phenomenon. 

1) Risk of rutting 
To reduce the risk of rutting, the French technical ad- 

vice [19], suggest the value of the complex modulus G* 
at 7.8 Hz measured at a temperature T1 as an indicator 
[27-29] (in the case of this study T1 = 64.6˚C). It must be 
greater than the critical value of 1.104 Pa. 

This condition is checked for the binder studied (Ta- 
ble 3). The ratio G*/sin δ is taken to SHRP specifications 
[19,30] it is measured at 60˚C and 1.6 Hz. It presents the 
impact of the module with the phase shift value. SHRP 
specifications set indirectly and by means of the tempera- 
ture, a minimum value is 1 KPa report before RTFOT 
and a value of 2.2 KPa after RTFOT. The ratios calcu- 
lated for the four binders are higher than these limits. 

Glita & Conan (1996) [31] proposed the ratio G*/sin φ 
measured at 5 Hz and 60˚C as a characteristic of bitumen 
(test conditions similar to that of the rutting test on as- 
phalt), the greater its value, better resistance to creep. 

2) Risk of thermal fatigue cracking 
To assess the risk of thermal fatigue cracking, French 

technical advice proposes as a requirement the value of 
the phase angle measured at 40˚C and 7.8 Hz before 
RTFOT which must be greater than 45˚ [33]. This crite- 
rion (Table 4) is verified for the binder studied. 

5. Conclusions 

The aging of the binder to the different temperatures stu- 
died is acceptable. 

Thermal fatigue cracking was estimated from two 
physical criteria and a criterion based on rheology. Each 
criterion shows that the base binder is no risk of thermal 
fatigue cracking. However, it should always be consid- 
ered a good formulation to avoid joining the zone of un- 

 
Table 2. Values of the coefficients C1 and C2 of Law WLF. 

Law WLF 
coefficients 

B B_163˚C B_173˚C B_183˚C

C1 9.01 13.53 15.55 10.11 

C2 68.30 110.96 148.39 51.21 
 

 
Table 3. Valuation to risk of rutting. 

Criterion of rutting B 163˚C 173˚C 183˚C 

G*(7.8 Hz, 64.6˚C) [Pa] 4.9 × 104 15.8 × 104 16.7 × 104 17 × 104 

G*/sinδ (1.6 Hz, 60˚C) [Pa] 1.3 × 104 2.18 × 104 3.2 × 104 5.4 × 104 

G*/sinδ (5 Hz, 60˚C) [Pa] 2.8 × 104 11.5 × 104 12.2 × 104 12.8 × 104 

(G*/sinδ)RTFOT/(G*/sinδ) - 1.67 2.46 4.15 

 
Table 4. Valuation to thermal fatigue cracking. 

Criterion of thermal fatigue cracking B 163˚C 173˚C 183˚C 

δ (7.8 Hz, 40˚C) [˚] 68.1 55.05 53.43 49.15 
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certainty and move forward to cracking. 

The rheological analysis showed a marked increase in 
the stiffness of binders to high operating temperatures 
thus reducing thermal sensitivity. The binders studied do 
not present a risk of rutting. In so far as these risks may 
not be favoured by a high traffic load or an inadequate 
formulation of the mix. 

The good behaviour at high temperatures should be 
accompanied by an adequate response of the binder at 
low temperatures, at which cracking effects can happen. 

Decreasing the elasticity of the binder at low tempera- 
tures facilitates to avoid cracking, since the absorbed 
energy is more easily dissipated. In summary, a low elas- 
ticity is suitable at low temperatures to facilitate dissipa- 
tion, but a high elasticity is convenient at high tempera- 
tures to avoid viscous flow of the bitumen binder. 

This study showed any interest in the choice of mixing 
temperature of bitumens and modified bitumen in the 
asphalt. Indeed, the rigidity of the binder, so the asphalt, 
depends on this temperature. However, as is often the 
case in road, everything is a compromise, and especial- 
lythe definition of basic requirements. To asphalt formu- 
lators and pavement designers choose the most appropri- 
ate temperature. 
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