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Abstract This paper deals with the inﬂuence that both pressure and temperature exert on the viscosity of heavy petroleum fractions, such as bitumen of diﬀerent penetration grades, in temperature and pressure ranges comprised between 60 C and 160 C and 0–400 bars, respectively. From the viscous ﬂow tests carried out, it is apparent that bitumen behaves as a Newtonian liquid in the above-mentioned range of temperature and pressure. The temperature–pressure–viscosity relationship for bitumen of diﬀerent penetration grades, mainly used for paving applications, can be modelled using a modiﬁed WLF model, the FMT model. This model includes diﬀerent physical parameters, such as material compressibility and expansivity, which have been obtained from pressure–volume–temperature (PVT) measurements.  2006 Elsevier Ltd. All rights reserved. Keywords: High pressure; Viscosity; Bitumen



1. Introduction Bitumen is a hydrocarbon mixture usually produced by vacuum distillation of petroleum crude oils. The chemical composition of bitumen is very complex. Thus, bitumen can be separated into four fractions: saturates, aromatics, resins and alphaltenes [1]. It is generally assumed that bitumen is a multiphase colloid system [2,3]. If the proportions of these fractions vary, the resulting physical properties and microstructure of bitumen may be quite diﬀerent. Thus, if the asphaltenes and resins are dispersed in a largely predominant oil phase (saturates and aromatics), the interactions among asphaltenes particles are very weak and bitumen appears like a solution endowed with viscous properties. On the other hand, a high disperse phase fraction leads to a gel-like structure, yielding pronounced viscoelastic and non-Newtonian characteristics [1].
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Asphalt is a composite mixture of bitumen with mineral aggregates, widely used for road paving applications. The mechanical properties of asphalt are related to the rheological characteristics of bitumen, because it forms the continuous matrix and is the only deformable component [4,5]. In addition, the workability (easiness of mixing, laying and compacting operations) of hot rolled asphalt depends on bitumen viscosity, among other factors [1]. Thus, bitumen is a Newtonian ﬂuid when handled and mixed with mineral aggregates at high temperatures. Compaction is probably the most crucial stage in the construction of road pavements. Improving compaction can result in a signiﬁcant improvement in road resistance to cracking and deformation. Asphalt compaction is a consequence of the static pressure that the deadweight of the roller exerts on the road surface. It is apparent that the performance of asphalt compaction will depend on bitumen viscosity. Both temperature and pressure exert an important inﬂuence on bitumen viscosity and, consequently, on its workability and road performance. The inﬂuence of temperature on the viscosity of bituminous
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materials is well understood [6]. On the contrary, the eﬀect of pressure on the viscosity of these materials has received much less attention. For instance, Mehrotra and Svrcek have reported some temperature–pressure–viscosity data for Athabasca bitumen [7] and for the Cold Lake bitumen [8], in a temperature and pressure range between 40 C and 120 C and 0.1–10 MPa, respectively. The results obtained seem to demonstrate that the eﬀect of pressure on bitumen is very signiﬁcant, although the eﬀect of pressure on the density of bitumen was very small. The relationship among pressure, temperature and viscosity was described by a three-parameter empirical model. This model was subsequently applied, by Puttagunta and coworkers [9], to pressure–temperature–viscosity data of Canadian bitumen and heavy oils, concluding that the experimental viscosity data could be predicted with an average absolute deviation of 4.79%. On the other hand, Cheung [10] has applied the free-volume model to describe the ﬂow behaviour of neat bitumen as a function of temperature and pressure, using experimental data obtained by Mehrotra, Svrcek and Saal [7,8,11]. The eﬀects of both temperature and pressure on the ﬂow behaviour of bitumen are satisfactorily described using the WLF equation with universal parameters. Apart from the above-mentioned studies, data concerning the eﬀect of pressure, over a wide range of temperature, on the viscosity of bitumen are very limited. In this sense, the main objective of this study was to model the inﬂuence of both temperature and pressure on the viscosity of neat bitumen (with diﬀerent penetration grade) used for paving applications, in a temperature range where mixing and compaction processes take place.



Gbr. (Germany) with a coaxial-cylinder-pressure cell D400/200. This cell operates with the same principle as the Couette conventional coaxial-cylinder geometry. The pressure cell consists of a static steel vessel (diameter 39 mm) with a cylindrical close head. The inner cylinder (diameter 38 mm, length 80 mm) was put in contact with a sapphire surface at the bottom of the vessel by a steel needle. This inner cylinder was equipped, at the top, with a secondary magnetic cylinder (diameter 36 mm, length 8 mm), that is magnetically coupled to a tool outside the cell, which was connected to the motor-transducer of the rheometer. The torque range of the rheometer was between 190 and 70 000 lN m. A pressure transducer GMH 3110 (Gresingeg Electronic) that can measure diﬀerential pressures in the range between 0 and 400 bar (0.1 bar resolution) was used. The cell was connected to a hydraulic pressurization system by means of a needle control valve. The pressurization system was designed in our laboratory and consists of two units. The ﬁrst one uses as pressurizing vehicle a water solution of lower density than the sample and immiscible with it. It is composed of a hose circuit that connects the pressure cell with a depressurizing valve and the second unit. This second unit consists of a hand pump that uses oil as pressurizing medium. Between the two units a U-tube acts as the oil–solution interface. Steady-state ﬂow measurements at diﬀerent diﬀerential pressures (between 0 and 400 bar) and temperatures (between 60 and 160 C) were performed in a shear stress range between 5 Pa and 350 Pa. At least, two replicates of each rheological test have been carried out on fresh samples. The experimental error in viscosity has been always less than to ±5%.



2. Experimental 2.3. PVT measurements



2.1. Materials Two neat bitumens (60/70 and 150/200 penetration grade), provided by CEPSA (Spain), were used in this study. Some physico-chemical characteristics of these materials are presented in Table 1. 2.2. Viscous ﬂow tests The rheological study was performed using a controlledstress (CS) rheometer, RheoStress RS600, from Haake



Table 1 Some physico-chemical characteristics of the bitumen samples studied



Penetration grade (0.1 mm) Asphaltenes (wt%) Softening point R&B (C) Ductility at 25 C (cm)



ASTM test



Bitumen 60/70



Bitumen 150/200



D5-97



60/70



150/200



D3279-97 D36-95 D133-99



21.3 55 90



22.5 45 100



The PVT evolution was followed using cylindrical samples in a PVT 100 analyzer (SWO/Haake). The samples were previously removed from the test tubes and placed into the measurement cylinder. Isothermal tests at 20, 60, 90, 120 and 150 C were performed in a range of pressure between 200 bars and 1000 bars, with 200 bars steps. Speciﬁc volume measurements were recorded from high to low temperature, with 1 bar data being extrapolated from the results obtained in the above-mentioned experimental pressure range. 3. Results and discussion 3.1. Viscous ﬂow measurements The viscous ﬂow curves of the neat bitumen samples studied are shown, as a function of temperature and pressure, in Figs. 1 and 2. A Newtonian behaviour, in the whole range of shear rates tested, is always observed. As has been previously reported, bitumen behaves as a Newtonian
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3.2. Pressure–viscosity relationship Figs. 3 and 4 show the evolution of the Newtonian viscosity with pressure, at diﬀerent constant temperatures, for bitumen samples of 60/70 and 150/200 penetration grade, respectively. It can be seen that, at constant temperature, viscosity increases exponentially with pressure in the range of pressure tested. Consequently, the isothermal Newtonian viscosity can be modelled by an exponential model such as the Barus equation [13]: g ¼ gref expðbðP  P ref ÞÞ;



Fig. 1. Viscous ﬂow curves for 60/70 pen bitumen, as a function of pressure and diﬀerent temperatures (60 C and 90 C).



ð1Þ



where gref is the viscosity at the reference pressure Pref, b is the piezoviscous coeﬃcient (error always less than to ±2%), P is the applied pressure and Pref is the pressure of reference (in this case the atmospheric pressure). The values of the piezoviscous coeﬃcient, as a function of temperature (between 60 C and 163 C), for both bitumen samples are shown in Table 2. The piezoviscous coeﬃcient, in the temperature range studied, is normally higher as bitumen penetration grade decreases. This fact would indicate



Fig. 2. Viscous ﬂow curves for 150/200 pen bitumen, as a function of pressure and diﬀerent temperatures (60 C and 90 C). Fig. 3. Evolution of the Newtonian viscosity with pressure for 60/70 pen bitumen, at diﬀerent temperatures.



material in the low shear rate region, at moderate and high temperatures and atmospheric pressure [6]. In addition, as can be observed in the above-mentioned ﬁgures, the viscous behaviour (Newtonian) shown by these bitumen samples is not aﬀected by changes in pressure (up to 400 bar) in the range of temperature tested. However, the Newtonian viscosity values change dramatically with pressure at a given temperature, due to the development of more complex molecular structures in the material as pressure increases [12]. Thus, an increase in pressure up to 400 bars leads to an increase in viscosity of six and ﬁve times for 60 pen and 150 pen bitumen, respectively, in relation to its value at atmospheric pressure and 60 C. Of course, an increase in temperature always yields a decrease in bitumen viscosity, much more signiﬁcant as bitumen penetration grade decreases (i.e., 60/70). Nevertheless, a lower penetration grade always leads to higher bitumen viscosities at any temperature or pressure.



Fig. 4. Evolution of the Newtonian viscosity with pressure for 150/ 200 pen bitumen, at diﬀerent temperatures.
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Table 2 Values of Barus’s piezoviscous coeﬃcient for the bitumen samples studied Bitumen 60/70 T (C) b Æ 103 (bar1)



60 4.61



70 4.14



80 3.79



90 3.49



90 3.49



100 3.3



113 3.25



120 3.19



131 2.92



141 2.63



151 2.55



160 2.38



Bitumen 150/200 T (C) b Æ 103 (bar1)



60 4.03



70 3.7



80 3.34



90 3.17



90 3.17



101 3.03



111 2.97



120 2.83



132 2.62



141 2.51



150 2.25



163 2.57



that the colloidal structure of the low penetration grade bitumen, which deﬁnes the mechanical behaviour of the material, is more complex and, consequently, more sensitive to pressure than soft bitumen microstructure. On the other hand, the values of the piezoviscous coeﬃcient obtained with the distilled bitumen samples studied in this research are higher than those found for natural bitumen, i.e., Athabasca and Cold Lake, and reported by Mehrotra and Svrcek [7,8,11]. In addition, the piezoviscous coeﬃcient, for any of the bitumen samples previously mentioned, always decreases and tends to reach quite similar values as temperature increases. This fact would indicate that, in the high temperature region, the pressure susceptibility of the microstructure for very diﬀerent bitumen samples is always quite similar and less important than the eﬀect due to Brownian thermal agitation. 3.3. Temperature–pressure–viscosity relationship The inﬂuence of temperature on the shear viscosity of bitumen is well established [11,14]. Thus, both Arrhenius and WLF-like models have been extensively used to model the temperature dependence of the Newtonian viscosity for both neat and polymer-modiﬁed bitumen, in a very wide temperature range. Models taking into account the combined eﬀect of temperature and pressure on the rheological properties of materials can be found in the literature. Some of them are empirical functions of temperature and pressure. Other models are based in the free-volume concept [15]. Literature concerning the temperature–pressure–viscosity behaviour of lubricant oils can be found elsewhere [16–19]. For polymeric materials, the diﬀerent free-volume based models have been reviewed by Tschogel et al. [20]. Diﬀerent empirical and free-volume based models have been used to predict the temperature–pressure–viscosity relationship for Newtonian natural bitumen. Thus, Puttagunta et al. [9] have applied an empirical model to correlate viscosity data of Canadian bitumen with temperature and pressure, using three adjustable empirical parameters. Cheung has correlated some temperature–pressure–viscosity data of bitumen (obtained by Mehrotra and Svrcek [7,8] and Saal [11]) using the WLF equation and following two equivalent procedures [10]. In order to model the eﬀect of temperature and pressure on bitumen Newtonian viscosity, two diﬀerent WLF-type



equations could be used. Thus, Yasutomi et al. [21] have proposed a temperature–pressure WLF equation that includes material properties at the glassy state: ! g c1 ðT  T g ÞF log ; ð2Þ ¼ gg c2 þ ðT  T g ÞF where Tg is the glass transition temperature, that is a function of pressure: T g ¼ T go þ A1 lnð1 þ A2 P Þ



ð3Þ



and F is the free volume expansivity: F ¼ 1  B1 lnð1 þ B2 P Þ



ð4Þ



being Tgo, A1, A2, B1 and B2 parameters to be evaluated. This equation has been applied by Bair and co-workers [22] to model the pressure–temperature–viscosity relationship for polyethylene and diﬀerent lubricant oils. Nevertheless, the application of Yasutomi’s WLF-modiﬁed equation to bitumen would need some viscosity experimental data at temperatures close to Tg, a thermal range where the rheological measurements are quite diﬃcult to accomplish. On the other hand, the range of pressure tested in this research is much narrower than that covered by Bair et al. As a consequence, the bitumen viscosity–pressure data obtained do not show any inﬂection point in the log viscosity versus pressure plot. This fact, as Bair indicates [17], leads to several set of parameters obtained from the regression procedure of the viscosity–pressure data. In addition to that, the application of Yasutomi’s model to the pressure–viscosity data of the bitumen samples studied, using the glass transition temperature determined from DSC as Tgo [23], leads to values of the reference viscosity of the order of 1025 Pa s, values that are more probably unrealistic. The FMT model, a modiﬁed WLF equation proposed by Tschoegl et al. and based on the time–temperature–pressure superposition principle, may be also used to model the temperature and pressure dependence of viscosity for the bitumen samples studied [20]. The FMT model is given as:   g c00 1 ðT  T ref  hðP ÞÞ log ; ð5Þ ¼ gref c2 ðP Þ þ ðT  T ref  hðP ÞÞ being







1 þ c4 P hðP Þ ¼ c3 ðP Þ ln 1 þ c4 P ref











 1 þ c6 P  c5 ðP Þ ln ; 1 þ c6 P ref



ð6Þ
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c00 1 ¼ B=2:303f 0 ;



ð7Þ



c2 ðP Þ ¼ f0 =af ðP Þ;



ð8Þ



c3 ðP Þ ¼ 1=k e af ðP Þ;



ð9Þ



c4 ¼



k e =K e ;



ð10Þ



c5 ðP Þ ¼ 1=k / af ðP Þ; c6 ¼



ð11Þ



k / =K / ;



ð12Þ







af ðP Þ ¼ af 1  



ma/ P
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K e



mP þ keP







! 1 1  ; K e þ k e P K / þ k / P



ð13Þ



where, gref is the viscosity at the reference temperature and atmospheric pressure; f0 is the fractional free-volume at the reference temperature; B is a constant that normally is taken to be 1; af(P) is the expansivity of the free-volume, considered pressure dependent and temperature independent; af is the expansivity of the free volume at zero diﬀerential pressure and temperature of reference, a/ is the expansivity of the occupied volume at zero diﬀerential pressure and temperature of reference; K e and K / are the bulk moduli of the entire and occupied volume respectively, at zero diﬀerential pressure and temperature of reference; ke, k/ and m are proportionality constants, which are independent of temperature and pressure; the superscript 00 indicates temperature and pressure of reference. All the FMT model parameters have been determined from rheological data, by assuming B = 1 and using nonlinear regression techniques. Their values, for both bitumen samples, are shown in Table 3. As can be seen in Fig. 5, the FMT model describes the evolution of bitumen Newtonian viscosity, in the temperature range between 60 C and 160 C and at any given diﬀerential pressure in the range 0–400 bars, fairly well. As has been indicated by Tschoegl et al., the constant B, frequently assumed to be 1, can be determined from PVT data, in order to determine separately the pressure dependence of the bulk modulus of the entire volume [20]. Fig. 6 shows the values of the speciﬁc volume for the bitumen samples studied as a function of pressure and temperature (20–160 C), where the values at 1 bar have been extrapolated using the PVT-100 software. As expected, a linear increase in the speciﬁc volume with temperature is observed for both bitumen samples in the range of temperature studied. In order to determine the inﬂuence of pressure on the bulk modulus of the entire volume, K e , the values of the isothermal speciﬁc volume, at 60 C, have been ﬁtted to the following equation:



Fig. 5. Experimental and predicted (FMT model) values of bitumen viscosity as a function of temperature and diﬀerential pressure (0 and 400 bars).



Fig. 6. Evolution of the speciﬁc volume with pressure and temperature for the bitumen samples studied.



ln



V 1 K  þ keP ¼  ln e ; V0 ke K e þ keP 0



ð14Þ



where V is the speciﬁc volume, K e is the bulk modulus at pressure and temperature of reference, ke is an empirical constant and the subscript ‘‘0’’ indicates the reference pressure, in this case atmospheric pressure or diﬀerential pressure of 0 bars. This equation is based on the Murnaghan equation of state, by assuming that the bulk modulus follows a linear dependence on pressure [24]. As may be deduced from the values of these parameters (see Table 4), at 60 C and in the range of pressure tested, both bitumen



Table 3 Values of the diﬀerent parameters of the FMT model for the bitumen samples studied gref (Pa s) Bitumen 60/70 Bitumen 150/200



228.3 89.3



Tref = 60 C; Pref = 1 bar; B = 1.



B 1 1



f0 0.069 0.073



ke 3.256 3.29



K e (bar)



k/ 4



1.531 · 10 1.489 · 104



0.322 0.323



af (C1)



K / (bar) 4



2.279 · 10 2.190 · 104



a/ (C1) 4



6.335 · 10 6.818 · 104



m 4



9.631 · 10 9.262 · 104



3.508 3.796
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Table 4 Values of the diﬀerent parameters of the FMT model for the bitumen samples studied (Tref = 60 C; Pref = 1 bar), using both rheological and PVT data gref (Pa s) Bitumen 60/70 Bitumen 150/200



228.3 89.3



B 0.3681 0.3663



f0 0.0254 0.0253



ke 1.258 1.291



K e (bar)



k/ 4



1.522 · 10 1.513 · 104



samples show a similar and slight increase in the bulk modulus with pressure (value of ke close to 1). Once the coeﬃcients K e and ke have been determined from PVT measurements, the rheological data can be used to ﬁt the set of Eqs. (5)–(13) to the experimental viscosity values, in order to determine the remaining model parameters. However, it is worth pointing out that the expansivity of the free volume, af(P), can be expressed in terms of the expansivity of the entire and occupied volume, as has been indicated by Fillers et al. [24]. It is usually assumed that the parameter m (see Eq. 13) has the same value for the entire and occupied volume. Nevertheless, when PVT data are used, diﬀerent values of m, for the entire and occupied volume, are necessary in order to predict the evolution with pressure of the expansivity of the entire and occupied volume properly (Eq. 15). Taking into account all these factors, the dependence of the expansivity with pressure, at the temperature of reference, can be calculated from:   me P  af ðP Þ ¼ af 1   K e þ keP ! me m/    a/ P ; ð15Þ K e þ k e P K / þ k / P where af is the expansivity of the free volume at zero diﬀerential pressure and temperature of reference, a/ is the expansivity of the occupied volume at zero diﬀerential pressure and temperature of reference, and me and m/ are parameters referred to the entire, e, and occupied, /, volume. The new FMT model parameters, after using PVT data, are shown in Table 4 and the evolution of the expansivity of the free volume (calculated from Eq. 15) with pressure, at the reference temperature (60 C), is presented in Fig. 7. The compressibility ð1=K e Þ and the expansivity of the entire volume ðae Þ values, at the temperature and pressure of reference and obtained from PVT data, are of the order of 6.5 ± 0.1 · 104 MPa1 and 7.6 ± 0.1 · 104 C1 for both bitumen samples. These values are higher than those reported by Saal [11], indicating that the bitumen samples studied in this work are more susceptible to temperature and pressure. On the other hand, as can be deduced from Tables 3 and 4, the values of B and the free volume fraction for both bitumen samples are now signiﬁcantly lower. In Fig. 8, the experimental viscosity data of the bitumen samples studied and the calculated ones using the FMT model are compared. As can be observed, the FMT model



0.230 0.240



af (C1)



K / (bar) 4



1.729 · 10 1.704 · 104



a/ (C1) 4



2.328 · 10 2.349 · 104



4



5.232 · 10 5.386 · 104



me



m/



2.854 3.036



2.241 2.385



Fig. 7. Evolution of the free volume expansivity with pressure, at the temperature of reference, for the bitumen samples studied.



Fig. 8. Experimental viscosities and predicted values using the FMT model.



ﬁts fairly well the experimental results in the whole range of temperature and pressure tested (average error less than 5%). In any case, the accuracy of this ﬁtting does not depend on the method followed to calculate the FMT model parameters. Thus, they can be estimated by using both rheological and PVT data (to determine the pressure dependence of the bulk modulus) or just from rheological data.
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