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As performance grades are developed for South African bituminous binders, the need arises 
to expand the related engineering knowledge and understanding in the context of local 
technology and materials. The Dynamic Shear and Bending Beam Rheometers are 
commonly applied to evaluate fundamental viscoelastic material behaviour by measuring 
properties such as the shear complex modulus and phase angle. The isotherms are 
subsequently shifted to form master curves and Black Space diagrams. Focusing on high, 
intermediate and low-temperature load-displacement responses, examining these 
behavioural curves leads to the identification of primary stiffness and relaxation ranges. 
Changes and the evolution of parameters in response ranges can indicate ageing-related 
developments in binder rheology. The progression of binder rheology may vary significantly 
depending on the modification, seal type and origin of the binder. For various seal binders, 
performance-related testing is conducted. The principles and modelling of shift and master 
curves are reviewed as an introduction to the influences on and development of rheology 
with increased age. The implications of these changes are discussed with regard to 
expected performance. An overview of current research is presented. 

 

BACKGROUND 

South Africa is currently in the advanced stages of transitioning from penetration-viscosity 
to performance grade (PG) binder specifications. Previous research has discussed the 
development of the South African PG specification [1] and provided analysis of some local 
binders within this context [2]. The majority of research and publications are focused on 
asphalt binders. Given the reliance of local industry on surfacing seals, the purpose of this 
paper is to enrich engineering knowledge regarding the rheology and performance of seal 
binders. 

The complex shear modulus (G*) and complex phase angle (δ) at various temperature and 
loading combinations form the basis of bitumen performance evaluation. These mechanical 
shear properties may be determined with a Dynamic Shear Rheometer (DSR). DSR 
frequency sweeps are applied at temperatures between 5 and 90 °C to determine dynamic 
material properties such as G*(ω) and δ(ω). For testing below 0 °C, a Bending Beam 
Rheometers (BBR) may be used to calculate bending stiffness, S(t), which is converted to 
shear properties. 

Isotherms from the DSR and BBR are shifted to form a master curve at one chosen, i.e. 
reference, temperature. The master curve indicates the binder properties over a more 



comprehensive frequency range than tested but at a single temperature. Together with the 
shift factors, the master curve may be translated to any tested temperature. The combination 
of shift factors and master curves thus allow the calculation of G*(ω) and δ(ω) at a wide 
range of discrete loading and temperature combinations. Numerical models [3] are often 
applied to calculate G* and δ over a continuous spectrum. i.e. to interpolate. 

DATA PROCESSING 

Shifting isotherms to form master curves require the calculation of horizontal shift factors, 
aT, and reduced frequencies, wr. Figure 1 indicates how aT and wr are determined from one 
isotherm to the next, i.e. pairwise shifting. When many isotherms are shifted to Tref, the 
pairwise shift factors are compounded, as indicated in Table 1. Vertical shift factors, bT, may 
also be applied to account for density changes in bitumen [4] or confinement pressure in 
asphalt [5]. Many rheologists do not use vertical shifts for bitumen [3], where others 
comment that this may lead to significant errors over an extensive temperature range [6]. 
Preliminary results for rubber binders [7] indicate that these binders may require special 
consideration due to a breakdown of the time-temperature superposition principle [8]. 

. 

Figure 1: Horizontal Shift Factor Calculation for a Single Temperature [9] 

Table 1: Simplified Explanation of Total Shift Factors for a Temperature Range 

Test Temperature Pairwise Shift 
Factor Total Shift 

T1  P1 (T1 to T2) aT1 = P2 x P1 
T2 P2 (T2 to T3) aT2 = P2 

T3 = Tref P3 = 1 aTref = 1 
T4 P4 (T4 to T3) aT4 = P4 
T5 P5 (T5 to T4) aT5 = P4 x P5 

 

Shifting can be completed on many calculation platforms such as MS Excel or Matlab. In 
this case, the data processor will compile a spreadsheet or script with formulas to determine 
and execute the shifting of isotherms. Software, such as RHEA, may also be applied. In this 
case, the user only inputs raw data, and the software completes all processing.  

Note: log𝜔! − log𝜔 = log("!
"
) 



EVOLUTION OF TYPICAL SEAL BINDER RHEOLOGY 

Figure 2 indicates data for an unaged seal binder, i.e. S-E1. Figure 2(a) and (b) show the 
DSR and BBR isotherms for G* and δ. Figure 2(c) indicate the shift factors required to create 
the master curve in (d). Fitted numerical equations are also displayed. These are applied 
when shift factors at non-test temperatures or G* and δ at non-test frequencies are required. 
As an example, should the G* at 40 °C and 10 Hz be required, it may be estimated from the 
graphs as follows: 

i) w = 2 x p x 10 » 63 rad/s 
ii) From Figure 2(c): aT40 »  2 x 10-3 = 0,002 
iii) wr = 63 x 0,002 = 0,126 = 1,26 x 10-1 rad/s 
iv) From Figure 2(d): G*(1,26 x 10-1) » 2 x 105 Pa = 200 kPa 

When the numerical equations are known, G* and δ may be calculated more accurately.  

  
(a) G* isotherms (b) δ isotherms 

  
(c) Shift Factors (d) Master Curve 

Figure 2: Unaged S-E1 with Tref = 15 °C 
 

Figures Figure 3 and Figure 4 indicate Black Space (G* vs δ) for an S-E1 and 70/100 at 
unaged and RTFO & PAV-aged conditions. Generally, data moves in the direction of the 
upper left corner. This movement implies that for the same frequencies and temperatures, 
the measured G* increases while δ decreases. The trend agrees with experience of 
increased stiffness, reduced relaxation, and the associated increased susceptibility to 
cracking as surfacing seals age.  

In the low-intermediate stiffness ranges (approx. G* < 105 Pa) associated with higher road 
temperatures and lower loading rates, the two binder types exhibit significantly different 
relaxation (represented δ) behaviour, especially when unaged. This difference may be 



expected as the goals of adding modifiers include improved initial high-temperature 
performance. As the S-E1 ages, the effect of the modification appears negated. It can also 
be observed that δ-values associated with intermediate stiffness (approx.  105 < G* < 107 
Pa), lower with increased age. Concerning elastic-dominant behaviour (δ < 45°), this implies 
that both the stiffness and temperature ranges for which brittle bitumen behaviour is 
observed will increase with age. By extension, exceptionally high stiffness (G* > 108 Pa) and 
low relaxation (δ < 26°) [4] behaviour may increasingly occur, dependent on the operational 
conditions and degree of ageing.   

Data further indicate that binder origin, and modification type and degree influence the shape 
and development of the master curves and Black Space diagrams. Subsequently, it is 
expected that these factors will also affect the onset of binder ageing and failure. 

  
(a) Unaged (b) RTFO & PAV aged 

Figure 3: Black Space for S-E1 
 

  
(a) Unaged (b) RTFO & PAV aged 

Figure 4: Black Space for 70/100 
 

CONCLUSION 

The introduction of fundamental rheology and mechanical analysis principles to bitumen 
grade evaluation allows for a greater understanding of the mechanisms that control seal 
performance and ageing. Although data processing is significantly increased, it produces 
greater certainty in engineering calculations and design. The trends observed in the 
performance analysis of bitumen confirms and further clarifies known in-field seal 
phenomena. 



CURRENT AND FUTURE RESEARCH 

Current and planned research regarding seal binder rheology at Stellenbosch University 
include: 

• Refining the extraction and recovery of seal binders, including the expected variability 
and FTIR analysis [10]–[12]. 

• Rheology and performance of seal binders [13], including rubber binders [7]. 
• Influence of rheology on seal performance characteristics, such as stone orientation 

and texture depth [14]. 
• Ageing and modelling of seal binder rheology, including numerical and machine 

learning models [9]. 
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