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1.  Introduction

Rheology involves the study and evaluation of the
time-temperature dependent response of materials, such as
bitumen, that are stressed or subjected to an applied force.
As discussed by Roberts et al. (1991), rheological proper-
ties of bitumen consist of age hardening, temperature sus-
ceptibility, shear susceptibility, stiffness, penetration, duc-
tility, and viscosity. This present study places the empha-
sis only on temperature susceptibility, penetration, viscos-
ity and softening point as they are closely related.

Temperature susceptibility is defined as the rate at
which the consistency of bitumen changes with a change
in temperature. Three approaches to characterise this
property are Penetration Index (PI), Penetration-Viscosity
Number (PVN), and Viscosity-Temperature Susceptibility
(VTS) (Roberts et al. 1991). Low PI, low PVN, and high
VTS values are indicators of a binder that is highly sus-
ceptible to temperature changes (i.e. a high temperature-
susceptibility) and vice versa (i.e. indicating the bitumen
has a lower temperature susceptibility). 

Both penetration and viscosity tests were carried out at
different temperatures to investigate the temperature sus-
ceptibility of the bitumens from different sources in order
to explain the effects of bitumen rheological properties on
the bitumen foaming  characteristics and the properties of
the resulting mixtures. The study examined the relation-
ship between the physical properties of the bitumen and
the foamability characteristics of the resulting foam.

The results of bitumen consistency and bitumen foam-
ing tests of the collected samples are presented in the fol-
lowing paragraphs. The results obtained from these tests
were correlated to investigate the significance of rheolog-
ical properties of bitumen on foaming characteristics and
the behaviour of the foam-stabilised mixes, as will be dis-
cussed later in this paper.

2. Physical Properties of Bitumen Samples 

Table 1 summarises the physical properties of the bitu-
men samples. Bitumens from seven different bitumen
sources were collected and examined in this study. Five
bitumens were obtained from three sources (SHL, VEN,
and DLT, with different penetration grades) that are cur-
rently used in New Zealand, three were from three sources
in California in the United States (AR2000, AR4000-1,
and AR4000-2), and one (C170) from Australia. 

The sources of the New Zealand samples are denoted
by letters, and the grades are indicated by numbers (80,
180) using the penetration grade system. Thus the five
samples are SHL80, SHL180, VEN80, VEN180, and
DLT80.  Samples from the US are graded with the "Aged
Residue" (AR) method. The numerical values of this grad-
ing system describe the viscosity (in poises) of these sam-
ples at 60oC after being aged in the Rolling Thin Film
Oven (RTFO) test. Thus, the three US samples are
AR2000, AR4000-1, and AR4000-2.  For the Australian
bitumen, the numerical value of C170 is the viscosity of
the original bitumen (in Pa.s) measured at 60oC. 
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Table 1 lists the penetration and viscosity values meas-
ured at different temperatures of all the samples.

3. Temperature Susceptibility 

Three approaches were used to characterise the temper-
ature susceptibility of the bitumen from the different
sources: Penetration Index (PI), Penetration-Viscosity
Number (PVN), and the Viscosity-Temperature
Susceptibility (VTS).  Only the first two approaches (PI
and PVN) are shown in this paper due to size limitations.
The detailed results and analysis can be found in Saleh
(2004).  Table 2 shows the fitted penetration and viscosi-
ty with temperature. Both the standard error (S) and cor-
relation coefficient (r) values confirm that the fitted lines
are valid as the standard error is quite small and the corre-
lation coefficients are quite close to 1 (one).

3.1 Penetration Index (PI)
The Penetration Index (PI), one of the above mentioned

three methods for characterising temperature susceptibili-
ty, can be determined by drawing the relationship between
penetration values on a log scale and the corresponding
temperatures on an arithmetic scale. Based on the slope
(gradient) of the penetration-temperature fitted line, the
Penetration Index (PI) of each sample was calculated
using Equation 1. The results are shown in Table 3 and
depicted in Fig.  1.

(1)

Figure 1 shows that the PI values are between -2.08 and
+0.65. According to Roberts et al. (1991), PI values for
most good paving binders are between +1 and -1. High
temperature susceptibility occurs when the binder has PI
below -2.  AR2000 shows the lowest PI value while
VEN80 exhibits the highest PI. Therefore, AR2000 is the
most temperature-susceptible binder. Such a binder is vul-
nerable to brittleness, leading to cracks in cold climate
areas and prone to rutting at high temperatures.

Penetration Viscosity 
Temp. Reading Temp. Reading 

Bitumen 
Type 

(oC) (dmm) (oC) (mPa.s) 
20 60 80 17500 
25 86 95 4810 SHL80 
30 142 110 1671 
15 52 80 7125 
20 97 95 2285 SHL180 
25 169 110 864.3 
20 53 80 27500 
25 78 95 7150 VEN80 
30 123 110 2290 
18 92 80 8100 
21.5 129 95 2425 VEN180 
25 187 110 925 
20 45 95 5700 
25 76 110 1925 
30 135 120 1001 

DLT80 

  135 427.5 
20 39 80 9550 
25 74 95 2470 AR2000 
30 141 110 780 
20 26 80 19800 
25 43 95 4385 AR4000-1 
30 80 110 1360 
20 29 80 17650 
25 55 95 4430 AR4000-2 
30 102 110 1450 
  60 121162 
20 36 70 55500 
25 61 80 18300 

C170 

30 119 90 7162 

Table 1.  Results of consistency tests for different
bitumen types

Bitumen 
Type 

Penetration Fitted Lines 
(Log pen = ) S r 

SHL80 1.02988 + 0.037 *T 0.025 0.995 

SHL180 0.9271 + 0.052 *T 0.016 0.999 
VEN80 0.993 + 0.036 *T 0.0126 0.999 

VEN180 1.1717 + 0.043 *T 0.006 1 

DLT80 0.6990 + 0.048 *T 0.009 1 

AR2000 0.4748 + 0.056 *T 0.001 1 
AR4000-1 0.4387 + 0.048 *T 0.021 0.998 

AR4000-2 0.370 + 0.055 *T 0.004 1 

C170 0.51781 + 0.052 *T 0.025 1 

Table 2.  Fitted lines for penetration for bitumens
from different sources

Bitumen Type  Slope PI 
VEN80 0.03636 0.65 
SHL80 0.03700 0.53 
VEN180 0.04390 –0.61 
DLT80 0.04757 –1.12 
AR-4000-1 0.04847 –1.24 
C170 0.05151 –1.61 
SHL180 0.05235 –1.71 
AR-4000-2 0.05469 –1.97 
AR-2000 0.05580 –2.08 

Table 3.  Penetration indices (PI) of the bitumens
from different sources
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In addition, those binders also have low viscosity at
135oC leading to tender mix problems (such as instability
leading to distortion and rutting) during compaction under
traffic loads (Roberts et al. 1991). Table 3 and Fig. 1 also
show that all New Zealand bitumens, except SHL180,
have reasonably low temperature susceptibilities. 

3.2 Penetration-Viscosity Number (PVN)
This second method is based on penetration at 25oC and

viscosity at either 135oC or 60oC, which are standard
specifications for paving bitumen. Equation 2 was used to
calculate PVN of each bitumen sample (Roberts et al.
1991):

( 2)

where:

X = the logarithm of viscosity in centistokes measured at
135oC,
L = the logarithm of viscosity at 135oC for a PVN of 0.0,
and
M = the logarithm of viscosity at 135oC for a PVN of -1.5
The values of L and M can be determined using the equa-
tions below (based on the least square fits).
The equation for the line representing a PVN of 0.0 is:

L = log (Vis @ 135oC) = 4.258 - 0.7967 * log 
(Pen at 25oC)    (3)

The equation for the line representing a PVN of -1.5 is:

M = log (Vis @ 135oC) = 3.46289 - 0.61094 * log
(Pen at 25oC) (4)

Note that this study assumed a specific gravity of all
bitumen samples equal to 1 (one). The relationship
between viscosity units is therefore:
1 centipoise = 1 mPa.s = centistokes * bitumen specific
gravity.

Table 4 shows the values of X, L, and M, and Fig. 2
shows PVN values of all nine different bitumen types.

Figure 2 shows that all PVN values were between
+0.05 and -2.17. According to Roberts et al. (1991), most
paving binders have a PVN between +0.5 to -2.0. Bitumen
class C170 showed the lowest PVN value, while VEN80
exhibited the highest. Thus, C170 is the most temperature-
susceptible binder and VEN80 is the least temperature-
susceptible bitumen. It is also clear that these bitumens
used in New Zealand have lower temperature susceptibil-
ity compared to US bitumens, as all the three US types lie
within the high temperature-susceptibility range.

Each of the above two approaches used to determine
the temperature susceptibility resulted in a different order
of the least and the most temperature-susceptible bitu-
mens. Nonetheless, results from the two methods show
that the C170 and US bitumens have higher temperature
susceptibilities compared to the New Zealand bitumens. 

The differences between the results of the two
approaches may be attributed to the empirical nature of
the penetration test. Later in this study, the temperature
susceptibility of the different binders will be compared
with the characteristics of the resulting foamed bitumens
and will be examined against the temperature susceptibil-
ity of the resulting foam-stabilised mix.

Figure 1.  Penetration indices of the bitumens from
different sources, shown graphically

Table 4.  Penetration-viscosity numbers (PVN) of the
different bitumen types

Figure 2.  Penetration-viscosity numbers (PVN) of the 
nine bitumen types, shown graphically
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4. Tests to Characterise Bitumen Foams

In evaluating the foam characteristics, the expansion
ratio (ER) and half life (HLT) values were used. The
expansion ratio is the ratio of the maximum measured vol-
ume of the foamed bitumen to the original volume of bitu-
men.  High expansion ratio values give low viscosity foam
that disperses well into the mix.  Half-life (τ1/2) is the time
in seconds it takes for the foamed bitumen to settle to half
of its maximum attained volume.  Long half-lives allow
more time for the mixing process.  ER and τ1/2 are inverse-
ly related.  Increasing the amount of foaming water
increases ER and decreases  τ1/2. An optimum water con-
tent that optimizes both parameters can be determined. A
Foam Index (FI) has been suggested recently as a more
useful measure of bitumen foaming characteristics, which
takes into account both ER and  τ1/2 by measuring the area
under ER decay curve.  The foam index (FI) was calculat-
ed from Equation 5 (Jenkins et al. 2000):

(5)

where:

ts = discharge time (in seconds): in this research, ts value
is 5 seconds, and 
c = ratio of measured and actual ER; this can be deter-
mined from the relevant chart in the South African (SA)
Interim Technical Guidelines (SA Transportek 2002).

Figure 3 shows the relationship between the percent-
ages of foamant water and the corresponding FI values for
different bitumen sources. The water content that maxi-
mizes the FI is the optimum foamant water content. As it
appears from Fig. 3, most of the bitumen sources do not
show any peak. In this case, the percentage of water that
generated a half-life equals to or greater than certain arbi-
trary value was chosen as the optimum based on the
researcher's experience. In this research, a half life time
equals to or greater than 7 seconds was selected to opti-
mize the foamant water content.  Table 5 gives the opti-

mum percentage of foamant water of each sample that was
used later in the preparation of foam-stabilized specimens.
In addition, the FI values for the corresponding optimum
foamant water are presented and subsequently the quality
of resulting foam assessed for cold mix use (based on SA
Transportek 2002).

Note:  ER: Expansion Ratio;   HLT: Half-life in seconds;
FI:  Foam Index

5. Classifications of Foam Bitumen Quality

Figure 3 shows that the use of the FI to optimize the
percentage of foamant water is not achievable in most
tests because very few bitumen types show a peak. This
may be attributed to the fact that the FI was developed
assuming that the rate of decay of the foam follows a cer-
tain exponential decay curve (Equation 5), which may not
be valid for all bitumen types. In addition, the FI value
relies on the expansion ratio and the half-life, which are
both empirical parameters. Therefore, FI is also an empir-
ical parameter. Because of the empirical nature of the cur-
rent parameters that are in use to characterise the foam
quality, several discrepancies in classification of the dif-
ferent sources of foam bitumen can be detected. For
example, although DLT80, SHL80 and AR4000-2 were
classified as poor or unsuitable for foam stabilisation
(Table 5), they all mixed and dispersed effectively with
the aggregate matrix in the laboratory without any prob-
lems. However C170 did not mix.  Due to these discrep-
ancies, the researcher proposed a new approach to classi-
fy the foam quality.   The details of this new approach are
not shown here but can be found in (Saleh, 2004).

According to Figure 3, VEN180 provides the best qual-
ity foam and C170 gives the lowest quality foam. It was
not possible to mix the foam created from C170 since the
foam formed clots and strings and, therefore, no speci-
mens could be prepared for it.

Examining Table 5, the optimum percentage of foamant
water for each sample is within the range of 1 to 3.5 that
was recorded in the literature (Maccarrone et al. 1994,
Mohammad et al. 2003, Ramanujam & Jones 2000).

Figure 3.  Relationship between foam index (FI) and
water content (Wc) of the bitumen samples

Bitumen 
Type 

% 
Optimum 
Foamant 
Water 

Foam 
Index 

Foam 
Classification  

VEN180 2.6 224 Very Good 
AR4000-1 2 143. Good 
AR2000 2 118. Moderate 
VEN80 3 114. Moderate 
SHL180 3.5 109 Moderate 
AR4000-2 2 89. Poor 
C170 3.5 66 Unsuitable  
SHL80 2.5 55. Unsuitable  
DLT80 2 48. Unsuitable  

Table 5.  Optimum foamant water content, FI, and
form classification* of the nine bitumen 
types (in order of decreasing FI, or decreas-
ing suitability for foaming)
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Under the same testing conditions, the effect of bitumen
source is also obvious. For instance, AR4000-1 and
AR4000-2 are supposed to have similar physical proper-
ties and yet they have different foamability parameters.

6. Physical Properties and Foamability
Relationship 

All nine bitumen types were sorted in ascending order
based on their viscosity at 135oC, and are shown in Table
6. Although there are inconsistencies, generally soft
binders, except C170, produced reasonable foam, and
harder binders such as AR4000-2, SHL80 and DLT80 pro-
duced low quality or unsuitable foams, according to the
current Council of Scientific and Industrial Research
(CSIR), South Africa, classification system.

Based on temperature susceptibly and foam classifica-
tion results shown in Tables 4 and 5, Table 7 was con-
structed. The table lists each sample from the least to the
most temperature susceptible, based on the PVN
approach, and the corresponding foam classification.

It is obvious that C170 is the most temperature-suscep-
tible binder and produces unacceptable foam, while
AR2000, which is also highly temperature-susceptible,
shows reasonable foaming characteristics that were simi-
lar to those produced by VEN80 (which is the least tem-

perature-susceptible binder). The conclusion is that the
use of temperature-susceptible binders does not have a
direct effect on the foaming properties. However, detri-
mental effects may be derived from the resulting mixtures
of foamed bitumen and aggregates, which were assessed
later in this research. 

7. Optimum Mixing Moisture and Mixing
Foam Contents 

The approach using simultaneous determination of
optimum mixing moisture content (OMMC) and optimum
mixing foam content (OMFC), which was discussed in
Saleh and Herrington (2003) and Saleh M. (2004), was
used. 

To construct the contour line graphs, several mix com-
binations were made as shown in the test matrix in Fig. 4.
The combination of water and foam contents that maxi-
mizes the resilient modulus is the optimum mixing mois-
ture content (OMMC) and optimum mixing foam content
(OMFC). 

8. Mechanical Properties of Foam-stabilised
Mixes

After determining the optimum mixing moisture con-
tent (OMMC) and the optimum mixing foam content
(OMFC), several specimens were prepared at these opti-
mum values to test their mechanical properties. The prop-
erties that were analysed for these mixes are resilient mod-
ulus, temperature susceptibility, moisture susceptibility,
indirect tensile strength, fracture energy, fatigue life, and
CBR. Only the resilient modulus, temperature and mois-
ture susceptibility are shown here because of the size lim-
itations.

8.1 Effect of Source and Grade on Temperature
Susceptibility

Table 8 lists the resilient modulus values of foam sta-
bilized specimens measured at different temperatures.

Bitumen Type Viscosity at 135 oC 
(mPa.s) 

Foam 
Classification  

C170 143 Unsuitable  
AR-2000 203 Moderate 
SHL180 263 Good 
VEN180 280 Very Good  
AR-4000-1 297 Good 
AR-4000-2 334 Poor 
DLT80 399 Unsuitable 
SHL80 449 Unsuitable 
VEN80 572 Moderate 

Table 6.  Relationship between bitumen viscosity and
foam quality

Table 7.  Relationship between temperature suscepti-
bility and foaming quality

Figure 4.  Test matrix for testing OMMC and OMFC
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Figure 5 shows comparisons between the different mixes.
In correlation with results of temperature susceptibility of
bitumen (Table 1 and Fig. 2), the PVN approach closely
corresponds to the temperature susceptibility properties of
foamed bitumen mixtures. 

C170 was not analyzed further as it was unsuitable for
foam production.

The VEN80 and VEN180 bitumens were classified as
yielding the least temperature-susceptible bitumens (Fig.
2) and their foamed stabilized mixes showed the least tem-
perature-susceptible mixes, as shown in Fig. 5. However,
there are still some discrepancies. One example is AR-
2000, which was classified as one of the most tempera-
ture-susceptible binders (Figs. 1 and 2), yet it yielded mix-
tures that were not very temperature-susceptible as shown
in Fig. 5. 

8.2 Effect of Source and Grade on Moisture
Susceptibility

Table 9 lists the resilient moduli and index of retained
strength (IRS) values. The IRS is defined as the percent-
age of the resilient modulus after soaking to the resilient
modulus value before soaking. To measure the IRS values,
the resilient moduli of the dry specimens were first meas-
ured, and then specimens were subjected to five days of
soaking. The resilient moduli were measured every 24
hours. Fig. 6 shows the IRS values for the eight different
types of bitumens over different soaking periods.
AR4000-1 shows the highest IRS values while AR4000-2
provides the lowest IRS values. The average IRS value for
all types over the five days soaking period exceeded 90%,
which is an excellent value.

Figure 6 shows no exact pattern concerning the suscep-
tibility of the specimens to moisture. Instead, a scattered
pattern was found for different soaking periods.

Resilient Modulus  Mr (MPa) 

 
20 oC 25 oC 30oC 35oC 

Fitted Line 
Equation for M r 

 6335 4731 3697 2634 
Mr = –247*T + 
11141 

 7771 5866 4618 3068 
Mr = –310*T + 
13860 

 5121 4274 3557 3041 
Mr = –141.6*T + 
7891 

 4324 3522 2765 2024 
Mr = –153.6*T + 
7383 

LT80 8539 6460 5048 3468 
Mr = –336.5*T + 
15133 

 4606 3626 2374 1767 
Mr = –197.8*T + 
8532 

-1 8616 5909 4311 3189 
Mr = –369.5*T + 
15669 

-2 4427 3547 2596 2011 
Mr = –166*T + 
7710 

 

Table 8.  Resilient moduli Mr (MPa) of foam stabili-
zed specimens  produced  from the eight
bitumen types at different temperatures

T = Temperature in oC

Figure 5.  Temperature susceptibility of foam stabili-
sed specimens

Soaking Period (hours)  
Bitumen Type 

24 96 120 
Mr 4756 4199 4333 

SHL80 
IRS 102.0 90.1 92.9 
Mr 5196 4769 5142 

SHL180 
IRS 95.5 87.7 94.6 
Mr 4800 4589 4582 

VEN80 
IRS 90.4 86.5 86.3 
Mr 3443 3024 2884 VEN180 
IRS 96.6 84.8 80.9 
Mr 5637 5557 5519 DLT80 
IRS 78.1 77.0 76.5 
Mr 3300 3707 3813 AR2000 
IRS 96.1 107.9 111.0 
Mr 6371 6902 7100 AR4000-1 
IRS 110.4 119.6 123.0 

AR4000-2 Mr 3877 3046 4200 
 IRS 85.6 67.3 92.8 

Table 9.  Resilient moduli Mr (MPa) and IRS values
of soaked foam stabilised specimens

Figure 6.  Moisture susceptibility of foam stabilised
specimens
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8. Conclusions 

The temperature susceptibilities of the different types
of bitumen as well as those of the mixes were investigat-
ed.  Using bitumen that has low temperature susceptibili-
ty produced foamed-stabilized mixes that also had low
temperature susceptibilities. However, some bitumen with
high temperature susceptibilities produced foam-stabi-
lized mixes with moderate temperature susceptibility.  

The behaviour of the foamed-bitumen mixes produced
from different bitumen types was measured.  The experi-
mental work presented includes the foaming characterisa-
tion of bitumens from seven sources. According to the
foam index parameter, VEN180 and AR4000-1 provided
the best quality foam while C170, SHL80 and DLT80
resulted in a foamed bitumen of poorest quality. The cur-
rent foamability test parameters showed discrepancies in
characterising the foam quality of the different types due
to the empirical nature of the test. 

The moisture susceptibility of foam-stabilized mixes,
especially the effect of bitumen source and grade on mois-
ture susceptibility as shown by the Index of Retained
Strength (IRS), was studied. While the bitumens from
some sources provided higher values of IRS than bitu-
mens from other sources, foam-stabilized mixes, in gener-
al, provided excellent moisture resistance as their IRS
exceeded 80% - 90% after 5 days of soaking.
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