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ABSTRACT
Despite applications of foamed bitumen technology in pavement construction in various places 
around the world, there are still several aspects about this technology that are not clear. In 
addition, knowledge on foamed bitumen technology is mainly empirical and lacks scientific 
basis. This study addresses some of the aspects for foamed bitumen technology such as:
Investigation of any effects in binder composition during the production process for foamed
bitumen; assessment of the effect of bitumen source on foamed bitumen characteristics;
development of a rational method to optimise foamed bitumen characteristics and conditions;
evaluation of aggregate particle coating within foamed bitumen mixes; further improvements in 
the mix design procedure specifically the method of compaction and optimum bitumen content 
determination stages are suggested.

Fourier transform infrared spectroscopy techniques were used to investigate any changes in 
bitumen composition after the production process of foamed bitumen. Fourier transform infrared 
tests were done on foamed bitumen and neat bitumen specimens for two bitumens with similar 
penetration grades. Foamed bitumen characteristics of three bitumens were established by 
producing foamed bitumen at temperatures of 150ºC up to 180ºC and foamant water contents of 
1, 2, 3, 4 and 5%. From the analysis of variation of foamed bitumen characteristics (maximum 
expansion ratio and half-life) at different temperatures a new method based on the equi-viscous 
bitumen temperature to optimize foamed bitumen conditions and characteristics was proposed. 
Rice density and surface energy concepts were used to evaluate aggregate particle coating with 
foamed bitumen. A granite aggregate divided into three different size fractions and three sets of 
foamed bitumen produced from three bitumen penetration grades were used. A gyratory 
laboratory compaction procedure for laterite gravels treated with foamed bitumen was 
established using the modified locking concept. Three laterite gravels with different chemical 
composition were mixed with foamed bitumen produced from one penetration bitumen grade. 
The resulting mixes were compacted up to 200 gyrations and the corresponding compaction
curve defined in terms of height versus number of gyrations noted. In addition, the optimum 
moisture content requirements at the modified locking point were determined. 3D packing theory 
concepts, primary aggregate structure porosity and an indirect tensile strength criterion were 
employed to determine optimum bitumen content for foamed bitumen mixes.

Fourier infrared techniques revealed that foaming did not cause any changes in the bitumen
chemistry, implying that the foamed bitumen production process may possibly be a physical 
process. Characterisation of foamed bitumen produced from three bitumen penetration grades 
showed that foamed bitumen characteristics (maximum expansion ratio and half-life) were
mainly influenced by binder viscosity rather than the source. The equi-viscous temperature 
seemed to provide a suitable criterion at which foamed bitumen with optimum characteristics
could be produced. Rice density results showed that aggregate size fraction, binder expansion 
ratio and viscosity influenced aggregate particle coating. For the coarser aggregate fraction, 
results revealed that binder coating seemed to be mainly influenced by temperature. Whilst for 
fine aggregate fraction the coating was mainly influenced by surface area. Surface energy results 
revealed that foamed bitumen exhibited better coating attributes than neat bitumen. A new 
laboratory compaction procedure for laterite gravels treated with foamed bitumen based on the 
modified locking point was developed. The modified locking point represents the state at which 
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maximum aggregate particle interlock occurs when mixes are compacted in the field. It is based 
on the analysis of the rate of change for the gyratory compaction curve. The compaction curve in 
this case is defined in terms of compaction height versus number of gyrations. Gradation analysis 
beyond the modified locking point showed that aggregate particle breakdown occurred. Analysis 
of the optimum moisture at the modified locking point revealed that the moisture conditions were
less than the aggregate optimum moisture conditions. It is recommended that this point be used 
to determine the optimal compaction characteristics of foamed bitumen mixes. 

Aggregate structure porosity and an indirect tensile strength criteria can be used to determine the 
bitumen content that could be used in design of foamed bitumen mixes. This would reduce the 
amount of resources required since the bitumen content could be estimated prior to carrying out 
the actual laboratory work given that the aggregate grading is known. The aggregate structure 
can be divided (based on 3D packing theory) into oversize, primary, and secondary structures. 
The primary structure is mostly responsible for carrying loads whilst the secondary structure fills 
the voids within the primary structure and provides support to the primary structure. The 
aggregate size particles constituting the primary structure are deduced as a function of standard 
sieve sizes using the packing theory concepts. The minimum sieve size for the primary structure 
is proposed as 1 mm. The oversize structure consists of aggregate particles whose size is greater 
than the maximum size for the primary structure. The secondary structure consists of aggregate 
particles whose size is below the minimum size for the primary structure. The primary aggregate 
structure porosity can be used to establish the starting bitumen content; the bitumen content at 
which this porosity is 50% is chosen as the initial bitumen content. Indirect tensile strength
values corresponding to 50% primary porosity are determined as well as the bitumen contents 
and compared against the recommended minimum values.
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1.0. INTRODUCTION

1.1. Background
In recent times the world has been hit with increasing challenges (such as decrease in natural material 
resources, increasing human populations) in securing sustainable natural resources for construction,
especially good quality ones. These challenges have affected the way various industries can carry out 
their activities. The road construction industry is no exception; it has also been affected by the
aforementioned challenges. These challenges have posed a need for innovations and improved methods of 
construction and maintenance of pavements. Foamed bitumen is one such innovative technology that has
been applied in the road industry. It consists of liquid bitumen, water (in gaseous and liquid states) as well 
as air. It is produced when hot bitumen is exposed to water under pressure and exists for a short time 
period. Foamed bitumen is combined with pre-wetted aggregates to form foamed bitumen mixes or 
foamed bitumen treated materials. In pavement construction, it accrues various mix advantages such as 
improved mix strength and durability, and reduced binder contents. In addition, foamed bitumen 
technology, enables the use of a wide range of aggregates, energy savings during the mix processing as
aggregates are normally at ambient temperatures, environmental friendliness as no toxins are released into 
the environment, improved workability since mixes can stay for longer time periods provided moisture 
loss is prevented, propensity of using labour intensive methods since mixes are normally at ambient
temperature, and reduced costs (Saleh, 2007; Jenkins, 2000; Muthen, 1998; Akeroyd and Hicks, 1988;
Castedo et al., 1983). 

Foamed bitumen was first used in road construction in the mid 1950s when Csanyi (Csanyi and Fung, 
1959, 1957 and 1956) injected steam into hot bitumen; Csanyi acquired patent rights for this innovation. 
Further, Csanyi used it as a binder for soils and marginal aggregates. In the late 1960s, Mobil Oil 
Company of Australia acquired the patent rights for Csanyi's technology and made modifications to the 
production process of foamed bitumen (Lee, 1981; Bowering and Martin, 1976); instead of using steam,
cold water was instead injected into hot bitumen. In addition, they developed an expansion chamber 
(where water under pressure combined with hot bitumen) and a nozzle system through which the foamed 
bitumen was dispersed onto the aggregates. In the early 1990s, patent rights to the foamed bitumen 
technology by Mobil Oil expired and other companies started manufacturing new equipment to produce 
and work with foamed bitumen. Also, other countries apart from Australia gained access to the foamed 
bitumen technology. However, despite being widely applied in pavement construction, some aspects of 
the foamed bitumen technology are still not well understood. These are highlighted in section 1.2. This
study was undertaken to address some of these aspects.

1.2. Problem statement
Foamed bitumen is produced when small quantities of water normally at room temperature and air (under 
pressure) are injected into hot bitumen. Under these production conditions, the binder is more likely to be 
exposed to ageing due to the presence of air and water which promote ageing. Thus there is a need to 
investigate whether any changes in binder composition occurred during the foam production process.
Also, approaches to determine the optimum foamed bitumen conditions (temperature, foamant water 
content) and characteristics (maximum expansion ratio and half-life) have been proposed. However, they 
seem not to be adequate to properly determine the optimum foamed bitumen conditions and 
characteristics. Thus, a rational approach is required to determine the optimum foamed bitumen
characteristics. In addition, foamed bitumen has been characterised by various parameters such as 
maximum expansion ratio, half-life, minimum viscosity, and coefficient of foamability. These may be
influenced by foamant water content, bitumen temperature, source, type, and composition, temperature of 
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the vessel into which foam is dispersed, water, air and bitumen pressure, and additives (Lesuer et al., 
2004; Wirtgen, 2004; Jenkins, 2000; Castedo et al., 1984; Brennen et al., 1983). However, limited 
literature exists on the effects of bitumen source on foamed bitumen characteristics.

Foamed bitumen combines with aggregate particle sizes of less than 63 m or 75 m (Sunarjono, 2008; 
Castedo et al., 1983; Csanyi and Fung, 1956) and sand aggregate fractions (between 2 mm and 63 m) 
(Jenkins, 2000). This forms a mortar that binds the coarser particles into a composite mass (Jenkins, 
2000). Preferential coating of the filler can possibly be attributed to a higher surface area and hence 
higher surface forces. However, limited literature exists on the quantitative determination of proportionate 
preference of foamed bitumen for the fines versus the coarser particles.

Furthermore, there is lack of insight into some aspects of mix design using foamed bitumen. One such 
aspect is the laboratory compaction of foamed bitumen mixes. Most researchers have recommended 
compaction of foamed bitumen mixes at number of gyrations that yield the maximum dry density of the 
aggregate as determined from the Proctor method. However, these methods of compaction (gyratory and 
Proctor) are different. In addition, there is need to explore moisture requirements at the compaction stage. 
Also, there seems to be no suitable method that can be used to establish optimum binder requirements for 
foamed bitumen mixes.

1.3. Objectives
The study was carried out against the following objectives:

Main Objectives
To evaluate/investigate some aspects of foamed bitumen technology such as assessment of aggregate 
particle coating with foamed bitumen, influence of the foam production process on binder composition, 
mix design considerations such as determination of compaction conditions and optimum binder content.

Specific Objectives
(i). Investigating the influence of foamed bitumen production process on binder composition. 

(ii). Development of a rational method for determining optimum foamed bitumen conditions and
characteristics. 

(iii). Evaluation of the effects of binder source onto foamed bitumen characteristics. 

(iv). Assessment of aggregate particle coating within foamed bitumen mixes.

(v). Establishment of a laboratory gyratory compaction procedure for laterite gravels treated with 
foamed bitumen.

(vi). Development of a method to determine the optimum bitumen content for foamed bitumen mixes.

1.4. Scope
In this study, conventional penetration grade bitumens were used. Foamed bitumen was produced from 
these bitumens. Granite aggregates were used in evaluation of aggregate particle coating in foamed 



3

bitumen treated materials. Granite aggregates were used in the analysis of aggregate particle coating with 
foamed bitumen because they were readily available. Laterite gravels were used in the development of a 
gyratory compaction procedure and method to determine the optimum binder content. The effects of the 
foamed bitumen production process on bitumen composition were investigated using infrared 
spectroscopy techniques. Foamed bitumen characteristics, including maximum expansion ratio and half-
life for three penetration grade bitumens from different sources were studied to gain insight into the 
effects of bitumen source on foamed bitumen characteristics. Furthermore, aggregate particle coating in 
materials treated with foamed bitumen was studied using measured changes in Rice density and surface 
energy. A gyratory compaction procedure based on maximum aggregate particle interlock for laterite 
gravels treated with foamed bitumen was developed. A method to determine optimum binder 
requirements for foamed bitumen mixes was developed based on a gradation framework, aggregate 
structure porosity and strength criteria, strength criteria was defined in terms of the indirect tensile 
strength.
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2.2. Characteristics of foamed bitumen (Papers I and V)

Foamed bitumen has been characterised by the maximum expansion ratio, half-life, foam index, minimum 
viscosity as well as the coefficient of foamability (Jenkins, 2000; Wirtgen 2004; Lesueur et al., 2004; 
Asphalt Academy, 2009). The maximum expansion ratio and half-life are the main parameters that have 
been used in characterisation of foamed bitumen. These parameters can be easily measured, although they 
appear empirical. Although the foam index combines both the maximum expansion ratio and half-life, 
attempts by other researchers to apply it in determination of foamed bitumen conditions (bitumen 
temperature, foamant water content) have not yielded definite values (Saleh, 2006; Sunarjono, 2008; 
Namutebi et al., 2011). Using viscosity as a measure of foamed bitumen characteristic would be 
measuring the fundamental property of the foam. However, viscosity determination of the foam using 
direct equipment insertion may lead to distortion of the foam structure and thus the resulting measured 
viscosity may not be the true viscosity of the foam.

The aforementioned foamed bitumen characteristics are influenced by foamant water content, bitumen 
temperature, viscosity, type and composition as well as the temperature of the vessel in which the foamed 
bitumen is collected. The maximum expansion ratio increases with increasing water contents and 
temperature, while the half-life decreases (Brennen et al, 1983; Wirtgen, 2004; He and Wong, 2006). This 
can be explained by the presence of more water being made available as water contents increase. As more 
steam being produced, it leads to the formation of more bubbles. This in turn leads to an increase in 
maximum expansion ratio. The decrease in half-lives can be attributed to increased coarsening/thinning 
effects of the bubbles and reduced binder viscosity as temperature increases. When small bubbles are 
absorbed by large ones, the bitumen film thickness surrounding the bubbles reduces causing the bubbles 
to collapse (Wirtgen, 2004; Sunarjono, 2008). As binder viscosity decreases, surface tension of the 
bitumen films decreases, and the steam pressure within the bubbles exceeds the surface tension of the 
bitumen which leads to collapse of bubbles (Jenkins, 2000). Although, decreasing viscosity can also lead 
to reduction in the surface tension in the lamellae of the bubbles and thus reduce the plateau border 
suction which in turn leads to delay of foam collapse (Sunarjono, 2008). However, this may rarely occur 
since reduction in viscosity will lead to decrease in surface tension for both the lamellae and the Plateau 
border (Sunarjono, 2008).

Bitumens with lower viscosities (soft grades) foam more readily and have high values of maximum 
expansion ratio and half-lives than those with higher viscosities (hard grades) (Abel, 1978; Bissada, 1987;
Namutebi, 2011). However, He and Wong’s (2006) study on decay properties of two bitumen grades 
revealed that the hard bitumen grade (with higher viscosities) gave higher maximum expansion ratios 
compared to those with a soft grade (with lower viscosities) at the same bitumen temperature, air pressure 
and water content levels. In case of half-life values, a reverse trend was observed; half-lives were higher 
for the soft grade compared to those of hard grade bitumen. The variation was attributed to differences in 
viscosities for the two grades of bitumen. This is contrary to results reported by Abel (1978), Bissada 
(1987) and Namutebi (2011). Thus there seems to be other factors such as bitumen composition that could 
possibly influence the foamed bitumen characteristics. In He and Wong’s study, the bitumen composition 
was not considered. Lesueur et al. (2004) deduced that bitumen composition did not significantly
influence the foamed bitumen characteristics as compared to bitumen temperature and water content. 
Thus, limited literature exists on the effects of bitumen composition on the foamed bitumen
characteristics. This study was undertaken to establish foamed bitumen characteristics of different 
bitumen grades and from different sources, as well as to gain more insights into the foamed bitumen
characteristics of different bitumen grades and composition.
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2.3. Optimum foamed bitumen conditions and characteristics (Papers II and V)
Since the maximum expansion ratio and half-life vary differently with foamant water contents and 
bitumen temperatures, there is need to determine the optimum bitumen temperature, and foamant water 
content that would lead to optimum foamed bitumen characteristics. Approaches such as Wirtgen, foam 
index, minimum foam viscosity (Jenkins, 2000; Wirtgen, 2004; Saleh, 2006) have been proposed to 
establish optimum bitumen temperature and foamant water content. In the Wirtgen approach, the average 
foamant water content at which minimum values of expansion ratio and half-life occur is taken as the 
foamant water content; in this approach there is no temperature optimisation. With the foam index 
approach, the foamant water content at which the optimum foam index occurs is considered as one that 
will lead to optimum foamed bitumen characteristics. Although, the foam index is a function of maximum 
expansion ratio and half-life, attempts by other researchers to apply it have not yielded definite optimum 
points (Sunarjono, 2008; Namutebi, 2011). The minimum viscosity approach involves determining the 
foamant water content at which the viscosity is lowest. This foamant water content is considered as the 
one that will yield the optimum foamed bitumen characteristics. Similarly as in the case of the Wirtgen 
approach, there is no bitumen temperature optimization, although a bitumen temperature exceeding 160ºC 
is recommended (Wirtgen, 2004). Generally, the aforementioned approaches seem to be inadequate in 
determining the optimum foamed bitumen characteristics and conditions. 

2.4. Compaction of foamed bitumen mixes (Paper III)

Compaction of any pavement material requires suitable equipment that will aid in achieving a composite 
mass that can be able to withstand the stresses that will be applied to the pavement structure. In addition, 
moisture conditions within the material should be at optimum level to provide the required lubrication 
during the compaction process. Although various laboratory compaction methods have been used in the 
compaction of foamed bitumen mixes, the gyratory compaction method has been recommended as it best 
simulates the roller action in the field. However, it is not clear how the number of gyrations can be 
determined as well as the moisture content level at which compaction can be carried out. Jenkins (2000) 
and Sunarjono (2008) recommended gyratory compaction at the number of gyrations that yielded the 
aggregate maximum dry density as determined from the Proctor method of compaction. However, 
gyratory and Proctor compaction methods are different and certainly the densities achieved in either 
method of compaction may not be equal. Moisture conditions at compaction within foamed bitumen 
mixes also need to be optimised so that the required mix strength after compaction is achieved. Although 
some work has been undertaken to establish the moisture requirements at the mixing stage, limited work 
exists on moisture requirements at the compaction stage. 

In this study, the locking concept was modified and employed to establish the gyratory compaction 
conditions. The locking point represents the state of maximum aggregate interlock. Any compaction after 
this locking point would lead to aggregate particle break down and this would compromise the resulting 
strength of the mix and its durability. This concept of locking point was first defined by Vavrik and 
Carpenter (1998) for dense graded hot mixes, as the first three gyrations that are at the same compaction 
height preceded by two gyrations at the same height. However, application of the compaction height as a 
measure of locking point in this study did not yield any definite number of gyrations for any of the mixes 
in this study. Instead, the rate of change of compaction was used as a measure of resistance to 
compaction. The number of gyrations at which the resistance to compaction increased significantly was 
taken as the modified locking point. In this study, the optimum moisture content for laterite gravels 
treated with foamed bitumen required to achieve maximum dry density was determined at the modified 
locking point.
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2.5. Mix design for foamed bitumen mixes (Paper IV)
Mix design involves various procedures concerned with the optimization of the different constituents of 
the given mix such that the mix fulfills the purpose for which it is designed. One of the major aims of mix 
design is to establish a suitable binder content. Mix design methods for foamed bitumen mixes are 
dependent on concepts for hot bituminous mix design and yet these materials are different. Empirical 
properties such as Marshall stability and flow have been employed in the mix design of foamed bitumen 
treated materials in order to select a suitable binder content (Lee, 1981; Abel, 1978; Bowering and 
Martin, 1976). Recently, other mechanical tests such as indirect tensile strength, resilient modulus, and 
tri-axial have been used (Asphalt Academy, 2009). However, it has been observed that the indirect tensile 
strength may increase with increasing bitumen contents thus not attaining a maximum value. This kind of 
trend presents a challenge of selecting appropriate binder content value. In this study, a method based on 
porosity of the primary aggregate structure and indirect tensile strength is proposed to establish an 
optimum binder content for foamed bitumen mixes.

2.6. Summary of literature
In general, foamed bitumen when brought into contact with pre-wetted aggregates combines with the fine 
fraction (normally minus 2mm). However, it is not clear why this is so; this study has provided some 
possible insights into this mechanism of action by foamed bitumen. Ageing susceptibility of foamed 
bitumen at the production stage has not been studied extensively despite ageing factors (water and air) 
being present during foamed bitumen production. This study analyzed the changes in bitumen
composition before and after foaming in order to ascertain whether binder ageing has occurred. 

Although various methods are available to determine optimum foamed bitumen characteristics (maximum 
expansion ratio and half-life) and conditions (bitumen temperature and foamant water content), they seem 
to be inadequate. Also, it is not clear how the optimum bitumen temperature required to produce foamed 
bitumen can be deduced. This calls for either improvement in these existing methods or establishment of 
other methods to aid in determining optimum foamed bitumen characteristics and conditions. In addition, 
limited research has been done to investigate the influence of bitumen composition on foamed bitumen 
characteristics. In this study, a method to establish optimum foamed bitumen characteristics and 
conditions is established. Attempts are made to analyze how bitumen composition affects the resulting 
foamed bitumen characteristics.

Mix design for foamed bitumen mixes or treated materials is mainly based on design concepts for hot 
bituminous mixes and yet foamed bitumen mixes differ from hot bituminous mixes. Moreover, foamed 
bitumen mixes incorporate various constituent materials such as aggregates, bitumen, water and additives 
(such as lime and cement). Quantities for these constituent materials need to be optimised in order to 
produce a mixture that would good performance. Optimum compaction moisture levels required for 
foamed bitumen mixes also need to be established, since presently only mixing moisture conditions are 
established. In this study, methods to determine the number of gyrations required to compact foamed 
bitumen mixes in the laboratory and optimum bitumen content are developed. In addition, optimum 
moisture levels at which laboratory compaction for foamed bitumen mixes can be carried out are 
proposed.
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3.1.3. Aggregates

a). Granite aggregates
Three aggregate fractions of various sizes namely, 16-2.36 mm, 2.36-63 m and less than 63 m were 
used in this study. These were coded as A1 (16-2.36 mm), A2 (2.36-63 m), and A3 (less than 63 m).
The aggregate fractions were produced from a foliated granite rock mainly consisting of quarts, K-
feldspars and plagioclase with traces of phyllosilicates, muscovite, biotite and chlorite (Ekblad and 
Isacsson, 2008), located in Skälund, Sweden.

b). Binder coated aggregate fractions (Paper II)
Granite aggregates were used in the preparation of binder coated aggregate fractions. Aggregate fractions 
of different sizes were mixed with foamed bitumen prepared from 9% bitumen content for 60 seconds. 
Prior to mixing with foamed bitumen, each aggregate fraction was pre-wetted with water of 75% of OMC 
for each aggregate fraction; this was taken as the median value of the recommended range (65-85% of 
OMC) for mixing moisture content (Bowering and Martin, 1976; Lee, 1981; Bissada, 1987). Aggregate 
fractions mixed with foamed bitumen were cured on trays at room temperature until they attained 
constant weight. The coated aggregate fractions were then sealed in boxes prior to determination of their 
Rice densities. Another set of bitumen coated aggregate fractions were prepared as hot bituminous mixes 
for purposes of comparison and acted as the control. These were prepared using bitumen B2 and were 
coded as HMA. Table 1 summarises the test matrix employed to study aggregate particle coating with 
foamed bitumen.

Table 1. Test matrix for aggregate coating with foamed bitumen

Binder Aggregate fraction
A1 A2 A3 A1 +A2 +A3

FB1 x x x x
FB2 x x x x
FB3 x x x x

HMA x x x x
x: at least three replicate tests were done

c). Laterite gravels (Papers III and IV)
Laterite gravels obtained from the tropics around Lake Victoria, Uganda and classified as silty clayey 
sandy gravels in accordance with the British soil classification system, with a nominal size of 20 mm 
were used. Three types of laterites differing in chemical composition were used; they were coded as L1, 
L2 and L3. Laterite gravels were used in the development of gyratory compaction procedure for foamed 
bitumen treated materials. Also, laterite gravels were used in the production of laterite gravel-foamed 
bitumen mixes. Foamed bitumen used in the preparation of laterite gravel-foamed bitumen mixes was 
produced from bitumens B1 (50/70 penetration grade) and B2 (70/100 penetration grade).

3.2. Methods

Experimental and 3D packing theory methods were used in the study. Experimental methods included 
physical and chemical tests on bitumen, foamed bitumen characterisation tests, Rice/maximum density 
tests on binder coated and uncoated granite aggregate fractions, surface energy tests, and gyratory 
compaction of laterite gravels-foamed bitumen mixes. In addition, resilient modulus and indirect tensile 
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strength tests were undertaken on laterite gravel-foamed bitumen mix specimens. The following sections 
describe the experimental methods used in the study.

3.2.1. Bitumen Characterisation tests (Paper II)

Both physical and chemical tests were employed in characterisation of the bitumens used in the study.
Physical tests involved undertaking traditional rheological tests on the representative bitumen specimens. 
Physical tests included; penetration at 25oC, softening point, Brookfield viscosity, specific gravity and 
density. Chemical tests involved the determination of bitumen composition using Fourier Transform 
techniques, acid number and wax content determination using Differential Scanning Calorimetry (DSC) 
techniques. Table 2 summarises the various tests, standards and parameters measured by these tests.

Table 2. A summary of bitumen test methods

Test method Standard Parameter

Penetration EN 1426 Penetration at 25oC

Ring and ball EN 1427 Softening point (oC)

Brookfield viscosity SS-EN 13302 Dynamic viscosity at 
temperatures of 135, 140, 
150, 160, 170, and 180°C

(in Pa. s)

Density and Specific 
gravity

SS-EN 15326 Specific gravity and 
density at 25oC

Fourier Transform 
Infrared spectroscopy 

(FTIR)

Method is briefly 
described below

Binder functional groups
in both neat and foamed 

conditions

Acid number 
determination

ASTM D 664:95 Acid number

Differential Scanning 
Calorimetry (DSC)

Method is briefly 
described below

Wax content

Chemical tests

a). Fourier Transform Infrared spectroscopy (FTIR)
This was used to investigate the binder functional group composition before and after the foamed bitumen
production process, thus deducing whether foaming induces any ageing of the binder. The Fourier 
transform spectrometer, Nicolet 380 FTIR was used to analyse the composition of the samples. The 
method of attenuated total reflectance (ATR) with a diamond cell was used. Two penetration grade 
bitumens, B2 and B3, of similar grade but sourced from different sources were analysed. Bitumen 
samples in neat and foamed conditions that had been cooled to room temperature were heated to 180oC
for 15 minutes. Hot bitumen was then poured into a diamond cell and pressed with a diamond surface. 
Specimens for a second and third replicates were taken after 15 minutes interval. Scanning was done at a 
resolution of 4 cm-1, wave numbers of 4000 cm-1 up to 400 cm-1 and 32 scans. Table 3 summarises the test 
matrix followed.
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Table 3. Test matrix for FTIR test

Bitumen Neat Foamed
B2 x x
B3 x x

x: represents at least three replicates

b). Differential Scanning Calorimetry (DSC)
This test was carried out to determine the wax content of bitumens B2 and B3. Approximately 15 mg of 
bitumen specimen was weighed in an open pan and placed in the calorimeter cell under the nitrogen 
blanket. The specimen together with a reference empty pan were heated to 120oC to help in wax 
dissolution and then cooled at a rate of 10oC/min to -120oC. The changes in heat energy in the bitumen 
specimen with respect to the reference pan were determined at different temperatures and thermographs 
were plotted. From these thermographs the wax content was deduced. This wax content represents the 
total amount of wax in bitumen comprising macrocrystalline, microcrystalline and amorphous waxes. In 
computation of wax content, a specific heat capacity value of 121.3 J/g °C was used which is the 
estimated average value for natural wax in bitumen (Redelius, Lu and Isacsson, 2002).

3.2.2. Foamed bitumen characterisation (Paper II)

Foamed bitumen was characterised with maximum expansion ratio and half-life parameters. Liquid 
bitumen of 500 g mass at a given temperature was mixed with a given quantity of foamant water under an 
air pressure in an expansion chamber of the foam plant equipment to produce foamed bitumen. The 
bitumen temperature was varied from 150oC up to 180oC in increments of 10oC. While the foamant water 
content (FWC) was varied from 1% up to 5% in increments of 1%. Air and water pressures were 
maintained at 0.5 and 0.6 bars respectively. A dipstick with five marks each mark representing an 
expansion ratio was placed in the foam immediately after foam dissipation. Video clips of the foamed 
bitumen were recorded using a digital camera and later analysed in order to deduce the maximum 
expansion ratio and half-life. Maximum expansion ratio (ERm) and half-life (HL) values were deduced 
from plots of expansion ratio versus time as shown in Figure 3. ERm and HL at a given bitumen 
temperature were in turn plotted against FWCs, in order to obtain the optimum foamed conditions and 
characteristics. 
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Table 4 summarises the test matrix employed in determination of Rice densities for both uncoated and 
coated aggregate fractions.

Table 4. Test matrix for Rice density tests on un coated and coated aggregate fractions

Binder Aggregate fraction
A1 A2 A3 A1+A2+A3

None x x x X
FB1 x x x X
FB2 x x x X
FB3 x x x X

Control x x x X
x: at least three replicates

3.2.5. Surface energy tests

The Wilhelmy Plate method was used to determine the contact angle and thus the surface energy of 
foamed bitumen. Foamed bitumen was produced from bitumen B2 at 4.5% bitumen content, bitumen 
temperature of 160oC and 2% foamant water content. Clean glass slides (24 mm by 40 mm) were 
immersed in foamed bitumen and conditioned by storage in desiccators for 24 hours. The glass slides 
were then mounted in the Wilhelmy Plate device and the test started. Slides where immersed in a probe 
liquid with known surface energy properties for contact angle determination. Three probe liquids namely, 
deionised water, glycerol and diiodomethane were used. The bitumen coated slides were dipped 5 mm
into and retracted from each of the three probe liquids. Graphs of slide mass against depth of immersion 
during the immersion and retraction stages of the test were plotted. Using the manual option, smooth 
portions of the graphs were selected to compute the contact angles. At the end of the test, the stage was 
lowered in order to remove the slide from the probe liquid and discarded. Three slides were tested with 
each probe liquid. The above procedure was repeated with slides coated with neat bitumen for comparison 
purposes.

3.2.6. Laterite gravel tests

Physical and chemical characterisation tests were done on the laterite gravels, Table 5 summarises the
physical tests. 
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Table 5. Physical tests for laterite gravels based on British Standards

Test Standard Parameter

Natural moisture content BS 1377: Part 2:1990 Moisture content
Particle density BS 1377: Part 2:1990 Particle density

pH BS 1377: Part 3: 1990 pH

Sieve analysis BS 1377: Part 2: 1990 Percentage passing a given sieve size
Atterberg limits BS 1377: Part 2:1990 Liquid limit, plastic limit & plasticity 

index
Modified Proctor compaction BS 1377: Part 4:1990 Optimum moisture content and 

maximum dry density
California Bearing Ratio BS 1377: Part 4:1990 Soaked CBR

Chemical tests
Chemical tests were done to determine the chemical composition of laterite gravels. X-ray fluorescence 
(XRF) techniques were used. These showed that the gravels mainly consisted of iron oxide, silica, 
aluminium oxide and traces of titanium and manganese (see Table 6). These mineral compounds are 
typical constituents of laterites (Alexander and Cady, 1962; Maignien, 1966; Prescott and Pendleton, 
1966; Charman, 1988). Laterite gravel L1 contained the highest amount of iron oxide followed by L2 and 
L3 (see Table 6). L3 contained the highest amount silica followed by L1 and L2. The silica- sesquioxide 
ratio which combines all the major chemical compositions (silica, iron and aluminium oxides) for all 
gravels was less than 2 (Table 6). This ratio being less than 2 indicates that the gravels are true laterites 
(Gidigasu, 1976; Charman, 1988).

Table 6. Chemical composition for laterite gravels

Component Unit Laterite gravel
L1 L2 L3

Iron oxide (Fe2O3) % 65.6 51.2 44.8

Aluminium oxide (Al2O3) % 10.5 19.3 19.8

Silica (SiO2) % 26.6 22.2 32.1

Titanium (TiO2) % 1.00 1.00 1.16

Manganese oxide (Mno2) % 0.02 0.02 0.03

Silica-sesquioxide ratio, Kr = 
SiO2/(Fe2O3 + Al2O3)

0.350 0.315 0.497

pH 6.31 5.93 5.70



15

3.2.7. Gyratory compaction (Paper III)

Foamed bitumen mixes consisting of laterite gravels and foamed bitumen (produced from binder B2) 
where prepared at 4.5% bitumen content and 75% of OMC (optimum moisture content of the gravels 
only) as mixing water content. Mixes were compacted at the OMC using a gyratory compactor at a 
vertical pressure of 600 kPa, and an angle of gyration of 1.25o up to 200 gyrations. Plots of the average 
compaction height versus number of gyrations were done and curves fitted using regression analysis. 

Since application of the original locking point as defined by Vavrik and Carpenter (1998) did not yield 
any definite number of gyrations, a modified locking point was proposed. This modified locking point 
was defined as the point at which the resistance to compaction was greatest, and thus was used to 
establish the number of gyrations at which the mixes achieved maximum aggregate interlock. The rate of 
change for compaction curve was used as a measure of the state of compaction. Also, gradation analysis 
using wet sieving was done to assess whether there were any changes in gradation of the gravels after 
compaction at the modified locking point and after 200 gyrations. In addition, sensitivity analysis of 
compaction moisture for the different mixes at the number of gyrations that gave the modified locking 
point was done at 60%, 75%, 90% and 100% of OMC in order to establish the optimal moisture 
conditions for compaction. 

3.2.8. Optimum bitumen content determination (Paper IV)

Aggregate framework
3D packing theory concepts were used to divide the aggregate into three structures namely; oversize, 
primary, and secondary aggregate structures. The gradation for the laterite gravels was analysed, 
percentage retained at each sieve size was determined. This was followed by determination of the average 
weighted particle diameter at each sieve size. This average weighted particle diameter was a function of 
consecutive sieve sizes and volumetric concentrations for these sieve sizes. The primary aggregate 
structure was taken to constitute aggregate particles whose corresponding sieve sizes were interacting; the 
interaction was represented by the average weighted particle diameter falling within the required limits. A 
cut-off sieve size of 1.0 mm was considered to be minimum sieve size for the primary aggregate structure. 
Also, a minimum concentration of 45% was taken for aggregate particles to constitute the primary 
structure. The oversize structure was taken as aggregate particles whose sieve size was above the 
maximum primary structure size. Whilst the secondary structure consisted of aggregate particles whose 
sieve sizes ranged from the minimum sieve size for the primary structure up to and below 0.063 mm size.

Aggregate structure porosity
The porosity for the primary and secondary aggregate structures were determined using volumetric 
relationships. The porosity was determined from the ratio of voids volume voids to total volume. For the 
primary aggregate structure, the void volume consisted of: secondary structure, effective bitumen, air, and 
residual moisture volumes. Whereas the total volume consisted of the primary aggregate structure and 
voids volumes. Similarly for the secondary structure, the void volume consisted of: effective bitumen, air, 
and residual moisture volumes. While the total volume for the secondary aggregate structure consisted of
the secondary structure and voids volumes.

Bitumen content
Two criteria were used in establishing the bitumen content of a given foamed bitumen mix. By 
considering the variation of primary structure porosity versus bitumen content, the bitumen content that 
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gives 50% primary structure porosity was taken as the minimum bitumen content. The 50% porosity was 
taken as the median value for a 45-55% range recommended by e.g. Lambe and Whitman (1979). Further, 
by considering the variation of primary structure porosity versus indirect tensile strength (ITS), the ITS 
values corresponding to 50% porosity were noted, these were compared against the recommended 
minimum ITS values. If the ITS values corresponding to 50% porosity exceed the minimum ITS values, 
the corresponding bitumen contents are noted from the plots showing the variation of ITS versus bitumen 
content.
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4.0. RESULTS, ANALYSIS AND DISCUSSION (II-IV)

4.1. Foaming effects on binder chemistry (Paper II)

The Fourier transform infrared spectra obtained for neat and foamed bitumen samples coincided over the 
entire wave number range from 4000 to 400 cm-1 for both binders tested (Figure 4). Analysis of the 
spectra revealed that there were no significant differences in carbonyl and sulphoxide peak areas for neat 
and foamed specimens for all the bitumens studied. Carbonyl and sulphoxide compounds are indicative of 
bitumen ageing. The carbonyl peak occurred at around 1700 cm-1 wave number and sulphoxides at 

1030 cm-1 for both bitumens.

Figure 4. FTIR spectra for neat and foamed bitumen for B2 and B3

From these results, it was deduced that the production process of foamed bitumen did not lead to any 
chemical functional group compositional changes within the binder. This could be attributed to short time 
periods the bitumen is exposed to water and air in the foam plant, which may not be enough to cause 
ageing to occur within the binder. Hot bitumen was exposed to air and water in the expansion chamber of 
the foam plant for average time of 3.8 seconds. Further, these results could imply that foaming might be a 
physical process, involving physical forces such as exchange of thermal energy, surface tension and does 
not involve any chemical changes of the bitumen. However, if the binder were exposed to the ageing 
promoters (air and water in this case) for longer time periods then binder ageing is expected to occur, as 
exposure time to ageing promoters is one of the factors that influences binder ageing (Read and 
Whiteoak, 2003). Studies by Twagira and Jenkins (2009) on ageing of bituminous stabilised materials 
revealed that short term ageing would occur in foamed bitumen if bitumen was circulated in the foam 
plant for longer time periods (more than eight hours) whilst at high temperatures (between 170°C and 
180°C). 
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4.2. Foamed bitumen characteristics and conditions (Paper II)

4.2.1. Effects of bitumen temperature, foamant water content and binder source

a). Bitumen temperature
As the bitumen temperature was varied from 150oC to 180oC, maximum expansion ratio values (ERms)
increased while the half-life values (HL) reduced for all binders (Figures 5a and 5b). This could be 
attributed to more thermal energy being made available to convert water into steam as bitumen 
temperature increased. This in turn led to production of more bubbles and thus high expansion ratio 
values. The reduction in half-life values as the temperature increased can be explained by lower surface 
tension forces within bitumen bubble films (as a result of reduced binder viscosity) that are exceeded by 
the internal steam pressure (Jenkins, 2000; Sunarjono, 2008). Also, due to the likelihood of many bubbles 
touching each other frequently, small bubbles are absorbed by the larger ones which leads to lamellae (of 
larger bubbles) thinning and thus rupture (Sunarjono, 2008).

Figure 5a. Maximum expansion ratio versus foamant water content at different bitumen temperatures
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Figure 5b. Half life versus foamant water contents at different bitumen temperatures

Binder B3 exhibited the highest ERm values while B1 the highest half-life values (Figures 5a and 5b). B3 
exhibited the lowest binder viscosities at all temperatures. This may suggest that lower binder viscosities 
enabled the steam to easily penetrate the bitumen continuum. However, B1 that exhibited the highest 
binder viscosities at all temperatures gave the highest half-life values (Figure 5b). High binder viscosities 
lead to increased surface tension within the bitumen films, which in turn balances the internal bubble 
pressure. These effects lead to increased stability of the bubbles and thus high half-life values. These 
results agree with those by Bissada (1987) and Abel (1978) but seem to contradict those given by He and 
Wong (2006), where low viscosity binders instead gave low expansion ratio values, and high viscosity 
binders gave high expansion ratio values. This behaviour observed in this study may be attributed to 
binder composition, B3 contained wax as shown by DSC results. Also, studies by , Chromicz-
Kowalska and Maciejewski (2015) on improving foamed bitumen characteristics with synthetic wax to 
bitumen (50/60 grade) revealed that wax (0.5% to 2.5%) increased the maximum expansion ratio and 
half-live values. The ERm values increased from 11 to 18, whilst half-lives increased from 10s to 17.7s, 
these increases were analyzed as being significant at 5% level. The increase in the foamed bitumen 
characteristics was attributed to wax reducing the bitumen viscosity.

b). Foamant water content
The maximum expansion ratio values increased with increasing water contents for all bitumen 
temperatures for bitumens B2 and B3 (Figure 5a). While the half-life values decreased with increasing 
water contents, at high foamant water contents half-life values tended to be constant or increased slightly
for bitumens B2 and B3 (Figure 5b). These results agree with what other researchers have observed 
(Sunarjono, 2008; Brennen et al., 1983). However, the foamed bitumen characteristics of binder B1, 
exhibited a unique relation with increasing foamant water contents (FWCs). For binder B1, as
temperature increased from 150 up to 170oC, the ERm increased reaching a maximum value and then 
decreased (Figure 5a). The FWC at which an optimum ERm occurred increased with increasing 
temperature (Figure 5a). While the half-life values reduced reaching a minimum and then increased with 
increasing foamant water content (Figure 5b). At a binder temperature of 180oC, the ERm and half-life 
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values increased and decreased, respectively, with increasing foamant water contents (Figures 5a and 5b).
This behaviour may be attributed to lack of enough heat energy to convert a substantial amount of water 
into steam, it was visually observed that less steam was expelled during foam collapse at temperatures 
less than 180oC. Also, from this behaviour it can be deduced that there seems to be a viscosity related 
limit on the ERm at any given temperature for binder B1.

Further, analysis of actual foamant water converted into steam using the Universal gas law revealed that 
not all foamant water was converted into steam for all the bitumens used in the study. Generally bitumen 
B3 exhibited the highest amount of water converted into steam at foamant water contents above 2%, and 
thus gave the highest ERm values.

c). Binder source
Although, bitumens B2 and B3 were obtained from different sources, they exhibited similar foam 
behaviour unlike B1 that was obtained from the same source as B2. This may suggest that the grade or 
viscosity mainly influenced the foamed bitumen characteristics. Also, the presence of wax within the 
binder B3 seems to enhance its foamed bitumen characteristics as this binder B3 yielded the highest ERm
values.

4.2.2. Optimum foamed bitumen characteristics and conditions
The bitumen temperature and foamant water content that can lead to production of foam with the highest 
ERm and half-life values are desired. Attempts to apply the foam index (FI) as suggested by Jenkins 
(2000) to deduce optimum bitumen temperature and foamant water content that would yield optimum 
foamed bitumen characteristics and conditions were futile. Figure 6 shows the variation of FI with 
foamant water content and bitumen temperature. From Figure 6 it is clear that the FI varied differently 
with various temperatures and foamant water contents. No clear trends were obtained as a result it could 
not be used to deduce optimum foamed bitumen conditions. 

Figure 6. Foam index versus FWC and bitumen temperature
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Table 7. Summary of optimum foaming conditions by Wirtgen approach

Bitumen Bitumen 
Temperature 

(oC)

Foamant water content (%)
Expansion 
ratio (15)

Half life 
(16 s)

Average

B1 160 3.0 2.2 3
B2 150 1.6 2.3 2
B3 150 1.4 3 2

NOTE:- Average foamant water contents were rounded off to the nearest whole number.

Further, it can be deduced that the optimum binder temperatures (Table 7 and Figure 8) exhibit viscosities 
that lie within or near the recommended binder viscosity (0.15-0.19 Pas) range suitable for mixing with 
the aggregates (ASTM D2493). This may suggest that foaming at or near the equi-viscous temperatures 
leads to foam with optimum characteristics.

Figure 8. Bitumen viscosity versus temperature

Therefore, considering variation of foamed bitumen characteristics (ERm and HL) at or near the equi-
viscous temperature, the optimum foamant water content is taken at the point where the break in the ERm
versus FWC curve first occurs. The ERm and HL values at this FWC are obtained and checked against 
the recommended values, see Figures 9 and 10. The values of the foamed bitumen characteristics obtained 
using this method are summarised in Table 8.
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The optimum FWCs obtained for the bitumens using the equi-viscous approach (Table 8) agree with 
those obtained by the Wirtgen approach (Table 7). Thus determining the foamed bitumen characteristics 
(ERm and HL) at or near the equi-viscous temperature could lead to foamed bitumen that exhibits
optimum characteristics. Interestingly, when the equi-viscous approach is applied to Sunarjono’s results 
(2008) (see Paper V), it yields acceptable ERm and HL values in view of Wirtgen’s (2004) guidelines for 
ERm and HL. 

4.3. Aggregate particle coating (Paper II)

4.3.1. Rice density results
The Rice densities for the different coated aggregate fractions are summarised in Table 9a. As expected, 
for all binders, the Rice densities for coated fractions were less than the maximum densities of the 
uncoated aggregate fractions; implying that all fractions were coated with the binder to some extent.
Aggregate fraction A1 (coarse) gave the highest Rice density followed by A2 (sand) and A3 (filler) the 
lowest for all binders. This implies that most of the binder was concentrated in A3 compared to fractions 
A1 and A2. 

Table 9a. Rice densities for coated aggregate fractions

Binder Rice density (kg/m3)
Aggregate fraction

A1 A2 A3 A1 + A2 + A3
No binder 2646 2672 2749 2678

FB1 2579 2372 2287 2350
FB2 2614 2386 2285 2391
FB3 2573 2369 2294 2307

HMA 2320 2319 2287 2319

For foamed bitumen binders, the coated aggregate filler fraction A3 gave the lowest density followed by 
A1 +A2 +A3 (fraction with coarse, sand and filler particles), A2 (sand) and A1 (coarser fraction) with the 
highest Rice density (Table 9a). The difference in Rice densities across the aggregate fraction was 
significant at 5% level. Since lower Rice densities are indicative of higher bitumen amounts and higher 
Rice densities lower bitumen amounts within a given coated aggregate fraction, this implies that most of 
the binder was concentrated within the filler fraction for foamed bitumen binders. Also, probably due to 
the differences in aggregate sizes, the smaller (filler) fraction easily attaches itself to the foamed bitumen 
bubbles unlike say the coarse fraction. The large size of the coarse particles may cause the foamed 
bitumen bubbles to burst easily when they come into contact with the aggregate particles. This in turn 
may lead to rapid steam condensation forming water onto the aggregate surfaces, with the water on the 
aggregate surfaces, making these particles hydrophobic to the binder. However, this is still a hypothesis.

Statistical analysis of differences in Rice densities for aggregate fractions coated with foamed bitumen 
binders, showed that there were no significant differences in Rice densities across the different foamed 
bitumen binders (p value of 0.13 exceeded 0.05, see Table 9b) at 5% significant level. However, 
significant differences occurred across the different aggregate fractions (p value of 0.00 was less than 
0.05, see Table 9b) at 5% significant level. This may suggest that the aggregate fraction size mainly 
influenced the Rice densities and thus the aggregate coating. 
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Table 9b. ANOVA analysis Rice densities for aggregate fractions & foamed bitumen binders

Source of Variation SS df MS F p-value F crit
Foamed bitumen binders 2304.62 2 1152.31 2.87 0.13 5.14

Aggregate fractions 153538.3 3 51179.42 127.54 0.00 4.76
Error 2407.76 6 401.29
Total 158250.6 11

When the coarser fraction A1 was heated (see Table 9a for the HMA), the Rice density on average 
reduced by 10% compared to A1 coated with foamed bitumen. This may be explained by the temperature 
effect, the hot coarser aggregate fraction A1 takes more binder when heated than when at room 
temperature. Further, for the hot mixed aggregate fractions (HMA), there were no significant differences 
in Rice densities for the different aggregate fractions.

Theoretical binder film thickness
The theoretical binder film thickness was computed as a function of effective binder volume, aggregate 
surface area and weight, see Equations 2 up to 5 (Roberts et al., 1996). From the Rice density values, the 
corresponding aggregate effective densities, and effective binder volume (total volume of the binder less 
amount absorbed) were computed. This effective binder volume was used to estimate the theoretical
binder film thickness for each of the aggregate fractions.

se w
w

mm bit

w mm

1 - bEffective density,                             [2]
b - 

Where: b is the bitumen content by total weight of the mix,

bit

se sb
ba bit

se sb

re  water and Rice densities respectively, G  is the binder specific gravity.

Binder absorbed by aggregate weight (%), P = 100              [3]       

bit sb

eff t abs

Where:  densities respectively.

Effective volume, V  = V  - V              

t abs

eff

agg

        [4]
Where: V , V  are binder total and absorbed volumes respectively.

1000VTheoretical film thickness, t( m)=        
SA W

agg

     [5]

Where: SA is the aggregate surface area, W  is the aggregate weight.

The computed theoretical film thicknesses are summarised in Table 10a. The coarse aggregate fraction, 
A1, seems to exhibit the highest film thickness followed by the sand fraction, A2, and then the filler, A3 
for both foamed and hot mixed bitumens. However, these results seem to contradict those predicted by the 
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Rice densities, which show that for foamed bitumen, the coated fraction A3 possesses a higher film 
thickness since most of the binder seems to be concentrated within this fraction. This may be explained by 
the smaller aggregate surface area for the coarser fractions which gives higher film thickness. While the 
higher aggregate surface area for the finer fraction tends to reduce the thicknesses. 

Theoretical film thicknesses by the HMA fractions (that acted as the control) are higher than those 
exhibited by foamed bitumen binders (Table 10a). In addition, coated aggregate fractions A1 and A2 with 
foamed bitumen binders FB1 and FB3 exhibited higher film thicknesses than those with FB2. This can be 
explained by the high expansion ratio (for FB3) and viscosity (for B1) values, which lead to thicker film 
thicknesses onto the aggregate particles. 

Table 10a. Summary of binder film thicknesses

Binder Theoretical binder film thickness 
( m)

Aggregate fraction
A1 A2 A3 A1+A2+A3

FB1 35.97 5.91 2.94 9.42
FB2 31.32 5.73 2.95 9.08
FB3 36.89 5.96 2.89 10.36

HMA
(control)

75.07 6.66 2.94 10.63

Statistical analysis using two way ANOVA revealed that significant differences at 5% level existed in 
binder film thickness across the various aggregate fractions at any given binder (p value of 0.00 was less 
than 0.05, see Table 10b). However, no significant differences occurred in binder film thicknesses across 
the binders at any given aggregate fraction (p value of 0.39 was greater than 0.05, see Table 10b). These 
results are in agreement with those of Rice densities, which revealed that the aggregate fraction mainly 
influenced the Rice density. Also, there were no significant differences in theoretical film thicknesses for 
the coated fine aggregate fractions A2 and A3 for all binders. These results may suggest that aggregate 
particle coating is mainly influenced by the aggregate particle size. 

Table 10b. ANOVA analysis for binder film thicknesses

Source of Variation SS df MS F p-value F crit
Binders 339.86 3 113.29 1.13 0.39 3.86

Aggregate fractions 4548.69 3 1516.23 15.15 0.00 3.86
Error 900.98 9 100.11
Total 5789.54 15

Comparison of film thicknesses for coated aggregate fractions with foamed bitumens with those exhibited 
by the control (HMA), it can be deduced that on average the thickness for A1 were 50%, 90% for A2, and 
100% for A3, (these percentages are expressed as a proportion of the corresponding control film 
thicknesses). This may imply that when film thickness is employed as a design criterion in foamed 
bitumen mix design, then only the aggregate surface area of size 2.36mm and less need to be considered 
in computation of the aggregate surface area, this is according to the aggregate tested.
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Also, the benefit of heating aggregates seems to be significant for coarser aggregates, as the film 
thickness for control is twice thicker than for the foamed bitumen coated fraction, A1. For finer particles, 
aggregate temperature does not appear to affect the film thickness. Instead for this fraction the surface 
area mainly influences the film thickness.

4.3.2. Surface energy results
The summary of advancing contact angles obtained with three probe liquids, and the computed surface 
energy components for bitumen and foamed bitumen are shown in Table 11. Foamed bitumen gave lower 
advancing contact angles and higher surface energy components compared to those obtained with neat 
bitumen (Table 11). This may suggest that as bitumen is foamed its adhesive abilities are improved, since 
low contact angles and high surface energy components indicate good wetting.

Table 11. Summary of Contact angles and Surface energy components

Specimen Advancing contact angles (o) Surface energy (10-3 N/m)
Liquid LW - +

Deionised 
water

Glycerol Diiodomethane

Bitumen (B2) 95.4 90.0 53.8 29.43 2.31 0.00 29.43
Foamed bitumen at 
maximum expansion

80.2 59.1 34.1 38.85 2.35 1.29 42.33

Foamed bitumen after 
collapse*

93.1 79.8 47.3 32.72 1.85 0.03 33.19

NOTE: *: slides were coated after steam expulsion. LW is Lifshitz-van der waals, - is the base, + is the 
acid and total surface energy components respectively.

After foam collapse, the contact angles increased and surface energy components decreased, tending 
towards those for neat bitumen. This implies that after collapse foamed bitumen tends to possess similar 
adhesive abilities as those of neat bitumen. Also, an increase in the polar component is observed as the 
bitumen is foamed. This increase in the polar component may result from the water that is produced from 
steam condensation and the liquid water that still exists within the foam. This can be further supported by 
computation estimates of water converted into steam and moisture loss results (Paper II), not all water is 
converted into steam and thus some water still exists within the foam. The possibilities of steam 
condensation occurring around the glass plate during the sampling exercise for foamed bitumen 
specimens were considered to be negligible. However, further research is required to quantify the effects 
of steam condensation on the polar component of foamed bitumen.

By combining the surface energy values obtained in Table 11 with typical surface energy values of 
granite aggregates, LW = 56.34, + = 43.59, - = 782.71 (10-3 N/m), (Masad et al., 2006), the work of 
cohesion, work of adhesion (in wet and dry conditions) and compatibility ratio between the bitumen or 
the foamed bitumen and aggregate fractions were computed (Table 12). 
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Table 12. Summary of Work of Cohesion and Adhesion, Compatibility ratio

Binder Work of 
cohesion 

(10-3

N/m)

Work of adhesion (10-3 N/m) Compatibility 
ratio

For 
foamed 
bitumen

In dry 
conditions

In wet 
conditions

a b c d e = -c/d
Neat bitumen (B2) 58.86 101.51 -238.22 0.43
Foamed bitumen at 

maximum 
expansion

84.66 241.47 177.36 -181.52 0.98

Foamed bitumen 
after collapse

66.38 303.26 113.52 -229.10 0.50

Note: LW, + and - for water were taken as 21.8, 25.5, 25.5 (10-3 N/m) respectively (Hefer et al., 2006). 
Negative sign indicates release of energy.

The work of cohesion was computed from Equation 6:
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A A A A A
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W 2                     [6]

 Where: W  is the work of cohesion,  
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The work of adhesion between foamed bitumen and aggregate was computed from equation 7:
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The work of adhesion between bitumen and aggregate in dry conditions was computed from equation 8:
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The work of adhesion between bitumen and aggregate in wet conditions was computed from equation 9:

ABw Aw Bw AB=      [9]

Where: subscripts A, B, w refer to aggregates, bitumen and wat

W

Aw Bw AB

er respectively,

y between materials represented by the subscripts.    

It was assumed that the surface energy was independent of the aggregate size. 

Foamed bitumen at maximum expansion gave higher values of work of cohesion and adhesion,
compatibility ratio compared to those by neat bitumen (Table 12). This may suggest that foamed bitumen 
exhibits better coating abilities than neat bitumen. However, no statistical analysis could be made to 
assess whether these differences were significant, since no replicate samples of foamed bitumen were 
tested during surface energy measurements. 

The magnitude of work of adhesion in wet conditions for the foamed bitumen at maximum expansion is 
less than that for bitumen and foamed bitumen at collapse. It is desired that this work of adhesion in wet 
conditions be as low as possible, so as to reduce the displacement of the binder from the aggregate surface 
(Bhasin and Little, 2007). This may suggest that foamed bitumen at maximum expansion may offer a 
better resistance to water displacement than neat bitumen. On the other hand, the work of adhesion in wet 
conditions for foamed bitumen after collapse is similar to that for neat bitumen. This implies that after 
foam collapse, when a greater portion of water in form of steam has escaped, the foamed bitumen tends to 
behave like neat bitumen. 

4.4. Compaction characteristics of foamed bitumen treated materials (Paper III)

a). Locking point
The locking point concept as defined by Vavrik and Carpenter (1998) was modified to yield definite 
number of gyrations. The modified locking point was defined as the first point at which two gyrations at 
the same gradient of slope for the compaction curve were preceded by two gyrations at same gradient of 
slope. The compaction curve was defined by the relation of average compaction height versus number of 
gyrations. For all laterite gravel-foamed bitumen mixes studied, the compaction height decreased rapidly 
during the initial number of gyrations and then became linear indicating that the rate of change 
compaction had decreased (Figure 11). From visual observations, it was deduced that the point at which 
the compaction curve became linear occurred after 50 gyrations. Thus, the points before 50 gyrations 
aided in identifying the locking points for the different mixes.

The compaction curve defined in terms of height versus number of gyrations for all the three foamed 
bitumen laterite gravel mixes could be best fitted with a logarithmic relation (Figure 11). From these 
relations, the gradient of slope expressed as a second derivative was determined at each number of 
gyrations. The modified locking point was taken as the first point at which two gyrations at same gradient 
of slope were preceded with two gyrations with the same value of gradient of slope. The number of 
gyrations at which locking was achieved are summarised in Table 13a. The number of gyrations for the 
mixes at which maximum interlock was achieved varied from 40 to 46. At this number of gyrations it 
would imply that if such a material were to constitute a pavement, then the material would be stable 
within the pavement.
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Figure 11. Average compaction height versus number of gyrations for mixes 

Table 13a. Locking points for the different gravels

Laterite 
gravels 

Locking 
point (No. of 

gyrations)
L1 45
L2 46
L3 40

Gradation analysis using wet sieving at the number of gyrations that gave the modified locking point 
showed that there was hardly any aggregate particle break aggregate down for L3 at 40 gyrations, (Figure 
12a). While aggregate particle break down occurred for L1 and L2 laterite gravels at 45 and 46 gyrations 
respectively, (Figure 12a). Further, gradation analysis at 200 gyrations using wet sieving showed that 
there was aggregate particle break down for all the gravels studied, (Figure 12b).

In addition, gradation analysis using wet sieving at 44 gyrations (the average of the modified locking 
point for all gravels); showed that hardly any aggregate particle break down occurred for L3, (Figure 
12a). While for L1 and L2 aggregate particle break down still occurred, (Figure 12a). Hence, even if the 
number of gyrations are further reduced for L1 and L2, still aggregate particle break down would occur. It 
should be noted that although aggregate particle break down occurred for L1 and L2 at their modified 
locking points, this break down was lower than that which occurred at 200 gyrations. 
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Figure 12a. Gradation for laterite gravels before and after compaction at locking point 

From the foregoing analysis, the modified locking point seems to be a suitable point at which it is 
possible to carry out compaction of the laterite gravels treated with foamed bitumen. The procedure for 
establishing the locking point involves: fitting a logarithmic curve to the compaction data obtained from 
the gyratory compactor, this is followed by determination of the gradient of slope of the compaction 
curve. The gradient of slope is obtained by taking the second derivative of the regressed curve. The 
locking point is identified as the first point at which two gyrations at the same gradient of slope are 
preceded by two gyrations at the same gradient of slope. In this work, an average of 44 gyrations is 
recommended as the modified locking point at which to compact laterite gravel foamed bitumen mixes. 
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Figure 12b. Gradation for laterite gravels before and after compaction at 200 gyrations 

b). Compaction optimum moisture content
The dry density increased as the moisture content increased reaching a maximum and then decreased with 
increasing moisture content. From the plots of dry density versus moisture content at modified locking 
points, the moisture content that gave the maximum dry density was taken as the optimum compaction 
moisture content for a given mix. The optimum compaction moisture content at the modified locking 
points of 45, 46 and 40 gyrations, varied from 86% up to 92% of OMC (optimum moisture content of the 
gravels only) for the different mixes (Table 13b). It can be observed that optimum compaction moisture 
content for compaction is less than the OMC for all the gravels tested, this shows that gyratory 
compaction of foamed bitumen mixes should be done at moisture conditions below the OMC. Also, the 
maximum dry densities for the mixes are less that than those for the various laterite gravels only, this can 
be attributed to the presence of the binder within these mixes that tends to increase the volume which in 
turn reduces the density. Therefore, future compaction of mixes of laterite gravels and foamed bitumen 
could be done at the number of gyrations that lead to modified locking point and optimum compaction 
moisture conditions.
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Table 13b. Gyratory compaction conditions

Laterite 
gravels 

Locking 
point (No. of 

gyrations)

Maximum dry 
density (kg/m3)

Optimum 
compaction moisture 

content (%OMC)
L1 45 1958 90
L2 46 1940 92
L3 40 1995 86

4.5. Optimum bitumen content determination (Paper IV)

4.5.1. Aggregate structure porosity
The aggregate framework based on 3D packing theory concepts was applied to mixes of foamed bitumen 
and laterite gravels, Table 14 below gives a summary of the different aggregate structures, the 
corresponding sieve sizes, average weighted particle size and the corresponding concentration for each 
aggregate structure. According to Lambe and Whitman (1979), a maximum porosity of 55% is 
recommended for a granular material, from this a corresponding concentration of 45% is inferred as the 
minimum required for granular particles to stay in contact with each other. The primary structure 
concentration exceeded the minimum concentration of 45% required for aggregate particles to remain in 
contact with each other as a necessary requirement for load transfer within the mix. Although for L2, the 
concentration of 44% is slightly less than 45%, it can be considered as acceptable within limits of 
experimental error.

Table 14. Aggregate structure, concentration and sieve size ranges

Laterite 
gravel

Aggregate structure concentration (%) Sieve sizes (mm)

Oversize 
structure 

(OS)

Primary 
structure 

(PS)

Secondary 
structure 

(SS)

Oversize 
structure 

(OS)

Primary 
structure 

(PS)

Secondary 
structure (SS)

L1 16 47 37 >16 16-2.36 Less than 2.36

L2 16 44 40 >16 16-2.36 Less than 2.36

L3 16 46 38 >16 16-2.36 Less than 2.36

The primary aggregate porosity was computed as the ratio of the volume of voids to the total volume for 
the different laterite gravel foamed bitumen mixes at different bitumen contents. The voids for the 
primary aggregate structure constituted the volumes for the aggregate secondary structure (filler fraction
inclusive), bitumen, air and residual moisture. From the plots of aggregate primary structure porosity 



34

versus bitumen content and indirect tensile strengths (see Paper 4), the bitumen contents were deduced as 
shown in Tables 15 and 16 below.

Table 15. Bitumen contents in percent corresponding to 50% primary porosity

Bitumen Laterite gravels
L1 L2 L3

B1 4.1* 2.7* 3.0*
B2 4.3* 5** 5**

NB: *- an average for two bitumen contents was taken
**- a bitumen content with porosity closer to 50% was taken

All the above bitumen contents obtained at 50% primary structure porosity gave indirect tensile strength 
values whose values exceeded the minimum recommended value of 125 kPa according to the Asphalt 
Academy (2009). 

4.5.2. ITS and Porosity criteria
Indirect tensile strength (ITS) values corresponding to 50% primary aggregate porosity and respective 
bitumen contents at these ITS values are summarised in Table 16. These were obtained from plots of 
variation of primary structure porosity versus ITS and variation of ITS versus bitumen content (see Paper 
IV).

Table 16. Bitumen contents and ITS values at 50% primary porosity

Bitumen Laterite 
gravel

ITS 
(kN/m2)

Bitumen 
content (%)

B1 L1 195 4.5
L2 200 4.7
L3 210 5.5

B2 L1 270.5 4.4
L2 255 5.0
L3 328 4.6

4.6. General discussion

4.6.1. Effects of production process on bitumen composition
Infrared spectra obtained for both neat bitumen and foamed bitumen samples was similar suggesting that 
there was no change in bitumen composition during the process of foamed bitumen formation. Moreover, 
statistical analysis of carbonyl and sulphoxide peak areas revealed no significant difference in these areas 
for both neat bitumen and foamed bitumen samples at 5% significant level. From the results obtained in 
this study, it can be deduced that foamed bitumen production process does not lead to any changes in 
bitumen chemical composition provided that the bitumen is not exposed to ageing agents (water and air in 
this case) for longer time periods. Twagira and Jenkins (2009) have suggested a limit of not more than 
eight hours at bitumen temperatures of between 170°C and 180°C.
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4.6.2. Optimum foamed bitumen conditions and characteristics
As highlighted in sections 2 and 4.22, methods that are presently available to determine optimum foamed 
bitumen conditions (bitumen temperature and foamant water content) and characteristics (maximum 
expansion ratio and half-life) seem not to be adequate. A study on trends of foamed bitumen 
characteristics (maximum expansion ratio versus foamant water content; half-life versus foamant water 
content) at various temperatures seem to suggest that if foamed bitumen could be produced at bitumen 
temperatures closer to the equi-viscous range (Figure 8) then optimum foamed characteristics would be 
obtained. In addition, the foamant water content that leads to the production of the foam with optimum 
characteristics can be determined once the corresponding maximum expansion ratio and half-life trends 
with foamant water content are established. When this approach is applied to results from other 
researchers acceptable values of maximum expansion ratio and half-life are obtained (see Paper V).

4.6.3. Effects of binder source on foamed bitumen characteristics
Bitumens B1 and B2 that were obtained from the same source yielded different trends for maximum 
expansion ratio versus foamant water content; and half-life versus foamant water content (Figures 5a and 
5b). It should be noted that these bitumens B1 and B2 of different grades although they were obtained 
from different sources yielded similar trends for maximum expansion ratio versus foamant water content; 
and half-life versus foamant water content (Figures 5a and 5b). Bitumen B3, exhibited the lowest 
viscosity at bitumen temperatures between 135°C up to 180°C, followed by B2 and B1 had the highest 
viscosity values (Figure 8). Results from foamed bitumen characteristics (maximum expansion ratio 
versus foamant water content; and half-life versus foamant water content) seem to reveal that bitumen 
viscosity rather than source mainly influences foamed bitumen characteristics. Thus, results from this 
study have yielded some insights into whether binder source influences foamed bitumen characteristics.

4.6.4. Evaluation of aggregate particle coating
Aggregate particle coating within foamed bitumen mixes was analysed using Rice densities, theoretical 
binder film thickness and surface energy. Analysis of Rice densities revealed that bitumen binder was 
mainly concentrated within the filler fraction as well as the aggregate fraction that constituted all the sizes 
(both coarse and fine fractions) in the case of aggregate fractions coated with foamed bitumen binders. 
Further, it was shown through statistical analysis that the aggregate fraction size was the main factor that 
influenced Rice densities and not foamed bitumen binders. In comparison to Rice densities obtained for 
aggregate fractions that were prepared as hot mixes, no significant differences in Rice densities occurred 
at 5% level for all aggregate fractions. In addition, Rice densities for A1 fraction (coarse fraction) when 
compared with that for A1 fraction mixed with foamed bitumen binders decreased by 10% on average. 
This was attributed to the temperature effect, increased temperature (in hot mixes) enabled this fraction 
A1 to be coated with more binder than when it was mixed with foamed bitumen binders at room 
temperature.

When binder film thickness for each aggregate fraction coated with foamed bitumen binders is compared 
with that for corresponding control (hot mixed) one, on average binder film thickness for coarse was 
50%; for fine fraction was 90%; for filler was 100%; and for the case of coarse, fine and filler fractions 
combined was 90%. As the aggregate fraction size decreased the proportion of binder film thickness 
increased for aggregate fractions coated with foamed bitumen binders. In the case of the aggregate 
fraction constituting coarse, fine and filler fractions, when coated with foamed bitumen the film thickness
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proportion of 90% was similar to that for fine fraction. This shows the benefit of including all aggregate 
particle sizes within a given foamed bitumen mix. When all aggregate particle sizes are present in a given 
foamed bitumen mix, then aggregate particle coating with the binder is improved.

Surface energy results seemed to suggest that foamed bitumen exhibited better wetting (better coating) 
abilities compared to neat bitumen. Foamed bitumen yielded lower contact angles and higher surface 
energy components compared to neat bitumen. However, these surface energy results are not conclusive 
as they were performed on only one bitumen.

Generally, Rice densities and theoretical binder film thicknesses suggested that aggregate particle coating 
was mainly affected by the aggregate particle size. For the coarse fraction A1, temperature mainly 
affected the binder film thickness. While for the fine fraction, surface area affected the binder film 
thickness.

4.6.5. Mix design for foamed bitumen mixes
Mix design procedures for foamed bitumen mixes are based on those for hot bituminous mixes and yet 
these categories of mixes are very different. In this study, attempts were made to develop a gyratory 
compaction procedure based on the concept of locking point and a method to establish the optimum 
binder content for foamed bitumen mixes based on 3-D packing theory concepts and indirect tensile 
strength criteria.

Laboratory gyratory compaction
The locking point representing the stage at which maximum aggregate particle interlock is achieved 
during compaction of mixes. As noted in Paper III, the locking point as originally defined by Vavrik and 
Carpenter (1998) was modified to determine the number of gyrations at which to compact foamed 
bitumen laterite gravel mixes using gyratory compaction. This modified locking point was defined as the 
first point at which two gyrations at the same gradient of slope for compaction curve were preceded by 
two gyrations at the same gradient of slope. The compaction curve being defined in terms of height versus 
number of gyrations. For all three foamed bitumen laterite gravel mixes studied, the compaction height 
decreased rapidly during the first gyrations of compaction and became relatively constant thereafter (this 
occurred after 50 gyrations) as gyrations increased. This stage of decrease in compaction height 
represents the expulsion of air voids and aggregate particles coming in close contact to each other as air 
voids are being expelled. The relatively constant stage of constant height shows that aggregate particles 
have reached a state of maximum aggregate particle interlock, any further gyrations applied after this 
stage may thus lead to particles breaking down as a result of the compaction process. 

A regressed logarithmic relation was fitted to each compaction curve for each mix and second derivative 
determined at each number of gyrations; second derivative defined the gradient of slope. The first point at 
which two gyrations at the same gradient of slope were preceded with two gyrations with the same 
gradient of slope was taken as the modified locking point (see Paper III). Gradation analysis done at 
modified locking point gyrations for the different mixes revealed that one gravel, L3 did not undergo 
aggregate particle break down at this point. Although, the other two gravels L1 and L2 did undergo 
aggregate particle break down at the modified locking point gyrations, this break down was less than that 
occurred at 200 gyrations which was the final number of gyrations all mixes were compacted up to. The 
modified locking points (represented by number of gyrations) for the three mixes studied were 45 for L1; 
46 for L2 and 40 for L3; with the average being 44 gyrations. It is interesting to note that all the modified 
locking points were less than 50 gyrations, it was observed that after 50 gyrations the compaction height 
was more or less constant.
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Further analysis, of compaction moisture at the foregoing gyrations that represent the locking points 
showed that optimum moisture contents for mixes that led to maximum dry densities were less than 
optimum moisture content for gravels alone (OMC), see Paper III. In addition, the maximum dry densities 
obtained were less than those for gravels alone (Paper III).

Determination of optimum bitumen content
Based on the gradation analysis and using 3-D packing theory concepts weighted average particle 
diameters were determined for the different laterite gravels tested. The sieve size ranges for the different 
aggregate structures (oversize, primary and secondary) were determined. Primary aggregate structure 
porosity were computed at different bitumen contents for the three sets of mixes made with two bitumen 
types and three laterite gravels. Review of literature on aggregate porosity showed that 50% primary 
porosity was an acceptable value (Lambe and Whitman, 1979; Roque et al., 2006). 

Bitumen contents that yielded 50% primary aggregate structure porosity were determined from plots of 
primary structure porosity versus bitumen content (Paper IV). In addition, the corresponding indirect 
tensile strength values at 50% primary porosity were also determined from plots of primary porosity 
versus indirect tensile strength. These ITS values obtained were compared with the minimum 
recommended values by Asphalt Academy (2009). It is interesting to note that all ITS values at 50% 
primary porosity exceeded the minimum recommended values of 125 kPa by Asphalt Academy. The final 
bitumen contents for the different mixes were chosen from plots of indirect tensile strength values versus 
bitumen contents. 

Results from this study, have shown that primary aggregate structure porosity criteria can be used to 
estimate the bitumen content for a given foamed bitumen mix. Moreover, since foamed bitumen mixes 
are characterised with high voids due to way the bitumen binder is dispersed within these mixes, primary 
porosity could be an acceptable criteria in determining bitumen contents for these mixes as porosity is an 
indicator of voids within a mix. In addition, the starting bitumen content could be estimated given 
primary structure porosity criteria of 50% and values assumed for other variables such as air voids, 
residual moisture, specific gravity for bitumen, mix specific gravity. Other variables such as aggregate 
surface area can be computed from standard values; proportions of different aggregate structures can 
easily be deduced from the aggregate grading; aggregate specific gravity can be easily determined as a 
characteristic for the aggregate; amount of binder absorbed could be related to the water absorption 
characteristics for the aggregates.
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5.0. CONCLUSIONS AND RECOMMENDATIONS
This study has addressed some aspects of foamed bitumen technology, such as ageing susceptibility of 
binder as a result of the foam production process, effect of binder source on foam characteristics, 
development of a method to determine optimum foam conditions (foamant water content and 
temperature) and characteristics (maximum expansion ratio and half-life), as well as evaluation of 
aggregate particle coating with foamed bitumen. In addition, a laboratory gyratory compaction procedure
based on aggregate particle interlock defined in terms of a numerical value has been developed for 
foamed bitumen mixes. A method to determine optimum binder content based on porosity and indirect 
tensile strength has been developed.

5.1. Conclusions

Effects of foaming on bitumen composition

Fourier transform infrared techniques revealed that there were no significant changes in carbonyl and 
sulphoxides functional groups (these groups are indicative of ageing) of the bitumens after foaming. 
These observations suggest that foaming does not lead to bitumen ageing although factors conducive for 
ageing exist during the foam production process. This could possibly be attributed to the short period of 
time the bitumen is exposed to ageing factors (water and air). In this study hot bitumen was exposed to 
water and air in an expansion chamber of the foam plant for a period of 3.8 s, which may not be long 
enough to induce significant ageing to the binder. 

Optimum foamed bitumen characteristics

i. Foamed bitumen characteristics (expansion ratio and half-life) seemed to be influenced mainly by the 
viscosity rather than the bitumen source. 

ii. A method based on determination of foamed bitumen characteristics at or near the equi-viscous 
temperature seems to result into optimum foam characteristics. Thus, after binder viscosity 
determination, the temperature whose viscosity lies within mixing range viscosity (0.15-0.19 Pas) can 
be taken as the optimum foam temperature. The expansion and half-life versus foamant water content 
plots are then established for this temperature. The optimum FWC is taken as the point where break 
in the ER- FWC curve first occurs. The corresponding HL value obtained is checked against the 
recommended guide values. 

iii. Theoretical analysis of the thermal aspects of the foam system has shown that foam temperature is 
less than bitumen temperature, and also not all foamant water is converted into steam. The assertion 
that not all foamant water is converted into steam was supported by laboratory results for binders B1 
and B2 at 160°C, which revealed that water existed within the foam at maximum expansion and after 
collapse. 

Aggregate particle coating with foamed bitumen

i. Aggregate size fraction seemed to mainly affect the Rice densities and theoretical binder film 
thickness of the resulting mixes in case of foamed bitumen binders as revealed by the analysis of 
variance of Rice densities and theoretical film thicknesses.

ii. Foamed bitumen was mainly concentrated in 2.36 mm and less aggregate fractions. Thus, when using 
film thickness as a criterion in foamed bitumen mix design, only the surface area for these fractions 
should be considered. 
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iii. When various aggregate particle sizes exist within the aggregate, the binder is then well distributed as 
illustrated by Rice density results.

iv. Other factors such as maximum expansion ratio of foamed bitumen and binder viscosity influence 
aggregate particle coating. 

v. Aggregate temperature influenced the theoretical film thickness for coarser particles. While for finer 
particles, the theoretical film thickness was mainly influenced by surface area rather than the 
temperature.

vi. Surface energy results suggest that foamed bitumen seems to possess better coating attributes 
compared to neat bitumen. Foamed bitumen exhibited lower contact angles and higher surface energy 
components compared to those of neat bitumen. 

vii. The work of cohesion and adhesion in dry conditions for foamed bitumen was higher than for neat 
bitumen. Similarly, the work of adhesion in wet conditions for foamed bitumen was lower than for 
neat bitumen. This may suggest that foamed bitumen is more likely to form strong adhesive bonds 
with granite aggregates than neat bitumen. 

Compaction based on modified locking point concept

i. The modified locking point is proposed for use in determination of the number of gyrations at which 
to compact laterite gravels treated with foamed bitumen. This point is deduced from the rate of 
change of the compaction curve. 

ii. The procedure for determining this locking point involves:

o Fitting a logarithmic regression curve to the compaction curve

o Obtaining the gradient of slope for the curve

o The modified locking point is taken as the first point at which two gyrations at the same 
gradient of slope are preceded by two gyrations at the same gradient of slope. In this study, 
the modified locking point varied from 40 to 46 gyrations for the mixes studied. 

iii. Gradation analysis revealed that there was hardly any aggregate particle break down for one of the 
laterite gravels (L3) at the modified locking point. Although, some break down occurred for L1, but it
was much lower than that which occurred at 200 gyrations. 

iv. The optimum moisture for compaction of the mixes at the modified locking point gyrations was less 
than the optimum moisture content for the gravels only (OMC), ranging from 86% to 92% of OMC. 
Results have shown that gyratory compaction of foamed bitumen treated materials can be carried out 
at moisture conditions that are less the optimum moisture conditions of the aggregates only, as 
compaction of the mixes at 100% OMC led to lower densities. 

Optimum binder content

The aggregate gradation framework based on the 3D packing theory concepts can be used to characterize
the aggregate structure of foamed bitumen mixes into: oversize, primary, and secondary structures. The 
primary aggregate structure porosity and indirect tensile strength criteria can be used to determine the 
optimum bitumen content for foamed bitumen mixes. This method would provide a rational and cost 
effective way of estimating a bitumen content for use in design of a given foamed bitumen mixture.
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5.2. Recommendations

Effects of foaming on bitumen composition

Further studies should be undertaken on various bitumens that are different in terms of viscosity grades 
and geologic origins in order to gain more understanding of the effects of foaming on the binder, in this 
study only two bitumens were studied.

Optimum foamed bitumen characteristics

i. Further investigation of foamed bitumen characteristics for bitumens from different sources and 
grades should be undertaken as only bitumens from two different sources and grades were 
investigated in this study. 

ii. The method developed for determination of optimum foamed bitumen characteristics should be 
applied to other bitumens in order to test its validity.

Aggregate particle coating with foamed bitumen

i. More surface energy tests should be undertaken on foamed bitumen specimens as well as the 
aggregate fractions in order to gain more insight into its surface energy behaviour. 

ii. Adhesive properties of foamed bitumen produced from different bitumens with other aggregate types 
should be studied. 

iii. Further research is required to quantify the effects of steam condensation on the polar surface energy 
component of foamed bitumen, in this work these effects were ignored.

Compaction based on locking point concept
i. There is a need to test the validity of the modified locking concept with foamed bitumen mixes laid in 

the field. 

ii. Other aggregate types should be tested to validate the proposed compaction method.

Optimum binder content

There is need to validate the method of optimum bitumen content determination based on aggregate 
structure porosity with foamed bitumen mixes made with different bitumens and aggregates.
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ABSTRACT. Foamed bitumen consists of hot liquid bitumen through which water in form of steam bubbles has 
been dispersed. In contact with moist aggregates, it combines with the fine fraction forming some kind of mortar 
that binds the rest of the aggregate particles into a composite mass. In this way, it water proofs the aggregate 
particles and imparts strength to the aggregate. A review and synthesis of literature on foamed bitumen has 
been undertaken in order to gain understanding of the foamed bitumen technology. The characteristics and 
mechanism of foamed bitumen, mix design, properties, types, performance modeling and advantages and 
disadvantages, test methods of foamed bitumen mixtures are dealt with. Case studies where foamed bitumen has 
been applied in pavement construction are also included. 
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1. Introduction 

The use of foamed bitumen is one of the innovative stabilisation strategies used to abate premature failures 
experienced in paving technology. Its use dates back to the 1950s in treating various soils (Csanyi and Fung, 
1956, 1957 and 1959). In the late 1960s Mobil Oil of Australia acquired a patent for production of foamed 
bitumen, and modified its production by using cold water instead of steam. Further, Mobil Oil developed the 
first expansion chamber (in which water was mixed with the heated bitumen to form foamed bitumen), and a 
system of nozzles through which the foam was dispersed, and acquired the patent rights (Bowering and Martin, 
1976; Lee, 1981). Thus, only few countries had access to foamed bitumen technology in the 1970s (Jenkins, 
2000). In the 1990s the patent rights by Mobil Oil expired, this opened up space for other companies such as 
Wirtgen GmbH of Germany, Soter of Canada and CMI of Oklahama (Romanoschi et al, 2003) to manufacture 
new equipment to produce foamed bitumen under controlled conditions of pressure and temperature. This 
enabled various researchers to gain access to the foamed bitumen technology. Thus during the last 20 years, 
many studies involving foamed bitumen technology have been published. 

Foamed bitumen technology offers many advantages such as improving strength and durability of mixtures, 
reduction in binder requirements, increased range of usable aggregates, energy savings during mix production, 
environmental friendliness, improved workability, propensity of using labour intensive methods, and others 
(Wirtgen, 2004; Jenkins, 2000). This review paper covers the use of foamed bitumen technology with emphasis 
on foamed bitumen characteristics, its mechanism of action, foamed bitumen mix design considerations are 
covered as well as properties, classification of foamed bitumen mixes, advantages, disadvantages and 
performance modeling and test methods of foamed bitumen mixes. Also, case studies where foamed bitumen 
has been applied in actual pavement construction are included. Foaming bitumen seems to be a physical process 
and might probably not influence the internal chemistry of bitumen. Although, research on bitumen chemistry 
has been on-going for over 50 years but many aspects around its fringes are still not well understood, this review 
has not delved into this area. 

 

2. Foamed bitumen 

Foamed bitumen (foam bitumen or expanded bitumen) constitutes hot liquid bitumen (typically between 
150oC and 180oC) and water in form of gaseous and liquid states, in this paper, the term foamed bitumen is 
used. Typically, foamed bitumen composition by mass is 97 % bitumen, 2 % water and 1 % additive 
(Maccarrone et al, 1994). The corresponding composition by volume is 95 % air, 5 % bitumen and water 
(Technote, 2006).  

When hot bitumen and cold water (2-3% by weight of bitumen) come into contact, exchange of heat energy, 
steam formation and bitumen expansion occurs (Jenkins, 2000; Wirtgen, 2004). The heat energy within bitumen 
is transferred to the water droplets resulting in increase in temperature of water droplets and decrease in 
temperature of bitumen. When temperature of the water droplets exceeds 100oC, evaporation of the water 
commences resulting in steam formation and further reduction in the bitumen temperature occurs. Steam 
bubbles under pressure are then forced into the continuous phase of bitumen in the expansion chamber, leading 
to bitumen expansion and formation of bubbles in which steam is enclosed under pressure within bitumen films. 
The surface tension of bitumen film enables the bubble to remain intact. This surface tension also is balanced by 
pressure of steam within the bubble, which enables the bubble to expand under diminishing pressure until an 
equilibrium state is reached (Jenkins, 2000). This process happens for many bubbles thus giving rise to a 
colloidal mass that forms foamed bitumen. During this process the binder increases in volume by roughly 10 to 
20 times. The bitumen viscosity decreases, while its surface area increases (Csanyi, 1957, 1959; Jenkins, 2000). 
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This in turn enhances the adhesion and coatability potential of the bitumen with the aggregates at ambient 
temperatures.  

In general, foamed bitumen falls under the class of liquid foams, since a gaseous phase (steam) is dispersed 
within a liquid phase (bitumen). Thus the physical characteristics of liquid foams also apply to foamed bitumen. 
Microscopically, a typical liquid foam constitutes various gas bubbles separated by thin films of liquid known as 
lamellae forming the face of the bubble. These bubbles have various sizes and are randomly distributed. The 
tubes of liquid at the junctions between the lamellae are known as Plateau borders (named after a Belgian 
scientist). The vertices where the Plateau borders meet are called nodes, Figure 1 illustrates the typical foam 
structure.  

 

 

 

 

 

 

Figure 1. A schematic diagram showing a foam structure (Breward, 1999) 
 
 

However, after some time due to drainage processes (caused by Plateau border suction, gravitational forces, 
bubble coarsening) and the pressure inside the bubbles exceeding the surface tension of the bitumen films or 
elongation limit of the bitumen films (Sunarjono, 2008; Jenkins, 2000), these processes lead to bubble collapse 
and thus foam collapse. The Plateau border suction process involves flow of the liquid from the lamellae into the 
Plateau borders. This leads to thinning of the lamellae and thus the liquid film rupture. However, if surfactants 
are present these may reduce the liquid surface tension and thus reduce its flow from the lamellae to the Plateau 
borders giving a more stable foam. Studies by Barinov (1990) on properties of bituminous foams showed that an 
increase in asphaltene content improved stability and expansion ratio of the foams. This would imply that 
bitumens with high asphaltene content would produce more stable foams. However, recent studies on bitumen 
composition have shown that bitumen consists of groups of molecules that are polar and non-polar, and groups 
such as asphaltenes may not exist (Redelius, 2004). Gravitational forces tend to force the liquid portion, which 
is denser than the gas, to the bottom of the foam. Consequently, the lamellae become thin with time and 
eventually rapture leading to collapse of the foam.  

Also when large and small bubbles make contact, high pressure inside the small bubble diffuses through the 
liquid film separating the two bubbles until the small bubble is fully absorbed by the larger one. However, 
absorption of small bubbles into larger ones leads to thinning/coarsening and eventual rupture of the lamellae of 
the large bubbles. If the lamellae of many large bubbles rupture, then collapse of the foam occurs. 

Foamed bitumen has been used applied to a wide range of applications such as, a stabilizing agent for 
marginal and poor aggregates, soils (heavy clayey sandy and granular soils) (Csanyi and Fung, 1956; Acott, 
1979; Lee, 1981; Joubert et al, 1989; Pierre and Yves, 1997), a recycling agent for reclaimed asphalt pavement 
to form new pavement layers during maintenance works (Maccarrone et al, 1994; Akeroyd and Hicks, 1988; 
Engelbrecht, et al, 1985; Van Wijk and Wood, 1983; Brennen et al, 1983), production of surfacing materials for 
low volume roads, road base and subbase course materials (Larcombe and Newton, 1968).  

 
 
 

Plateau border 

Node Lamella 
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Mechanism of action 

When the foamed bitumen is mixed with moist aggregates, it combines with the fines fraction present in the 
aggregates. It also partially coats the coarse aggregates and this imparts to the mix a mortar and friction load 
carrying mechanisms where forces in the mix are partly supported by the mortar and friction from aggregate to 
aggregate contacts. However, a scientific explanation why foamed bitumen combines with the fines has not been 
found in the literature. Studies carried out by Castedo and Wood (1983) also supported the above mechanism. 
This illustrates that the amount of fines is an important factor in foamed bitumen mixes. Further, from electron 
microscope observations on the structure of foamed bitumen mixes, revealed that foamed bitumen droplets 
coated the filler fraction (fraction that passes the 75 �m sieve) first, forming mastic (mixture of water, filler and 
bitumen (Jenkins, 2000). This mastic then combines with the sand fraction (fraction that passes the 2.36 mm 
sieve but it is retained on the 75 �m sieve) forming mortar (mixture of mastic and sand fraction). The resulting 
mortar adheres to the coarser particles. Thus, adequate fines and sand fraction are crucial for aggregate 
treatment with foamed bitumen (Jenkins 2000). 

 

2.1. Characteristics of Foamed Bitumen 

Generally, expansion ratio and half life are the primary parameters that have been used in characterising 
foamed bitumen. Others such as foam index, minimum viscosity, coefficient of foamability have been recently 
devised. 

 

Half life (HL) 

This is the time taken for foamed bitumen to reduce to half of its maximum volume (Jenkins, 2000; Asphalt 
Academy, 2009; Wirtgen, 2004). It is measure of foam stability and indicative of its rate of collapse. It 
determines the length of mixing period of foamed bitumen with moist aggregates. Short half lives may result 
into the bitumen reverting to a high viscosity in a short time before mixing with aggregate, which is not 
favourable for mixing. On the contrary, long half lives allow complete mixing resulting in good mix 
workability. Foamants may be added to enhance or increase the half life of bitumen. Half life should be long 
enough to ensure proper mixing of the fines with foamed bitumen. Different researchers have proposed different 
minimum values for half life and expansion ratio summarised in Table 1. It can be observed that the proposed 
minimum half life values vary widely from 8 to 180 seconds; probably these variations are attributed to different 
types of bitumen, foamant water content and temperature during foam production. 

 
 
Table 1. Minimum half life (HL) and expansion ratio (ER) values found in literature 
 

HL (s) ER Comment(s) Reference(s) 
120-180 10-15 Produced by 1-2% foamant water content. Bowering and 

Martin (1976) 
40-80 6-12  Mitvalsky (1979) 
≥20 8-15  Ruckel et al. (1983) 
≥12 10  Muthen (1998) 
≥8 ≥10 For stabilising a material at 25°C Wirtgen (2004) 
≥20   Read and Whiteoak 

(2003) 
 >10 For 50/70 and 70/100 penetration grade bitumen. Sunarjono (2008) 
 >5 For 160/220 penetration grade bitumen. 
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Expansion ratio/Foam ratio (ER) 

This is the ratio of maximum volume of foamed bitumen to the original bitumen volume (Jenkins, 2000; 
Wirtgen, 2004). It is a measure of foam viscosity and determines how well bitumen is dispersed in a mix. With 
time, after foam formation, this ratio reduces. Figure 3 shows variation of expansion ratio with time. ER is 
measured in the laboratory immediately after spraying foam, (normally after 5 seconds of spraying time). 
Jenkins (2000) modelled the process of foam decay (change of expansion ratio with time) during spraying by 
employing principles of isotopic decay and back calculation theory and deduced correction factors, c between 
the measured expansion ratio, ERm and actual expansion ratio, ERa. He argued that measured expansion ratio 
(after spraying) does not take into account expansion that occurs during the spraying process, and thus the need 
for correction factors. 

 

 

 
 
Figure 3. Relation between expansion ratio and time (Namutebi, 2011) 
 

 

Jenkins (2000) also analysed the process of foamed bitumen decay after spraying and developed equation 
[1]. 

 

 

1/2

-ln2 t
τ

1/2

ER(t) = ERm e                                                                                   [1]
Where:  ER(t) is the expansion ratio at time, t, 
ERm is the maximum expansion ratio, τ  is the half life.

 

 

Lesueur et al (2004) modelled the decay process (expansion ratio versus time) as a power law shown in 
equation [2]. 

 

 

a

1 2

1 2

ERm tER(t)                                                                                [2]
2

Where: ER(t), ERm, t and  are defined as in [1], 

a is a constant between 0.3 and 1.2.

�

�

� �
� � �� �
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The above relations are different, this may be attributed to the differences in bitumen types studied by the 

different researchers. Different researchers have proposed different minimum values for ER (Table 1), this may 
be attributed to the bitumen type, foamant water content and foaming temperature. High values of expansion 
ratio lead to improved coating of fine particles within the material being treated. However, the expansion ratio 
alone cannot be used to determine acceptable foam, since foam stability (half life) influences the mixing of foam 
with mineral aggregate.  

Further, foam characteristics influence the properties of foamed bitumen mixes. Studies by Bowering and 
Martin (1976) showed that when the ER was varied from 3 to 15, Marshall stability, cohesion and compressive 
strength increased for a sand loam material. In case of cohesion, the increase was greater, about 39% compared 
to 26% for compressive strength. Bissada (1987) studied foamed bitumen treated sands and found out that mixes 
made with the binder that gave highest expansion ratio and half life exhibited higher stability compared to those 
with lower expansion ratios and half-lives. This increase may be attributed to presence of thicker bitumen films 
on the particles, since bitumen possesses cohesive properties. Further, related work by Sunarjono (2008) showed 
that expansion ratio, half life and foam viscosity influenced foamed bitumen mixture stiffness. As the expansion 
ratio for a 70/100 penetration grade base bitumen increased from 3 to 33, the mix stiffness increased; beyond ER 
of 33 the stiffness was variable. However, for ER values between 3 and 8, the mix stiffness was low compared 
to that obtained with ER of 8 to 33. However, Lee’s work (1981) on the effect of half life (11 to 136 seconds) 

and ER (5 to 20) on foamed bitumen mix properties showed no significant trends. Generally, limited literature 
exists on the effects of foam characteristics on mix properties and hence the need for further investigation in this 
area.  

 

Foam index 

This is the area under the curve obtained by plotting expansion ratio versus time, it combines both expansion 
ratio and half life, and an indicator of energy stored in foam (Jenkins, 2000). A high value of the foam index 
indicates good foaming characteristics. Jenkins (2000) analysed the area under an asymptotic decay curve and 
deduced equation [3] for computation of foam index. 

 

� �1/2
s

1/2

-τ 4 1 cFI 4 ERm 4ln ERm t                                  3
ln2 ERm 2c

Where: ERm and τ  are defined as in [1],  FI is the foam index in seconds, 
ERmc = ,  ERa is the actual expans
ERa

 � �� � � �� � � �� � � �� �	 
 	 
� �

sion ratio, t  is the spray time.  

 

The expansion ratio increases with increasing foamant water content whilst half life reduces, yet it is 
required that expansion ratio and half life are as high as possible. A parameter that combines the two variables 
(ER and half life) would be required to obtain foam at optimum conditions. Foam index is such a parameter and 
could also be used in optimising the foamant water content and the foamants (additives to enhance the foaming 
characteristics). Although attempts by Namutebi (2010) and Sunarjono (2008) to apply the foam index in foam 
characteristics optimisation did not produce well defined trends, no optimum point could be deduced.  

 

Minimum foam viscosity 

This is the average viscosity of the foam during first 60 seconds after its production (Saleh, 2006a). Plotting 
this average viscosity against foamant water contents gave a point at which the viscosity was minimum, Figure 
4. The corresponding foamant water content gave the best foam characteristics. Using this approach, Saleh 
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(2006a) observed that foams considered poor using the foam index approach could mix well with aggregates. 
Characterising foam using viscosity is a good idea since viscosity is a fundamental property. However, foams 
keep on changing with time and directly measuring their viscosity may lead to foam distortion and thus making 
it difficult to measure the true viscosity of the foam. Presently no researcher except Saleh has used this 
minimum foam viscosity parameter to characterise foamed bitumen. 

 

 

 
 

Figure 4. Minimum viscosity versus foamant water content (Saleh, 2006a) 
 
 

Coefficient of foamability 

This is the ratio of maximum expansion at a given bitumen temperature to the optimum foamant water 
content at that temperature, it is expressed in units of one per percent (Lesueur et al., 2004). From a study on 
foamed bitumen produced from three different penetration grade bitumens, it was deduced that this coefficient 
was independent of temperature and constant for given bitumen (Lesueur et al., 2004). This coefficient varied 
between 2 and 3, these values where low as a result of the nozzle geometry that required high foamant water 
contents (foamant water contents of 3% to over 10% where used). Lesueur et al. (2004) proposed this parameter 
as a possible characterisation parameter for foamed bitumen. Apparently no researcher except Lesueur et al has 
used this as a characterisation parameter. 

 
 

Factors influencing foam characteristics 

Foam characteristics are influenced by various factors such as foamant water content, bitumen type and 
composition, bitumen temperature during foaming, bitumen and water pressure, additives and temperature of 
vessel into which foam is collected. Table 2 shows a summary of these factors. 

 
 
 
 
 
 
 
 

Optimum foamant 
water content 
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Table 2. Summary of factors that influence foam characteristics 
 

Factor Comment(s) Reference(s) 
Foamant water 
content 

As foamant water content increases, ER 
increases but HL decreases. This is due to more 
steam being made available and thus many 
bubbles being created. However, this leads to 
intense interactions between the bubbles that 
results into bubble coarsening, pressure inside 
the bubble exceeds bitumen elongation which in 
turn leads to reduced half life of the foam. 

Brennen et al 
(1983) 
Wirtgen (2004) 
He and Wong 
(2005) 

Bitumen type 
and 
composition 

Bitumens with lower viscosities foam more 
readily and give foams with high ER and HLs. 
Bitumens with high parafins (saturates) content 
exhibited high HLs and foam index values than 
those with low amounts of parafins. 

Bissada (1987) 
Abel (1978) 
Jenkins (2000) 

Bitumen 
source 

Bitumens from Venezuela (high acid content) 
exhibit better foaming characteristics than 
bitumens from other sources. 
However, limited information exists on the 
effects of binder source and composition on 
foam characteristics. 

Wirtgen (2004) 

Bitumen 
temperature 
 

As bitumen temperature increases, the ER 
increases whilst HL reduces, this is due to more 
heat energy being made available to convert 
more water into steam, but bubbles frequently 
contact each other this leads to lamellae 
thinning and thus reduced HL. 
Also, temperature increase leads to reduction in 
binder viscosity and thus the bitumen foams 
more readily. 

Bissada (1987) 
 

Bitumen and 
water pressure 

High pressures cause bitumen and water to 
disperse thus encouraging formation of many 
small bubbles within the foam; this enhances 
ER and HL values. These small bubbles 
constituting the foam translate into a large 
contact area being available, implying that the 
foam would be dispersed very well into the 
aggregate. 

Wirtgen (2004) 

Table 2 is continued to next page 
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Table 2. Continued 
 

Factor Comment(s) Reference(s) 
Additives Additives such as metallic stearates, anti-

stripping agents such as lime, diesel, improve 
foam characteristics. While additives such as 
silicone affect the foam characteristics 
negatively. 

Abel (1978) 
Castedo et al. (1984) 
Kendall et al. (1999) 
Maccarrone et al 
(1994) 
Kendall et al. (1999) 

 If the vessel temperature into which foam is 
dispersed is low, a temperature gradient may 
be created between the foam and the vessel. 
This causes the steam to loose heat in a very 
short time thus leading to a quick collapse of 
foam and reducing its half life. 
-It is recommended that the vessel for foam 
collection be heated to at least 75oC for 
30 minutes before foam collection. 

Asphalt Academy 
(2002) 

 
 

3. Foamed bitumen mixtures 

These consist of foamed bitumen and moist aggregates mixed and compacted at ambient temperatures. 
Aggregates in this context refer to mineral or crushed aggregate, unbound or granular materials and soils. These 
mixtures maybe used for wearing, road base or subbase courses, and are also referred to as foamed bitumen 
treated materials or foamixes. The aggregates need not be heated, although some studies have shown that better 
mixes would be obtained if aggregate temperature was raised from 40oC to 90oC (Jenkins, 2000).  

 

3.1. Mix design 

Before undertaking any design of foamed bitumen mixes, it is important that factors like the nature of 
material to be treated (aggregates), fluid considerations (bitumen and water for mixing and compaction), 
bitumen type, mixing, compaction, and curing methods are considered. In the following sections these factors 
are discussed. 

 

 

Aggregates 

The suitability of aggregates to be treated with foamed bitumen has been mainly based on quantity of the 
fine fraction (filler and sand fractions), and to some extent the plasticity and temperature. Table 3 summarises 
these factors.  
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Table 3. Aggregate factors influencing foamed bitumen mix design 
 
Factor Comment(s) Reference(s) 
Grading 
a. Filler 

fraction 
 

3-5% minimum recommended filler fraction. Csanyi (1960) 
Castedo-Franco et al. 
(1982) 

35-40% maximum recommended filler fraction. Lee (1981) 
 

4% minimum recommended filler fraction. Sakr and Manke (1985) 
5% minimum recommended filler fraction. Bissada (1987) 
5-20% filler fraction for aggregates to be used 
in heavy traffic conditions. 
20-35% filler fraction for aggregates to be used 
in light traffic conditions. 

Akeroyd and Hicks 
(1988) 

4-20% filler fraction Asphalt Academy 
(2009) 

b. Plasticity 
 

Aggregates should have some plasticity before 
treatment with foamed bitumen. 

Ramanujam and Jones 
(2007) 

Maximum PI of 10%, otherwise pre-treat the 
aggregates with lime or cement. 

Asphalt Academy 
(2009), Lewis (1998) 

If PI exceeds 8%, then pre-treat aggregates with 
lime. 

Ruckel et al. (1983) 

PI of 8-24% Csanyi (1959) 
Aggregate 
temperature 

Minimum temperature should be between 13oC 
and 23oC for aggregates to be treated with 
foamed bitumen. 

Bowering and Martin 
(1976) 

Minimum temperature of 10oC Wirtgen (2004) 
 

 

Electron microscope observations on mastics (mixture of foamed bitumen, filler fraction and water) revealed 
that fine particles with size greater than 30 �m were encapsulated with bitumen and that they were connected 
with bitumen threads (Jenkins, 2000). The smaller particles (less than 2 �m or clay sized particles) located 
themselves in bitumen films over coarser particles as well as the threads. Sunarjono (2008) determined the 
binder distribution within a given foamed bitumen mixture using sieving and soluble binder content tests. His 
results showed that the filler fraction (less than 75�m) was best coated with binder with about 80% of coated 
particle surface area and also the maximum aggregate fraction size to be coated with the binder was 6.3 mm. 
These observations illustrate that the filler fraction acts as carrier or a disperser of the foamed bitumen and 
therefore this fraction must be present in any material to be treated with foamed bitumen. Generally the filler 
fraction amount recommended ranges from 3 to 40%. This filler fraction influences the mix properties. Sakr and 
Manke (1985) illustrated that mixes with high filler content exhibited high stabilities. However, the effects on 
mixes of other aggregate properties such as porosity, mineralogy have not been considered.  

 

Fluid considerations 

This includes consideration of moisture and binder contents. Prior to adding foamed bitumen to an 
aggregate, the aggregate is pre-wetted with water. This water performs the following functions (Csanyi, 1960; 
Jenkins, 2000; Khweir, 2007): 

-transports and disperses the bitumen droplets during mixing, 
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-separates and envelopes the fine particles with thin layers of moisture that provide channels through which 
foamed bitumen can penetrate to coat the mineral particles, 

-acts as a lubricant enabling mix workability at ambient temperatures,  
-acts as a compaction aid, reducing internal friction during mix compaction.  
Different moisture contents are required for foamed bitumen mixtures during mixing, compaction and curing 

stages. Thus, the moisture content of a given foamed bitumen mixture needs to be optimised at each of these 
stages. It has been observed that little water results in inadequate dispersion of the binder throughout the mix 
and reduction in mix workability. On the other hand, too much water results into long curing periods and 
reduction in mix properties such as strength, density, etc. 

 

Mixing and compaction moisture contents 

Mixing moisture content is the amount of water that is added to the aggregate prior to addition of foamed 
bitumen. The compaction moisture content is the total amount of water required to achieve maximum 
compaction of the mix; since at maximum compaction strength properties such as stability, indirect tensile 
strength, and unconfined compressive strength are optimised. These water contents aids in foamed bitumen 
dispersion within the mix, separates the fine particles and suspends them in a liquid providing a channel through 
which foamed bitumen may penetrate to coat the particles, and improves workability and compaction of the 
mixture. A study by Jenkins (2000) on foamed bitumen mastics revealed that adding water to the filler fraction 
stiffened the resulting foamed bitumen mastic, stiffer mastic is expected to provide good resistance to permanent 
deformation. This shows that the mixing water increases stiffness of foamed bitumen mixes. Table 4 
summarises recommended mixing and compaction moisture contents as found in literature. 

 

Table 4. Mixing and compaction moisture contents as found in the literature 
 
Moisture content (%) Comment(s) Reference(s) 
Mixing  Compaction   
At fluff point  Fluff point is the 

moisture content at 
which a given 
aggregates exhibits the 
greatest loose volume. 

Bowering (1970) 
Brennen et al. 
(1983)  
Little et al. (1983) 

65-85 of OMC 65-85 of OMC Strength properties 
such as stability are 
highest in this range of 
moisture content. 

Bowering and 
Martin (1976) 
Lee (1981) 
Bissada (1987) 

Empirical relationa Mixing 
moisture 
content 

Moisture content is a 
function of OMC, fines 
and bitumen content. 

Sakr and Manke 
(1985) 

Empirical relationb OMC OMC is reduced by a 
certain amount in order 
to obtain the mixing 
water content. 

Wirtgen (2005 
and 2004) 

Sensitivity analysis 
at 60, 80 and 100 of 
OMC 

OFCc Compaction moisture 
includes water and 
binder quantities. 

Jenkins (2000) 

60 of OMC 80 of OMC OMC is obtained using 
vibratory hammer. 

Asphalt Academy 
(2009) 

80-90 of OMC 80-90 of OMC  Khweir (2007) 
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NB: a: Mixing water content = 8.92 + 1.48OMC + 0.4PF – 0.39BC; where: OMC is optimum moisture content 
of aggregates, PF is the percentage of fines content, BC is the bitumen content. 
b: Mixing water content = OMC – MCred, where: MCred = 0.3OMC – 0.6 (for modified Proctor OMC), MCred 
= 0.4OMC – 0.8 (for standard Proctor OMC) and MCred = 0 for OMC less than 2%. 
c: OFC = optimum fluids content determined by preparing mixes at optimum mixing. 
 
 

The amount of water is an important parameter in a foamed bitumen mixture; too little water impedes the 
dispersion of the binder, workability and compaction whilst too much water leads to increase in the curing time, 
reduction in strength of the compacted mix (Brennen et al., 1983). 

 
 

Bitumen 

It is imperative that the bitumen to be used in the foaming process gives the acceptable foaming 
characteristics; however studies have shown that virtually all bitumen types can be foamed. Csanyi’s work 
(1959) on treating various types of aggregates and soils with foamed bitumen showed that bitumens with 
penetration values ranging from 5 to over 300 would be foamed. It is recommended that mechanical 
characteristics such indirect tensile strength, resilient modulus, etc be determined for a range of binder contents 
and the design binder content be selected as the binder content at which these properties are optimised (Muthen, 
1998). Table 5 illustrates typical binder contents for different aggregate fractions. 

 
 
Table 5. Typical foamed bitumen contents relative to key aggregate fractions (Wirtgen, 2004; Muthen, 1998) 
 

Percentage passing sieve size (%) 
 

Foamed bitumen addition (% of dry 
aggregates) 

4.75 mm 0.075 mm  
< 50 (gravels) 3.0 – 5.0 2.0 – 2.5 
 5.0 – 7.5 2.0 – 3.0 
 7.5 – 10.0 2.5 – 3.5 
 > 10.0 3.0 – 4.0 
> 50 (sands) 3.0 – 5.0 2.0 – 3.0 
 5.0 – 7.5 2.5 – 3.5 
 7.5 – 10.0 3.0 – 4.0 
 > 10.0 3.5 – 4.5 

 
 

Mixing techniques 

The mixing process for foamed bitumen is a dynamic one since foamed bitumen starts to collapse the 
moment it gets into contact with a cold wet aggregate. It is imperative that the mixer employed produces enough 
energy to ensure that intimate mixing of the foamed bitumen and aggregate occurs. Care should be taken that 
stripping of the binder from the aggregate particles does not occur. Various mixers are available such as free-
fall, drum, blenders, and pug mill mixers (Jenkins, 2000) for production of bituminous mixes. It is important 
that the mixer employed for use with foamed bitumen mixes adequately mixes the foamed bitumen with the 
aggregate before foamed bitumen decays completely. Pug mill mixers (basically consisting of a semi-circular 
bowl with two shafts having blades that churn the materials around) are recommended for use with foamed 
bitumen mixes in the laboratory, since they produce representative foamed bitumen mixes in comparison to 
other types of mixers (Asphalt Academy, 2009; Csanyi, 1959). These mixers provide sufficient volume in the 
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mixing chamber and energy of agitation ensuring that the mineral aggregate is airborne when it makes contact 
with the foamed bitumen.  

Further, the mixing time should be long enough to allow the fine particles to be coated by the foam but not 
too long to avoid stripping of the binder from aggregate particles. A mixing time of 20 to 30 seconds is 
recommended for use in the laboratory when manufacturing foamed bitumen mixes (Asphalt Academy, 2009). 
From Sunarjono’s work (2008) it was observed that a mixing time of 60 seconds led to a well distribution of the 
mortar (mixture of foamed bitumen and fines) within the aggregate mass compared to mixing times of 2, 5 and 
10 seconds; thus Sunarjono (2008) recommended a mixing time of 1 to 2 minutes. 

 

Compaction 

Compaction of the mixture of aggregates with foamed bitumen should simulate the field conditions such as 
voids content, density, and particle orientation after rolling. Various compaction methods have been employed 
in laboratory compaction of foamed bitumen mixes such as Marshall, Kneading, Hugo hammer, Kango hammer, 
vibratory hammer, Texas gyratory and other gyratory methods. The gyratory and vibratory hammer methods 
best simulate the field conditions of compaction. Table 6 summarises the different compaction methods. 

 
 
Table 6. Compaction methods for foamed bitumen mixes as found in the literature 
 

Compaction 
method 

Comment(s) Reference(s) 

Hveem kneading 
compactor 

 Bowering (1970) 
Bowering and Martin (1976) 
Lee (1981) 

Marshall hammer Compaction is through 
impact action 

Lee (1981) 
Brennen et al. (1983 
Wirtgen (2004) 

Texas gyratory 
compactor 

 Little et al. (1983) 

Gyratory 
compactor 

20 revolutions and ram 
pressure of 1.38 MPa.  

Brennen et al. (1983) 

 150 cycles, angle of gyration 
of 3o, ram pressure of 
0.54 MPa for 150 mm 
diameter moulds. For 
100 mm diameter moulds, 
angle of gyration of 2o and 
ram pressure of 0.25 MPa. 

Maccarrone et al. (1994) 
 
Saleh (2004) 

Hugo hammer* 10.438 kg hammer falls 
through a 456 mm height, 
compaction is through 
impact and kneading. 

Weston et al. (2002) 

Kango hammer** 5 kg hammer falls through a 
7 mm height, compaction is 
through vibration at a 
frequency of 45 Hz. 

Weston et al. (2002) 

Vibratory hammer  Asphalt Academy (2009) 
NB: 
*: Was developed at University of Stellenbosch, South Africa 
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**: Was developed at University of Nottingham, United Kingdom. 
 
 

Curing 

After production and compaction of the foamed bitumen mixes, the mixes need to develop the required 
strength through a process known as curing. This involves expulsion of water from a mixed and compacted 
material through evaporation, particle charge repulsion or pore pressure induced flow paths and finally the 
spreading and coating of the aggregate particles by the bitumen (Jenkins, 2000; Asphalt academy, 2009). This 
process may go on for some time period ranging from a few days to years. The process of moisture loss leads to 
increased strength and stiffness of the material. For a pavement layer constituting a foamed bitumen mix, the 
curing process would be a function of air temperature, relative humidity, precipitation, depth of a layer, air 
permeability of the compacted mix, and drainage conditions at the boundary layer (Jenkins, 2000; Khweir, 
2007). Various researchers have proposed different laboratory curing methods and the equivalent field cure 
conditions. It is very important that laboratory conditions simulate field conditions. Table 7 summarises of the 
different laboratory cure methods and corresponding equivalent field cure conditions as suggested by different 
researchers. 

 
 

Table 7. Curing methods as found in the literature 
 
Curing method Comments Reference(s) 
Laboratory method* Equivalent field cure  
3 days at room 
temperature (air cure) 
3 days at 49oC 

  Csanyi (1960) 

3 days at 60oC   Bowering (1970) 
3 days at 60oC Construction period + 

early field life 
 Bowering & Martin (1976) 

6 – 10 months  Acott (1979) 
1 year  Maccarrone et al. (1994) 

  Lancaster et al. (1994) 
1 day in mould Short term  Ruckel et al. (1983) 
1 day in mould & 1 
day at 40oC 

Between 7 and 14 
days (Intermediate) 

 Ruckel et al. (1983) 

1 day in mould & 3 
days at 40oC 

30 days (Long term)  Ruckel et al. (1983) 

10 days in air & 50 
hours at 60oC 

  Van Wijk and Wood (1983) 

3 days at ambient 
temperature & 4 days 
vacuum desiccation 

  Little et al. (1983) 

3 days at 23oC   Roberts et al. (1984) 
1 day in mould at room 
temperature & 3 days 
at 60oC 

  Lewis (1998) 

Table 7 continued to next page 
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Table 7. Continued 
 
Curing method Comments Reference(s) 
Laboratory method* Equivalent field cure  
    
72 hours at 40oC.  For mixes 

to be used 
in traffic 
conditions 
of less than 
3 MESA 

Asphalt Academy (2009) 

20 hours at 30oC 
followed with 48 hours 
at 40oC sealed. 

Represents long term 
cure conditions with 
43 to 50% of OMC 
moisture contents. 

For mixes 
to be used 
in traffic 
conditions 
exceeding 
3 MESA 

 

NB: *: Curing in an unsealed state in the oven, unless otherwise stated. 
 

However, it can be expected that curing conditions could differ from region to region depending on the 
climatic conditions. In order to simulate field conditions, the curing temperature can be taken as the expected 
temperature of the pavement layer in the field, determined from pavement temperature and depth relations such 
as FHWA equations (SHRP, 1994) shown in equation [4]. 

 
� � � �2 3T T 1 0.063d 0.007d 0.004d                                                                4

Where: T  is the temperature of the layer located at depth d in inches under pavement

 surface, T T

d surf

d

surf ai

� � � �

� 20.00618Lat 0.2289Lat 24.4,  

T , T  are the maximum pavement surface and average air temperatures respectively,         

Lat is latitude in degrees.

r

surf air

� � �  

Mix design procedures 

The design of foamed bitumen mixes basically involves optimisation of the foam characteristics of given 
foamed bitumen, determination of the aggregate gradation, optimum foamed bitumen content, strength and 
durability characteristics (stability, tensile strength, stiffness, moisture susceptibility, etc). Previously, mix 
design procedures were based on Marshall stabilities and densities. More recently, asphalt design methods have 
shifted away from Marshall methods of design to dynamic test procedures such as indirect tensile test, dynamic 
creep, and others, due to availability of test equipment and because these tests measure fundamental material 
properties. Table 8 summarises the different mix design procedures used in the laboratory. 
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Table 8. Summary of mix design procedures used in the laboratory 
 
Mix design 
procedure 

Moisture content 
requirements at: 

Compaction Curing 

a). Mixing b).Compaction 
Muthen (1998) OMC OMC Marshall 

hammer 
72 hours in oven 
at 60oC 

Asphalt Academy 
(2009) 

60% of OMC 80% of OMC Vibratory 
hammer 
method 

24 hours in mould 
followed by 72 
hours in oven at 
40oC while 
sealed. 

Wirtgen (2004) Empirical 
relation 

OMC Marshall 
hammer 

24 hours in mould 
followed by 72 
hours in oven at 
40oC 

3.2. Properties 

Properties such as density, voids content, tensile strength, stability, California bearing ratio (CBR), shear 
strength, compressive strength, stiffness, fatigue resistance, temperature and moisture susceptibility, creep, 
ageing suceptibility, permanet deformation are employed in the characterisation of foamed bitumen mix 
properties. Most of these are also employed in characetrisation of hot bituminous mix properties. Table 9 
summarises the properties that have been employed in characterisation of foamed bitumen mixes. 

 
 

Table 9. Typical properties of foamed bitumen mixtures/treated materials 
 

Property Typical values Comment(s) Reference(s) 
Indirect tensile 
strength (ITS) 

200-550 kPa 
 

 Bowering and Martin (1976) 
 

 200 kPa For dry specimens 
tested at 25oC and 
0.87 mm/sec 

Maccarrone et al. (1984) 

 100 kPa For wet specimens 
tested at 25oC and 
0.87 mm/sec 

 

 Minimum 
value of 
125 kPa 

Dry indirect tensile 
strength 

Asphalt Academy (2009) 

 Minimum 
value of 
50 kPa 

Wet indirect tensile 
strength 

 

Soaked stability 
Marshal quotient 

3.5 kN 
1.5 kN/mm 

 Akeroyd and Hicks (1988) 
Akeroyd (1989) 

Table 9 continued to next page 
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Table 9 continued 
 

Property Typical values Comment(s) Reference(s) 
Shear strength c=160 kPa 

Angle of 
friction- 45o 
 
Cohesion- 
330 kPa 
Angle of 
friction- 36o 

For crushed rock base 
with 2% foamed 
bitumen and 1% 
cement. 
For gravel base with 
3% foamed bitumen 
and 1% cement 

Wirtgen (2004) 

Vane shear 
strength 

155 kPa To limit permanent 
deformation to less 
than 15 mm at 40oC 

Acott and Myburgh (1983) 

Hveem resistance 65 
Dynamic cone 
penetrometer 

13.5 mm/blow 

Vane shear 
strength 
Dynamic cone 
penetrometer 

300 kPa 
 
8 mm/blow 

Properties for the mix 
at time of construction 

Joubert et al. (1989) 

Unconfined 
compressive 
strength (UCS) 

500 kPa Specimens soaked for 
4 days 

Bowering (1970) 

 700 kPa Specimens cured for 3 
days at 60oC 

  -For 150mm diameter 
specimens compacted 
to 100% modified 
Proctor 

Wirtgen (2004) 

Resilient modulus 
(loading time of 
50 ms, 25oC) 

6000 MPa For dry mixes Lancaster et al. (1994) 

 1500 MPa For wet mixes 
 1500 MPa For mixes to be used 

as pavement layers 
Maccarrone et al. (1984) 

Creep modulus Minimum of 
20 MPa 

 Muthen (1998) 

Retained strength Minimum of 
50 % 

 Lewis (1998), Engelbrecht et 
al (1985) 

 
 

Tensile strength 

A pavement layer is subjected to repeated tensile stresses due to applied traffic loads. These tensile stresses 
lead to formation of tensile cracks within the layer. It is therefore important that the material constituting a 
pavement layer exhibits adequate tensile strength to withstand these tensile stresses. As in the case of hot 
bituminous mixes, the tensile strength of foamed bitumen mixes is expressed in terms of indirect tensile strength 
(ITS). The ITS test has been used in preference to Marshall Stability to evaluate the strength characteristics of 
bitumen stabilised materials. The ratio of ITS for wet to ITS for dry samples known as tensile strength retained 
or tensile strength ratio defines the moisture susceptibility of foamed bitumen treated mixes. Further, 
Engelbrecht et al (1985) observed that the ITS values for foamed bitumen treated materials were higher than 
those of materials treated with either cutbacks or bitumen emulsions. This would imply that foamed bitumen 
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mixes are less susceptible to moisture damage than mixes treated with cutbacks or emulsions. Studies on foamed 
bitumen treated mixes have shown that the ITS increases as the binder content increases reaching a maximum 
value and then reducing with increasing binder content. The foamed bitumen content at which the maximum 
value of wet ITS occurs is normally taken as the optimum binder content (Mallick and Hendrix, 2004). ITS also 
varies with curing conditions, Engelbrecht et al. (1985) observed that the higher the curing temperature, the 
higher the ITS and the lower the residual moisture content. Recommended values of ITS by various researchers 
are shown in Table 9, these values are low in comparison to those for hot bituminous mixes whose ITS values 
exceed 500 kPa, this could be attributed to high amounts of binder within the hot mixes. 

Stability and California bearing ratio (CBR) 

The Marshal stability increases with increasing binder content; mixes then attain a maximum value which 
then reduces with increasing binder content (Bowering and Martin, 1976). The recommended values of stability 
for foamed bitumen mixes for use in pavement layers are shown in Table 9. The CBR values of poor aggregates 
such as sands have been improved on addition of foamed bitumen. Bowering (1970) showed that the soaked 
CBR of sands treated with foamed bitumen was in range of 50-80% compared to 11% for sands that had not 
been treated with foamed bitumen, this represents an increase of four to six times. Also, Lee (1981) indicated 
that the CBR of foamed bitumen mixes consisting of 20% loess and 80% sand increased from 2% (for loess and 
sand without foamed bitumen) to 11% after three days of curing, and then to 108% after seven days of curing. 
This represents a fiftyfold increase in CBR. However, for foamed bitumen mixes made with pit run gravel (with 
high CBR values without foamed bitumen) there was no increase in the CBR after being treated with foamed 
bitumen. From these results, it can be deduced that materials with low values of CBR would be improved by 
addition of foamed bitumen. However, stability and CBR parameters are no longer used as characterisation 
parameters for bituminous mixes because of the advent of more sophisticated equipment that can measure more 
fundamental based parameters such as tensile strength and resilient modulus. 

Shear strength 

The shear strength of foamed bitumen materials consists of cohesion and friction components (Asphalt 
Academy, 2009). The cohesion is due to the mastic (bitumen and fines) well as the friction is due to the 
aggregate-aggregate particle contact. Wirtgen (2004) observed that foamed bitumen increases the cohesion of 
granular materials (such as crushed rock, gravel) by 50% and the angle of friction reduced by 8-9o. The increase 
in cohesion is due to presence of bitumen and the reduction in angle of friction can be attributed to the slight 
reduction in particle to particle contact by the presence of foamed bitumen. Studies by Jenkins (2000) on 
foamed bitumen mixes through triaxial tests revealed that foamed bitumen led to increase in cohesion in excess 
of 100 kPa after moderate curing of the specimens. In addition, there was a reduction in the angle of friction of 
less than 10o compared to the values for granular mixes without foamed bitumen. The strain at maximum 
applied axial stress was higher for foamed bitumen mixes than for granular materials. From Jenkins et al (2007) 
it was deduced that the deviator stress ratio was a critical parameter in stress analysis of foamed bitumen mixes. 
The critical deviator stress for foamed mixes was found to be in a range of 50-55% for permanent axial strain of 
less than 5% and one million number of load applications compared to 40-45% for coarse granular materials. 
Also, studies undertaken by Acott and Myburgh (1983) on mixes manufactured from sands treated with foamed 
bitumen and used in the actual pavement revealed that the shear strength increased with time. A tenfold increase 
from 35 kPa to over 400 kPa was observed after two years since the mixes had been laid. All this illustrates that 
incorporation of foamed bitumen into a granular material improves its strength and deformation properties. 

Resilient modulus/Stiffness 

Foamed bitumen increases the resilient modulus of a given unbound material (Jenkins, 2000; Saleh, 2007). 
This increase in resilient modulus is attributed to strong cohesive bonds resulting from presence of bitumen. The 
resilient modulus of foamed bitumen mixes exhibits stress dependent behaviour (resilient modulus increases 
with increasing total stress) like for granular materials (Jenkins, 2000; Nataatmadja, 2002; Fu and Harvey, 2007; 
Saleh, 2007b). This stress dependent behaviour is exhibited by mixes with less than 4% bitumen content having 
no cement added, and conditioned with cyclic loading (Jenkins, 2000). This conditioning simulates the 
trafficking effect by construction traffic on the mix in the field. The resilient modulus models as a function of 
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stress are shown in equations [5] and [6] for foamed bitumen mixes without active filler such as cement and 
with less than 4% binder content (Jenkins, 2000): 
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Where: σ , σ  are major and minor principal stresses respectively, σ  is the deviator stress, 
σ , σ  are major and deviator stresses at failure respectively, θ is the total stress, 
σ ,  θ  are refer 5 6 7 8ence values = 1kPa, k , k , k , k  are regression constants.

 

Foamed bitumen mixes without active filler, whose bitumen content exceeds 4% and have not been 
conditioned with cyclic pulses do not exhibit the stress dependent behaviour (Jenkins, 2000). Also the resilient 
modulus is influenced by temperature and rise time. Maccarrone et al. (1994) observed that 50% reduction in 
resilient modulus occurred when the rise time was increased from 30 ms to 120 ms. Nataatmadja (2002) 
reported that the stiffness of foamed bitumen mixes consisting of 1.5-4.2% binder contents reduced by 30 to 
44% when the temperature was increased from 10oC to 40oC. Fu and Harvey (2007) observed from cyclic 
triaxial and falling weight deflectometer tests that the resilient modulus/stiffness reduced with increasing 
temperature. From this study, equation [8] was deduced showing the variation of resilient modulus with 
temperature. This reduction in resilient could be attributed to bitumen softening as the temperature is increased. 
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Where: M T  is the resilient modulus at reference temperature T ,
α is the temperature sens

� �r

itivity coefficient,
M T  is the resilient modulus at temperature T.

 

 
Further, the resilient modulus of foamed bitumen mixes (as part of a given pavement layer) decreases as 

traffic loading increases reaching a constant value (Long and Theyse, 2004; Wirtgen, 2004; Asphalt Academy, 
2009). The phase of reduction of resilient modulus is known as effective fatigue life and that for constant 
resilient modulus is known as equivalent granular state or constant stiffness state (Long and Theyse, 2004). 
Thus, it is imperative that this reduction in resilient modulus be taken into account when undertaking 
mechanistic analysis of pavements constituting foamed bitumen mixes. 

Fatigue resistance 

Foamed bitumen mixes with binder content exceeding 3.5% are considered to exhibit behaviour similar to 
hot asphalt mixes; they are expected to have defined fatigue lives (Jenkins, 2000). According to Little et al 
(1983) and Saleh (2007b) who studied fatigue characteristics of the mixes, it was observed that these mixes had 
short fatigue lives compared to those of hot bituminous mixes, although the materials could be used in the 
subbase or road base layers. Saleh (2007b) deduced the following models 9 and 10 for fatigue behaviour of 
foamed bitumen mixes. 
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Where :  N  is the number of load applications to failure,
ε is the initial bending strain, M is the resilient modulus.

 

 
It can be noted that the first model is similar to the fatigue model for hot bituminous mixes. Similarly, 

Maccarrone et al (1994) suggested that fatigue relations for hot bituminous mixes were also applicable to 
foamed bitumen mixes. Also, Bissada (1987) predicted that since foamed bitumen asphalt mixes are considered 
to lie between granular and hot mixes, their fatigue characteristics might be expected to be inferior to those of 
hot bituminous mixes. Although Lancaster (1994) reports on TRL research where the fatigue performance was 
comparable to dense graded hot bituminous mixes, the findings of Lancaster (1994) seem to contradict those of 
Little et al (1983) and Bissada (1987). Thus, fatigue characteristics of foamed bitumen mixes is an area that 
requires further research in order to gain insight into the fatigue behaviour of these mixes. 

Temperature susceptibility 

This defines the variation of properties such as indirect tensile strength, resilient modulus of a given mix 
with temperature. It has been observed that foamed bitumen mixes are not temperature susceptible in 
comparison to the hot bituminous mixes due to low binder contents. Bissada (1987) and Saleh (2007b) observed 
that foamed bitumen mixes were not temperature susceptible as compared to hot asphalt mixes, although the 
tensile strength and resilient modulus of foamed bitumen mixes decreased with increasing temperature (varied 
from 25oC to 50oC). This can be attributed to low binder contents, the larger particles are not coated with the 
binder. Friction exists between the larger particles and is maintained at high temperatures unlike in hot asphalt 
mixes where all particles. However, the viscosity of bitumen-fines mortar reduces at high temperatures thus 
accounting for the decrease in tensile strength and resilient modulus at high temperatures. 

Moisture susceptibility 

Ideally, it would be expected that a bitumen binder would reduce moisture susceptibility of the unbound 
material. Instead it has been observed that foamed bitumen mixes exhibit high susceptibility to moisture, and 
thus their strength characteristics are highly moisture dependent. This can probably be attributed to low binder 
contents and the high voids content of these mixes (Castedo et al., 1984; Muthen, 1998). Studies by Castedo-
Franco et al (1983) on foamed bitumen mixes made with gravel showed that the resilient modulus reduced by 
70% when mixes were exposed to water, illustrating the susceptibility of foamed bitumen mixes to moisture 
damage. Various researchers such as Castedo et al (1984), Asphalt Academy (2009), Wirtgen (2004), and others 
have recommended addition of hydraulic additives such as lime, cement, anti-stripping agents, etc to reduce the 
moisture susceptibility of these mixes. An additive like lime would attract water towards itself thus preventing 
the stripping of the binder from an aggregate. Alternatively, lime in form of a fine grained material stiffens the 
mix leading to improvement in strength (Castedo et al, 1984). Further, addition of anti-stripping agents could 
reduce this moisture susceptibility. However, limited literature is available on the effect of anti-stripping agents 
like amines on properties of foamed bitumen mixes. It has been reported that the type and quality of fines 
influence the moisture susceptibility (Bissada 1987), high plasticity and quantity of fines render the mix 
moisture susceptible. It has been reported that higher bitumen contents reduce the moisture susceptibility 
because higher densities are attained leading to lower permeabilities and to increased coating of the fines with 
the binder (Castedo et al, 1984; Muthen, 1998). 

The Asphalt Academy (2009) recommends introducing moisture within foamed bitumen mix specimens (in 
a triaxial cell) in pulses and determining the cohesion. The ratio of cohesion of wet specimens to that for dry 
specimens defines the moisture susceptibility. This method simulates the actual moisture movements in the field 
as a result of repetitive traffic within the material and steady state saturation levels are achieved in a very short 
time (normally 3.2 minutes). Ruckel et al (1983) recommended the Asphalt Institute method of moisture 
exposure procedure in evaluation of moisture susceptibility of foamed bitumen mixes. In this method, laboratory 
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specimens are placed in a vacuum desiccator immersed in water and subjected to a vacuum of 100 mm of 
mercury whilst being covered with water for one hour. At least the top of the specimen should be covered with 
13 mm of water. The vacuum is then released slowly and the specimen allowed to soak in water for another one 
hour. Ruckel et al recommended that the vacuum saturation method be carried out after specimens have been 
cured through intermediate or long term cure conditions. The method of vacuum saturation takes a short time 
but subjects the specimen to severe moisture conditions that may not occur in practice. Ruckel et al. deduced 
that the vacuum saturation method of moisture exposure simulates the effects of prolonged exposure of the mix 
to sub surface moisture such as in cases of heavy rains. Chen et al (2006) proposed moisture conditioning using 
the capillary method that involves soaking specimens that are 62 mm long in 6 mm of water and then 
determining the indirect tensile strength after 10 days. He asserts that this capillary conditioning closely 
simulated field conditions. Thus, care is needed to ensure that the strength of foamed bitumen mixes after 
moisture exposure is maintained within reasonable limits. Moisture susceptibility is established by determining 
the ratio of wet strength to the dry one expressed as a percentage.  

Ageing susceptibility 

Foamed bitumen mixes are characterised by high voids and uneven binder coating of the aggregate particles, 
factors that expose these mixes to ageing agents such as air. A study on mastics (filler, water and bitumen) 
prepared using foamed bitumen, revealed that for mastics cured at 40oC, the change in softening point as 
measured by the Ring and Ball test was small in comparison to other temperatures above 40oC (Jenkins, 2000). 
It was concluded that at the curing temperature of 40oC, there was little effect on ageing of the bitumen. 
However, this study was only done on the mastic portion of the mix, and the other aggregate fractions of the mix 
were not included. Generally, limited literature exists on the ageing susceptibility of foamed bitumen mixes, 
thus there is need for further research in this area. 

Permanent deformation 

This refers to the total cumulative strains within a given mix as a result of applied stresses. Foamed bitumen 
mixes are expected to provide good resistance to permanent deformation which possibly is attributed to the 
presence of fines and water that is added to the mix during the mixing stage to stiffen the mastic (filler, water 
and bitumen). This stiffness enhances the ability of the mix to take up plastic strains and thus good resistance to 
permanent deformation (Jenkins, 2000). Bissada (1987) analysed permanent deformation characteristics of 
sands treated with foamed bitumen using the creep test. This study showed that foamed bitumen sands were less 
susceptible to permanent deformation than the corresponding hot mixes with the same grading. Also work by He 
and Wong (2007) on permanent deformation of foamed asphalt mix containing reclaimed asphalt pavement 
materials illustrated that foamed bitumen mixes were less susceptible to permanent deformation compared to hot 
mixes. This low susceptibility to permanent deformation can also possibly be attributed to the low bitumen 
contents within these mixes. Also, the amount of fines within the foamed bitumen mix influences the permanent 
deformation characteristics. From Bissada’s work (1987) it was observed that the creep stiffness of mixes with 
more fines was higher compared to those with lower amounts. Since permanent deformation is directly 
proportional to the reciprocal of stiffness, this implies that mixes with high fines content would exhibit low 
permanent deformation or strains under applied loads than those with low fines content.  

Attempts have been made to model the permanent behaviour of foamed bitumen mixes in terms of the 
number of load cycles deduced from the expected traffic, models [11] and [12] have been deduced to model this 
behaviour (Jenkins, 2000). 
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α, β,  A, B, C and D are model parameters.

 

 

Long and Theyse (2004) developed transfer functions for foamed bitumen treated materials from heavy 
vehicle simulator test sections and laboratory data. They consist of the stiffness reduction (models reduction in 
resilient modulus) and permanent deformation (models constant stiffness behaviour) phase functions. These 
functions take into account reductions in the resilient modulus of foamed bitumen treated materials. The 
following equations [13] and [14] define the two phases for a given road category according to the South 
African standards (Long and Theyse, 2004). 
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relative density,
PS is the plastic strain (%), SR is the stress ratio, 
cem  is the cement to bitumen contents ratio.
bit

 

The above functions were developed with materials that had been treated with cement and foamed bitumen. 
Materials without cement or with other types of active filler such as lime were not included in the development 
of the functions. 

Generally, foamed bitumen mix properties such as tensile strength, stability, shear strength, compressive 
strength, resilient modulus have been extensively studied. While properties such as fatigue resistance, creep, 
ageing susceptibility have not been studied in detail, thus the need for furthe rresearch on these properties. 

 

3.3. Classification 

Attempts have been undertaken to classify foamed bitumen mixtures by Asphalt Academy (2009). Three 
classes have been identified on the basis of the properties of the aggregate used, mixtures and traffic. Table 10 
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summarises these classes. Classifying a given material into one of these classes involves evaluation of a 
certainty using the certainty theory that the material conforms to a particular class. Certainty factors are assigned 
to aggregate and mix properties (such as plasticity index, CBR, grading modulus, tensile strength, unconfined 
compressive strength, etc); depending on the extent each property depicts material strength in terms of the 
Mohr-Coulomb model. Further, these certainty factors are modified to reflect the level of evidence in the 
material properties determined that a material indeed belongs to a certain class. The certainty that a given 
foamed bitumen mixture belongs to a particular class given the data from the tests (determined material 
properties) is computed using the certainty theory. The certainty from each property is used as a starting 
certainty for the next property. The material class with highest certainty is taken as the class to which the 
material belongs. The method is comprehensive since it employs various material properties enabling the 
holistic capture of material behaviour. However, it requires extensive testing which may not be possible where 
resources are limited. Also, the certainty factors assigned to various properties are subjectively determined. 

 
 

Table 10. Classes of foamed bitumen mixtures 
 
Class Aggregate Shear strength Design traffic (x106 ESA) 
  Angle of friction (o) Cohesion (kPa)  
BSM1 Well graded crushed 

stone or reclaimed 
asphalt 

>40 >250 Greater than 6 

BSM2 Graded natural gravel 
or reclaimed asphalt 

30 to 40 100 -250 Less 6 

BSM3 Soil gravel, sand <30 50-100 Less 1 
 
 

3.4. Advantages and disadvantages 

Foamed bitumen mixtures exhibit various advantages and disadvantages as shown in following sections.  

Advantages 

Due to inclusion of bitumen in the mix, cohesion is increased which leads to increase in shear strength and 
reduction in moisture susceptibility of granular materials. Foamed bitumen coats finer particles within the mix 
forming some kind of mortar that binds the coarser aggregate particles. Such a mechanism requires low contents 
of the binder compared to hot asphalt mixes where bitumen coats all particles. The low binder contents would 
lead to reduction in the amount of binder required and thus contributing to reduction in material costs Castedo et 
al., 1984). 

Foamed bitumen can be used with a wider range of aggregates types; ranging from conventional high quality 
aggregates to recycled pavement materials to poor aggregates or soils (Castedo-Franco et al., 1983; Csanyi, 
1959). Also, there is reduction in binder and transportation costs since foamed bitumen mixes requires less 
binder and water than other types of cold mixing such as bitumen emulsion; this in turn leads to reduction in the 
overall construction costs (Bowering and Martin, 1976). Studies by Akeroyd and Hicks (1988) carried out in the 
UK on projects where foamed bitumen was employed in recycling of pavements, showed that the construction 
costs were as low as half those of traditional methods of pavement maintenance. 

Time savings in construction time are made since these mixes can be compacted immediately and carry 
traffic almost immediately. Energy in form of heat is conserved as only the bitumen needs to be heated while the 
aggregates are mixed while cold Lee, 1981; Castedo-Franco et al., 1983). Estimated energy consumptions of 
road projects where foamed bitumen had been employed as a recycling agent were about 10% of the energy 
requirements if traditional methods had been used (Akeroyd and Hicks, 1988). Also reductions of 25% in 
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energy while using foamed bitumen in production of road construction materials have been reported (Saleh, 
2007a). Environmental side effects resulting from the evaporation of volatiles from these mixes are avoided 
since curing does not result in release of volatiles as compared to cutbacks (Bowering and Martin, 1976; 
Castedo-Franco et al., 1983; Saleh, 2007a). 

Foamed bitumen mixes can be stockpiled with no risk of binder runoff, leaching, and reduction in strength 
provided that moisture losses are prevented (Engelbrecht et al., 1985; Castedo-Franco et al., 1983; Lee, 1981). 
Also since these mixes can remain for much extended time periods, the usual time constraints of achieving 
compaction, shaping and finishing of a given pavement layer are avoided; thus exhibiting good workability. 
Also, they can be laid in adverse weather conditions (such as cold weather or light rain) without affecting the 
workability or the quality of the finished layer (Castedo-Franco et al., 1983). Further, these mixes can be placed 
using human labour, this can accrue employment opportunities for people in developing countries with vast 
amounts of cheap and readily available labour (Jenkins, 2000). 

Disadvantages 

When used for surfacing, the mixes exhibit low abrasion resistance (Bowering and Martin, 1976); though 
success of these mixes as surfacing layers have been reported (Larcombe and Newton, 1968). Studies carried 
out in Canada and North America, suggested that the low abrasion resistance could be eliminated by attention to 
aggregate grading and use of slightly higher bitumen contents. The use of surface active agents designed to 
modify aggregate surfaces before addition of the foam has also been found to improve abrasion resistance 
(Bowering and Martin, 1976). Generally, these mixes are limited to being used for surfacing applications 
because they exhibit a low resistance to ravelling and also due to their susceptibility to ageing as a result of high 
surface area of bitumen being exposed (Jenkins, 2000). However, anti-oxidants may be added to the mix to 
reduce ageing. 

The mixes exhibit low early strength, thus it is recommended that when laid in the field should not be 
trafficked early; alternatively additions of 2 % lime or cement may be added to improve the early strength( 
Maccarrone et al., 1994). 

The design methods for these mixes are relatively still new since the rapid evolution of the foamed bitumen 
technology has just started (Kendall et al., 1999; Wirtgen, 2004). Also, special purpose equipment is required to 
produce foamed bitumen, which may be expensive (Kendall et al., 1999). 

Production of the mixes requires that bitumen is heated (up to temperatures of 150oC to 180oC); this posses 
the risk of burning to potential users (Kendall et al., 1999). Thus, personnel working with foamed bitumen need 
to wear protective clothing such as hand gloves, overalls, gum boots, etc. 

 

4. Test methods 

Test methods employed in the analysis of hot bituminous mixes and granular materials have also been used 
in the determination of foamed bitumen mixture properties; since these mixes exhibit both granular and visco-
elastic behaviour. The tests are fundamental or mechanical, and empirical. Also, insitu tests such as the falling 
weight deflectometer, ground penetrating radar (Loizos and Plati, 2007), dynamic cone penetrometer tests 
(Acott and Myburgh, 1983), etc have been employed in testing of pavements were foamed bitumen mixes are 
part of the pavement layer system. Table 11 shows a summary of tests that have been employed in 
characterisation of foamed bitumen mixes. 

 
 
 
 
 



25 
 

Table 11. Tests for foamed bitumen mixes and properties obtained 
 
Test Engineering 

properties 
Performance 
properties 

Reference(s) 

Indirect 
Tensile 
strength (ITS) 

Tensile strength Fracture resistance Jenkins (2000) 

Repeated load 
indirect 
tensile 

Resilient modulus Load spreading ability Asphalt 
Academy (2002) 

Triaxial Cohesion and angle of 
friction, Resilient 
modulus 

Permanent 
deformation resistance 
Load spreading ability 

Jenkins (2000) 
Wirtgen (2004) 

Unconfined 
compressive 
strength 

Compressive strength Crushing resistance Bowering and 
Martin (1976) 
Jenkins (2000) 
Wirtgen (2004) 

Marshall 
stability 
 
Hveem 
Cohesiometer 
Hveem 
Stabilometer 

Stability, plastic 
deformation 
Cohesion 
Resistance 

Permanent 
deformation resistance 

Bowering and 
Martin (1976) 
Bowering (1970) 

Vane shear 
 

Shear strength  
 

Permanent 
deformation resistance 

Acott and 
Myburgh (1983) 

California 
Bearing Ratio 
(CBR) 

Relative penetration by 
a standard plunger 

 Bowering (1970) 
Lee (1981) 

Static creep 
Dynamic 
creep 

Plastic deformation Permanent 
deformation resistance 

He and Wong 
(2006) 

Repeated load 
Indirect 
Tensile (ITT) 

Resilient modulus or 
stiffness 

Load spreading ability Sunarjono (2008) 

 
 

5. Case studies 

Foamed bitumen technology has been applied in pavement construction in order to determine or understand 
the field behaviour of the mixes under actual traffic and weather conditions. The sections below outline some of 
the case studies where foamed bitumen has been employed as a pavement material. From these case studies, it 
can be deduced that foamed bitumen allows use of locally available materials such as sands, loess and this in 
turn can lead to cost savings. Also, it can be employed in recycling of road asphalt pavement (RAP) material. 
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5.1. Iowa case studies (Csanyi and Fung, 1956) 

The mixes used in this case study consisted of sand-loess and sand-limestone dust mixes. The sand-loess mix 
was made up of 75% sand, 25% loess and 6% of 150/200 penetration grade bitumen. The sand-limestone dust 
mix was made up of 67% fine sand, 33% limestone dust and 5.5% of 150/200 penetration grade bitumen. 
During the production of these mixes, the aggregates were heated up to 177oC temperature and mixed with 
foamed bitumen that was produced by the atomization process. In the atomization process, the bitumen was 
heated to temperatures of 160oC to 180oC and dispersed under pressure through a series of nozzles onto the 
aggregates; this process leads to formation of many droplets within the binder. These mixes were either laid as 
wearing course materials with thickness varying from 13 mm up to 25 mm or as road base materials with 
thickness ranging from 88 mm up to 175 mm. The test sections used in this study represented typical secondary 
roads in Iowa. The following observations were made during the paving operations: 

Mixes could not be rolled hot; 40oC was the best rolling temperature. Mixes could not be compacted with a 
steel tandem roller when the depth was less than 25 mm instead pneumatic rollers performed better. 

Mixes with the right amount of binder were workable. For mixes containing limestone dust, the binder 
content was a very critical parameter; excess amounts of binder caused the mix to ball up and made it difficult to 
spread the mix. 

The following observations were made when sections were opened to traffic: 

Under hot weather conditions with the highest temperature of 35oC, parked cars left shallow tyre prints in the 
pavement surface but moving traffic did not cause any rutting or shoving of the pavement surface. However, 
with time the tyre prints left by parked vehicles were smoothened out by moving traffic.  

Hair cracks that occurred during the construction stage were healed at the time of trafficking the pavement. 
After several weeks under traffic the pavement sections became firmer. Further, when the temperature reduced 
to below 0oC, it was observed that no cracks, abrasion wear and damage from tyre chains and snow ploughing 
occurred to the test sections. This illustrated that the mixes performed well under cold conditions. 

During the spring conditions, alligator cracks were observed over small areas, these were attributed to 
weakening of the subgrade during the thaw conditions. Also in one or two places the pavement test sections 
subsided slightly, this was again attributed to subgrade settlement. 

From this study, it was concluded that the foamed bitumen formed a mortar which consisted of thin films of 
bitumen coating mineral dust particles; this mortar then binds the rest of aggregate particles into a composite 
mass that forms the mixture. Thus such paving mixtures produced from ungraded aggregates such as loess, 
limestone dust, and sand using foamed bitumen could be used in secondary roads. 

 

5.2. Pavement section in North Texas (Chen et al, 2006) 

This section consisted of a 4.8 km length pavement that was rehabilitated using foamed bitumen recycling. 
The new pavement structure constituted a 50 mm asphalt concrete as the surfacing that was laid onto a foamed 
bitumen base which in turn overlaid the subgrade. The base was constructed from surfacing and base layers, 
with PG64-22 bitumen and 1% cement. Also, another pavement section consisting of a lime stabilised base was 
built adjacent to this section for comparison purposes. Figure 5 illustrates the pavement section before and after 
rehabilitation. 
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Figure 5. Pavement structure before and after rehabilitation using foamed bitumen 
 
 

However, eight months after the re-construction some cracking was observed on the section with the foamed 
bitumen base. Further, after one year severe alligator cracking and rutting of as much as 50 mm deep had 
occurred over a 120 m length section of the 4.8 km long section that had a base treated with foamed bitumen. A 
study was then undertaken to determine the cause of failure in this section. Various field tests, such as falling 
weight deflectometer, seismic pavement analyser, ground penetrating radar, and dynamic cone penetrometer 
(DCP) were undertaken over the entire 4.8 km length section. In addition to field tests, laboratory tests such as 
gradation, moisture content, and indirect tensile strength were conducted on cores from the asphalt concrete and 
foamed bitumen base layers, as well as the subgrade material. Also, moisture susceptibility tests were 
undertaken on foamed bitumen treated material samples. These involved exposing samples to moisture either 
through soaking in water for 24 hours or using the capillary method, in which 62 mm thick samples were soaked 
in 6 mm of water for 10 days after which the indirect tensile strength was determined. The results obtained are 
summarised in Table 12. 

The variation of deflection for the lime stabilised base section was much lower compared to that of the 
foamed bitumen treated base, which is on average twice that for the lime stabilised section. The distressed 
section with the foamed bitumen base, exhibited higher deflections compared to the section without distresses 
(but with foamed bitumen base), Table 13. These high deflections were due to loss in strength. 

The base moduli computed from the DCP results for the distressed section were lower compared to those for 
the section without distresses. However, the subgrade moduli were relatively constant throughout the distressed 
and undistressed sections. Thus, probably the subgrade was not responsible for the observed distresses. 

 
 

Table 12. A summary of field and laboratory results  
 
Property Layer 

Lime 
base 

Foamed bitumen base Subgrade 

 Distressed 
section 

Intact section Distressed 
section 

Intact section 

Deflection 
(mm) 

0.51-1.02 0.25-2.29   

  0.38-2.29 0.25-1.02   
Modulus 
(N/m2) 

 137-172 172-483 69 

Dielectric 
constant 

8 10   

Asphalt concrete 

Foamed bitumen 
base 

Subgrade 

250mm 

50mm 

Asphalt concrete 

Flexible base 

Subgrade 

114m

150mm 

a). Before b). After 
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Table 12 continued to next page 
Table 12 continued 
 
Property Layer 

Lime 
base 

Foamed bitumen base Subgrade 

 Distressed 
section 

Intact section Distressed 
section 

Intact section 

Wet tensile 
strength 

 68 78   

Stiffness    110 
Density 
(kg/m3) 

 103 110   

Moisture 
content (%) 

   14.5 15 

Plasticity 
index (%) 

 16 24   

Gradation  Within 
specified 
limits 
except for 
the 9.5mm 
sieve 

Within specified 
limits except for 
smaller sieves 
where gradation 
fell below the 
limits 

  

 
 
It was visually observed that the foamed bitumen base in the distressed section was loose and lacked 

cohesion compared to that for the undistressed section which was intact. Results from the ground penetrating 
radar showed that the foamed bitumen treated section had a higher dielectric constant than the lime stabilised 
section, Table 13. This would imply that that the foamed bitumen treated section had higher moisture content 
than the lime stabilised section as the dielectric constant is directly proportional to the amount of water. 

Laboratory tests conducted on the asphalt concrete material to determine the binder content, gradation and 
penetration showed that the differences in results for the asphalt concrete material obtained from the distressed 
and undistressed sections were less than 10%. This implies that there was no significant difference in asphalt 
concrete properties between distressed and intact sections. Thus the asphalt concrete layer was probably not 
responsible for the distresses observed. The subgrade laboratory stiffness determined from the free-free resonant 
column method was on average constant average for both the intact and distressed sections. This implies that 
probably the subgrade was not responsible for the distresses observed. The plasticity index for the intact section 
was higher than that for the distressed section. This would imply that the failures observed could not have been 
caused by the plasticity of the base material but probably by external factors. 

Moisture susceptibility tests revealed that samples (subjected to capillary conditioning) from the intact area 
had on average a higher retained strength than those from the distressed areas. Employing a standard retained 
strength of 75%, samples from the intact section with foamed bitumen treated base could resist moisture unlike 
those from the distressed section. 

From this study, it was concluded that the observed distresses (rutting and alligator cracking) were due to the 
localised failure of part of the section with a foamed bitumen treated base. This base failure was attributed to 
high moisture in the subgrade, fine gradation and inconsistencies in construction at this particular section. 
Further, it was recommended that the binder or the cement content would have been increased to counteract the 
effects of water from the subgrade. 
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5.3. Brown’s road (Bowering and Martin, 1976) 

This road was a tourist road serving an ocean surf beach and was located about 96 km from Melbourne, 
Australia. The pavement structure was made up of bituminous seal laid over a road base 200 mm thick 
consisting of clean and silty sand with 5% foamed bitumen content  Sands were employed as these were 
occurring abundantly in the area. The bitumen used in producing the foamed bitumen was a 60 penetration 
grade type and confirmed to the requirements of Australian Standard AS 10-1967. During construction phase 
the following observation(s) were made: 

The road base CBR as determined by the dynamic cone penetrometer varied from 8-11% after completion of 
compaction to 17-27% after opening to light traffic and weather for a period of 1-2 weeks. In addition, during 
this period the moisture content of the road base was almost constant at OMC to OMC +2%, reaching OMC + 
4% within the top 50 mm.  

During trafficking period the following observations were made: 

It was observed that after a two year period the CBR increased to 94% (this represents an increase of over 
threefold). The moisture content reduced over the two year period to 30-60% of that existing when the 
bituminous seal was applied. Further, no cracking and rutting occurred on the road over this two year period. 
Non-destructive tests carried out on the road using the Rayleigh wave technique revealed that the dynamic 
Young’s modulus increased by 50% three weeks after mixing and compaction of the base layer, and after four 

months the Young’s modulus was three times that of the original material.  

From this case study, it can be deduced that the strength properties such as modulus, CBR, and shear 
strength of foamed bitumen mixtures increase with time as the mixture experiences the impacts of traffic loads. 

 

5.4. Kleinvlei road (Acott and Myburgh, 1983) 

This road was a 0.6 km in length and falls under a collector road type in Cape Town, South Africa. It was 
divided into four sections with different road base aggregate treated with 3% foamed bitumen produced from 
60/70 penetration grade bitumen. The aggregates used in the road base included aoelian costal deposit with 10% 
filler, 67% of aeolian sand with 33% quarry overburden blend, 50% aeolian sand with 50% quarry overburden, 
25% aeolian sand with 75% quarry overburden blend. The base layer was 150 mm thick and was underlain by 
an aeolian sand subgrade; a chip and spray bituminous seal was applied two months after construction of the 
road base. The following observations were made over a five year monitoring period: 

After 20 months, the average daily traffic in the northbound and south bound lanes was 40 and 25 equivalent 
single 80-kN axle loads (these values of traffic are low). The base deflection reduced from 0.4 to 0.6 mm to 
about 0.2 to 0.3 mm after four years. This was attributed to increase in stiffness of the foamed bitumen treated 
base and consolidation of the layer. This possibly implies that the base could adequately protect the sand 
subgrade from the effects of traffic. 

The vane shear strength of the road base increased from below 50 kPa up to 500 kPa over 4.5 years, this is a 
nine fold increase in shear strength. The dynamic cone penetration value reduced over a 4.5 year period, 
penetration reduced from 7 to 24 mm per blow to 3 to 5 mm per blow. Reduced penetration shows increased 
stiffness of the layers. 

All sections were rated as being of acceptable quality by an inspection panel. The typical rut depth measured 
for the three sections was 7 mm with one section having a rut depth of 10 to 12 mm. This rut depth of 10 to 
12mm was attributed to a higher deformation in the outer wheel path as a result of poor bitumen dispersion in 
the mix.  

From these observations, it can be concluded that poor materials such as sands can be stabilised with foamed 
bitumen to form materials for road base layers to be used in low traffic pavements. Generally all the above case 
studies have demonstrated the potential of foamed bitumen as a road construction material. 
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6. Conclusions 

Foamed bitumen consists of hot bitumen through which water has been dispersed temporarily forming a 
foam state with the liquid state consisting of liquid bitumen and steam in the gaseous state. It exists for a short 
period of time and can be classified as liquid foam. Expansion ratio, half life, foam index, minimum foam 
viscosity and coefficient of foamability currently are the parameters employed in foamed bitumen 
characterisation. However, these seem not to be adequate in characterising the foam. Since the expansion ratio 
and half life vary differently it is not possible to optimise the two parameters. Attempts by other researchers to 
use the foam index in foam characteristics optimisation have not been successful. Other parameters such as 
minimum viscosity and coefficient of foamability have been employed by few researchers. Thus there is need to 
devise a rational method to determine optimum foam characteristics. 

Foamant water, type and composition of bitumen, bitumen temperature, bitumen source, bitumen and water 
pressure, additives, temperature of vessel in which foam is collected influences the foam characteristics. 
However, few studies have been carried out on effects of bitumen source and composition on foam 
characteristics. 

Foam characteristics exert an influence on the resulting properties of foamed bitumen mixes, although few 
studies have been carried out to study in detail the effects of foam characteristics on the resulting mixes. 

Bitumen within a given foamed bitumen mixture is concentrated in the fine fraction, this leads to the 
bitumen being dispersed within the mix. This implies that for a material to be treated with foamed bitumen must 
contain both the fine and filler fractions. A minimum of 3-5% fine fraction is recommended; although there 
seems to be no scientific explanation in literature of why foamed bitumen combines with the fines. Aggregate 
grading and properties such as plasticity have been used as the main factors to determine the suitability of the 
material to be treated with foamed bitumen, other factors such as mineralogy, porosity have not been employed. 

Foamed bitumen mix properties such as stability, tensile strength, fatigue, moisture susceptibility are inferior 
to those of hot bituminous mixes due to probably low binder contents and also uncoated large aggregate 
particles. However, foamed bitumen mixes are less susceptible to temperature variation and permanent 
deformation compared to hot bituminous mixes, this being possibly attributed to small amounts of the binder 
within the foamed bitumen mix and uncoated large aggregate particles. Foamed mixes are susceptible to damage 
arising out of moisture and ageing due to high voids and small quantities of bitumen binder within these mixes; 
thus there is need to devise solutions that can mitigate against moisture and ageing damages. Also, the effects of 
anti-stripping agents on the property of moisture susceptibility of the foamed bitumen mixes should be further 
investigated. 

An attempt has been made to model the performance of foamed bitumen mixes in terms of the variation of 
the resilient modulus with different applied stresses, and the permanent deformation in terms of the number of 
load applications; however other effects such as moisture on the resilient modulus have not been included. 

Tests such as indirect tensile strength, triaxial, dynamic creep, Marshall stability, Hveem stabilometer, 
Hveem cohesiometer, California bearing ratio, unconfined compressive strength can be employed in 
characterisation of materials that have been stabilised with foamed bitumen. Although tests such as Marshall 
stability, Hveem stabilometer, Hveem cohesiometer, California bearing ratio do not measure fundamental 
characteristics of the mixes. Generally tests that are used in characterisation of hot bituminous mixes and 
granular materials are also employed in characterisation of foamed bitumen mixes. 

Attempts have been made to classify foamed bitumen mixes on the basis of traffic, aggregate and mix 
properties into three material classes. The certainty theory has been applied to evaluate the relative contribution 
of each of aggregate and mix properties to the Mohr-Coulomb model. Although the method of classification is 
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comprehensive, but requires extensive testing and also the certainty factors used are subjectively assigned to the 
aggregate and material properties. 
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1. Introduction 

The challenges of global warming call for environmentally friendly technologies 
in construction, operation and maintenance of transportation infrastructure such as 
roads. Binding aggregates using foamed bitumen offers an innovative strategy in 
paving technology. Foamed bitumen accrues various advantages such as improved 
mix strength and durability, reduced binder content, increased spectrum of 
aggregates usable, energy savings during the mix processing, environmental 
friendliness as no toxins are released into the environment, improved workability, 
propensity of using labour intensive methods, and others.  

Foamed bitumen consists of bubbles of hot bitumen encapsulating steam, it is 
produced when small quantities of cold water (2-3% by weight of bitumen) under 
pressure are injected into hot bitumen at 150oC up to180oC (Wirtgen, 2004; Jenkins, 
2000; Castedo et al., 1984; Csanyi, 1957). During this process exchange of heat 
energy occurs between bitumen and water leading to steam formation. The steam 
under pressure is forced into the bitumen continuum forming bubbles that constitute 
foamed bitumen. With time, due to drainage of the liquid bitumen as a result of 
suction and gravitational forces, coarsening of bubbles, the foamed bitumen 
collapses (Jenkins, 2000; Sunarjono, 2008). However, under these production 
conditions the binder is more likely to be exposed to ageing due to the presence of 
air and water which promote ageing. Also, limited literature exists on the effects of 
foaming on binder composition. 

Foamed bitumen has been characterised by various parameters such as maximum 
Expansion Ratio (ERm), Half Life (HL), minimum viscosity, and coefficient of 
foamability. ERm is the ratio of maximum volume of foamed bitumen to the volume 
of original bitumen (Jenkins, 2000; Wirtgen, 2004). It is indicative of foam viscosity 
and shows how well the bitumen will be dispersed in the mix. At a given bitumen 
temperature and foamant water content, the expansion ratio rises to a maximum 
(ERm) and then reduces with time. Half Life (HL) is the time taken for the foam to 
settle to half its maximum volume, it is a measure of foam stability and an indication 
of its rate of collapse. However, the expansion ratio (ERm) increases with increasing 
foamant water content while the Half Life (HL) reduces, thus both parameters 
cannot be optimised simultaneously. 

The foam index is the area under the plot of expansion ratio versus time (Jenkins, 
2000), it is an indicator of the energy stored in the foam. Attempts by other 
researchers to apply the foam index in foam characteristics optimisation have not 
been successful (Sunarjono, 2008), as no optimum point could be obtained. 
Minimum viscosity is the average foam viscosity within the first 60 seconds of its 
production (Saleh, 2006). A plot of this average viscosity versus foamant water 
contents, exhibits a minimum point at which the foamant water content gives the 
best foam characteristics (Saleh, 2006). Characterising the foam using the average 
viscosity is a good idea since viscosity is a fundamental property. However, 
measuring foam viscosity by direct testing may lead to foam distortion and 
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unreliable results. The coefficient of foamability is defined as the ratio of ERm at a 
given bitumen temperature to the optimum foamant water content at that 
temperature, it is expressed in units of one per percent (Lesueur et al., 2004). 
Lesueur et al. (2004) showed that this coefficient (varying between 2 and 3) was 
independent of temperature and constant for given bitumen.  

Also, there seems to be no rational method for determination of optimum foam 
characteristics. In this paper an attempt is made to devise such a method to establish 
optimum foam characteristics. 

The above characteristics are influenced by foamant water content, bitumen 
temperature, source, type, and composition, temperature of the vessel into which 
foam is dispersed, water, air and bitumen pressure, additives (Brennen et al., 1983; 
Castedo et al., 1984; Jenkins, 2000; Wirtgen, 2004; Lesueur et al., 2004). ERm 
increases with increasing water contents and temperature, while the half life 
decreases (Brennen et al., 1983; Wirtgen, 2004; He and Wong, 2005). This is due to 
more water being made available, which leads to the formation of more bubbles, 
thus increase in ERm of the foam. Reduced half lives can be attributed to 
coarsening/thinning effects and reduced viscosity as temperature increases. When 
small bubbles are absorbed by large ones, the bitumen film thickness surrounding 
the bubbles reduces causing the bubbles to collapse (Wirtgen, 2004). As the 
viscosity decreases, the surface tension of the bitumen films decreases, and the 
steam pressure within the bubbles exceeds the surface tension of the bitumen and 
bubbles collapse. Barinov (1990) illustrated that increasing the asphaltenes fraction 
of the bitumen increased the ERm and HL. Asphaltenes act as surfactants reducing 
the surface tension in the bubbles lamellae and thus reduce the plateau border 
suction, which in turn leads to delay of foam collapse. However, Lesueur et al. 
(2004) deduced that bitumen composition did not significantly influence foam 
characteristics. Limited information exists on the effects of binder composition onto 
foam characteristics. 

Previous research has shown that foamed bitumen combines with material less 
than 63 m or 75 m (Csanyi and Fung, 1956; Sunarjono, 2008) and sand aggregate 
fractions (between 2mm and 63 m) (Jenkins, 2000). This forms a mortar that binds 
the coarser particles into a composite mass (Jenkins, 2000). Preferential coating of 
the filler can possibly be attributed to a higher surface area and hence higher surface 
forces. Limited previous research has been found by the authors on quantitative 
determination of proportionate preference of foamed bitumen for the fines versus the 
coarser ones. In this paper, the effects of foaming on bitumen chemistry and binder 
composition on foam characteristics are studied. Also, a rational method to establish 
optimum foam characteristics is devised. Aggregate particle coating with foamed 
bitumen is studied using the concepts of Rice density and surface energy. 
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2. Effects of foaming on bitumen chemistry 

Limited literature exists on the effects of foaming on bitumen chemistry, yet 
during production of foamed bitumen, the binder is exposed to conditions (air and 
water) that promote oxidative ageing. Thus a study was designed to establish any 
effects of foaming on bitumen chemistry. The influence of foaming on bitumen 
chemistry was studied using two bitumens of similar penetration grades but obtained 
from different sources. Fourier Transform Infrared spectrometry (FTIR) techniques 
were used to investigate different components of the bitumen before and after 
foaming. These techniques involve subjecting a sample to light waves from an 
infrared source and determining the wavelengths that are absorbed by the sample. 
When a sample is subjected to the light waves, the molecules within the sample are 
excited and absorb some wavelengths of the light and the balance is transmitted to a 
detector. These light waves transmitted to the detector are measured and converted 
by an anolog to digital converter to a form that can be used by the computer 
software. The computer software performs Fourier transforms within a few seconds 
and a spectrum is produced. This spectrum is a graphical display of the amount of 
light absorbed by the sample at various wave numbers. The size and position of 
peaks at different wave numbers are characteristic of certain compounds within the 
sample. In this study peaks for carbonyls and sulphoxides compounds were used as a 
guide to establish any differences in the chemical composition of binders, since 
carbonyls and sulphoxides compounds are indicative of ageing.  

2.1. Materials 

Two penetration grade bitumens namely, 70/100 from Venezuela and 80/100 
from a different unknown source were used in the study. For purposes of 
consistency and clarity with previous studies these were coded as B2 (Venezuela) 
and B3 (unknown). B3 was known to contain wax, whose quantities were 
determined in the study using differential scanning calorimetry techniques. For each 
of these bitumens, an infrared spectrum was obtained for neat and foamed bitumen 
specimens. Table 1 shows a matrix of tests performed. 

Table 1. Matrix of FTIR tests performed 

Sample Neata Foamedb 

B2 x x 

B3 x x 

NOTE.– x: represents at least three replicates, a: Neat samples were produced at – bitumen 
temperature of 150oC for both binders, b: Foamed bitumen samples were produced at bitumen 
temperature of 150oC and 2% foamant water content. All samples were cooled to room 
temperature before FTIR testing. 
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2.2. Test methods 

2.2.1. Differential Scanning Calorimetry (DSC) 

DSC was undertaken on neat samples of B2 and B3. Heating and cooling cycles 
were applied to a given bitumen specimen and a reference pan at temperatures of 
120oC and -120oC according to method used by Nynas laboratory. 15mg of bitumen 
sample was weighed in a pan and placed in a DSC cell under nitrogen blanket. The 
sample was then heated to 120oC and then cooled at a rate of 10oC/min to -120oC, 
followed by heating to 120oC at the same rate. The changes in heat energy in the 
bitumen specimen with respect to the reference pan were determined at different 
temperatures and thermographs plotted. From these thermographs the wax content 
was deduced. 

2.2.2. Fourier Transform Infrared spectroscopy (FTIR) 

FTIR was used to analyse the composition of the samples. The method of 
Attenuated Total Reflectance (ATR) with a diamond cell was used. Bitumen 
samples of B2 and B3 in both neat and foamed conditions that had been cooled to 
room temperature were heated to 180oC for 15 minutes, hot bitumen was then 
poured into a diamond cell and pressed with a diamond surface. Specimens for a 
second and third replicates were taken after 15 minutes interval. Prior to scanning 
with bitumen specimens, background scans using the diamond cell only were 
undertaken in order to eliminate the cell effects. Scanning was done at a resolution 
of 4, wave numbers of 4000 up to 400 cm-1 and 32 scans using a Nicolet 380 FTIR. 

2.3. Results, analysis, and discussions 

2.3.1. Thermographs 

From the thermographs, it was confirmed that B3 contained wax. A thermograph 
obtained for the endothermic/melting region is shown in Figure 1. A peak occurred 
between temperatures of 30oC and 10oC for B3 while no peak occurred for B2 
(Figure 1). This peak is indicative of wax melting, and confirmed the presence of 
wax in the sample. Assuming a bitumen wax specific heat capacity of 121.3J/goC 
(this is an estimated value developed by Nynas AB for natural wax in bitumen), the 
wax content for B3 was computed as an average value of 7.2%. Thus it was 
confirmed that B3 was waxy and therefore different from B2 although they both 
exhibited similar penetration grades. 
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Figure 1. Heat flow against temperature, showing the melting regions for binders 
B2 and B3 

2.3.2. Infrared spectra 

The infrared spectra obtained for B3 in neat and foamed conditions at different 
wave numbers are shown in Figure 2. From this figure there seems to be no 
difference between the spectra for neat and foamed bitumen. Similarly, for B2 both 
spectra (for neat and foamed bitumen) coincided. This may imply that there is no 
change in chemical functionality of the binder as a result of the foaming process. 
The carbonyls peak occurred at 1800-1683 cm-1 for B2 and 1705-1695 cm-1 band for 
B3. The carbonyl stretch for B3 was narrower than that for B2, while the 
sulphoxides occurred at 1050-987 cm-1 for B2 and 1040-1020 cm-1 band for B3. For 
both binders the carbonyl peak occurred at 1700cm-1 and the sulphoxides one at 
1030 cm-1. Due to binder heating during preparation of samples for FTIR, the water 
evaporated and could not be detected in the spectra of all foamed bitumen samples. 

Peak areas obtained by integration at these stretches were analysed and are 
summarised in Table 2. Two way analysis of variance of the differences in peak 
areas (at 5% significant level) showed that there were no significant differences in 
peak areas for neat and foamed bitumen for any binder. In addition, there were no 
significant differences in carbonyls and sulphoxides peak areas for binder B2 and B3 
for a given neat or foamed condition. This may possibly imply that these binders 
contained the same carbonyls and sulphoxides. However, since the binders were 
obtained from different sources, the amounts of other functional groups may be 
different, analysis of other functional groups was not considered in this study. In 
addition, thermographs from differential scanning calorimetry revealed that B3 
contained wax. 
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Figure 2. Infrared spectra for B3 

The presence of carbonyls can be attributed to ketones or hydrogen bonded 
carboxylic acids. Ketones are formed as a result of bitumen oxidation and carboxylic 
acids occur naturally (Petersen, 1986). In this case, the carbonyls may be attributed 
to the presence of carboxylic acids as the bitumen acid numbers were 2.63 for B2 
and 1.52 for B3.  

Table 2. Peak areas for carbonyls and sulphoxides stretches 

Carbonyls Sulphoxides 
Sample 

Neat Foamed Neat Foamed 

B2 0.14 0.19 0.20 0.19 

B3 0.32 0.32 0.19 0.20 
 
In summary, infrared analysis has shown that foaming the bitumen does not lead 

to its ageing although factors conducive for ageing exist during its production. These 
observations agree with Sunarjono (2008) findings on foamed bitumen from short 
term ageing tests, when he observed that the penetration of the collapsed foam (from 
70/100 grade) that had been aged was comparable to that of the original aged 
bitumen, foam penetration was 46 dmm compared to 45 dmm for neat bitumen.  

Also, work by Twagira and Jenkins (2009) on age hardening behaviour of 
bitumen stabilized materials showed that the foam process does not lead to 
significant change in bitumen physical properties (penetration, softening point and 
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viscosity at 60oC), provided that the bitumen between temperatures of 170oC and 
180oC is not circulated for more than eight hours in the foam plant. In this study, the 
samples tested were produced at 150oC and bitumen circulation time in the foam 
plant was less than two hours. 

The observations made in this study could possibly be explained by the short 
period of time the bitumen is exposed to water and air. In this study hot bitumen was 
exposed to water and air in an expansion chamber for an average time of 
3.8 seconds. This time may not be long enough to expose the bitumen to ageing 
factors. In addition, the temperature of 150oC at which the bitumen samples were 
produced may not have been high enough to induce ageing. 

3. Aggregate coating with foamed bitumen 

Foamed bitumen preferentially mixes with the filler fraction forming a mastic 
(Csanyi and Fung, 1956, Castedo and Wood, 1983). This mastic then combines with 
the sand fraction forming a mortar (Jenkins, 2000). In this study, Rice density and 
surface energy concepts were used to provide insights into why foamed bitumen 
preferentially coats the filler and fine fractions. 

3.1. Materials 

3.1.1. Bitumen 

Three penetration grade bitumens namely 50/70, 70/100, and 80/100, were used 
in the study. They were coded as B1, B2 and B3 respectively. B1 and B2 were from 
Venezuela, however the source of B3 was unknown. All the three were supplied by 
Nynas AB of Sweden. They were characterised by their penetration (EN1426), ring 
and ball- softening point (EN1427), specific gravity (SS-EN 15326), total acid 
number (ASTM D664) and dynamic viscosities at various temperatures (SS-EN 
13302). These characteristics are summarised in Table 3. 

3.1.2. Aggregate fractions 

The aggregates used in this study were obtained from a foliated granite rock 
containing quarts, K-feldspars and plagioclase with traces of phyllosilicates, 
muscovite, biotite and chlorite (Ekblad and Isacsson, 2008). This granite rock is 
located in Skälunda quarry, Sweden. The aggregates were separated into three size 
fractions, 16-2.36 mm, 2.36-0.063 mm and less than 63 m. These were coded as 
A1 (16-2.36 mm), A2 (2.36-0.063 mm), and A3 (less than 63 m).  
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Table 3. Properties of bitumens 
 

Property 
Bitumen 

grade 
source 

B1 50/70 
Venezuela 

B2 70/100 
Venezuela 

B3 80/100 
unknown 

Penetration at 25oC (0.1 mm)  50.3 79.0 82.0 
Softening point, (oC)  50.4 44.7 46.3 
Specific gravity  1.028 1.026 1.046 
Total acid number, (mg KOH/g)  - 2.63 1.52 
Brookfield viscosity, (Pas) at 135oC 0.485 0.344 0.207 
 at 140oC 0.370 0.284 0.162 

at 150oC 0.236 0.176 0.107 
at 160oC 0.159 0.120 0.073 
at 170oC 0.110 0.084 0.053 

 

at 180oC 0.078 0.062 0.041 

3.1.3. Coated aggregate fractions 

Each aggregate fraction was mixed with foamed bitumen (prepared from 9% 
bitumen content) for 60 seconds. Prior to mixing the fractions with foamed bitumen, 
each fraction was pre-wetted with water representing 75% of the Proctor optimum 
moisture content (OMC) for each fraction. Pre-wetting water of 75% of OMC was 
taken as the median value of the recommended range (65-85% of OMC) for mixing 
moisture content (Bissada, 1987; Lee, 1981; Bowering and Martin, 1976). Fractions 
mixed with foamed bitumen were cured on trays at room temperature until they 
attained constant weight. Rice density tests were then undertaken on each of the 
fractions. Another set of bitumen coated aggregate fractions were prepared to act as 
controls. Aggregate fractions A1, A2, A3 and all fractions reconstituted together in 
the appropriate proportions were heated to 150oC for three hours and mixed with 9% 
bitumen content. After cooling, these coated fractions were sealed in boxes until 
their maximum density was determined. Figure 3 shows the gradation curve used to 
reconstitute the aggregate fractions. Table 4 summarises the test matrix employed. 

Table 4. Test matrix for Rice density 

Aggregate fraction 
Binder 

A1 A2 A3 A1 +A2 + A3 
FB1 x x x x 
FB2 x x x x 
FB3 x x x x 
Control x x x x 

NOTE.– FB1, FB2, FB3 is foamed bitumen produced from 50/70, 70/100 and 80/100 bitumen 
grades respectively. Control is hot 70/100 penetration grade bitumen mixed with heated A1, 
A2, A3 and fraction consisting of all sizes. x- at least three replicates. 
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Figure 3. Aggregate grading employed in reconstitution of the fractions 

Table 5. A summary of test methods 

Test method Standard Parameter(s) Comments 

SS-EN 1097-6 Bulk and apparent 
densities 

This method was used 
for densities of A1 and 
A2. Aggregate densities 

BS. 1377: Part 2: 
1990  This method was used 

for A3 
Bitumen tests    
– Penetration EN 1426 Penetration at 25oC  
– Softening point EN 1227 Softening point in (oC)  

– Specific gravity SS-EN 15326 Specific gravity and 
density at 25oC  

– Acid number ASTM D664-95 Total acid number  
– Brookfield 

viscosity SS-EN 13302 Dynamic viscosity at 
135oC  

Foamed bitumen 
characterisation 

Asphalt Academy 
(2009) 

Expansion ratio and half 
life 

Foamant water 
contents of 1up to 5 % 
and bitumen 
temperatures of 150 up 
to 180oC were used. 

Rice /Maximum 
density EN12697-5:2002 

Rice/maximum density 
of coated and uncoated 
aggregate fractions 

 

Wilhelmy Plate 
method 

 

Contact angles 

This was done in 
accordance to the 
manufacturer’s manual 
for the test device, 
details are described 
below. 
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3.2. Methods 

The methods employed in the study included laboratory tests, such as aggregate 
density, bitumen rheological and acid number tests, surface energy characterisation 
of foamed and neat bitumen (Wilhelmy plate method), foamed bitumen 
characterisation tests, and Rice/maximum density for coated and uncoated aggregate 
fractions. Table 5 summarises these tests, their standards, and parameters 
determined. 

3.2.1. Wilhelmy Plate method 

This method was used to determine the surface energy of foamed bitumen. 
Foamed bitumen from B2 was produced with 4.5% bitumen content and 2% 
foamant water content at 160oC. A bitumen content of 4.5% was used as the guide 
value recommended for use with gravels containing more than 10% passing 75 m 
sieve (Ruckel et al., 1983). Clean glass slides (24 mm by 40 mm) were coated with 
foamed bitumen and neat bitumen. Slides were then hanged in the Wilhelmy plate 
device and the test started automatically. During the test, the coated slides were 
dipped 5mm into and retracted from each of the three probe liquids. Three probe 
liquids namely, deionised water, glycerol and diiodomethane were used. Graphs of 
slide mass against depth of immersion during the immersion and retraction stages of 
the test were plotted. Using the manual option, smooth portions of the graphs were 
selected to compute the contact angles. At the end of the test, the stage was lowered 
in order to remove the slide from the liquid and discarded. Three slides were tested 
with each liquid. 

3.2.2. Foamed bitumen characterisation 

The Wirtgen WLB 10 laboratory foam plant was used to produce the foam from 
the studied bitumens at different foamant water contents and temperatures. 500 g of 
bitumen at a given temperature were mixed with a given quantity of foamant water 
under air pressure in an expansion chamber of the foam plant to produce foamed 
bitumen. The foam produced was collected in a warm 270 mm diameter steel 
container that was heated in the oven at the bitumen temperature for at least 
30 minutes prior to use. The bitumen temperature was varied from 150oC up to 
180oC in steps of 10oC. The Foamant Water Content (FWC) was varied from 1% up 
to 5% in steps of 1%. A dipstick with five marks each mark representing an 
expansion ratio was placed in the foam immediately after foam dissipation. Using a 
digital camera, video clips of the produced foam were recorded and analysed in 
order to deduce the maximum expansion ratio and half life. For each foamant water 
content and bitumen temperature at least three replicates of the foam were produced 
and analysed. In addition, maximum Expansion Ratio (ERm) and Half Life (HL) 
values were deduced from plots of expansion versus time. ERm and HL were in turn 
plotted against FWCs in order to obtain optimum foam conditions. 
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3.3. Results, analysis and discussion 

3.3.1. Foamed bitumen characteristics 

The variation of ERm and HL with FWC is shown in Figures 4 and 5. B3 
exhibited high expansion values compared to those given by B1 and B2 (Figure 4). 
This could probably be explained by the presence of wax within B3 as shown by 
thermographs, which makes this binder softer and thus making it easier for steam to 
penetrate the liquid bitumen forming many bubbles and thus the high expansion 
ratio values. Foam characterisation of B3 at 5% FWC and temperatures of 160 up to 
180oC, and at 4% water content and temperatures of 170 up to 180oC was not done 
because the expansion ratio at the preceding water contents had almost reached the 
top mark on the dip stick. The high expansion ratio caused safety concerns with 
regard to taking measurements, and no data was recorded. 

3.3.1.1. Influence of water content and temperature 

Generally, as bitumen temperatures increased from 150oC up to 180oC, the 
expansion ratio values increased while the half life values reduced for all binders 
(Figures 4 and 5). This may be attributed to more thermal energy being made 
available to convert water into steam, and reduction in binder viscosity. When the 
bitumen temperature is increased, more thermal energy is made available for 
conversion of water into steam. This leads to formation of foam with many bitumen 
bubbles encapsulating steam and thus a larger volume of the foam produced and 
thus high expansion ratio values. Also, due to presence of many bubbles within the 
foam, the bubbles are frequently interacting with each other. This leads to large 
bubbles absorbing smaller ones, which in turn leads to lamellae (of the large 
bubbles) thinning. As a result the foam collapses within a short period of time and 
thus reduced half life. As temperature increases, the surface tension of the binder 
decreases, and the internal steam pressure may exceed the surface tension leading to 
bubble collapse and thus low half lives.  

For binders B2 and B3, the expansion ratio values increased with increasing 
water contents for all bitumen temperatures. The half life values decreased with 
increasing water contents, at high water contents half life values tended to be 
constant or increased slightly. These observations agree with what other researchers 
have observed on foam characteristics (Sunarjono, 2008; Wirtgen, 2004).  

However, for B1 expansion ratios at bitumen temperatures of 150, 160 and 
170oC peaked at 2%, 3% and 4% foamant water contents respectively and thereafter 
reduced. While the half lives for B1 at bitumen temperatures of 150, 160 and 170oC 
decreased to a minimum and then increased with increasing water contents (Figures 
4 and 5). But at 180oC, the expansion ratio values increased with increasing water 
contents while the half life values decreased. This behaviour may be attributed to the 
lack of enough thermal energy at these temperatures (150, 160 and 170oC) to 
convert a substantial amount of water into steam. During foam production it was 



Foam Effects and Aggregate Coatability     833 

observed that less steam was expelled as the foam collapsed at these temperatures. 
The increase in half life values may be attributed to few bubbles interacting as a 
result of reduced expansion ratio values. In addition, other properties such as 
chemical composition could probably explain the above behaviour. Also, there 
seems to be an optimum FWC at which ERm is highest. This optimum FWC 
increases with increasing bitumen temperature (reducing viscosity). At lower 
viscosity (higher temperature) there is no observed limit on ERm. Thus there may be 
a viscosity related limit on the ERm at a given temperature.  

 

 
Figure 4. Expansion ratios versus foamant water contents at various temperatures 
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Figure 5. Half lives versus foamant water contents at various bitumen temperatures 

3.3.1.2. Water converted into steam 

Applying the Universal gas law (Equation [1]) to the foam system, the 
theoretical and actual steam volumes can be computed. Therefore the actual amount 
of water converted into steam can be deduced. 

PV = nRT                                                                                                                 [1]
Where: P = pressure in atm (P = 1), V = volume in litres, 

n = number of mole masss (mol) = ,  
Atomic mass

22.414R = Universal constant  (atm.l/mole K) ,  T = temperature in K.
273.16

 
The actual mass of water can be computed as follows (Equation [2]): 
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PV Mass of water, Mwn =  = , 
RT Atomic mass of water

Making Mw the subject:
22.414Assuming atomic mass of water = 18.02g/mol, R= , P=1 atmosphere
273.16

VMw = 219.61                                          
T

b b

                                                             

Where: V = (ERm -1)V , ERm = expansion ratio, V  = bitumen volume,
T=100+273.16.
         [2]  

Figure 6 summarises the ratio of actual water converted into steam (as 
percentage of bitumen weight) to foamant water content versus binder temperature 
for various foamant water contents as computed from Equation [2]. 

 

 
 
Figure 6. Ratio of water converted into steam to foamant water content versus 
bitumen temperatures for various foamant water contents 
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For all binders not all foamant water was converted into steam since all ratios are 
less than one (Figure 6). Also, the actual amount of water converted into steam 
exhibited the same trend as that for ERm. At FWCs of 2% and above, B3 exhibited 
the highest actual amounts of water converted into steam for all temperatures. This 
explains why the ERm values for B3 were highest. However, B1 and B2 exhibited 
higher amounts water converted into steam than B3 at 1% FWC for temperatures of 
150 and 160oC.  

Also, actual determination of water within the foam system (after foam collapse) 
using the weight loss method for binders B1 and B2 at a temperature of 160oC, 
showed that not all water was converted into steam (Figure 7). The actual proportion 
of water converted into steam decreases with increasing foamant water content at a 
given temperature (Figure 7), this trend is in agreement with computations of water 
converted into steam (Figure 6). This can be explained by the increasing amount of 
water that requires more heat energy from the bitumen at a given temperature.  

However, values of water converted into steam for B1 and B2 at 160oC from the 
weight loss method and gas law (Equation [2]) are not exactly equal due to the 
assumptions made in Equation [2] (such as temperature of foam system being 
100oC) and experimental errors. Although, the weight loss method and gas law have 
shown that water still exists within the foam, the FTIR spectra did not reveal any 
water peaks due to binder heating during FTIR sample preparations that led to 
possible water evaporation. 
 

 
 
Figure 7. Ratio of water converted into steam to foamant water content versus 
foamant water contents for binders B1 and B2 at 160oC 
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3.3.1.3. Optimum foam conditions 

Attempts to compute the foam index did not produce well defined optimum foam 
conditions. Thus the idea of using this index to establish the optimum conditions 
was not employed. For B1, the expansion ratio values were highest at 180oC 
temperature but the lowest half life values for all foamant water contents occurred at 
this temperature. The expansion ratio is indicative of the amount of foam available 
to coat the aggregate particles. Thus higher expansion ratios with acceptable half life 
values are desired. Thus, 160oC was considered as the optimum temperature since 
expansion ratio values were highest at this temperature compared to those at 150 and 
170oC for B1. From the foam characteristics of B2, it was observed that the highest 
ERm (for foamant water contents above 2%) and lowest half life values for all water 
contents were obtained at temperatures of 170oC and 180oC (Figure 4). However, 
the temperature of 150oC exhibits the highest half life values for foamant water 
contents 2% and above. Therefore this is taken as the optimum temperature for B2. 
For B3 the half life values at 150oC are the highest in comparison to those at other 
temperatures (Figure 5). Thus this can be taken as the optimum foaming temperature 
for this binder. 

It can be deduced that the bitumen viscosities for the chosen temperatures of 
160oC (B1), 150oC (B2) lie within the recommended mixing range viscosity of 0.15-
0.19 Pas (ASTM D2493) for a given binder (Figure 8). This may suggest that 
producing foam at or near the equiviscous temperature (at which the viscosity lies 
within the recommended mixing range) would lead to foam with optimum 
characteristics. However, this insight is purely empirical since foamed bitumen 
when in contact with cold aggregates may not expand the same magnitude as in a 
laboratory foaming process. 

 

 
Figure 8. Binder viscosity versus temperature 

 

Mixing range 0.15-0.19 Pa s 
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Further, assessment of variation of ERm versus foamant water contents at the 
equiviscous temperatures optimum foamant water content for each binder was 
deduced as the water content at which a break in the curve first occurs (Figure 9). 
The half life values at these foamant water contents were then checked whether they 
are acceptable. The optimum foam conditions of temperature, foamant water 
content, ERm and HL for the binders are summarised in Table 9. 

Table 9. Summary of optimum foaming conditions 
 

Bitumen 
Parameter 

B1 B2 B3 

Temperature (oC) 160 150 150 

FWC (%) 3 2 2 

ERm 22 17 20 

HL (s) 18 17 17 
 

 

 
Figure 9. Optimum foam characteristics for binder B1 

The values of ERm and HL obtained at the optimum temperature and foamant 
water content agree with Wirtgen’s recommendation of minimum expansion ratio 
and half life of 10 and 8 seconds, respectively, for stabilising a given material at 
25oC (Wirtgen, 2004). Generally, though B1 and B2 were obtained from the same 
source, they exhibited different foam behaviour. While B2 and B3 obtained from 
different sources but of the same grade exhibited similar foam behaviour. This may 
be attributed to the difference in penetration grades, binder viscosity and 
composition. Also, the above results suggest that binder viscosity (temperature) 
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greatly influence the foam characteristics. Further, the equiviscous temperature can 
be used as a rational way of establishing the foam characteristics. 

3.3.2. Rice densities 

The Rice or maximum density is the ratio of mass of a given aggregate-bitumen 
mixture to the total volume, air voids excluded, at a given temperature. The total 
volume is the sum of the volumes of aggregate solids, aggregate impermeable and 
permeable voids (not filled with the binder), and the binder (Roberts et al., 1996). 
From this density, the aggregate effective density can be computed, and thus the 
effective volume of the binder (total volume of the binder less the amount absorbed), 
that is used to estimate the theoretical binder film thickness. In doing the Rice 
density tests, care was taken to separate aggregate particles to ensure that bitumen 
balls were not included in the samples tested. The Rice densities for the different 
aggregate coated fractions are shown in Table 10. 

Table 10. Rice densities for coated aggregate fractions 
 

Rice density (kg/m3) 
Aggregate fraction Binder 

A1 A2 A3 A1 + A2 + A3 

No binder 2646 2672 2749 2678 

FB1 2579 2372 2287 2350 

FB2 2614 2386 2285 2391 

FB3 2573 2369 2294 2307 

Control 2320 2319 2287 2319 

NOTE.– FB1, FB2, FB3 foamed bitumen produced from B1, B2, B3 respectively. 
 

For all binders, A1 (coated coarse fraction) exhibited the highest Rice density 
followed by A2 (sand fraction) and A3 (filler fraction) (Table 10). Since lower and 
higher Rice densities are indicative of higher and lower binder amounts respectively, 
this implies that the binder is most concentrated in A3 followed by A2 and that little 
binder exists in A1. Also, for all binders, the Rice densities for all coated fractions 
are less than the maximum densities of the uncoated aggregate fractions. This 
implies that all aggregate fractions are coated with the binders to some extent.  

Analysis of variance at 5% significance level was used to analyze whether there 
were or no significant differences in densities across the binders and aggregate 
fractions. Comparisons of uncoated and coated aggregate fraction Rice densities 
across the binders showed that the densities for uncoated fractions were significantly 
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greater than for the coated ones across the binders. Thus aggregate particles were 
coated by the bitumen since the higher the volume of the bitumen within a given 
coated fraction, the lower the density. 

Comparison of Rice densities across the different aggregate fractions coated with 
foamed bitumen showed there were significant differences in densities. This 
illustrated that foamed bitumen coated the different aggregate fractions differently. 
Further, coated A3 exhibited the lowest Rice density followed by A2 and A1. Also, 
the fraction consisting of all aggregate fractions gave the lowest Rice density, which 
may suggest that when a wide range of sizes is included within a given aggregate 
then the binder is well distributed. For the control, there were no significant 
differences in densities of all coated aggregate fractions. 

Theoretical binder film thickness 

The theoretical binder film thickness is the average thickness of a given bitumen 
film coating a given aggregate particle, assuming that the particle is spherical. The 
film thickness may be influenced by the bitumen content, aggregate surface area, 
etc. Lower bitumen contents will lead to thin film thicknesses while higher contents 
will give thicker film thicknesses. Binder film thicknesses influence engineering 
properties such as stiffness, durability. A lower than optimum film thickness will 
result in loss of strength and durability. A higher than optimum film thickness will 
result in increased strength, rutting and bleeding. A minimum film thickness of  
6-8 m is recommended for acceptable performance of any given hot mixture (Read 
and Whiteoak, 2003). Various methods are used to determine the bitumen film 
thickness of aggregate particles such as, the Shell method (Read and Whiteoak, 
2003), Roberts et al. (1996) and others. 

The theoretical binder film thickness has been computed using the method 
proposed by Roberts et al (1996), (Equation [3]). In this method, the film thickness 
is a function of effective binder content (total binder minus binder absorbed by the 
aggregate pores), surface area and weight of aggregates. The surface area factors 
suggested by Hveem are employed to compute the average film thickness. This 
method takes into consideration the amount of binder that is absorbed by the 
permeable aggregate surface pores. The theoretical binder film thicknesses results 
are shown in Table 11. 
 

e f f

e f f

a g g

V

V
t  = (1 0 0 0 )                                                                  

S A  x  W

W h e re :  t  i s  f i lm  th ic k n e s s  ( in  m ic ro n s ) ,  

i s  e f f e c t iv e  v o lu m e  o f  b in d e r  ( l i t r e s ) ,

S A  i s  a g g re g a te  s u r f a c e  a r

 

a g g

2 We a  (m k g ) ,  a g g re g a te  w e ig h t ./

  [3]  

 
 
 



Foam Effects and Aggregate Coatability     841 

Table 11. Theoretical binder film thicknesses 

Theoretical binder film thickness ( m) 
Aggregate fraction Binder 

A1 A2 A3 A1+A2+A3 

FB1 35.97 5.91 2.94 9.42 

FB2 31.32 5.73 2.95 9.08 

FB3 36.89 5.96 2.89 10.36 

Control 75.07 6.66 2.94 10.63 
 

The coarse aggregate fraction, A1, seems to exhibit the highest film thickness 
followed by the sand fraction, A2, and the filler, A3 for both foamed and hot mixed 
bitumens (Table 11). However, these results contradict visual observations and Rice 
densities, which show that fraction A3 should possess a highest film thickness since 
most of the binder seems to be concentrated within this fraction. This may be 
explained by the higher surface area of A3 compared to that of A1 and A2 that leads 
to lower thickness for A3.While the smaller aggregate surface area for coarser 
fraction gives higher thickness values for A1.  

The thicknesses of A1 and A2 coated with FB1 and FB3, are greater than when 
those fractions are coated with FB2. This can be explained by the higher expansion 
ratio values for FB1 and FB3 compared to those for FB2 (Table 9). In addition, the 
high viscosity of B1 (Figure 8) also accounts for these high thicknesses. The film 
thickness ratios for foamed bitumen coated fraction to the corresponding control 
coated fraction are: 0.5 for A1, 0.9 for A2 and 1.0 for A3. There ratios imply that as 
the aggregate size fraction reduces, the coating with foamed bitumen improves. 
However, the thicknesses computed are theoretical and are only indicative of 
possible aggregate particle coating. 

3.3.3. Surface energy 

Surface energy or surface free energy is the work done in increasing a unit area 
of the surface in a vacuum and is denoted by the Greek letter  or . In terms of 
molecular theory the concept of surface energy can be explained as follows, the 
molecules within the bulk of a given material experience forces of attraction from 
neighbouring molecules, these forces are balanced within the bulk of the material. 
However, for the surface molecules these intermolecular forces are not balanced 
since they have fewer neighbouring molecules. Thus, the surface molecules tend to 
be pulled inwards, this imparts some kind of energy onto these surface molecules, 
and the surface molecules tend to have some kind of excess energy and thus the 
concept of surface energy or surface free energy. In this paper the term surface 
energy represented by letter  is used. 
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Two theories have been proposed to explain the origin of surface energy namely, 
Fowkes and acid-base (Good-van Oss-Chaudhury or GVOC) theories. The Fowkes 
theory states that surface energy is the sum of all forces acting on the surface of a 
given material (Fowkes, 1964). While the acid-base theory states that the surface 
energy is divided into three components namely, the non-polar (Lifshitz- van der 
Waals forces component, LW), the Lewis acid (electron acceptor) and base (electron 
donor) components (van Oss et al., 1988). The van der Waals forces act between 
molecules and may consist of dipole-dipole interactions (Keesom forces), random 
orienting dipole-induced dipole (induction or Debye forces) and fluctuating dipole-
induced dipole (dispersion forces or London forces) (van Oss et al., 1988). The 
Lifshitz-van der Waals (dispersive component) represents the non polar interactions 
and the acid-base component represents the polar interactions (Hefer and Little, 
2006). The van der Waals and the acid-base components represent forces that play a 
major role in formation of adhesive and cohesive bonds at interfaces of materials. 
The acid-base theory is used in this study and is expressed as shown in Equation [4]. 
 

LW -+

LW

-+

here:  is the total surface energy, is the Lifshitz-van der Waals component,

   is the 

 = +                                                                                               
W

+ --+

+ -

acid base component ( =2 ), 

 and  are the acid and base components, respectively.

  

  [4]  

The surface energy components for bitumen and foamed bitumen were computed 
from the advancing contact angles obtained with three probe liquids using Equation 
[5]. Results are shown in Table 12. Advancing angles were used in the computation 
of the surface energy components since the slides are not contaminated with the test 
liquid during the advancing stage, unlike in the receding stage. 
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1+cos  = 2  + 2    + 2                                                   [5]  
Where:   is the total surface energy of the liquid,  

,   are Lifshitz-van der Waals component
+ +
L B
- -
L B

s for liquid and binder resepctively, 

,  are acid components for liquid and binder respectively,

 ,  are base components for liquid and binder respectively.
 

From these results (Table 12), foamed bitumen exhibited the highest surface 
energy compared to neat bitumen and foamed bitumen after collapse. However, the 
surface energy of foamed bitumen after collapse is close to that of neat bitumen 
within limits of experimental error. The Lifshitz van der Waals surface energy 
component increased by 32% as bitumen was foamed and by 11% after foam 
collapse. This possibly shows that foaming increases the surface energy of the 
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bitumen, however since only one binder was tested further work in this area is 
required.  

Table 12. Summary of surface energy components 

Sample Surface energy 
component, 
(10-3 N/m) 

Neat bitumen 
(B2) 

Foamed bitumen at 
maximum expansion 

Foamed bitumen 
after collapse* 

van der Waals, LW 29.43 38.85 32.72 

Base, - 2.31 2.35 1.85 

Acid + 0.00 1.29 0.03 

Total,  29.43 42.33 33.19 

* Slides were coated after steam expulsion. 
 

Further, an increase in the polar surface energy component occurred when 
bitumen was foamed. This is likely due to the presence of water which is a polar 
material within the foam, not all water is converted into steam as deduced from 
Figure 6. Also, moisture loss results on the foam tested showed that 0.72% (3.6 g) 
and 1.81% (9 g) of water out of the total 2% (10 g) was present within the foam after 
collapse and at maximum expansion respectively. These results are consistent with 
previous findings by Sunarjono (2008) and Jenkins (2000). This polar component 
reduces after foam collapse as a result of steam expulsion. Another factor that may 
affect the polar component is water that possibly results from steam condensation 
onto glass slides during sample preparations. Also, it can be noted that Lifshitz van 
der Waals component is the dominant contributor to the total surface energy for both 
foamed and neat bitumen. The acid-base surface energy component for both bitumen 
and foamed bitumen is relatively small in comparison to the Lifshitz van der Waals 
component. These observations agree with the findings of other researchers. 
Generally, the total surface energy of the bitumen and foamed bitumen lie within the 
recommended range of 15 to 45x10-3 N/m (Little and Bhasin, 2006). 

4. Summary and concluding remarks 

In this paper, the effects of foaming on binder chemical composition were 
studied using Fourier transform infrared spectroscopy techniques. Also, a rational 
method to determine optimum foam characteristics has been devised and effects of 
binder composition of foam characteristics were studied. Aggregate particle coating 
with foamed bitumen was studied using Rice density and surface energy concepts. 
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4.1. Foaming effects on bitumen composition 

Based on the results obtained in this study, it can be deduced that foaming the 
bitumen does not lead to changes in bitumen chemistry, as the infra red spectra for 
both neat and foamed were similar for a given bitumen from a particular source. 
This could possibly be explained by the short period of time the bitumen is exposed 
to water and air. In this study hot bitumen was exposed to water and air in an 
expansion chamber for an average time of 3.8 seconds, which may not be long 
enough to expose the bitumen to ageing factors. Also, the bitumen temperature of 
150oC at which the bitumen samples were produced may not have been high enough 
to induce ageing. Further, studies on effects of foaming with bitumen of different 
penetration grades and sources are recommended in order to gain more insight on 
the effects of foaming on bitumen chemistry. 

4.2. Foam characteristics 

For the three binders studied, foam characteristics seem to be influenced by the 
penetration grade rather than the source of bitumen. Binders (B2 and B3) from 
different sources but with similar grades exhibited similar foam behaviour while 
binder B1 of a hard grade, exhibited different foam behaviour. Also, the presence of 
wax within the binder enhances foam characteristics, as revealed by the higher ERm 
values of B3 (that contained wax) compared to those of B1 and B2. The optimum 
foam characteristics can be obtained once the equiviscous temperature (with a 
viscosity lying within the mixing range of 0.15-0.19 Pas) is known. However, 
investigation of foam characteristics of more binders from different sources and 
grades is recommended since in this study only two sources and grades were 
investigated. Also, there is need to modify the measuring equipment (dipstick) for 
the WLB 10 foam plant so that foamed bitumen that exhibits expansion ratio values 
exceeding 30 can be characterised. In this study, such foams were not studied due to 
safety concerns during physical measurements. 

4.3. Aggregate particle coating 

From the Rice densities of the coated aggregate fractions studied, it can be 
deduced that aggregate size fraction influences the coating of the aggregate particles 
by foamed bitumen. Most of the bitumen is concentrated within the filler fraction 
when both foamed and neat bitumen are used. This could be attributed to higher 
surface area of this fraction and thus high surface forces that lead to a higher affinity 
for the binder within this fraction. The sand fraction is also a foamed bitumen 
carrier, this agrees with the findings of Jenkins (2000). The coated aggregate 
specimen consisting of all aggregate fractions exhibited the lowest Rice density 
when coated with foamed bitumen. This may imply that when different aggregate 
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sized particles are present within a given aggregate then foamed bitumen is well 
distributed. 

Theoretical film thickness results in this study have shown that aggregate surface 
area, expansion ratio (ERm), binder viscosity seem to influence the film thickness. 
High aggregate surface area leads to reduced thickness. Coated A3 with largest 
surface area gave the lowest thickness. Also, high ERm leads to increased thickness. 
Thicknesses of A1 and A2 coated with FB1 and FB3 (with higher ERm) were 
greater than those of the same fractions coated with FB2 (with lower ERm). 
However, film thicknesses calculated are only theoretical and may not represent the 
actual aggregate particle coating in practice. 

4.4. Surface energy 

From the results obtained in this work, foamed bitumen seems to possess better 
coating attributes compared to neat bitumen, since it exhibited lower contact angles 
and higher total surface energy compared to neat bitumen. The polar component of 
the bitumen increased on foaming implying the existence of water within the foam. 
These results suggest that foamed bitumen is more likely to form strong bonds with 
aggregates than neat bitumen. However, the differences were not statistically 
analysed as no replicate samples were tested for foamed bitumen due to resource 
constraints. Further, the effects of steam condensation on the polar component of 
foamed bitumen need to be quantified. Also, more surface energy tests should be 
done on foamed bitumen specimens and the aggregates in order to gain more insight 
into its energy surface energy behaviour. 
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Determining of the optimum density of the compacted foamed bitumen-treated materials is an important part of determining
the field placement conditions. Laterite gravels tend to be highly susceptible to breakdown during laboratory compaction
with the standard Proctor hammer, which may not be representative of field conditions. In this paper, a new method is
presented for determining the optimal compaction characteristics of laterite gravels–foamed bitumen mixes. A gyratory
compactor was used for compaction. The modified locking point concept was used to determine the number of gyrations to
compact mixes of laterite gravels and foamed bitumen. The optimal compaction moisture content was subsequently
established at this point. The average number of gyrations that gave the locking point was 44; optimum moisture content
(OMC) for compaction varied from 86% to 92% for gravels only. The modified locking point seems to be suitable for
determining the optimal compaction characteristics of these mixes.

Keywords: foamed bitumen; laterite gravels; gyratory compaction; locking concept; moisture content

1. Introduction

Foamed bitumen constitutes hot bitumen that has been

heated to high temperatures (normally between 1508C and

1808C) with small quantities of water (typically 2–3% by

weight of the bitumen) and air (Csanyi 1957, Castedo et al.

1984, Jenkins 2000). When the cold water comes into

contact with the hot bitumen, it turns into steam as a

result of heat exchange between bitumen and water. As the

steam gets trapped within the bitumen, the results are the

formation of many small bitumen bubbles encapsulating

the steam.After a fewminutes, the steamevaporates and the

bitumen regains its original properties. During the foaming

process, the binder increases to roughly 10–20 times its

original volume, its viscosity is reduced considerably and

the surface area increases (Csanyi 1957, Jenkins 2000).

This results in an increase in the adhesion between the

foamed bitumen and aggregate surfaces. Foamed bitumen

has been used widely for roadbed stabilisation of various

aggregates ranging from good quality to marginal and poor

aggregates. In contact with moist aggregates, the foam

results in the bitumen combining with the fines forming a

mastic that binds the rest of the aggregate particles in a

composite mass (Lee 1981, Castedo-Franco and Wood

1983, Jenkins 2000, Wirtgen 2004).

Moisture in the foamed bitumen materials plays

various roles such as transporting and dispersing the

bitumen during the mixing process, lubricating the mix

enabling it to be worked at ambient temperatures, and

aiding in compaction of the materials (Csanyi 1960,

Jenkins 2000, Sunarjono 2008). In order to determine

optimum compaction and strength conditions of foamed

bitumen-stabilised aggregates, additional water is typi-

cally introduced to the aggregates before foam addition

(Csanyi 1960). For the mixture, both the method of

compaction and moisture conditions during compaction

play an important role in achieving optimum density and

strength conditions. The method of compaction should

ideally simulate the actual compaction of the mix in the

field, and the moisture conditions should be optimised to

achieve the maximum strength, as too low or too high

moisture contents could lead to sub-optimal compaction

and low strength (Brennen et al. 1983).

Various researchers have recommended determination

of the mixing moisture requirements to be based solely on

the optimum moisture content (OMC) of the aggregates

without bitumen (Bowering and Martin 1976, Lee 1981,

Bissada 1987). This approach ignores the additional

effects of the foamed bitumen on the compaction process.

Similarly, limited work exists on the determination of

optimum moisture required at the compaction stage (Sakr

and Manke 1985, Jenkins 2000). Various different

laboratory compaction methods for foamed bitumen

mixes have been used such as Marshall, gyratory,

Hugo hammer, Kango hammer and vibratory hammer

(Namutebi et al. 2009). Of these methods, the gyratory

compaction method has been recommended to best
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simulate the roller action in the field (e.g. Sunarjono 2008).

In summary, it is not clear how to determine the optimum

compaction level used for optimising the moisture content

of pre-wetted aggregates in the presence of the foamed

bitumen.

Sunarjono (2008) and Jenkins (2000) proposed

gyratory compaction of foamed bitumen mixes at the

number of gyrations that yielded the maximum dry density

of the aggregate as determined from Proctor or modified

AASHTO compaction methods. However, both compac-

tion methods (Proctor and gyratory) compact the material

in different ways. The gyratory method involves

application of a vertical pressure to the mould containing

the material to be compacted while the mould is rotated at

an angle, resulting in controlled shearing of the material.

The Proctor method involves impact loads repeatedly

being applied to the material compacted, using a hammer

that is dropped onto the material through a known height.

Therefore, these two methods of compaction are different

since they compact materials through different mechan-

isms, and equating densities from both methods may not

be logical.

Laterite gravels tend to be friable and break down

easily during compaction. In this study, the locking point

concept proposed by Vavrik and Carpenter (1998) was

evaluated and eventually modified for use in determining

the number of gyrations for achieving maximum aggregate

interlock without inducing significant material breakdown

in the process. The locking point determines the point at

which maximum interlock of the aggregate particles

occurs; after maximum interlock any extra compaction

would lead to aggregate breakdown. In this study, the

OMC for laterite gravels treated with foamed bitumen

required to achieve maximum dry density was determined

at the locking point.

1.1 Locking point concept

It is a well-known fact that during compaction in the field,

a stage is reached where the aggregate resistance to

compaction increases considerably. In other words, there

is a great degree of interlocking between the aggregate

particles. Hence, during compaction in the laboratory it

becomes important to identify the stage at which the mix

exhibits this interlocking. This point of interlocking is

called locking point. This locking point concept was first

defined by Vavrik and Carpenter (1998) for dense-graded

hot mix asphalt. The locking point is defined as the first

three gyrations that are at the same height preceded by two

gyrations at the same height, the height is in millimetres

and rounded to a single decimal place (Vavrik and

Carpenter 1998). In this study, this locking point concept is

evaluated for use in determining an optimal compaction

point for laterite gravels treated with foamed bitumen.

2. Materials and methods

2.1 Materials

2.1.1 Bitumen

A conventional bitumen of grade 70/100 was used in this

study. It was produced from the Venezuela crude and

supplied by Nynas AB of Sweden. The physical properties

of the bitumen were characterised by the penetration (EN

1426), Ring and Ball softening point (EN 1427), specific

gravity (SS-EN 15326) and dynamic viscosities at various

temperatures (SS-EN 13302). These properties are

summarised in Table 1.

2.1.2 Foamed bitumen

The foamed bitumen used in this study was produced from

the 70/100 penetration grade bitumen. The foamed

bitumen was produced at the optimum conditions of

foamant water content of 2% and bitumen temperature of

1508C, and the expansion ratio and half-life of this foam

were 17 and 17 s, respectively (Namutebi et al. 2011).

2.1.3 Aggregates

The aggregates usedwere laterite gravels obtained from the

tropics around Lake Victoria region. The laterites were

classified as silty clayey sandy gravels in accordance with

the British Soil Classification System with a nominal size

of 20mm. Their properties are summarised in Table 2.

Table 2. Properties of laterite gravels used.

Chemical
composition

Laterite
sample

Iron
oxide

Sesquioxide
ratio OMC (%)

Maximum dry
density (kg/m3)

L1 65.6 0.350 14.0 2100
L2 51.2 0.315 14.0 2040
L3 44.8 0.497 13.9 2084

Table 1. Physical properties of bitumen.

Bitumen

Property
Grade;
source

70/100;
Venezuela Standard

Penetration at
258C (0.1mm)

79.0 EN 1426

Softening point (8C) 44.7 EN 1427
Specific gravity 1.026 SS-EN 15326
Brookfield
viscosity (Pa s)

At 1508C 0.176 SS-EN 13302
At 1608C 0.120
At 1708C 0.084
At 1808C 0.062
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The chemical composition of the laterite gravels was

determined using X-ray diffraction procedure. The

sesquioxide ratio was computed as the ratio of silica to

the sum of iron and aluminium oxides, whereas the OMC

andmaximum dry density were obtained from the modified

Proctor method according to BS 1377: Part 4:1990.

The grading of laterite gravels used in the study was

modified such that it lay in the middle of the ideal zone

band recommended by Akeroyd (1989) for aggregates

treated with foamed bitumen (Figure 1).

2.2 Methods

2.2.1 Production of mixes

Laterite gravels treated with foamed bitumen were

prepared at 4.5% bitumen content and 75% of OMC of

the laterite gravels only. The OMC was determined using

the modified Proctor method on the gravels only without

the presence of foamed bitumen. The mixing moisture

content of 75% of OMC was used as a median value of

recommended range of 65–85% of OMC (Bowering and

Martin 1976, Lee 1981, Bissada 1987).

The bitumen content of 4.5% was used as a

recommended value for use with gravels containing

more than 10% passing the 75mm sieve (Ruckel et al.

1983). Prior to adding foamed bitumen, the laterite gravels

were pre-wetted with the mixing water content and left for

24 h. Then, foamed bitumen was added to the pre-wetted

laterites in a pug mill mixer and mixing was done for 60 s.

Before adding the foamed bitumen to the gravels in the

mixer, it was ensured that the gravels were airborne so that

the foam could adhere to the gravels. The mixes were

removed from the mixer and placed in airtight containers

awaiting compaction.

2.2.2 Gyratory compaction

Mixes of laterite gravels with foamed bitumen were

compacted at the OMC of laterite gravels only using a

gyratory compactor (Servopac from Australia) at a vertical

pressure of 600 kPa and an angle of gyration of 1.258. The
vertical pressure of 600 kPa and an angle of gyration of

1.258 were used as recommended gyratory compaction

conditions for soils (Browne 2006), as the behaviour of

foamed bitumen-treated materials is considered to be

similar to that of granular materials.

Mixeswere compacted up to 200 gyrations, as results of

trial compaction of mixes at different number of gyrations

showed that after 200 gyrations the final dry density was

constant. Specimens were compacted in 100-mm diameter

moulds and to the final average height of 102mm, at least

three replicates were compacted for each laterite. The

average height at each number of gyration was determined.

2.2.3 Optimum compaction moisture content

Laterite gravel–foamed bitumen mixes were compacted at

the different number of gyrations that gave the locking

point, and the moisture content varied from 60%, 75%,

90% and 100% of OMC (OMC being the optimum

moisture content of the gravels only) in order to establish

the moisture conditions required for optimal compaction.

After compaction at any given moisture content, speci-

mens were taken from the compacted sample for moisture

content determination. At least three replicates were

compacted at each value of the moisture content. Graphs

of dry density versus moisture content were drawn in order

to deduce the optimum moisture conditions for compac-

tion (see Figure 5).

3. Results, analysis and discussions

3.1 Locking point

The locking point concept was used to determine the

number of gyrations to compact laterite gravels treatedwith

foamed bitumen. The average compaction heights for the

mixes at the different number of gyrations are summarised

in Table 3. The italicized numbers (in Table 3) show the

heights that meet the Vavrik and Carpenter (1998)

condition. Initially, the locking point as defined by Vavrik

and Carpenter (1998) was used. The number of gyrations

that lead to the stage of maximum resistance was identified

as the first three gyrations at the same compaction height

preceded with two gyrations at the compaction height.

These gyrations are summarised in Table 4.

For L1, L2 and L3, the mix dry density after 100

gyrations had reached a constant value. This may indicate

that aggregate particle locking could possibly be achieved

below these 100 gyrations. Also, gradation analysis at 80

and 200 gyrations for L1 and L2 revealed aggregate

particle breakdown. Also for L2, gradation analysis at 100

gyrations showed that there was aggregate particle

breakdown. For L3, aggregate particle breakdown

occurred at 64 and 200 gyrations.
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From the variation in dry density with gyrations, it was

observed that the dry density increased rapidly between 1

and 20 gyrations for all mixes. This implies that the

locking of aggregate particles had not been achieved at

these gyrations for all mixes.

On the basis of these observations, the locking concept

as defined by Vavrik and Carpenter (1998) did not yield a

definite locking point for each of the laterite gravels

treated with foamed bitumen studied. Thus, it was

concluded that the locking point as defined by Vavrik

and Carpenter (1998) was not applicable to laterite gravels

treated with foamed bitumen, and thus requires modifi-

cation. Thus, instead of looking at the height of

compaction, the exact nature of the compaction was

studied by monitoring the rate of change of compaction.

The decrease in the rate of compaction is directly

proportional to the increase in resistance to compaction.

This premise was used to identify the point of maximum

resistance to compaction and thus the locking point.

The compaction curve for laterite gravels treated with

foamed bitumen was defined as the variation of average

compaction height versus the number of gyrations as

shown in Figure 2. It was observed that for all mixes the

average height decreased rapidly during the initial

gyrations and then became linear, indicating that the rate

of change of compaction had decreased. This meant that

compaction had reached a stage at which no further

decrease in rate of compaction was possible, thus the stage

of maximum resistance to compaction.

To identify the locking point, the rate of change in the

slope of the compaction curve was used. The stage at

which the rate of change of compaction was insignificant

was essentially the point of maximum resistance to

compaction. This meant that compaction had reached a

stage at which no further decrease in rate of compaction

was possible and this was the stage of maximum resistance

to compaction. Hence, the point beyond which the

compaction curve became linear was identified and it

was taken as the modified locking point. The compaction

curves for all the three laterite gravel mixes followed

closely a logarithmic relation (Table 5).

Thus, linear regression was carried out using a

logarithmic relation. The equation of the regression

curve is as follows:

y ¼ m lnðxÞ þ c; ð1Þ
where y is the average compaction height, m is the slope of

the curve at a given gyration, and x and c are the regression

constants.

Using the logarithmic expression of the compaction

curve, Equation (2), the rate of change of slope can be

obtained as follows:

y ¼ m lnðxÞ þ c: ð2Þ
Rate of compaction

¼ dy

dx
¼ m

x
ðat any x ¼ number of gyrationsÞ:

Table 3. Locking point based on compaction height.

Average compaction height for
different mixes of laterite gravels

(mm)

Number of gyrations L1 L2 L3

7 110 108 105
8 109 108 105
9 109 107 104
10 108 107 104
11 108 107 (LP) 104 (LP)
12 107 107 104
13 107 106 104 (LP)
14 107 (LP) 106 103
15 107 106 (LP) 103
16 106 106 103 (LP)
17 106 106 (LP) 103
18 106 (LP) 106 (LP) 103 (LP)
19 106 106 (LP) 103 (LP)
20 106 (LP) 105 103 (LP)
21 106 (LP) 105 103 (LP)
22 105 105 (LP) 103 (LP)
23 105 105 103 (LP)
24 105 (LP) 105 (LP) 103 (LP)
25 105 105 (LP) 103 (LP)
26 105 (LP) 105 (LP) 103 (LP)
27 105 (LP) 105 (LP) 102
28 105 (LP) 105 (LP) 102
29 105 (LP) 105 (LP) 102 (LP)
30 105 (LP) 105 (LP) 102
31 105 (LP) 105 (LP) 102 (LP)
32 105 (LP) 105 (LP) 102 (LP)
33 105 (LP) 105 (LP) 102 (LP)
34 105 (LP) 105 (LP) 102 (LP)
35 105 (LP) 105 (LP) 102 (LP)
36 104 105 (LP) 102 (LP)
37 104 105 (LP) 102 (LP)
38 104 (LP) 104 102 (LP)
39 104 104 102 (LP)
40 104 (LP) 104 (LP) 102 (LP)
41 104 (LP) 104 102 (LP)
42 104 (LP) 104 (LP) 102 (LP)
43 104 (LP) 104 (LP) 102 (LP)
44 104 (LP) 104 (LP) 102 (LP)
45 104 (LP) 104 (LP) 102 (LP)

Table 4. A summary of locking points based on compaction
height.

Laterite gravels Locking points (no. of gyrations)

L1 14, 18, 20–21, 24, 26–35, 38, 40–73,
78–79, 80–200

L2 11, 15, 17–19, 22, 24–29, 30–37, 40,
42–49, 50–59, 60–91, 94–200

L3 11, 13, 16, 18–26, 29, 31–39, 40–73,
76, 78–200
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Rate of change of compaction of compaction curve

¼ d2y

dx2
¼ 2m

x2
ðat any x ¼ number of gyrationsÞ:

The rate of change of compaction was defined by the

rate of change of slope (gradient of slope), and was

determined as the second derivative of the equation of best

fit for the compaction curve, Equation (2). The modified

locking point was identified as the first point at which two

gyrations at the same gradient of slope were preceded by

two gyrations at the same gradient of slope. The gradient

was taken up to four decimal places (Table 6). The reason

this was chosen as the locking point was based on the fact

that the change in dry density was insignificant at this

stage, and this trend was consistently observed in all the

mixes. Thus, based on this study, the locking points for

these mixes were identified as described above and are

summarised in Table 7.

Figure 2. Average compaction height versus number of gyrations for laterite gravels treated with foamed bitumen.

Table 5. Logarithmic relations for compaction curves.

Laterite
gravels Relation

Coefficient of
determination, R 2

L1 y ¼ 22.331 ln(x) þ 114.03 0.8001
L2 y ¼ 21.849 ln(x) þ 111.99 0.8186
L3 y ¼ 21.532 ln(x) þ 108.37 0.7807

Table 6. Locking point based on the gradient of slope.

Laterite gravels

Gyrations L1 L2 L3

36 0.0018 0.0014 0.0012
37 0.0017 0.0014 0.0011
38 0.0016 0.0013 0.0011
39 0.0015 0.0012 0.0010
40 0.0015 0.0012 0.0010 (MLP)
41 0.0014 0.0011 0.0009
42 0.0013 0.0010 0.0009
43 0.0013 0.0010 0.0008
44 0.0012 0.0010 0.0008
45 0.0012 (MLP) 0.0009 0.0008
46 0.0011 0.0009 (MLP) 0.0007
47 0.0011 0.0008 0.0007
48 0.0010 0.0008 0.0007
49 0.0010 0.0008 0.0006

Note: MLP, modified locking point. Italicized numbers show the conditions for
modified locking point.
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3.1.1 Gradation analysis

Gradation analysis of the laterite gravels using wet sieving

at the number of gyrations that gave the locking point

condition (Table 7) for each of the gravels revealed that

there was hardly any aggregate particle breakdown for L3

(Figure 3). However, some aggregate particle breakdown

occurred for L1 and L2 (Figure 3). On the other hand,

gradation analysis using wet sieving for the different

gravels after compaction at 200 gyrations showed that

aggregate particle breakdown occurred for all gravels

(Figure 4).

For L1 and L2, even when gyrations were reduced to

45 and 46, respectively, from 200, still aggregate particle

breakdown occurred. This shows that for these gravels

(L1 and L2), the breakdown occurred during the initial

stages. Hence, even if the gyrations were to be reduced,

there is a possibility that breakdown would still occur for

these gravels.

Further gradation analysis at 44 gyrations (the average

of all modified locking points) showed that hardly any

aggregate particle breakdown occurred for L3 (Figure 3).

While for L1 and L2, still aggregate particle breakdown

occurred (Figure 3). It is interesting to note that this

aggregate particle breakdown for L1 and L2 is similar to

that which occurred at 45 and 46 gyrations, respectively.

Thus, for L1 and L2 even if the gyrations were further

reduced, there is a possibility that aggregate particle

breakdown would still occur. Thus, the modified locking

point seems to be a suitable point at which to compact

laterite gravels treated with foamed bitumen, since there is

hardly any aggregate breakdown for L3, and the break-

down at the locking point which occurred with L1 was

lower than that which occurred at 200 gyrations.

Thus, based on this study, the rate of change of

compaction appears to be a suitable criterion for

determining the locking point of laterite gravels treated

with foamed bitumen. In summary, the steps involved in
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Figure 3. Gradation for the three laterite gravels before and after compaction at the locking point.

Table 7. Locking points of mixes based on the gradient of
slope.

Laterite gravels that constituted the mixes
Locking point

(No. of gyrations)

L1 45
L2 46
L3 40
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identifying the locking point based on the above-discussed

concepts are as follows:

(1) Fitting a logarithmic curve to the compaction curve

obtained from the gyratory compactor.

(2) Obtaining the gradient of slope of the compaction

curve by taking the second derivative of the regressed

curve.

(3) The locking point is identified as the first point at

which two gyrations at the same gradient of slope are

preceded by two gyrations at the same gradient of

slope. This was on average close to 40 gyrations for

the laterite gravel–foamed bitumen mixes evaluated.

3.2 Optimum compaction moisture content for laterite
gravel mixes

The dry density increased as the moisture content

increased reaching a maximum and then reduced with

increasing moisture content (Figure 5). This illustrates that

moisture is an important requirement in compaction of

foamed bitumen mixes. Also, the dry density versus

moisture content curve obtained with foamed bitumen-

treated laterites is similar to that obtained for the gravels

without foamed bitumen. This shows that foamed

bitumen-treated materials to some extent exhibit granular

material behaviour. The maximum dry density and the

optimum compaction moisture content as a proportion of

the OMC for the gravels only for each of the gravels are

shown in Table 8.

The OMC of compaction for the different mixes is less

than the OMC for the laterite gravels only for all the

gravels tested, and it varied from 86% up to 92% of OMC

(Table 8). These results reveal that the compaction of

foamed bitumen mixes should be done at moisture

conditions below the OMC. Also, the maximum dry

densities achieved are less than those for the various

gravels only; this can be attributed to the presence of the
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Figure 4. Gradation for the three gravels before and after compaction at 200 gyrations.
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binder within these mixes which tends to increase the

volume which in turn reduces the density. Also, these

results reveal that gyratory compaction of foamed

bitumen-treated materials should be undertaken at

moisture conditions that are less than the OMC of the

gravels only, since compaction of the materials at 100%

OMC gave lower densities.

4. Conclusions

The locking point concept as defined by Vavrik and

Carpenter (1998) did not yield a definite locking point.

Instead, a modified locking point was used to establish the

number of gyrations at which laterite gravels treated with

foamed bitumen would be compacted. This modified

locking point is based on the rate of change of the

compaction curve. Using this modified locking point, a

procedure is proposed to assess the optimal compaction

conditions for laterite gravels–foamed bitumen mixes.

This involves fitting a logarithmic regression curve to the

compaction curve, obtaining the gradient of slope for the

curve, and then the modified locking point is taken as the

first point at which two gyrations at the same gradient of

slope are preceded by two gyrations at the same gradient of

slope.

On the basis of the above procedure, the number of

gyrations at which the locking point occurred varied from

40 up to 46 for the different foamed bitumen laterite gravel

mixes studied. In general, an average of 44 gyrations is

considered to give the modified locking point of the mixes

studied. Gradation analysis at the modified locking point

revealed that there was hardly any aggregate particle

breakdown for one (L3) of the laterite gravels. Although

L1 and L2 suffered aggregate particle breakdown at the

locking point of 44 gyrations, the breakdown was less than

that which occurred at 200 gyrations. While gradation

analysis beyond the locking point (at 200 gyrations)

revealed that there was aggregate particle breakdown for

all the laterite gravels.

Thus, based on this study, the modified locking point

seems to be a suitable point at which to compact laterite

gravels treated with foamed bitumen. However, there is a

need to test the validity of the modified locking concept

with mixes laid in the field and other aggregate types.

Figure 5. Dry density versus moisture content for laterite–foamed bitumen mixes at 44 gyrations.

Table 8. Summary of optimal compaction conditions.

Sample

Locking point
(No. of

gyrations)

Maximum
dry density
(kg/m3)

Optimum compaction
moisture content

(%OMC)

L1 45 1958 90
L2 46 1940 92
L3 40 1995 86

Note: OMC is the optimummoisture content for the laterite gravels only determined
using the modified Proctor method.
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The optimum compaction moisture conditions for

laterite gravels treated with foamed bitumen at the

modified locking point were determined through sensi-

tivity analysis. The compaction OMC was less than the

OMC for the gravels only, ranging from 86% to 92% of

OMC. Thus, future gyratory compaction of these mixes

will be conducted at these compaction optimum moisture

content conditions. In addition, gyratory compaction of

foamed bitumen-treated materials can be carried out at

moisture conditions that are less than the optimum

moisture conditions of the aggregates only, as compaction

of the materials at 100% OMC gave lower densities.
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Abstract 14 

Optimum bitumen content determination is one of the major aims for foamed bitumen mix 15 

design. However, mix design procedures for foamed bitumen mixes are still under 16 

development. In this paper a method to determine the optimum bitumen content for a given 17 

foamed bitumen mix based on primary aggregate structure porosity and indirect tensile 18 

strength criteria is proposed. Using packing theory concepts, the aggregate gradation is 19 

divided into three aggregate structures namely; oversize, primary and secondary 20 

structures. Porosity for the primary aggregate structure is determined for given bitumen 21 

contents. A maximum value for porosity of 50% for the primary aggregate structure is used 22 

to choose an initial bitumen content. Furthermore, a minimum indirect tensile strength 23 
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criteria is suggested to refine this bitumen content. This method enables a bitumen content 24 

value to be chosen prior the start of experimental work, as porosity is expressed in terms 25 

of physical parameters such as aggregate and binder specific gravity, aggregate gradation 26 

which are known before the mix design process. The bitumen content is then later refined 27 

when the indirect tensile strength is determined in the laboratory. This method would 28 

reduce on resources such as time and materials that may be required during the mix 29 

design procedure. 30 

Keywords: 31 

Foamed bitumen; Bitumen content; Aggregate; Porosity; Gradation framework; Indirect tensile 32 

strength 33 
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1    Introduction 34 

Foamed bitumen consists of hot bitumen, small quantities of water (typically 2-3% by weight of the 35 

bitumen) and air (Csanyi, 1957; Castedo et al., 1984, and Jenkins, 2000). It is produced when water 36 

and air are injected into hot bitumen at temperatures of 150°C to 180°C. Foamed bitumen was first used 37 

in road construction in the 1950s by Csanyi of Iowa State University. He treated various soils with 38 

foamed bitumen; the foamed bitumen used was produced with steam and hot penetration grade bitumen 39 

(Csanyi and Fung, 1956, 1957 and 1959). In the late 1960s, Mobil Oil of Australia acquired the patent 40 

for foamed bitumen technology and modified the process of foamed bitumen production by using cold 41 

water instead of steam. Also, an expansion chamber and a system of nozzles where the foamed bitumen 42 

was produced and dispersed respectively were developed (Bowering and Martin, 1976 and Lee, 1981). 43 

The patent rights for foamed bitumen technology by Mobil Oil expired in the early 1990s, and other 44 

companies such as Wirtgen group manufactured new equipment, also various researchers gained 45 

access to the technology. Foamed bitumen may be used to stabilize a wide range of aggregates ranging 46 

from good quality to marginal aggregates. In addition, soils such as sand, granular, and recycled 47 

aggregates from pavements have been successfully treated with foamed bitumen (Csanyi, 1957 and 48 

1959; Lee, 1981; and Asi, 2001). In contact with pre-wetted aggregates foamed bitumen combines with 49 

the fines (particles whose size is less than 2 mm) forming bitumen mortar that binds the rest of the 50 

aggregate particles in a composite mass (Jenkins, 2000).  51 

 52 

1.1    Mix design for foamed bitumen mixes 53 

Mix design involves procedures that are concerned with the formulation of optimum quantities for the 54 

various mix constituents such that the resulting mix will be able to fulfil the application it is intended for. 55 

In general, mix design for foamed bitumen mixes involves the following steps:  56 

 57 

1.1.1    Aggregates, foamed bitumen conditions and characteristics 58 

Aggregates, bitumen type, bitumen temperature, foamant water content are selected. Aggregates must 59 

fulfil gradation requirements. Compaction characteristics (optimum moisture content and maximum dry 60 
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density) of the aggregates are also determined. The bitumen temperature at which to produce the 61 

foamed bitumen is chosen normally through sensitivity analysis. The bitumen temperature and foamant 62 

water content that yield the best foamed bitumen characteristics (maximum expansion ratio and 63 

acceptable half-life) are chosen. 64 

 65 

1.1.2    Bitumen content determination 66 

At this stage, the optimum bitumen content is determined. Mixes with different bitumen contents 67 

(additives such as lime or cement may be used) are produced and specimens made. Different 68 

compaction and curing methods may be employed in the production of the specimens. Volumetric 69 

properties such as bulk specific gravity, air voids are determined for the different specimens. In addition, 70 

mix specimens are tested for mechanical properties such as indirect tensile strength, Marshall stability, 71 

unconfined compressive strength, and resilient modulus. The optimum bitumen content may be 72 

determined as that bitumen content that yields either the maximum or minimum value of the mechanical 73 

or volumetric property. Some researchers have proposed that the optimum bitumen content be 74 

determined on the basis of volumetric properties such as bulk specific gravity and air voids. Whilst others 75 

have recommended that it should be based on bitumen content that yield the minimum or maximum 76 

value of the indirect tensile strength (Muthen, 1998). Others such as Wirtgen (2012) and Asphalt 77 

Academy (2009) have recommended taking the bitumen content that gives the minimum acceptable dry 78 

or wet indirect tensile strength as the optimum bitumen content.  79 

 80 

However, using volumetric properties such as bulk specific gravity may not be appropriate as bulk 81 

density involved in computing the bulk specific gravity is normally determined from dimensional analysis. 82 

Since foamed bitumen mixes are characterized with high air voids (values of 5% to 32% have been 83 

reported) (Csanyi, 1959 and Lee, 1981) it is not possible to use the surface dried method to determine 84 

the bulk specific gravity as in the case of hot asphalt mixes. Further, mechanical properties such as 85 

indirect tensile strength may increase with the addition of bitumen thus not attaining an optimum value. 86 

This kind of trend presents a challenge in selecting an appropriate bitumen content value. Yet the 87 

optimum bitumen content should yield mixes with adequate strength and durability as well as minimizing 88 
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cost. 89 

 90 

1.1.3    Further mechanical testing 91 

Further mechanical testing such as triaxial, creep may be carried out on mix specimens made at the 92 

optimum bitumen content. 93 

 94 

1.2    Aggregate gradation 95 

Within bituminous mixes aggregates constitute the largest component, therefore aggregate properties 96 

(such as gradation, physical and chemical properties) and the way aggregate particles are arranged or 97 

packed within the mixes would influence the resulting mix properties. Within foamed bitumen mixes, 98 

studies have revealed that some mix properties such as permanent deformation and temperature 99 

susceptibility are mainly influenced by aggregate particle interlock. For example, Sakr and Manke (1985) 100 

showed that the Marshall stability of foamed bitumen mixes was greatly influenced by aggregate particle 101 

interlock rather than bitumen viscosity. Sunarjono (2008) analysed the effect of foamed bitumen 102 

characteristics on permanent deformation (in terms of the axial strain) for foamed bitumen mix 103 

specimens; he observed that permanent deformation was mainly influenced by the aggregate skeleton 104 

and binder type rather than foamed bitumen characteristics. Jenkins and Martin (2001) recommended 105 

the use of voids in mineral aggregates (VMA) for the sand fraction as a parameter to select suitable 106 

aggregate gradation for use with foamed bitumen mixes. They illustrated that the VMA for the sand 107 

fraction decreased with increasing sand fraction reaching a minimum (VMA of 30.5% with sand fraction 108 

of 15%) and then increased with further addition of sand fraction. The VMA was only determined for the 109 

sand fraction and not the coarser fraction of the aggregate.  110 

 111 

In hot mixes, studies have been done to evaluate mix performance using aggregate gradation. For 112 

example, Roque et al. (2006) proposed a gradation framework defined in terms dominant aggregate 113 

size range (DASR) that is mainly responsible for supporting applied loads within a hot mix. Further, 114 

Roque et al. (2006) proposed and validated DASR porosity as a criterion to evaluate the performance 115 

of hot mixes. Lira et al. (2012) developed a gradation model for hot mixes based on 3D packing concepts 116 
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and volumetric relationships, this model identified the aggregate size ranges (expressed in standard 117 

sieve sizes) and quality (expressed in terms of porosity and coordination number) for the primary 118 

structure responsible for supporting applied loads in a hot mix. Lira et al.’s model was able to distinguish 119 

between hot mixes with good and bad rutting resistance. The above studies reveal the importance of 120 

the aggregate structure as well as aggregate characteristics such as porosity within bituminous mixes. 121 

 122 

Mix design methods for foamed bitumen mixes are still under development and rely mainly on principles 123 

used in hot mix design. In this paper, primary aggregate porosity and a strength criteria based on the 124 

indirect tensile strength are proposed to determine optimum bitumen content for a given foamed bitumen 125 

mix. The aggregate porosity is determined for the primary aggregate structure. The primary aggregate 126 

structure is determined using a gradation framework that is based on 3D packing concepts. 127 

 128 

2.0    Aggregate gradation framework 129 

Aggregate gradation is defined as the distribution of different particle sizes within a given aggregate. 130 

The distribution of aggregate particle sizes is based on the percentage of aggregate material that passes 131 

different standard sieve sizes. This method of determining aggregate particle size on the basis of 132 

standard sieves gives an estimation of the various particle sizes within any given aggregate material. 133 

The aggregate within a given foamed bitumen mix is divided into oversize, primary, and secondary 134 

structures. The primary structure consists of coarser aggregate particles connected to each other either 135 

through aggregate to aggregate interlock or through bitumen mortar (mix of mastic and fines). The 136 

secondary structure consists of aggregate particles whose size is less than the primary structure and 137 

the filler size inclusive. These aggregate particles are either embedded within the bitumen mortar or 138 

they fill up the voids between the coarser aggregate particles that constitute the primary structure. The 139 

oversize fraction consists of aggregate particles whose size is greater than that for primary structure; 140 

due to its low concentration this fraction hardly contributes to load support. The different sieve size 141 

ranges constituting the oversize, primary and secondary structures are deduced as shown in the 142 

following sections. 143 

 144 



 

7 
 

2.1    Primary aggregate structure 145 

In foamed bitumen mixes the coarse fraction largely provides support for the applied loads being 146 

augmented by the bitumen mortar (mix of fines and bitumen). Thus, the coarse aggregate fraction forms 147 

the basis of the primary structure. Assuming that aggregates within any foamed bitumen mix can be 148 

represented by spheres of equal diameter packed in certain way, the 3D packing theory (based on 149 

geometry of packing for spheres in a given space) is used to determine the sieve size range for the 150 

primary structure. A review of the packing theory is briefly made below. 151 

 152 

2.1.1    3D Packing theory 153 

In packing theory, it has been observed that spheres of equal diameter can be packed in 3D four packing 154 

arrangements namely; cubic, orthorhombic, tetragonal-sphenoidal and rhombohedral (Graton and 155 

Fraser, 1935; Taylor, Milly and Jaffe, 1990; Yu and Rowe, 2012). These packing arrangements derive 156 

their names from the shape of a 3D six-sided box formed by joining the eight sphere centres (Graton 157 

and Fraser, 1935).  158 

Each of these packing arrangements can be characterized with a packing density or concentration 159 

(representing space occupied by spheres), porosity (representing void space), coordination number 160 

(representing number of contact points with neighboring spheres per unit volume), and packing factor. 161 

These characteristics are derived by analyzing the geometry of any given packing arrangement. Table 162 

1 presents a summary of the different packing arrangements and their characteristics. As one moves 163 

from the cubic packing arrangement to rhombohedral, the porosity decreases whilst the concentration 164 

and the number of contact points increases (Table 1). The cubic arrangement represents the loosest 165 

arrangement and rhombohedral the densest packing arrangement. 166 

 167 

 168 

 169 

 170 

 171 

 172 
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Table 1. Packing arrangements and their characteristics (Graton and Fraser, 1935; Taylor, Milly and 173 

Jaffe, 1990; Cooke and Rowe, 1999) 174 

Packing 

arrangement 

Number of 

contact 

points 

Porosity (%) Packing density 

(concentration) 

(%) 

Volume of 

a unit cell 

Packing 

factor, 

αm 

Cubic 

Ortho-rhombic 

Tetragonal-

sphenoidal 

Rhombohedral 

6 

8 

10 

 

12 

47.64 

39.54 

30.19 

 

25.95 

52.36 

60.46 

69.81 

 

74.05 

d3 

23d3
 

0.75d3 

2d3
 

1 

2 3  

0.75 

21  

NB: d is sphere diameter 175 

 176 

2.1.2    Interactive sizes within Primary aggregate structure 177 

Since the primary structure is mainly responsible for transfer of applied loads, aggregate particles 178 

constituting this structure must be in contact (interact) with each other as this is required for load transfer. 179 

The aggregate particle sizes that are in contact (interact) with each other constitute the interactive sizes. 180 

The standard sieve sizes are used to estimate the aggregate particle sizes and thus the sizes for the 181 

different structures. To obtain the aggregate particle sizes that contribute to the primary structure, the 182 

weighted average aggregate particle size as proposed by Yidet et al. (2013) is determined for the 183 

various sieve sizes as shown in Eq. (1) and (2). It is derived as follows: 184 

Considering aggregate particles retained between two consecutive sieves with sizes of D1 and D2 185 

(where D1 is greater than D2); assuming that if aggregate particles (retained onto these two sieves) were 186 

represented by particles with an average size; then the volume of particles with an average size would 187 

be equal to the volume of particles retained in these two consecutive sieves. 188 

 189 

Volume of particles with average size = Σ Volume of particles retained onto two consecutive sieves 190 

 191 
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Assuming aggregate particles are spherical, thus sphere volume = volume of particles and sieve size is 192 

equal to particle size 193 

 194 

Where: D1, D2 are the sieve sizes for two consecutive sieves 1 and 2 (D1, is greater than D2) respectively, 195 

φ1, φ2 are concentrations (percentage retained by volume) for two consecutive sieves 1 and 2 196 

respectively. 197 

Make Davg the subject; 198 

 199 

 200 

 201 

The average weighted diameter, Davg represents the average aggregate particle size for aggregate 202 

particles between two consecutive sieve sizes. To determine the interaction between the sieve sizes, 203 

the limits for weighted average size are determined as shown in the following sections. 204 

 205 

Maximum/Upper limit sieve size 206 

For the maximum sieve size for the primary aggregate structure, if one moves from the loosest packing 207 

arrangement which is represented by cubic packing arrangement with concentration (packing density) 208 

of 0.524 (Table 1) at particle size D1 to the densest state represented by the 3D rhombohedral packing 209 

arrangement with concentration of 0.74 at particle size D2. This implies that concentration φ1 for D1 sized 210 

particles is 0.52 and that for D2 sized particles, φ2=0.74-0.52=0.22 such that a densest state is reached 211 

at size D2. When these concentration values are substituted in Eq. (2), then the maximum limit size for 212 

the average weighted size, Davg for the primary structure is given as shown in Eq. (3). 213 

 214 
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in equation (5), the minimum concentration of 0.22 is obtained. To achieve a maximum concentration 236 

of 0.74 at particle size D2 then concentration would increase by 0.74 – 0.22= 0.52. Thus, φ1=0.22 and 237 

φ2=0.52. When these values are substituted in the Eq. (2) for weighted average particle diameter, the 238 

lower limit for the weighted average is obtained as shown in Eq. (6). 239 

 240 

 241 

 242 

Therefore by combining Eq. (3) and (6) the limits for the average weighted particle size Davg limits are 243 

shown in Eq. (7). 244 

 245 

 246 

 247 

Sieve sizes (representing aggregate particle sizes) with average weighted particle diameter lying within 248 

the limits shown in Eq. (7) are considered to be interacting or in contact with each other and therefore 249 

part of the primary structure. It may be possible to have different ranges of interacting sizes, in this 250 

scenario the primary structure with highest concentration should be considered. The upper limit for the 251 

average weighted size is a function of moving from a loosest packing arrangement (cubic) to the densest 252 

one (rhombohedral packing arrangement). The rhombohedral 3D packing arrangement simulates the 253 

densest state of compaction. The lower limit is a function of the minimum separation distance required 254 

for particles to remain in contact derived from geometric considerations. 255 

 256 

Considering the fact that porosity of a granular material consisting of equal sized particles in a loose 257 

state is in the range of 45-55% (Lambe and Whitman, 1979); from this it can be inferred that in a granular 258 

material for particles to be in contact with each other or to interact with each other (as particle interaction 259 

is a necessary requirement for load transfer), the porosity must be less than 55%. Based on this 260 

maximum porosity value (i.e. 55%), a packing density (i.e. volume filled by particles) of 45% is obtained 261 
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(from 100-55=45%). Therefore, a minimum packing density or concentration of 45% is required for 262 

particles to remain in contact with each other or interact with each other. The packing density or 263 

concentration may represent the aggregate mass or volume retained at any given sieve size within the 264 

gradation of the aggregate. Therefore, the minimum packing density (concentration) of 45% required 265 

for particles to interact with each other can act as a condition for a given aggregate size to qualify as 266 

part of the primary structure. The minimum packing density of 45% corresponds to a maximum porosity 267 

of 55% required for granular particles to remain in contact with each other. 268 

 269 

2.1.3    Lower sieve size limit for primary structure 270 

Studies have shown that aggregate particles sized 2.36 mm-0.063 mm and filler (less than 0.063 mm) 271 

have a higher affinity for foamed bitumen than the coarser ones (Lee, 1981; Jenkins, 2000 and Fu et 272 

al., 2008). Further, analysis of aggregate particle gradations used by other researchers in foamed 273 

bitumen mixes (by the authors) have shown that the primary structure could extend up to the 1.18 mm 274 

sieve size. Thus 1.0 mm sieve size is proposed as the cut-off sieve size for the primary structure.  275 

 276 

In summary, the primary aggregate structure constitutes aggregate particles that are interacting with 277 

each other and their sizes are determined from Eq. 2 and 7 above. In addition, the minimum 278 

concentration for the primary structure should be at least 45% (minimum concentration required for 279 

granular particles to remain in contact with each other), these two conditions are used to assess whether 280 

aggregate particles of a particular size are part of the primary structure. The minimum cut-off sieve size 281 

for the primary structure is proposed as 1.0 mm. 282 

 283 

2.2    Oversize and Secondary aggregate structures 284 

2.2.1    Oversize aggregate structure 285 

Any sieve size greater than the maximum sieve size for the primary structure is considered to be part 286 

of the oversize structure. The minimum sieve size for this structure should be equal to the maximum 287 

sieve size for the primary structure and the maximum sieve size should be the aggregate maximum 288 

size. This oversize structure does not take part in supporting the applied loads as its concentration is 289 
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low but just floats around in the mix. 290 

 291 

2.2.2    Secondary aggregate structure 292 

The maximum sieve size for the secondary structure should be equal to the minimum sieve size for the 293 

primary structure. The minimum sieve size for the secondary structure should be below 0.063 mm. The 294 

filler fraction (consists of aggregate particles whose size is less than 0.063 mm) is also part of the 295 

secondary structure. Table 2 summaries the different aggregate structures and their corresponding size 296 

limits. 297 

 298 

Table 2. Summary of aggregate structures and corresponding sizes 299 

Aggregate 

structure 

Minimum sieve size (mm) Maximum sieve size (mm) 

Oversize (OS) 

Primary (PS) 

Secondary (SS) 

Maximum sieve size for PS 

1.0 

Below 0.063 mm 

Maximum aggregate size 

Maximum size for interacting sizes 

Minimum sieve size for PS 

 300 

Therefore, for a given aggregate gradation, the mass retained at each sieve is computed. This is 301 

followed by computation of average weighted particle diameter at each sieve size as shown in Eq. (2). 302 

The upper and lower limits for the average weighted particle diameter as shown in Eq. (7) are 303 

determined for the different sieve sizes. The sieve sizes constituting the primary aggregate structure 304 

are those consecutive sieves with average weighted diameter, Davg lying within the upper and lower 305 

limits given by Eq. 7 and with concentration exceeding 45%. The oversize structure is made up of sieve 306 

sizes that are above the maximum primary structure size. Whilst the secondary aggregate structure 307 

sieve sizes are below the lowest sieve size for the primary structure, with 0.063 mm and below being 308 

the lowest sieve size for the secondary structure. This gradation framework is applicable to the 309 

aggregate gradation lying within the required gradation bands. 310 

 311 

 312 
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 335 

 336 

337 

338 

 339 

NB: Bitumen volume absorbed by the aggregate structure is considered as part of the total aggregate 340 

volume.  341 

 342 

 343 

 344 

 345 

 346 

 347 

 348 

 349 

 350 

 351 

 352 

 353 

 354 

 355 

 356 
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 357 

 358 

 359 

Substituting for the different volume components (VPS, VSS, Vbeff, Vair, and Vw) in Eq. (9): 360 

 361 

 362 

 363 

 364 

3.2    Secondary aggregate structure porosity, ηSS 365 

Similarly as in the case of primary structure, the secondary structure porosity is the ratio of the volume 366 

of voids to total volume of the secondary structure. The voids for the secondary structure consist of: 367 

filler fraction, bitumen, air and residual moisture (Fig. 2). Whilst the total volume for secondary structure 368 

consists of secondary structure aggregate, filler, bitumen, air and residual moisture volumes. The 369 

expression for secondary structure porosity, ηSS is derived as shown below in Eq. (11) and (12). 370 

 371 

 372 

 373 

 374 

Substituting for the different volume components (VSS, Vbeff, Vair, and Vw) in Eq. (11): 375 

 376 
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 377 

 378 

 379 

3.3    Variation of aggregate structure porosities with bitumen content 380 

Since fine portion of the aggregate (normally less than 2.36 mm) exhibits a higher affinity for foamed 381 

bitumen (Jenkins, 2000); it can be hypothesized that in contact with pre-wetted aggregates foamed 382 

bitumen combines with the fine fraction of the aggregate forming bitumen mortar. This bitumen mortar 383 

then coats the coarser aggregate particles. The compaction process promotes the coating of the coarser 384 

aggregate particles by the bitumen mortar. Therefore when foamed bitumen is added to a pre-wetted 385 

aggregate, the secondary structure (which consists of the fines) combines with the foamed bitumen, 386 

this leads to reduction in the voids within the secondary structure and thus reduction in secondary 387 

structure porosity. Whilst further increase in bitumen will lead to increase in voids within the secondary 388 

structure, as a result of the voids being filled with additional bitumen and thus increase in its porosity. 389 

Fig. 3 illustrates the typical variation of secondary structure porosity and bitumen content.  390 

 391 

Similarly, considering the primary aggregate structure, when bitumen is added to the pre-wetted 392 

aggregates, the voids within the primary structure start to be filled with the secondary structure and 393 

bitumen. This leads to a decrease in the voids volume of the primary structure and thus decrease in the 394 

primary structure porosity. However after a certain bitumen content, any further addition of bitumen 395 

would lead to increase in the voids within the primary structure as the added bitumen together with the 396 

secondary structure gets in between primary structure particles thus increasing the volume of voids. 397 

This increase in voids is followed by the increase in primary structure porosity. Fig. 3 illustrates the 398 

typical variation of primary structure porosity and bitumen content.  399 

 400 
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gives 50% porosity) are chosen; specimens are then made at these bitumen contents and tested for 420 

indirect tensile strength. 421 

 422 

4.2    Strength criteria 423 

The indirect tensile test is recommended as it is a common and simple test to carry out. Moreover, 424 

equipment for this test is readily available in typical highway engineering laboratories. Indirect tensile 425 

strength values (ITS) at primary aggregate porosity of 50% are determined, these are compared the 426 

minimum recommended values. The Asphalt Academy (2009) recommends minimum values dry and 427 

wet indirect tensile strength of 125 kPa and 50 kPa, respectively for 100 mm diameter foamed bitumen 428 

mix specimens. These ITS values may be obtained from plots of primary porosity versus indirect tensile 429 

strength. The final bitumen contents are then obtained from plots of indirect tensile strength versus 430 

bitumen content. 431 

 432 

5.0    Application of the design procedure 433 

The above proposed procedure was applied to mixes of foamed bitumen and laterite gravels and the 434 

following results were obtained. Firstly, the experimental work involved is briefly described. 435 

 436 

5.1    Experimental procedure 437 

Three laterite gravel samples (coded L1, L2 and L3) and two penetration grade bitumens of 50/70, 438 

70/100 coded B1 and B2 respectively were used in the study. The bitumens were supplied by Nynas 439 

AB of Sweden. The laterite gravels were sourced from the Lake Victoria region around the equator. 440 

Chemical analysis showed that the silica-sesquioxide ratios (ratio of silica to iron and aluminium oxide) 441 

for the laterite gravels were 0.35 for L1, 0.315 for L2 and 0.497 for L3. Laterite gravel gradation was 442 

adjusted to fit in the ideal zone band for aggregates required for foamed bitumen mixes. The physical 443 

properties of the bitumens are shown in Table 3. Foamed bitumen mix specimens consisting of laterite 444 

gravels and foamed bitumen were made. The bitumen content was varied from 2% up to 6% in 445 

increments of 1%. The foamed bitumen used in the production of the mixes was at the optimum 446 

conditions of bitumen temperature and foamant water contents as determined by Namutebi et al., (2011) 447 
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(Table 3).  448 

 449 

Table 3. Bitumen physical properties, foam conditions and characteristics (Namutebi et al., 2011) 450 

Property Bitumen B1 B2 
Grade 50/70 70/100 

Penetration at 25oC (0.1 mm) 
Softening point (°C) 
Specific gravity 
Brookfield viscosity (Pas) 
 
 
 
 
 
 
Foamed bitumen conditions & 
characteristics: 
Bitumen temperature (°C) 
Optimum foamant water 
content (%) 
Maximum expansion ratio 
Half-life (s) 

 
 
 
 
at 135°C 
at 140°C 
at 150°C 
at 160°C 
at 170°C 
at 180°C 
 
 
 
 

50.3 
50.4 
1.028 
 
0.485 
0.370 
0.236 
0.159 
0.110 
0.078 
 
 
160 
3 
 
22 
17 

79.0 
44.7 
1.026 
 
0.344 
0.284 
0.176 
0.120 
0.084 
0.062 
 
 
150 
2 
 
17 
17 

 451 

Pre-wetted gravel specimens were mixed with foamed bitumen after 24 hours, more moisture was 452 

added to the mixture of gravels and foamed bitumen in order to bring the moisture conditions to the 453 

compaction moisture levels. These mixes were left for 24 hours after which mixes were compacted at 454 

the locking point in moulds of 100 mm diameter. Curing of the compacted specimens was then done; 455 

this involved leaving the specimens sealed at room temperature for 24 hours followed by placing them 456 

in the oven at 40�C for 72 hours. After curing, specimens were then cooled and sealed for indirect tensile 457 

strength testing. Cured mix specimens were conditioned at a temperature at 20°C for at least 30 458 

minutes. Mix specimens were then placed between the top (loading ram plate) and bottom plates in the 459 

MTS (Material testing system) equipment. A compressive load, P was applied at a deformation rate of 460 

50.8mm/min to the diametrical axis of the specimen until failure. The maximum load, P that failed the 461 

specimen was recorded and used to compute the indirect tensile strength. Indirect tensile strength in 462 

units of kPa was computed from 2Px 103/�D h, where D and h are specimen diameter and height in mm 463 

respectively. 464 

 465 
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5.2    Aggregate structures 466 

When the aggregate framework in section 2.0 was applied to the gradation for laterite gravels the sieve 467 

size ranges for oversize structure, primary structure, and secondary structures as well as the 468 

corresponding concentration summarised in Table 5 were obtained. Table 4 illustrates the derivation of 469 

the interactive sieve sizes for the primary aggregate structure for laterite gravel L1. These interactive 470 

sieve sizes are highlighted (Table 4).  471 

 472 

Table 4. Determination of oversize, primary and secondary structures for L1 473 

Sieve 
size 
(mm) 

Mass 
passing 
(%) 

%retained per 
sieve 
(concentration) 

Weighted 
average particle 
diameter (mm), 
Davg 

Lower limit 
for Davg (mm) 

Upper limit for 
Davg (mm) 

Does Davg 
lie within 
limits? 

Sieve size 
ranges 

31.5 
22.4 
16 
11.2 
8 
4 
2.36 
1.18 
1 
0.5 
0.25 
0.125 
0.063 
0 
 

100 
99 
84 
67 
57 
45 
37 
34 
34 
28 
23 
20 
17 
0 
 

0 
1 
15 
17 
10 
12 
8 
3 
0 
6 
5 
3 
3 
17 
 

 
22.40 
16.22 
12.66 
9.49 
4.74 
2.93 
1.69 
1.15 
0.51 
0.31 
0.16 
0.08 
0.00 
 

 
24.23 
17.30 
12.14 
8.65 
4.46 
2.60 
1.32 
1.05 
0.56 
0.28 
0.14 
0.07 
0.00 
 

 
27.56 
19.65 
13.88 
9.82 
5.54 
3.12 
1.63 
1.12 
0.69 
0.35 
0.17 
0.09 
0.00 
 

 
FALSE 
FALSE 
TRUE 
TRUE 
TRUE 
TRUE 
FALSE 
FALSE 
FALSE 
TRUE 
TRUE 
TRUE 
TRUE 
 

 
31.5-22.4 
22.4-16 
16-11.2 
11.2-8 
8-4 
4-2.36 
2.36-1.18 
1.18-1 
1-0.5 
0.5-0.25 
0.25-0.125 
0.125-
0.063 
0.063-0 

NB: Gradation was based on wet sieving, Davg= D1D2[(φ1+ φ2)/(φ1D23 + φ2D13 )]1/3; Lower limit for Davg: 474 

Davg= 1.51D1D2/(D23+2.36D13 )1/3;  Upper limit for Davg: Davg= 1.51D1D2/(2.36D23+D13 )1/3. The highlighted 475 

cells show sieve sizes that are interacting. 476 

 477 

 478 

 479 

 480 

 481 
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Table 5. Laterite gravel structures their concentration and sieve size ranges 482 

Laterite 
gravel 

Aggregate structure concentration (%) Sieve sizes (mm) 

Oversize 
structure 
(OS) 

Primary 
structure 
(PS) 

Secondary 
structure 
(SS) 

Oversize 
structure 
(OS) 

Primary 
structure 
(PS) 

Secondary 
structure (SS) 

L1 
L2 
L3 

16 
16 
16 

47 
44 
46 

37 
40 
38 

>16 
>16 
>16 

16-2.36 
16-2.36 
16-2.36 

Less than 2.36 
Less than 2.36 
Less than 2.36 

 483 

The aggregate oversize structure sieve size ranged between 16 mm and 31.5 mm, whilst the primary 484 

structure the sieve size ranged between 16 mm to 2.36 mm for all laterite gravels. The secondary 485 

structure size ranged from 2.36 mm and below for all laterite gravels (Table 5). The laterite gravel 486 

grading was based on wet gradation since this represents the true gradation of the gravels. The primary 487 

structure concentration exceeded 45% the minimum concentration required for aggregate particles to 488 

remain in contact with each other, (with the exception for laterite gravel L2) as deduced from Lambe 489 

and Whitman’s suggestion (1979) and as discussed in section 2.1.2 of this paper. For laterite gravel L2, 490 

the concentration for the primary structure of 44% is closer to 45% within limits of experimental error.  491 

 492 

5.3    Aggregate structure porosity 493 

Primary aggregate structure porosity was determined as shown in Eq. (10) in section 3.1. Plots of 494 

primary aggregate structure porosity versus bitumen content were made and are shown in Fig. 4. 495 

 496 
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best represents the variation of primary porosity with bitumen content as it describes what actually 516 

happens in practice unlike the Fourier model that yields different peaks at different bitumen contents. It 517 

is not clear why mixes made with bitumen B2 exhibited such a trend of a Fourier model. However, such 518 

variations illustrate the complex nature of foamed bitumen mixes. 519 

 520 

Table 6. Model equations and corresponding parameters 521 

Mix Model equation R2 Adjusted 
R2 

95% confidence intervals 

    1st term 2nd term, 
3rd term 

Constant, last 
term, 

L1-B1 
 
L2-B1 
 
L3-B1 
 
L1-B2 
 
 
 
L2-B2 
 
 
L3-B2 
 

ηPS = 0.08x2 - 0.77x + 51.5 
 
�PS = 0.36x2 – 2.09x + 51.4 
 
�PS = 0.57x2 – 3.31x + 51.1 
 
�PS=50.8+ 0.61cos(1.04x) + 
2.3 sin(1.04x) 
 
�PS=53.6-1.453cos(1.272x) + 
0.7896 sin(1.272x) 
 
�PS=53.6 -1.24cos(2.5x) -
0.204 sin(2.5x) 

0.73 
 
0.70 
 
0.90 
 
0.83 
 
 
0.93 
 
 
 
0.83 

0.56 
 
0.53 
 
0.84 
 
0.58 
 
 
0.83 
 
 
 
0.57 

-0.099, 0.27 
 
-0.07, 0.78 
 
0.22, 0.92 
 
48.8, 52.8 
 
 
52.6, 54.6 
 
 
 
52.1, 55.2 

-1.9, 0.38 
 
-4-76, 0.59 
 
-5.50, -1.13 
 
-3.4, 4.6; 
-1.06, 5.6 
 
-3.3, 0.41; 
-3.2, 4.8 
 
 
-3.49, 1.00; 
-5.39, 4.99 

49.9, 53.1 
 
47.4, 55.2 
 
48.01, 54.19 
 
0.58, 1.49 
 
 
0.71, 1.83 
 
 
 
1.33, 3.66 

NB: �PS primary structure porosity, x= bitumen content 522 

 523 

When a criteria of 50% primary aggregate structure porosity is considered as discussed in section 2.1.2; 524 

the acceptable bitumen contents as deduced from Fig. 4 for the different laterite gravel foamed bitumen 525 

mixes are summarized in Table 7. It is interesting to note the obtained bitumen contents at 50% primary 526 

structure porosity (in Table 7) all yield ITS values that exceed 125 kPa (see Figure 6), the minimum dry 527 

ITS value recommended by Asphalt Academy (2009). 528 

 529 

 530 

 531 

 532 

 533 



 

25 
 

Table 7. Bitumen contents corresponding to 50% primary porosity 534 

Bitumen Laterite 
gravel 

Bitumen 
content (%) 

Primary porosity, 
��PS (%) 

B1 
 
 
 
B2 

L1 
L2 
L3 
 
L1 
L2 
L3 

4.1* 
2.7* 
3.0* 
 
4.3* 
5** 
5** 

50 
50 
50 
 
50 
52.4 
52.7 

NB: *- an average for two or more bitumen contents was taken. **- a bitumen content with porosity 535 

closer to 50% was taken 536 

 537 

5.4    Indirect Tensile strength and Primary Aggregate porosity 538 

The variation of primary aggregate structure porosity with indirect tensile strength is shown in Fig. 5. 539 

Generally, primary aggregate structure porosity decreased as the indirect tensile strength increased 540 

reaching a minimum value. As the porosity increased further from a minimum value the indirect tensile 541 

strength increased (see Fig. 5). This increase in porosity could possibly be attributed to the increase in 542 

bitumen content that in turn leads to increase in the voids. From Fig. 6, as the bitumen content increased 543 

the indirect tensile strength increased. 544 

 545 

The indirect tensile strength (ITS) values corresponding to the primary aggregate structure porosity of 546 

50% are deduced from Fig. 5 for the different mixes and are summarized in Table 8. It can be observed 547 

that the ITS values at 50% primary structure porosity exceed the minimum dry ITS value of 125 kPa 548 

recommended by Asphalt Academy (2009) (see Table 8). 549 

 550 
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(a)  

(b) 
Fig. 5. Primary structure porosity versus indirect tensile strength for laterite gravel foamed bitumen 551 

mixes. (a). Plot for mixes made with bitumen B1. (b). Plot for mixes made with bitumen B2 552 

 553 

Table 8. ITS values corresponding to 50% primary porosity 554 

Bitumen Laterite 
gravel 

Primary porosity (%) ITS value (kPa) 

B1 
 
 
 
B2 

L1 
L2 
L3 
 
L1 
L2 
L3 

50 
50 
50 
 
50 
52.4 
52.7 

195* 
200 
210 
 
270.5* 
255 
328 

NB: *: An average value was taken 555 

 556 

5.5    Indirect Tensile strength and Bitumen content 557 

Plots of indirect tensile strength (ITS) values versus bitumen contents are shown in Fig. 6. Generally, 558 

ITS values increased with increasing bitumen contents for all mixes (Fig. 6). It can be observed that 559 

laterite gravel mixes made with bitumen B2 yielded higher indirect tensile strength values to those made 560 

with bitumen B1; although bitumen B1 exhibited a higher expansion ratio (22) compared to that for B2 561 

(17) (see Table 3). It has been observed that foamed bitumens with high expansion ratios are well 562 

dispersed within mixes than those with lower expansion ratios (Saleh, 2004; Fu, Jones and Harvey, 563 

2011). High expansion ratios are characterized with high volumes that could allow the binder to be easily 564 
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dispersed within the mix. Mixes with well dispersed foamed bitumen are expected to yield higher 565 

strengths than those in which foamed bitumen is not well dispersed. Sunarjono (2008) suggested that 566 

foam viscosity and method of mixing (type of mixer, mixing time) could be other parameters that 567 

influence mix performance. 568 

 569 

Results in this study seem to contradict observations made by other researchers such as Saleh (2004) 570 

and Fu et al. (2011); this may be explained by the lower bitumen viscosities exhibited by bitumen B2 571 

compared to those for bitumen B1 (Table 3). These lower viscosities could possibly lead to a good 572 

dispersion of bitumen B2 within the mixes and formation of bitumen mortar that is more elastic which 573 

can support higher tensile stresses than say a stiffer mortar that results when mixes are made with 574 

bitumen B1 with high viscosities. He and Wong (2008) from their study on evaluation of moisture effects 575 

on the strength and permanent deformation for foamed bitumen mixes containing recycled asphalt 576 

pavement (RAP) materials, showed that mixes made with bitumen 100 pen (a high penetration grade 577 

bitumen and lower viscosity) yielded higher indirect tensile strengths than those made with 60 pen (a 578 

low penetration grade bitumen and high viscosity). He and Wong’s observation could be explained by 579 

the lower viscosity exhibited by the 100 pen grade bitumen compared to the 60 pen bitumen. This low 580 

viscosity bitumen could led to formation of less stiff bitumen mortar that could resist higher tensile 581 

stresses than a more stiffer bitumen mortar that resulted with the higher viscosity bitumen. Results from 582 

this study agree with observations made in He and Wong’s study. Also, results from this study seem to 583 

suggest that bitumen viscosity is also a factor that could influence the resulting mix properties such as 584 

ITS. However, other factors such as bitumen composition that were not considered in this study could 585 

possibly affect the indirect tensile strength results. 586 

 587 

Between 2% and 5% bitumen contents for both B1 and B2 mixes containing gravel L3 generally yielded 588 

higher ITS values compared to those with L1 and L2 (Fig. 6). This may possibly be attributed to the high 589 

fines content (material less than 0.063 mm) for L3. From wet gradation results, L3 and L2 yielded the 590 

highest amount of fines (20%) and L1 had the lowest amount of fines (17%). The higher fines content 591 

may lead to the formation of bitumen mortar that is more elastic and thus enhancing the resistance of 592 
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structure porosity are deduced from plots of ITS versus bitumen content in Fig. 6 and are summarized 611 

in Tables 8 and 9. If 60% is taken as the minimum retained indirect tensile strength ratio (ratio of wet 612 

indirect tensile strength to the dry value) as recommended by Asphalt Academy (2009), the estimated 613 

wet ITS values all exceed 75 Pa the minimum wet ITS value (see Table 9). Mix samples were not tested 614 

for wet ITS in this study due to resource constraints. Also, the dry indirect tensile strength values exceed 615 

the minimum value of 125 kPa recommended by the Asphalt Academy (2009) (see Tables 8 and 9). 616 

This supports primary aggregate structure porosity as a parameter that can be used to determine 617 

bitumen contents for foamed bitumen mixes. 618 

 619 

Table 9. Bitumen contents in percent from ITS versus bitumen content plots 620 

Bitumen Laterite 
gravel 

ITS 
(kPa) 

Bitumen 
content 

(%) 

Estimated 
wet ITS 
(kPa) 

B1 
 
 
 

B2 

L1 
L2 
L3 

 
L1 
L2 
L3 

195 
200 
210 

 
270.5 
255 
328 

4.5 
4.7 
5.5 

 
4.4 
5.0 
4.6 

117 
120 
126 

 
162 
153 
197 

 621 

In summary, the procedure to determine the optimum bitumen content consists of establishing the 622 

different aggregate structures (oversize, primary and secondary) followed by computation of the porosity 623 

for the primary structure. The bitumen content at or closer to 50% primary structure porosity is chosen 624 

at first. Indirect tensile strength is determined for foamed bitumen specimens made with bitumen 625 

contents at, closer and above the bitumen content corresponding to 50% primary structure porosity. 626 

The bitumen content that leads to a minimum indirect tensile strength of 125 kPa is chosen as the final 627 

optimum bitumen content. 628 

 629 

5.6   Practical applications of the study 630 

Results from this study if applied in practice can aid in determining the optimum bitumen content 631 

expeditiously. A few trial foamed bitumen mixes can be made with an estimated bitumen content 632 



 

30 
 

determined initially from the aggregate and bitumen physical properties such as specific gravity, 633 

proportions of the different aggregate structures (oversize, primary and secondary) as these can easily 634 

be determined from aggregate gradation which is known or has been chosen. The binder absorbed can 635 

be estimated by the water absorption capacity of the aggregate. Aggregate surface area values for the 636 

different aggregate structures can be determined from Hveem standard values. Assumed values can 637 

be used for porosity (say 50%), air voids and residual moisture content. Foamed bitumen mix specimens 638 

could be produced at bitumen contents below, at and above the estimated bitumen content (as a 639 

function of aggregate and bitumen properties as well as guide values for porosity, air voids, residual 640 

moisture and surface area) and tested for ITS. From the analysis of plots of porosity versus bitumen 641 

content and ITS versus bitumen content, an optimum bitumen content that satisfies recommended ITS 642 

values can be chosen. 643 

 644 

6.0    Summary and Concluding Remarks 645 

The aggregate gradation framework based on the 3D packing theory was used to characterize the 646 

aggregate structure of foamed bitumen mixes into: oversize, primary, and secondary aggregate 647 

structures. Using the primary structure aggregate porosity of 50%, bitumen contents corresponding to 648 

primary aggregate structure porosity of 50% were determined. The starting bitumen content could be 649 

estimated given primary structure porosity criteria of 50% and values assumed for other variables such 650 

as air voids, residual moisture, specific gravity for bitumen, mix specific gravity. Other variables such as 651 

aggregate surface area can be computed from standard values; proportions of different aggregate 652 

structures can easily be deduced from the aggregate grading; aggregate specific gravity can be easily 653 

determined as a characteristic for the aggregate as well as the amount of binder absorbed could be 654 

related to the water absorption characteristics for the aggregates. 655 

 656 

Further, mixes are made at these bitumen contents (corresponding to primary porosity of 50%) below, 657 

closer as well as above and tested for indirect tensile strength. The lowest bitumen content that yields 658 

the minimum indirect tensile strength value is taken as the optimum bitumen content. Determining the 659 

bitumen content for use in design of a given foamed bitumen mixture using aggregate porosity provides 660 
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a rational and cost effective way of estimating binder requirements. Also, this eliminates the need of 661 

carrying out complex tests such as triaxial tests which are not available in many highway laboratories 662 

and are time consuming. Further, this reduces on the number of bitumen contents that may be 663 

considered in mix design, since only bitumen contents (say three sets of bitumen contents) closer to the 664 

identified bitumen content that yields a 50% primary porosity may be used. However, this procedure 665 

needs to be validated with other foamed bitumen mixes made with various bitumen types and contents 666 

as well as different aggregate types. Also, wet ITS values need to be considered in order to incorporate 667 

the durability aspect for foamed bitumen mixes. 668 

 669 
Study limitations 670 

Wet indirect tensile strength values need to be considered in choosing the final bitumen content as 671 

foamed bitumen mixes are characterized with high voids. In this study, wet ITS values were not 672 

determined for the laterite gravel-foamed bitumen mixes due to resource constraints. Also, the 3D 673 

packing theory used in dividing the aggregate into the different structures is based on spheres and yet 674 

in reality aggregate particles are hardly spherical in shape. In addition, aggregate particle sizes are 675 

estimated with standard sieve sizes. Despite these limitations, this research prompts the use of the 676 

aggregate porosity concept in foamed bitumen mix design and should be pursued further.  677 
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Abstract 
Increasing global population, depletion of good quality aggregates, and environmental 
challenges, are exerting pressure on the road industry to construct pavements in a sustainable 
way. Technologies such as foamed bitumen are increasingly being considered as alternatives 
that could aid in averting some of the above challenges. In this paper, some aspects of foamed 
bitumen technology namely: ageing susceptibility of foamed bitumen during the production 
process; optimisation of foamed bitumen conditions and characteristics; evaluation of 
aggregate particle coating within foamed bitumen mixes; and laboratory compaction of 
foamed bitumen mixes are discussed in order to provide insights into this technology. Based 
on results from previous studies; it appears that binder ageing does not occur during the foam 
production process. Producing foamed bitumen at bitumen temperatures near to or at the equi-
viscous temperature seems to lead to the production of foamed bitumen with acceptable 
characteristics. Finer aggregate particles (less than 2.36 mm sieve size) are better coated with 
foamed bitumen, while the coarser aggregate particles are hardly coated. Temperature seems 
to be the main factor that influences binder coating with coarser aggregate particles; while for 
finer aggregate particles, surface area appears to be a major factor. Laboratory compaction of 
foamed bitumen mixes at the modified locking point seems to better simulate the state of 
maximum aggregate particle interlock. This modified locking point presents a suitable point 
at which laboratory compaction of foamed bitumen mixes can be undertaken. The modified 
locking point is based on the rate of change of slope for a compaction curve.  
 
KEYWORDS: Foamed bitumen; Ageing; Foamed bitumen characteristics; Aggregate 
coating; Foamed bitumen mixes; Compaction 
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1.0. Introduction 
The use of foamed bitumen in road construction materials can be traced back to the late 1950s 
when Csanyi first applied it to soil stabilisation. Foamed bitumen used was produced with 
steam and hot penetration grade bitumen [1, 2, and 3]. In the late 1960s, Mobil Oil of 
Australia acquired the patent for foamed bitumen technology and modified the process of 
foamed bitumen production by using cold water instead of steam to produce foamed bitumen. 
Later, an expansion chamber and a system of nozzles where foamed bitumen was produced 
and dispersed were developed [4, 5]. When the patent rights by Mobil Oil expired in the early 
1990s, other companies such as Wirtgen, and Sorter started manufacturing new equipment, 
this enabled various researchers and contractors to gain access to the foamed bitumen 
technology. Generally during the last 20 years, foamed bitumen technology has been put to 
various applications in the road industry.  
 
Foamed bitumen consists of penetration grade bitumen that has been heated to high 
temperatures, (typically between 150°C and 180°C), small quantities of water (2-3% by 
weight of the bitumen) and air [2, 6, and 7]. Figure 1 illustrates the process of foamed 
bitumen production. The foaming process reduces bitumen viscosity and increases its surface 
area making it well suited for mixing with pre-wetted aggregates. In contact with pre-wetted 
aggregates, foamed bitumen combines with fines (particles whose size is less than 2 mm) 
resulting in formation of bitumen mortar that binds the coarser aggregate particles into a 
composite mass; this mechanism implies that aggregates to be treated with foamed bitumen 
must contain adequate fines. Foamed bitumen is used to stabilise a wide range of aggregates 
ranging from high-quality to marginal or even poor aggregates. In addition, soils (such as 
heavy clayey, sandy or granular soils) and recycled aggregates (aggregates that have been 
used in any pavement layer before) have been successfully treated with foamed bitumen [1, 2, 
4, 5, 8, and 9]. 
 
 

 
 
Figure 1. A schematic showing production of foamed bitumen (Sunarjono, 2008) 
 
 
Foamed bitumen offers various advantages such as improving strength and durability of 
mixtures, reduction in binder requirements, can be used with a wide range of aggregates, 
reduction in binder and transportation costs, energy savings during mix production, 
environmental friendliness as no volatiles are released in the air, improved workability, 
propensity of using labour intensive methods, among others [10, 11, and 12]. However, 
despite foamed bitumen being widely used since its inception in the 1950s and exhibiting 
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various benefits; several of its aspects are still not well understood. Some of the relevant 
aspects are discussed in this paper. 
 
 
1.1. Binder ageing 
During the production process of foamed bitumen, agents that promote binder ageing such as 
oxygen are present within the air and water injected into the hot binder, thus there is a 
possibility that the binder may be exposed to ageing. Binder ageing may alter its chemical 
composition and thus its properties. Hardly any studies have been done to investigate the 
ageing susceptibility of the binder during the foam production process. Also, within foamed 
bitumen mixes the binder is not uniformly distributed as in the case of hot asphalt mixes. The 
binder appears to be scattered within foamed bitumen mixes; this way of binder distribution 
makes foamed bitumen mixes susceptible to ageing. Also, foamed bitumen mixes have 
typically exhibited high air voids content. For example, Lee [4] has observed air voids content 
varying from 7.5% to 32.3%. These high voids render these mixes highly susceptible to 
binder ageing. Further, Sunarjono [13] observed that there was an increase in complex 
modulus for binder extracted from foamed bitumen mix specimens in compared to that of the 
neat binder. Such increase in complex modulus was attributed to ageing of the binder within 
foamed bitumen mix specimens. 
 
 
1.2. Foamed bitumen conditions and characteristics 
Foamed bitumen can be produced under different conditions of bitumen temperature and 
quantities of foamant water. The bitumen temperature provides the heat energy required to 
convert water into steam, as steam is needed in foamed bitumen formation. Parameters for 
foamed bitumen characterisation include: maximum expansion ratio (ERm), half-life (HL), 
foam index, minimum viscosity, and coefficient of foamability [7, 14, 15, and 16]. The 
maximum expansion ratio is the proportion of maximum volume of bitumen in the foamed 
state to original bitumen volume. Whilst half-life is the time taken for foamed bitumen to 
reduce to half its maximum volume [7, 16]. The maximum expansion ratio is a measure of 
foam viscosity whilst the half life is an indicator of the mixing period of foamed bitumen with 
pre-wetted aggregates. 
 
The foam index is a parameter that combines the maximum expansion ratio and half-life 
parameters; it is defined as the area under the curve of expansion ratio against time [7]. It is 
indicative of the energy stored in any given foam and is expressed in seconds. The minimum 
viscosity corresponds to the average viscosity of the foam within the first 60 seconds of its 
production [15]. The coefficient of foamability is defined as the ratio of maximum expansion 
at a given bitumen temperature to the optimum foamant water content at that temperature, it is 
expressed in units of one per percent [14]. Lesueur et al. [14] proposed this coefficient as a 
possible characterisation parameter for foamed bitumen; however hardly any researchers have 
attempted to use this coefficient. The maximum expansion ratio and half-life are parameters 
typically used to characterise foamed bitumen. 
 
Varying conditions of bitumen temperature and foamant water contents will produce foamed 
bitumen with different characteristics (maximum expansion ratio and half-life). Thus a set of 
conditions that would give foamed bitumen with the best characteristics are desired for use in 
production of foamed bitumen mixes. Studies have shown that the maximum expansion ratio 
increases with increasing bitumen temperature and foamant water content. On the other hand, 
half-life decreases with increasing bitumen temperature and foamant water content. Figure 2 
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shows the variation of maximum expansion ratio and half-life with foamant water content at a 
certain bitumen temperature. 
 

 
Figure 2. Variation of maximum expansion ratio and half-life versus foamant water content 
 
 
The maximum expansion ratio (ERm) and half-life (HL) vary differently with foamant water 
contents and bitumen temperature, thus need arises to determine the optimum temperature and 
foamant water content that would give the best foamed bitumen characteristics. Various 
approaches have been used to establish the optimum foamed bitumen characteristics, these 
include the following: 
 
1.2.1. Wirtgen 
This involves determination of the average foamant water contents at which the minimum 
expansion ratio and half life occur; this average foamant water content is considered as the 
optimum foamant water content [12], see Figure 3. This approach is relatively easy to use but 
it lacks more robust or rational basis; moreover it does not evaluate bitumen temperature 
optimisation. 

 

 

Figure 3. Wirtgen approach to determine optimum foamant water content 
 
 
 

Minimum HL > 8 s Minimum ER > 8 

Optimum foamant 
water content 
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1.2.2. Foam index 
This involves plotting the foam index against the foamant water content. The foamant water 
content at which the maximum foam index occurs is taken as the optimum (Figure 4). The 
foam index is calculated as a function of maximum expansion ratio and half-life. Attempts to 
apply the foam index to characterise foamed bitumen by some researchers such as Saleh [15] 
and Sunarjono [13] have not yielded any optimum point for foamant water content or bitumen 
temperature. Figure 5 shows the variation of foam index with foamant water content and 
bitumen temperature for one of the bitumens analysed by Namutebi [17].  From Figure 5 it is 
apparent that no optimum point for bitumen temperature or foamant water content could be 
deduced. 

 

 

Figure 4. Foam index versus foamant water content [7] 
 
 

  
 
Figure 5. Variation of Foam index with foamant water content and bitumen temperature [17] 
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1.2.3. Minimum viscosity  
The foamant water content at which the lowest value of minimum viscosity occurs is 
considered as the optimum foamant water content, (Figure 6). However, measuring foam 
viscosity by direct equipment insertion may lead to foam distortion and unreliable results.  

 

 
 
Figure 6. Minimum viscosity versus Foamant water content [15] 
 
 
The above discussed approaches seem to be inadequate in optimising the foamed bitumen 
conditions (bitumen temperature and foamant water content) and characteristics (maximum 
expansion ratio and half-life). Researchers such as Sunarjono [13] have concluded that 
choosing foamed bitumen characteristics was still a challenging task. This presents a need to 
determine a rational method that could be used to deduce the optimum foamed bitumen 
conditions and characteristics. This is addressed further in section 2.0.  
 
 
1.3. Effects of foamed bitumen characteristics on mix properties 
Few studies have been done to investigate the effects of foamed bitumen characteristics on the 
resulting mixes. Bowering and Martin [5] observed that when the ERm was varied from 3 to 
15 the cohesion and compressive strength for a sand loam material increased by 39% and 
26% respectively. Studies by Bissada [18] on sands treated with foamed bitumen revealed that 
sands treated with the bitumen that exhibited the highest ERm and half-life yielded higher 
stability values compared to those with bitumens with lower ERm and half-lives. Also, 
Sunarjono [13] evaluated the effects of different values of expansion ratio and half-life on 
mixes of foamed bitumen and limestone aggregates, results from this study revealed that 
indirect tensile stiffness modulus (ITSM) for mixes produced at different bitumen 
temperatures at a given foamant water content were similar. However, indirect tensile 
stiffness modulus values increased to a maximum value with increasing foamant water 
contents and then decreased for a given bitumen temperature. On the other hand, permanent 
deformation measured in terms of axial strain using the repeated load axial test (RLAT) was 
not influenced by foamed bitumen characteristics but probably by the aggregate skeleton and 
binder type. Based on these results, Sunarjono [13] recommended minimum values for the 
expansion ratio, bitumen temperatures, and maximum foamant water contents for use with 
three bitumen types. However, these limits were developed based on one aggregate type 
(crushed limestone) and three bitumen types from one source only. However, Lee [4] 

Optimum 
foamant water 
content 
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observed that ERm and half-life had no effect on foamed bitumen mix properties. From these 
studies, the effects of foamed bitumen characteristics on mix properties seem not to be clear 
and this is an area that requires further research. 
 
 
1.4. Preferential coating of fines 
Studies have revealed that within foamed bitumen treated materials, the binder is mainly 
concentrated within the fine aggregate fraction. Some aggregate particles are partially coated 
with the binder while others are not; especially the large particles [4, 5, 7, 13, 18, 19, 20, and 
21]. Electron microscope observations on the structure of foamed bitumen mixes by Jenkins 
[7] revealed that foamed bitumen first coated the filler portion (less than 0.063 mm or 
0.075 mm) of the aggregate forming a mastic (mixture of bitumen and filler). This mastic then 
combined with the sand fraction (2-0.063 mm fraction) forming a mortar, which then acted as 
a binder between larger particles within the mix. The higher affinity for foamed bitumen 
exhibited by the fines may be attributed to the higher surface area of the fines and higher 
affinity for moisture than the coarser particles; these factors make it conducive for the foamed 
bitumen to combine with the fines. However, the extent of fine aggregate particle size ranges 
coated by foamed bitumen is not clear. Also, there is lack of information on other factors that 
may influence aggregate particle coating within foamed bitumen mixes such as aggregate 
particle texture and mineralogy.  
 
 
1.5. Laboratory compaction of foamed bitumen mixes 
Compaction is one of the major steps involved in the production of foamed bitumen mixes 
either in the laboratory or field. Various laboratory compaction methods such as Hveem 
kneading compactor, Marshall hammer, gyratory compactor, Hugo hammer, Kango hammer, 
vibratory hammer have been used for foamed bitumen mixes [4, 5, 16, 22, 23, and 24]. 
However, the gyratory compaction method has been recommended as it best simulates the 
roller action of impact and shearing loading in the field. However, it is still not clear how the 
number of gyrations at which to compact a mix can be determined as well as the moisture 
content during compaction. Jenkins [7] and Sunarjono [13] recommended gyratory 
compaction at the number of gyrations that yielded the aggregate maximum dry density as 
determined from the Proctor method of compaction. However, gyratory and Proctor 
compaction methods are different and certainly the densities achieved in either method of 
compaction may not be equal. The Proctor method involves application of an impact load 
repeatedly using a hammer falling through a specified height. Whilst, in the gyratory method, 
an impact load and shearing through a kneading action are applied to the material at the same 
time, this induces horizontal shearing stresses within the material being compacted. 
 
In this paper, some aspects of the foamed bitumen technology such as analysis of binder 
ageing susceptibility during the foam production process, optimisation of foamed bitumen 
conditions and characteristics, evaluation of aggregate particle coating within foamed bitumen 
treated materials and a laboratory compaction procedure based on attaining maximum 
aggregate particle interlock are discussed further. 
 
 
2.0 Effects of foam production process on binder composition 
Studies by the authors on the composition of binder after the foam production process using 
Fourier transform infrared spectrometry techniques revealed that there were no significant 
differences in peak areas for the spectra for both foamed bitumen and neat bitumen, Figure 7. 
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Similarly, Sunarjono [13] analysed the penetration of both foamed bitumen and neat bitumen; 
he observed that there was no significant difference in penetration for both materials. These 
results reveal that despite the presence of agents that promote bitumen ageing (air, water) 
during the production of foamed bitumen, binder ageing does not seem to occur during 
foamed bitumen production process. The lack of binder ageing may be explained by short 
time period the hot bitumen is exposed to water and air in the expansion chamber of the foam 
plant equipment. Normally in the laboratory during foamed bitumen characterisation 500 g of 
hot bitumen is sprayed into the expansion chamber, with binder flow rates of 100 g/sec on 
average, this gives a time period of 5 seconds which may be short to induce any ageing within 
the binder. Moreover, experience has shown that the binder flow rate within the foam plant 
barely exceeds 100 g/sec, this may reduce further the time the binder is exposed to ageing 
agents within the expansion chamber of the foam plant. 
 
Twagira and Jenkins [25] evaluated age hardening behaviour of bitumen stabilized materials 
(this included foamed bitumen mixes); they concluded that the foamed bitumen production 
process does not lead to significant change in bitumen physical properties (penetration, 
softening point and viscosity at 60°C), provided that the bitumen between temperatures of 
170°C and 180°C was not circulated for more than eight hours in the foam plant. These 
results imply that bitumen at temperatures below 170°C may not be susceptible to ageing. 
Further, these results obtained can be explained by the fact that the binder is probably exposed 
to ageing agents for a short time period. These results may act as a guide when using foamed 
bitumen in the actual road construction. 
 
 

 
 
Figure 7. Infrared spectra for binder, B3 
 
 
However, within the foamed bitumen mixes, the air voids are high and not all aggregate 
particles are coated with the binder these make the binder susceptible to ageing. Thus, there is 
need to investigate the extent of binder ageing within foamed bitumen mixes and the resulting 
effects of this ageing on mix performance. 
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3.0. Optimisation of foamed bitumen conditions and characteristics 
Studies of foamed bitumen characteristics have shown that as binder temperature increases, 
the maximum expansion ratio (ERm) increases while half-life (HL) decreases with increasing 
foamant water content (FWCs) [7, 13, and 22], see Figures 8, 11 and 12. This kind of trend 
presents a challenge in choosing an optimum binder temperature and foamant water content. 
Namutebi et al. [26] observed a unique trend for a hard bitumen grade (50/70), in their study 
the ERm at bitumen temperatures between 150 and 170°C increased to a maximum value and 
decreased with increasing foamant water content (Figure 8). The HL values showed a reverse 
trend, they decreased to a minimum and increased at higher foamant water contents (at 
bitumen temperatures between 150 and 170°C). While at 180°C bitumen temperature, the HL 
values reduced with increasing FWCs (Figure 8). 
 
 

  
 
Figure 8. ERm and half-life versus foamant water contents at different temperatures for a 
50/70 grade [26] 
 
 
This behaviour could be attributed to binder viscosity as well as lack of enough thermal 
energy to convert all water into steam. Furthermore, the binder viscosity rather than bitumen 
source seemed to greatly influence the foamed bitumen characteristics. It was found that the 
optimum foamant water content increased with increasing bitumen temperature (or reduced 
bitumen viscosity). Although at higher temperatures (180°C) where the viscosity was lowest 
there was no observed limit on ERm. At this temperature, the ERm increased with increasing 
FWCs, (Figure 8). These results seem to suggest that there is probably a viscosity related limit 
on the ERm at a given temperature. The increase in HL values could be explained by the 
presence of fewer bubbles interacting as a result of reduced ERm values. 
 
3.1. Equi-viscous approach 
Therefore, determining foamed bitumen characteristics at or near the equi-viscous 
temperature could possibly lead to obtaining foam with optimum characteristics. The equi-
viscous temperature range is where the bitumens exhibit the same viscosity and it is within a 
range of 0.15-0.19 Pa.s [27], Figure 9. After identification of this temperature, then the 
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Figure 11. ERm and half-life versus foamant water contents at different temperatures for a 
70/100 grade [13] 
 
 

  
 
Figure 12. ERm and half-life versus foamant water contents at different temperatures for a 
50/70 grade [13] 
 

 
 
Figure 13. Bitumen viscosity at different temperatures 





 13 

 
4.0. Evaluation of aggregate particle coating 
Adequate binder coating of the aggregate particles within foamed bitumen treated material or 
foamed bitumen mix would improve the strength such as flexibility, fatigue resistance and 
durability (moisture and permanent deformation resistance) of the material or mix. Low 
binder coating onto the aggregate particles may compromise strength and durability of any 
given foamed bitumen mix. 
 
As mentioned before, various studies have shown that within foamed bitumen mixes, the 
binder is mainly concentrated within the fine fraction and the larger particles may or may not 
be coated with the binder. The authors have evaluated different foamed bitumen mixes made 
with different size aggregate fractions using Rice density and theoretical film thickness 
concepts, they observed that when the coarse aggregate fraction was heated and mixed with 
hot bitumen, the Rice density reduced by 10% compared to when the coarse fraction was 
mixed with foamed bitumen produced from the same bitumen (foamed bitumen mixes with 
the different aggregate fractions were produced (mixed) at room temperature). This difference 
in Rice density could be attributed to the increased temperature; thus for the coarse aggregate 
fraction, temperature seemed to be a major factor in promoting binder coating.  
 
Comparisons of the theoretical binder film thickness for the coarser aggregate fraction 
(16 mm-2.36 mm) in hot mixes and foamed bitumen mixes showed that the coarse aggregate 
binder film thickness in hot mixes was twice that achieved in foamed bitumen mixes for the 
same fraction (Table 2). However for the fine aggregate fractions, aggregate temperature 
seemed not to be a major factor. The theoretical binder film thickness was computed as a 
function of binder effective volume, aggregate surface area and weight [28]. The binder film 
thicknesses achieved by the fine (2.36 mm-0 mm) and filler (less 0.063 mm) aggregate 
fractions in both foamed bitumen mixes and hot mixes were similar; no significant difference 
at 5% level that was observed in binder film thickness for these fractions (Table 2). 
 
 
Table 2. Theoretical binder film thicknesses for aggregate fractions 

Binder Theoretical binder film thickness (��m) 
Aggregate fraction and size 

Coarse 
(16-2.36 mm) 

Sand 
(2.36-0.063mm) 

Filler 
(less than 
0.063 mm) 

Whole 
(coarse + sand 

+ filler) 
FB1 
FB2 
FB3 

Hot mix 

35.97 
31.32 
36.89 
75.07 

5.91 
5.73 
5.96 
6.66 

2.94 
2.95 
2.89 
2.94 

9.42 
9.08 

10.36 
10.63 

Source: Namutebi et al. [26] 
 
 
On the other hand, when various aggregate particle sizes were included in the mix, the binder 
seemed to be well distributed. Rice densities of the filler, fine and whole aggregate fractions 
(with various aggregate particle sizes) exhibited no significant variation from each other. 
Therefore, even if the aggregate filler and fine fractions seem to have a higher affinity for 
foamed bitumen than the coarser fractions, still other aggregate particle sizes are still required. 
Moreover, since foamed bitumen combines with the fine particles, this mechanism of binder 
distribution imparts two load carrying components in a foamed bitumen mix: Applied loads 
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maybe supported partly by bitumen mortar and partly by friction resulting from aggregate 
particle interlock. Fu et al. [21] estimated the contribution made by the mastic (bitumen and 
filler mixture) to the indirect tensile strength (ITS) of foamed bitumen mixes using fracture 
face image analysis for specimens tested for ITS; their results showed that the ITS for mastic 
phase was five times that for mineral filler without bitumen for specimens tested in a dry 
condition. Whilst for specimens tested in the wet condition, the ITS for the mastic phase was 
14 times that for mineral filler without bitumen. Also, the mineral filler phase lost 81% of its 
ITS in wet condition compared to 45% lost by the mastic. These results, illustrate the 
importance of having enough filler within the aggregate prior to treatment with foamed 
bitumen. They also revealed that the filler fraction exhibits a higher affinity for foamed 
bitumen than the rest of the aggregate particles. In addition, Sakr and Manke [29] showed that 
the stability of foamed bitumen mixes was greatly influenced by the aggregate particle 
interlock than bitumen viscosity, indicating that applied loads may also be partially supported 
by aggregate particle interlock.  
 
Namutebi et al.’s study [26] assessed aggregate coating in terms of the theoretical binder film 
thickness; and this thickness is a function of the effective binder volume, aggregate surface 
area and weight [28]. It assumes that aggregate particles are coated with a uniform thickness 
and does not take into account the effects of compaction, aggregate shape and texture on the 
resulting film thickness and yet these factors may affect the final binder thickness onto the 
aggregate particles. Despite these short comings, the theoretical binder film thickness 
provides an estimation of the binder coating onto the aggregate particles.  
 
Other factors such as the maximum expansion ratio and binder viscosity have also influenced 
the theoretical binder film thickness. Foamed bitumen with higher maximum expansion ratio 
values and lower viscosity yielded thicker films onto the aggregate fractions compared to 
those with low values of maximum expansion ratio and high binder viscosity [17]. Moreover, 
it has been observed that binder viscosity rather than the source mainly influence the foamed 
bitumen characteristics. Since the process of foamed bitumen production seems to be mainly a 
physical process; influenced by aspects such as exchange of thermal energy, surface tension 
and drainage forces, then the resulting properties defined in terms of maximum expansion 
ratio and half-life parameters will also be mainly influenced by these physical aspects rather 
than by say binder composition.  
 
 
5.0. Methods of laboratory compaction 
Laboratory compaction of materials that will be used in any pavement layer should simulate 
the real compaction of such material in the field. The mechanical means as well as moisture 
conditions within the material to be compacted are very important factors that will ensure that 
the material is compacted properly. Various laboratory compaction methods such as Hveem 
kneading compactor, Marshall hammer, Proctor hammer, Hugo hammer, Kango hammer, 
vibratory hammer and gyratory compactor have been used in compaction of foamed bitumen 
mixes throughout the years [4, 5, 16, 22, 23, and 24]. Gyratory compaction has been 
recommended for the laboratory compaction of foamed bitumen mixes as it best simulates the 
roller action in the field. However, there is no clear procedure to determine the number of 
gyrations and the moisture requirements for compaction of foamed bitumen mixes. 
Researchers such as Maccarrone et al. [23] recommended compacting at 150 gyrations whilst 
Sunarjono [13] and Jenkins [7] suggested compacting at number of gyrations that gave the 
aggregate maximum dry density as determined from the Proctor compaction (compaction by 
impact) method. It should be noted that equating densities from these two methods may not be 
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appropriate as both methods are different in their operation. Therefore, there is need to devise 
a rational method of determining the required number of gyrations and optimum moisture 
contents for compaction of foamed bitumen mixes.  
 
 
5.1. Locking point 
Compaction of pavement materials in the field is carried out until the point of maximum 
aggregate resistance or to when maximum aggregate particle interlocking occurs. If 
compaction in the field is continued after the interlocking condition, aggregate particles may 
start to break apart. Identifying this condition in the laboratory would lead to compaction of 
specimens to a state that can simulate the actual compaction in the field. Namutebi et al. [30] 
evaluated the locking point concept in compaction of laterite gravels treated with foamed 
bitumen and showed that the concept as defined by Vavrik and Carpenter [31] gave a wide 
range of values as the number of gyrations at which to compact a mix (Table 3). Vavrik and 
Carpenter [31] defined the locking point as the first three gyrations at the same height 
preceded by two gyrations at the same height. A modified locking concept is proposed, it is 
defined as the point at which first two gyrations at the same rate of change of slope are 
preceded by two gyrations at the same rate of change of slope. The rate of change of slope is 
defined for the compaction height versus the number of gyrations curve.  
 
The modified locking concept involves: fitting the compaction curve (defined by height 
versus number of gyrations) obtained from gyratory compaction of a given mixture with a 
logarithmic relation; this is then followed by the computation of the rate of change of slope 
for compaction curve. The rate of change of slope is defined as the second derivative of the 
curve. The modified locking point is then identified as the first point at which two gyrations at 
the same grade of change of slope are preceded by two gyrations at the same rate of change of 
slope. Results for modified locking point for foamed bitumen-laterite gravel mixes are also 
shown in Tables 3 and 4. These results illustrate that the modified locking point yields a 
definite number of gyrations unlike the original locking point defined by Vavrik and 
Carpenter [31].  
 
 
Table 3. Number of gyrations defining locking point 

Laterite gravel Locking point* (number of 
gyrations) 

Modified locking point 
(number of gyrations) 

L1 
 
 

L2 
 
 
 

L3 

14, 18, 20–21, 24, 26–35, 38, 
40–73, 78–79, 80–200 

 
11, 15, 17–19, 22, 24–29, 30–37, 

40, 42–49, 50–59, 60–91,  
94–200 

 
11, 13, 16, 18–26, 29, 31–39, 

40–73, 76, 78–200 
 

45 
 
 

46 
 
 

40 
 

Source: Namutebi et al. [30] 
*: as defined by Vavrik and Carpenter [31] 
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According to the gradation based framework for a given asphalt mix and unbound granular 
material recently developed at The Royal Institute of Technology (KTH), Sweden; the 
aggregate within a given asphalt mix or unbound material can be divided into: oversize, 
primary, secondary and filler structures [32, 33, and 34]. The primary structure supports the 
loads applied to the mix whilst the secondary structure fills the voids between the primary 
structure aggregate particles as well as providing stability to the mix. The primary and 
secondary aggregate structures can be characterised with a porosity parameter, porosity being 
defined as the ratio of volume of voids to total volume. 
 
When the primary and secondary aggregate structure porosities for laterite gravel-foamed 
bitumen mixes (in Table 4) are computed and a plot of number of gyrations against aggregate 
structure porosity made (Figure 15), it is observed that the primary and secondary aggregate 
structure porosities decreased as the number of gyrations increased. After the modified 
locking point these porosities tended to a constant value (Figure 15). The red coloured lines in 
Figure 15 show the modified locking points for the different mixtures. Porosities tending to a 
constant value after the modified locking point illustrate the condition of maximum aggregate 
particle interlock. 
 
 
Table 4. Modified locking point based on rate of change of slope 

Gyrations Mixes of laterite gravels and foamed bitumen 
L1 L2 L3 

36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 

0.0018 
0.0017 
0.0016 
0.0015 
0.0015 
0.0014 
0.0013 
0.0013 
0.0012 

0.0012 (MLP) 
0.0011 
0.0011 
0.0010 
0.0010 

0.0014 
0.0014 
0.0013 
0.0012 
0.0012 
0.0011 
0.0010 
0.0010 
0.0010 
0.0009 

0.0009 (MLP) 
0.0008 
0.0008 
0.0008 

0.0012 
0.0011 
0.0011 
0.0010 

0.0010 (MLP) 
0.0009 
0.0009 
0.0008 
0.0008 
0.0008 
0.0007 
0.0007 
0.0007 
0.0007 

Source: Namutebi et al. [30] 
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Figure 15. Gyrations versus porosity 
 
The modified locking point concept seems to present a better way of defining the point of 
maximum aggregate particle interlock compared to locking point defined by Vavrik and 
Carpenter [31]. The concept as defined by Vavrik and Carpenter yields various number of 
gyrations whilst the modified locking concept yields a definite number of gyrations for the 
different gravel mixes tested (Table 3). Moreover, aggregate particle break down occurs 
beyond the modified locking point. Therefore, compacting mixes at this modified locking 
point would lead to production of foamed bitumen mixes that are closer to actual mixes laid in 
the field; as compaction in the field is normally carried out until the point of maximum 
aggregate particle interlock. Also, time savings in terms of compaction time (i.e. reduced 
specimen preparation time) in the laboratory would be accrued. However, there is need to 
validate this concept with other aggregate types and foamed bitumen mixes in the field. 
Generally, gyratory laboratory compaction is recommended as it best simulates the roller 
action in the field. A compaction pressure of 600 kPa and 1.25° angle of gyration is proposed 
for compaction of foamed bitumen mixes. These are the recommended gyratory compaction 
conditions for granular materials [35], since the behaviour of foamed bitumen treated 
materials is considered to be similar to that of granular materials. 
 
 
5.2. Moisture requirements 
Moisture content at the compaction stage in foamed bitumen mixes aids in lubrication of the 
mix thus reducing the internal friction angle [16]. Too much moisture may lead to high voids 
being left after the curing process and thus low strength. Whilst too little moisture may 
impede the compaction process, thus a point of optimum moisture content is required at the 
compaction stage. Various studies have been done on moisture requirements at the mixing 
stage for foamed bitumen mixes. However, few studies have been done to investigate the 
moisture requirements at the compaction stage. Table 5 presents a summary of moisture 
requirements at compaction stage as suggested by various researchers. 
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Table 5. Moisture content at compaction as suggested by various researchers 

Researcher Optimum moisture content 
at compaction 

Comment(s) 

1. Asphalt Academy [16] 
 
 
 

2. Castedo-Franco et al. 
[10], Wirtgen [12] 

 
 

3. Jenkins [7] 
 
 
 
 
 
 
 

4. Macarrone et al. [23] 
 
 
 
 
 
 

5. Sakr and Manke [29] 

Be determined in the 
laboratory using vibratory 

hammer compaction 
 

As given by the optimum 
moisture content (OMC) for 

aggregates 
 

Be determined from 
sensitivity analysis of 

moisture content (at levels of 
OMC-2%, OMC, OMC+2%) 
with dry density. OMC is the 
optimum moisture content of 

aggregates. 
 

Be determined from 
sensitivity analysis of 

moisture content with dry 
density and resilient 

modulus. 
 
 

Determined from the 
following equation: 

8.92+1.48OMC + 0.40PF – 
0.39BC. Where: OMC is 

aggregate optimum moisture 
content (%), PF is percentage 
passing No. 200 sieve, BC is 

bitumen content (%) 

 
 
 
 

Lubrication effects of the 
binder are ignored. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Equation had a coefficient of 
determination (R2) of 0.98 

It was determined from 
foamed bitumen mixes made 

from sands, it may not be 
extrapolated to other 

aggregate types. 

 
 
Some researchers in recommending compaction moisture content to be considered as the 
aggregate optimum moisture (OMC) have ignored the effects of the binder onto the 
compaction process. Namutebi et al. [30] from their work on compaction moisture at the 
modified locking point showed that the moisture was less than the OMC, and the compaction 
moisture content ranged from 85% to 92% of OMC for the different mixes. Analysis of dry 
densities for laterite gravel-foamed bitumen mixes at the OMC yielded lower densities than 
those below the OMC point. Since the optimum moisture content (OMC) for aggregates is 
determined from the routine tests; it is recommended that a sensitivity analysis for the 
compaction moisture content below the OMC point be done in order to establish the optimum 
moisture content at compaction. 
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6.0. Summary and Concluding remarks 
In this paper, some aspects of foamed bitumen technology such as assessment of binder 
ageing during the foamed bitumen production process is done; uncertainties involved in 
establishing foamed bitumen conditions and characteristics using various approaches are 
highlighted. Further, a more rational method is proposed to determine foamed bitumen 
characteristics and conditions. In addition, the inadequacies in determination of the optimum 
compaction characteristics of foamed bitumen mixes are also discussed. Compaction of 
foamed bitumen mixes at the locking point is proposed to address the inadequacies in the 
determination of compaction characteristics for foamed bitumen mixes.  
 
6.1. Binder ageing during foam production 
There seems to be no binder ageing although ageing agents (air and water) are present during 
the foam production process. This observation seems to only be valid for bitumen 
temperatures that do not exceed 180°C and bitumen circulation time of less than eight hours 
within the foam plant. Thus in actual road construction care should be taken to ensure that the 
binder used to produce foamed bitumen is not heated to temperatures exceeding 180°C and 
circulated for not more than 8 hours within the plant in order to avoid binder ageing. 
However, within foamed bitumen mixes given the discontinuous distribution of the binder 
and high air voids, binder ageing is highly likely to occur within the mixes. Further research is 
required to investigate the extent of this ageing and its effects on mix performance. 
 
 
6.2. Optimisation of foamed bitumen conditions and characteristics 
Foamed bitumen should be produced near or at the equi-viscous bitumen temperatures in 
order to obtain foamed bitumen with the optimum characteristics. The equi-viscous approach 
is recommended as a positive step in aiding of choosing the optimum foamed bitumen 
characteristics in a more rational way. Producing foamed bitumen at the equi-viscous 
temperature would lead to reduction resources such as materials and time. However, this 
approach needs to be validated with other bitumen types. 
 
 
6.3. Evaluation of aggregate particle coating 
The fine aggregate fraction exhibits higher affinity for foamed bitumen in comparison to the 
coarse aggregate fraction. Temperature is the major factor that influences aggregate particle 
binder coating for the coarse aggregate fraction. Whilst for the fine aggregate fraction, the 
surface area seems to dominate binder coating of this fraction. Further, since the fine fraction 
of the aggregate seems to exhibit a high affinity for foamed bitumen, mixing could be done in 
two phases: The pre-wetted fine fraction at mixing moisture content could be added to the 
foamed bitumen first. After which, the coarse aggregate is added in a pre-wetted condition. 
Furthermore, the coarse aggregate could be heated to temperatures above 20oC but below 
100oC prior to mixing it with the fine fraction-foamed bitumen mix. A temperature upper 
limit of 100oC is proposed to prevent conversion of the pre-wetting water into steam. A lower 
temperature of 20oC is proposed since normally foamed bitumen mixes in the laboratory are 
prepared at room temperature. However, further studies are required to determine the 
optimum temperature at which the coarse aggregates should be heated to. 
 
 
6.4. Laboratory compaction 
Laboratory compaction of foamed bitumen mixes using a gyratory compactor should be 
carried out at the modified locking point, since application of this concept seems to yield 
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definite locking points unlike the locking point concept as defined by Vavrik and Carpenter 
(1998). It is suggested that compaction of foamed bitumen mixes using a gyratory compactor 
should be carried at a pressure of 600 kPa, angle of gyration of 1.25° and number of gyrations 
defining the modified locking point. However, further work is required to determine ranges of 
modified locking points which could act as guidelines for the compaction of foamed bitumen 
mixes. Also, the modified locking concept needs to be verified with different aggregate types 
and with actual foamed bitumen mixes in the field. 
 
In addition, the moisture requirements at the compaction stage should be considered at some 
points below the optimum moisture content for the aggregates. A sensitivity analysis using 
say three points with moisture content below the OMC for aggregates should be done in order 
to determine the optimum moisture at compaction. However, there is need to determine the 
ranges of compaction moisture contents as in the case of  mixing moisture requirements were 
guide ranges exist already. These guidelines would aid in providing starting values for 
compaction of foamed bitumen mixes. 
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