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Abstract 
The need for bitumen modification allowing lower asphalt production temperatures is a direct result of economic and environmental 
issues. Compared with the traditional Hot Mix Asphalt (HMA) technology, foamed bitumen used in the Warm and Half Warm Mix 
Asphalt (WMA, HWMA) processes provides an approximately 30–40 °C reduction in operating temperatures. This paper analyses the 
effect of the Fischer-Tropsch (FT) wax modifier on foamed bitumen parameters. The evaluation is focused on the basic properties of the 
binder and the parameters of the bituminous foam. The tests were performed on 35/50 and 50/70 penetration grade binders for road 
construction, modified with 0.5% to 2.5% FT wax, added with an increment of 0.5% relative to the bitumen mass. The following basic 
parameters were evaluated (before the foaming process): penetration, Fraass breaking point and softening point. The bitumen foam 
parameters were measured at the foaming water content (FWC) in the range from 1.5% to 4.0% with an increment of 0.5%. The tests 
allowed determining optimal application ranges for the FT and the FWC to produce asphalt at lower temperatures. 
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1. Introduction 

Today in Poland, the routinely used technology for producing bituminous mixtures for structural layers is HMA (Hot Mix 
Asphalt), in which aggregate and bitumen are heated to high temperatures exceeding 150 °C. This method is not only 
energy-consuming but also contributes to high greenhouse gas emissions, which have a negative impact on natural 
environments.  

The idea of reducing the levels of energy and harmful substances released to the atmosphere through the road 
construction has been debated for a long time now [1]. As early as 1956 Dr Ladis H. Csanyi, professor of the Iowa State 
University investigated possible production of bitumen in a form of foam during the cold production of bituminous mixtures 
CMA (Cold Mix Asphalt). In 1968, Mobil Oil Australia acquired the patent rights to Prof. Csanyi’s invention and modified 
the process by replacing the steam with cold water. Since then this process has been widely used [2]. For the last ten years 
or more, a group of technologies, referred to as WMA (Warm Mix Asphalt), has been in common use. The temperatures at 
which WMA bituminous mixtures are produced range from 100 °C to 140 °C. Lowering the temperature is only possible by 
adding chemicals (surfactants) of by reducing the viscosity of binders with use of organic modifiers such as Fischer-Tropsch 
(FT) synthetic wax. This type of wax affects bitumen rheological properties considerably, raising the viscosity of binders at 
temperatures below 100 °C and increasing their softening temperature. At temperatures exceeding 100 °C, FT wax 
decreases the bitumen viscosity allowing the reduction in the mixture compaction temperature of approximately 30 °C [3]. 

The reduction in manufacturing and placing temperatures of bituminous mixtures is also possible through the 
modification of the process with use of foaming in the presence of water or zeolite. Jenkins et al. [4] developed a new 
bituminous mixture production method, half-warm process (HWMA) with foamed bitumen and temperatures below 100°C. 
Compared with WMA, the foaming technology with water does not require any chemical additives [5] as long as the binder 
has the right foaming properties.  

Mix production technologies that require lower temperatures contribute to the protection of natural environment by 
definite reduction in harmful emissions of hot asphalt technologies and lead to decreased use of energy necessary to produce 
bituminous mixtures [1], [5–7]. Researchers are still searching for new durable road materials and mixes [8], [9]. 
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The introduction of HWMA with foamed bitumen is beneficial as they are able to solve many technological problems 
connected with environmental and economic considerations.  

2. Materials and research methodology 

2.1. Tested materials 

Road construction employs many different types of bitumen whose physical and rheological properties are dependent on 
various factors including the type of crude petroleum from which they derive, refining process, chemical make-up and 
colloidal structure [10]. Jenkins [11] noted that the quality of the foam is affected by the following propertied of bitumen: 
viscosity versus temperature relationships, ratio of maltenes and asphaltenes, and bitumen composition. Each type of 
bitumen will thus behave differently when subjected to foaming. As the harder bitumen tends to clog the expansion chamber 
and the spray nozzle orifices, higher-grade bitumen is preferred, where clogging is practically eliminated [11]. Softer 
bitumen gives foams of better properties [11] but has a negative impact on providing bituminous mixtures with proper 
resistance to permanent deformation. Bissada [12] and Abel [13] also observed that soft grades of bitumen (with lower 
viscosities) have better foaming properties, higher expansion ratio and longer half-life (HL) than the hard grades (with 
higher viscosities), which in turn ensure better dispersion and proper coating of the mineral material. Different behaviour in 
respect to decay parameters of two penetration grades (PG) of bitumen (PG 60, PG 100) was reported by He and Wong 
[14]. Under the same test conditions (bitumen temperature, air pressure, and water content), higher values of expansion ratio 
(ER) were obtained for harder binders. In addition, He and Wong observed a reverse relationship when analysing HL, which 
was longer for the softer bitumen (PG 100). They concluded that the major factor in the relationships they observed was the 
difference in viscosity between the binders. 

Laboratory tests were carried out on road petroleum binders of 35/50 and 50/70 Pen grade, which are recommended for 
the production of hot bituminous mixes intended for pavement structural layers by Polish Technical Requirements WT-2 
[15]. The bitumen was modified with the synthetic FT wax which by decreasing the binder viscosity at temperatures higher 
than 100  C [3] (before foaming) improves the parameters of the bitumen foam, responsible for its proper dispersion and 
coating of the mineral material. As FT wax increases the binder stiffness, mechanical properties of MMA are better 
including higher resistance to permanent deformation [3], [7]. 

2.2. Experimental program 

The aim of the laboratory tests was to establish the impact of the synthetic FT wax on variability in properties of a 35/50 
Pen bitumen and a 50/70 Pen bitumen, and of based on them cold foamed bitumen intended for the use in the production of 
half-warm bituminous mixes. The modifier content in both binders was from 0.5% to 2.5% with an increment of 0.5% by 
mass. The samples were prepared to EN 12594 and tested before and after modification. The testing was divided into two 
stages. Basic parameters of the road bitumen before foaming were determined during the first stage of the tests. In the 
second stage, the qualities of the bitumen foam were measured.  

2.3. Bitumen properties 

Analysis of the influence of the synthetic wax in the range 0.5% to 2.5% on the properties of 35/50 and 50/70 Pen binders 
was conducted following the determination of: 
• penetration grade (PG) acc. to EN 1426; 
• softening point temperature (TR&B) acc. to EN 1427; 
• breaking point temperature (TFraass) acc. to EN 12593. 

An additional parameter found during the tests was the penetration index (PI), which helps evaluate the thermal 
sensitivity of the bitumen and indicates the dynamics of the bitumen hardness changes at different temperatures. The PI is 
determined in accordance with EN 12591, based on the measurement of two basic rheological parameters of the bitumen 
(TR&B, PG) following the formula:  
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2.4. Foamed bitumen properties 

Physical properties of the bitumen foam are evaluated on the basis of two empirical parameters, expansion ratio (ER) and 
half-life (HL) [11]. Expansion ratio is the ratio between maximum foam volume achieved and the volume of original 
bitumen (before foaming); it shows the volume increase during foaming, whereas the half-life is the time that the foam takes 
to collapse to half of its maximum volume, measured in seconds. The expansion ratio is a measure of the viscosity of the 
foam and provides an indication of how well the binder will disperse in the mineral mix to produce a uniform structure. The 
half-life is a measure of the stability of the foam and provides an indication of the speed of its collapse [11]. There is a 
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reverse relationship between these two parameters, where increasing the content of foaming water causes an increase in the 
expansion ratio and decrease in the half-life [16]. 

The second stage of the tests involved determining parameters of the bitumen foam (ER, HL) produced from the neat 
binders 35/50 and 50/70 Pen grade, and those modified with the FT wax. The characteristics were measured for the material 
manufactured under laboratory conditions with use of the lab-scale foamed bitumen plant WLB 10S by Wirtgen GmbH, 
widely employed for this purpose [17], [18], under the following conditions: 
• temperature of bitumen (before foaming process) 155 °C; 
• temperature of water 20 °C; 
• water flow 100g/s; 
• duration of foaming 5s; 
• air pressure 500kPa; 
• water pressure 600kPa. 

The optimum characteristics of the bitumen foam were studied at the foaming water content (FWC) from 1.5% to 4.0% 
added at a rate of 0.5% by mass. The results from testing the foaming parameters helped determine the levels of FWC and 
FT wax content for HWMA. 

The amounts of the foaming water used and the conditions of the foam production were selected based on the authors’ 
own experience [19-20] and the experience of other researchers [5], [21–24]. 

3. Results and discussion 

3.1. Testing the effect of the FT wax content on basic bitumen properties 

In the first stage of testing, the basic rheological parameters were measured before and after modification, including 
penetration grade (PG), softening point temperature (TR&B), breaking point temperature (TFraass) and penetration index (PI). 
The overall aim of the tests was to determine the effect of the FT wax amount on the changes in the properties of 35/50 and 
50/70 Pen binders. Figure 1 illustrates the mean values of the parameters together with the 95% confidence interval. 
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Type of the bitumen Mathematical function p-value R2 
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35/50 y=-43.9095-5.0343x < 0.0001 0.9822 
50/70 y=-65.0381-7.5371x    0.0011 0.9462 

Note: x-synthetic wax content, y-PG 
 

Type of the bitumen Mathematical function p-value R2 
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35/50 y=54.4952+8.1371x < 0.0001 0.9822 
50/70 y=50.9762+4.5657x    0.0003 0.9716 

Note: x-synthetic wax content, y-TR&B 
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Type of the bitumen Mathematical function p-value R2 
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2,6

 
35/50 y=-0.3386+1.1629x    0.0004 0.9660 
50/70 y=-0.2962+0.6743x    0.0003 0.8907 

Note: x-synthetic wax content, y-PI 
 

Fig. 1. Effect of the FT wax addition on changes in penetration grade (a), softening point temperature (b), breaking point temperature (c)  
and penetration index (d) 

The relationships above indicate that an increase in the content of the FT modifier causes significant changes in the 
characteristics of binders under investigation.   

The penetration value decreased with increasing content of the FT wax in the range from 0.5% to 2.5%, which made the 
binder harder. The lesser effect was observed for the 35/50 Pen binders, where the value of PG decreased by approximately 
12 [0.1mm] relative to more than 18 [0.1mm] for the 50/70 Pen binders.  

From fig. 1b it follows that the softening temperature increased with the increasing amount of modifier for both binders. 
Higher increase (before and after modification) was noted for the 35/50 Pen binder (of 20.8 °C), with a two times smaller 
increase recorded for the 50/70 Pen binder (of 10.9 °C). With reference to a temperature of 60 °C considered the maximum 
pavement temperature in summer and taken into account in evaluations of the resistance to permanent deformation (rutting 
test to WT-2 2010 [15] and EN  12697-22), the softening temperature level higher than that was achieved for the 35/50 Pen 
binder with the FT was content above 0.75%, whereas for the 50/70 Pen binder this level was not less than 2.0%. It can be 
thus concluded that the rise in the softening temperature obtained through modification will limit the susceptibility of both 
mixes to permanent deformations [3], [7]. 

The breaking point temperature test results lead to the conclusion that modification of the two binders (35/50 and 50/70) did 
not cause any significant differences in the rate of changes (Fig. 1c). Increased concentration of FT wax in both binders had 
an influence on the increase in the breaking point temperature, which means that the bitumen became more brittle at low 
temperatures. The breaking point temperature increased from –9 °C to –7.2 °C for the 35/50 Pen bitumen and from –15.1 °C 
to 12.8 °C for the 50/70 Pen bitumen. 

The penetration index was the last parameter to be evaluated in the preliminary classification of binders according to 
their viscoelastic state. The penetration index values rose with increasing amount of the FT wax in the binders. The highest 
PI increase dynamics was recorded for both binders when the modifier content increased up to 1.0%. Further increase in its 
concentration resulted in less influence on the PI changes in binders 35/50 and 50/70 penetration grades (before 
modification). Binders with PI > +2.0 are the gel-type binders which are less sensitive to temperature but are very brittle at 
lower temperatures [10]. The 35/50 Pen grade bitumen with the maximum FT wax concentration achieved the apparent limit 
beyond which binders become gels. Application of 2.5% modifier to the 35/50 Pen grade bitumen reduces the thermal 
susceptibility of the binder but its increased stiffness can affect the rise in bitumen brittleness at low temperature [25]. 

The p-values for the F statistic, smaller (p-value < 0.0001) than the assumed confidence level (α = 0.05) indicated that the 
amount of the FT wax had a significant effect on the magnitude of all the parameters in question (PG, TR&B, TFraass, PI). 

3.2. Investigating the effect of the FT wax content on foamed bitumen properties 

The basic criterion for the evaluation of binder suitability for foaming is its ability to produce the foam that shows required 
parameters. The knowledge of the basic rheological characteristics of bitumen is insufficient to be able to estimate its 
foaming levels. Therefore the measurement of the bitumen foam parameters was carried out on the neat binders (35/50 and 
50/70) and on the binders modified with FT wax (0.5%, 1.0%, 1.5%, 2.0%, 2.5%).  

As mentioned earlier, the second stage of the testing involved analysing two bitumen foam parameters, expansion ratio 
(ER) and half-life (HL). To properly evaluate the properties of the foam, the parameters were measured four times with 
varied amount of FWC (1.5%, 2.0%, 2.5%, 3.0%, 3.5%, 4.0%).  
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In the first stage of the investigation, the results obtained helped develop relationships (Fig. 3) between the parameters 
(ER, HL) and the change in the level of the water added during foaming. The resulting characteristics were the basis for 
determining the optimum foaming water content for each binder type. Figure 2 shows mean values of the characteristics for 
both neat binders (non-modified) and the graphical method of determining optimum FWC recommended by Kim and Lee 
[26]. Table 1 summarises mean ER and HL values obtained in that way at the optimum FWC for the modified binders.  

To evaluate the influence of changes in FWC and FT wax content on the properties of the bitumen binders, a model in a 
form of a second degree polynomial was chosen, described with the following equation 

   2   2
0 1 1 2 2 3 2 1 4 51 2y b b x b x b x x b x b x= + ⋅ + ⋅ + ⋅ ⋅ + ⋅ + ⋅ , (2) 

where: x1 – foaming water content (%); 
x2 – FT wax content (%); 
b0–b5 – values of experimental coefficients. 

Figure 4 shows the graphical interpretation of the response surface for the expansion ratio and the half-life in relation to 
the amount of the synthetic wax and foaming water contents.  

 
(a) (b) 

  
Fig. 2. Determining the optimum FWC for bitumen 35/50 (a) and 50/70 (b) 
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Fig. 4. Impact of the change in the levels of FT wax content and FWC on the parameters (ER, HL) of  
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Fig. 3. Parameters of foamed bitumen produced from binders  35/50 (a–e) and 50/70 (f–j) modified with FT wax in the amounts of 0.5% (a, f), 1.0% (b, g), 

1.5% (c, h), 2.0% (d, i), and 2.5% (e, j) 
Table 1. Properties of foamed bitumen at optimum FWC 

 

 
The regression models obtained (Fig 4) lead to the statement that increasing the water content during the foaming process 

had a definite effect on the parameters of the binders through increasing the values of their expansion ratios and half-lives. 
The values of coefficients of determination R2 obtained from the analysis indicate a good fit of the mathematical models to 
the data (R2>0.92). The p-value for the F statistic obtained from the tests for FT and FWC is definitely smaller (p-value < 
0.0001) than the assumed level of confidence (α = 0.05), which means that the parameters in question have a significant 
effect on the changes in characteristics of the foamed bitumens studied.  

A linear function (Figs 2, 3) was used to describe the relationships between the measured foaming parameters (ER, HL) 
of the binders and the amount of water added during the foaming process. The coefficient of determination for the 
relationships recorded was R2>0.93 indicating that the proposed functions explain the test results variability to the degree 
greater than 93%.   

Determined in accordance to the recommendations of Muthen [2] optimum contents of water added during the foaming 
process, on the basis of the intersection of the expansion and the half-life curves, ensuring the bitumen foam stability vary 
according to the type of neat bitumen subjected to modification. A beneficial influence of the modification was recorded for 
both binders (35/50, 50/70) modified with FT wax, where the expansion ratio and the half-life values increased due to the 
wax increased content (from 0.5% to 2.5%). For the harder bitumen (35/50), the optimum FWC was 3.0% with FT wax 
concentrations from 0.0% to 1.0% and FWC = 2.5% and the modifier range 1.5%–2.5%. For the softer binder (50/70) the 
optimum contents of foaming water were lower. The major factors in this situation are the type of the original bitumen and 

Type of  
the bitumen 

FT wax 
content (%) 

ER HL 
(s) 

Optimum 
FWC (%) 

35/50 

0.0 9.98 9.55 3.0 
0.5 11.84 10.68 3.0 
1.0 12.34 12.57 3.0 
1.5 13.28 13.66 2.5 
2.0 16.27 16.94 2.5 
2.5 16.82 18.27 2.5 

50/70 

0.0 11.06 10.23 2.5 
0.5 12.08 10.38 2.5 
1.0 12.78 11.98 2.5 
1.5 14.82 12.87 2.5 
2.0 17.26 16.42 2.0 
2.5 18.17 17.68 2.0 
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the amount of wax, where the binder viscosity at temperatures above 100°C (before foaming) decreases with the increase in 
the FT wax content [3]. These results lead to the conclusion, also made by other researchers [12–13], that softer binders 
(with lower viscosity) show better foaming characteristics and allow reducing the amount of water used for foaming.   

According to the guidance proposed by the Wirtgen Cold Recycling Technology [27] and the Technical Guideline 2 TG2  
[28], the minimum allowable values of ER and HL should be 8 and 6 seconds, respectively. In contrast, Muthen [2] suggests 
minimum values of 10 and 12 seconds and the South African guidelines [29] recommend 7 seconds for both ER and HL. 
The recommendations mentioned above relate to the cold mix recycling. Jenkins [11] developed the following 
recommendations for the minimum values of the foam parameters, relative to its intended use: 
• surface dressing ER = 10, HL = 30 seconds; 
• cold mixes ER = 15, HL = 15 seconds; 
• RAP and half-warm mixes ER = 17, HL = 13 seconds; 
• cold mixes containing materials with encapsulated contaminates e.g. tars) ER = 25, HL = 10 seconds. 

According to the recommendations [11], half-warm mixes should be produced with bitumen of the following parameters: 
ER ≥17 and HL ≥13 seconds. This was the basis for selecting binders, intended for HWMA, which obtained the 
recommended values of ER and HL at the established levels of both factors (FT, FWC): 
• for the 35/50 Pen binder: FT=2.5%, FWC=2.5%, ER=17.15, HL=18.27s; 
• for the 50/70 Pen binder: FT=2.0%, FWC=2.0%, ER=17.26, HL=16.42; 
• for the 50/70 Pen binder: FT=2.5%, FWC=2.0%, ER=18.17, HL=17.68s. 

4. Conclusion 

Analysis of the results from basic rheological tests carried out on neat binders (35/50 and 50/70) and on the binders 
modified with the synthetic wax, together with evaluation of the parameters of the foam led to the following conclusions: 
• an increase in the synthetic wax content caused significant changes in the values of the basic binder characteristics and 

bitumen foam parameters; 
• an increasing content of the FT wax (from 0.5% to 2.5%) decreased the penetration value, and the softening temperature 

increased for both bitumens. As a result, the binder becoming harder will reduce the susceptibility of the bituminous 
mixtures to permanent deformations; 

• modification of both types of binders (35/50 and 50/70) did not cause any significant differences in the rates of breaking 
point temperature change; its rise of approximately 2 °C was recorded; 

• an influence of the synthetic wax content on the PG level was weaker in the case of the 35/50 Pen binder compared with 
the 50/70 Pen binder, for which softening temperature increase was nearly half the magnitude of that for the binder 
before and after modification; 

• an increase in the FT wax content in the binders investigated here improved their foaming power; 
• an increase in the wax amount lead to an increase in the values of expansion ratios and half-lives of the foamed bitumens; 
• very soft bitumens (50/70), regardless of the wax amount used, had better foaming parameters: higher expansion and 

longer half-life compared with the 35/50 Pen binder; 
• foamed bitumens derived from the 35/50 Pen binder, with the maximum content of the synthetic wax (FT = 2.5%), and 

those from the 50/70 Pen binder with 2.0% and 2.5% wax contents at FWC=2.5% achieved values higher than the 
recommended minimum values of ER and HL, which confirms their suitability for use in manufacturing half-warm 
bituminous mixtures.  
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