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Abstract Thermo-rheological characteristics of

unmodified and modified bitumen have significant

impacts on the mechanical response of asphalt. This

study investigates the impacts of an organic and a

chemical Warm Mix Asphalt additive on bitumen

thermo-rheological and mechanical characteristics.

Modified binders with different concentrations of

each additive were studied and analysed compara-

tively to a 40/60 penetration grade bitumen. Frequency

sweep tests were performed at different ageing levels

to characterise the Linear Viscoelastic properties. The

multiple stress creep and recovery, linear amplitude

sweep (LAS) and low temperature creep stiffness

tests, together with the Glover–Rowe (G–R) fatigue

parameter (determined from fitting of the 2S2P1D

model to the complex shear modulus and phase angle

master curves) were used to analyse the performance

of the binders at critical operating temperatures. The

results demonstrated the necessity to analyse the

behavior of the studied binders beyond the limits of

linear viscoelasticity to better characterise these types

of bitumen. The results also indicated that both

additives retarded bitumen ageing with the organic

additive increasing bitumen elastic response while the

chemical additive increased its viscous response. The

results also showed an excellent correlation between

the G–R parameter and LAS results which suggests

the ability to use this parameter in characterising

fatigue performance of the studied binders. This also

suggests that bitumen fatigue life may be improving

over time due to the increased elastic behahviour

during ageing so long as a certain critical level of

ageing is not reached.

Keywords Warm mix asphalt (WMA) additives �
Bitumen rheology � Ageing � Fatigue � Rutting � Low-
temperature cracking

1 Introduction

Warm mix asphalt (WMA) refers to asphalt mixtures

produced at temperatures 10–40 �C lower than tradi-

tional Hot Mix Asphalt (HMA) [1, 2]. WMA was

developed in Europe in the 1990s as an alternative to

HMA to reduce the environmental impact of the

asphalt industry [3]. After the introduction of WMA,

several WMA additives and production techniques

were developed and used. Currently, there are more

than thirty WMA production methods [4] with these

methods generally being grouped into three broad
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categories: organic additives, chemical additives and

foaming techniques. Organic additives work by

reducing bitumen viscosity at temperatures above

their melting point. Hence, they can be used to reduce

asphalt production temperatures. On the other hand,

chemical additives act as a surfactant reducing the

frictional forces between the binder and the aggregate,

which improves the coating and reduces production

temperatures. Foaming techniques follow an entirely

different approach by temporarily changing the bitu-

men’s status from liquid into foam by adding 2–5%

cold water. The water boils and is trapped within the

bitumen creating the foam which can be mixed with

aggregate at a temperature lower than traditional hot

mix asphalt [5]. The ultimate aim of these WMA

techniques is to enhance asphalt sustainability by

lowering the production temperature of asphalt which

leads to reduced greenhouse gas emissions and fuel

consumption [6, 7].

A common element amongst all of the above-

mentioned WMA technologies is that they work by

modifying binder properties such as viscosity or

surface tension to achieve this aim [8]. As a conse-

quence of bitumen modification, binder behavior can

become more complicated and more challenging to

characterise [9, 10]. Additionally, several studies

indicated that WMA additives could alter bitumen

basic and rheological properties to different extents

[11–14]. This means that traditional bitumen charac-

terisation methods such as penetration or viscosity, or

the Superpave performance indicators, such as rutting

(G*/sind) or fatigue cracking (G*sind) parameters,

may not be valid in characterising the behavior of

WMA modified binders since these methods are

intrinsically developed for unmodified bitumen

[15–17]. Bahia et al. [18] reported that the Superpave

rutting and fatigue cracking parameters had a weak

correlation with the performance of asphalt mixtures

manufactured with modified binders. Airey [19] found

that there was no clear relationship between Super-

pave parameters of modified binders and the actual

asphalt performance. Norouzi et al. [20] demonstrated

that the Superpave fatigue cracking parameter,

G*sind, was unable to characterise fatigue perfor-

mance of different WMA modified binders. Further-

more, additional studies [16, 21] have demonstrated

that characterising and predicting bitumen perfor-

mance based on the LVE properties may also not be

valid. These studies indicated that a better prediction

of modified bitumen performance could be achieved

when bitumen is characterised beyond the limits of

linear viscoelasticity.

Furthermore, effects of WMA additives on bitumen

characteristics were extensively studied in literature

[12, 22–29]. These studies provide a good basis to

understand the effects of WMA additives on bitumen

characteristics. However, most of these studies were

conducted using one dosage of the used additives, or

adopted Superpave rutting and fatigue cracking

parameters to draw conclusions about the effects

despite these indicators having been developed for

unmodified binders. They also relied on indicators

calculated based on LVE limits which can give

misleading results regarding the effects of these

additives on bitumen characteristics, or studied

impacts of the additives in conjunction with other

materials such as polymers, tyre rubber or reclaimed

asphalt. Accordingly, this paper aims to analyse the

effects of two common WMA additives on bitumen

rheology and performance at different critical tem-

peratures, ageing conditions and additive dosages; and

provide a better understanding and characterisation

method of the impacts of these additives on bitumen

performance.

2 Materials and testing methods

2.1 Materials

In this study, a 40/60 penetration grade bitumen with

49 dmm penetration was used as a base binder (Bb).

Two WMA additives were used to modify the neat

binder. The first was an organic additive known

commercially as Sasobit. This additive is a synthetic

wax produced by Sasol company; it works by reducing

bitumen viscosity at temperatures beyond its melting

point. This additive can increase asphalt stiffness and

strength due to its bitumen stiffening effects [30].

Three dosages of this additive were considered in this

study; 0.5%, 2%, and 3.5% of bitumen weight

(referred to as 0.5%OMB, 2%OMB and 3.5%OMB

respectively). These dosages were selected to study

the effects of this additive at low, intermediate (which

is the most common) and high dosages on bitumen

characteristics. The second one was a chemical

additive know commercially as Cecabase. This is a

chemical WMA additive produced by Arkema group
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consisting of a liquid surfactant that works by reducing

the surface tension of bitumen, which allows for the

production of WMA at temperatures approximately

30–40 �C lower than reference HMA. It enhances

mixture workability and compaction, even with the

incorporation of high RAP percentages [31]. This

additive was also added at three percentages; 0.2%,

0.4%, and 0.6% of binder weight (referred to as

0.2%CMB, 0.4%CMB and 0.6%CMB). The second

dose is the recommended one, while the first and third

dosages were included to study the influence of this

additive at low and high modification levels. Some

physical and chemical properties of both additives are

presented in Table 1. Both additives were blended

with the base binder by heating the base binder to

160 �C and then adding the required binder weight to a

vessel containing the required additive dose to ensure

accurate mixing proportions. The materials were

immediately blended using a shear mixer at a low

shear rate of 500 rpm for 5 min to achieve homoge-

neous blending [32, 33]. During the mixing process,

the Bb was kept in an oven at the same mixing

temperature to assure comparable ageing to the

modified binders. To achieve the aims of this study,

the methodology illustrated in Fig. 1 and detailed in

Table 2 was carried out.

2.2 Testing methods

2.2.1 Frequency sweep

LVE properties of the studied binders were assessed

by conducting a frequency sweep test using a Gem-

iniTM DSR. The test was conducted in strain-con-

trolled mode with 0.1% strain level over a temperature

range from 0 to 80 �C; eleven oscillatory loading

frequencies between 0.1 and 10 Hz were applied. The

test was run from the lowest temperature and highest

frequency to assure that the tested specimens were not

damaged during testing. The tests were also conducted

at three binder ageing levels (unaged, short term aged

and combined short and long term ageing) in order to

monitor any effects of the additives on changes in the

rheological properties with ageing. The collected

complex shear modulus and phase angle data were

used to produce master curves by applying the Time–

Temperature Superposition Principle (TTSP) [34].

After that, the 2S2P1D model [35] was fitted to the

data to model the rheological properties of the

different binders. This model was selected due to its

ability to accurately describe the LVE characteristics

of different types of binders [36].

2.2.2 Multiple stress creep and recovery (MSCR)

This test is conducted in the non-linear viscoelastic

region since the strain levels in the test exceed the

limits of LVE. Technically, it can be considered as a

replacement for the original SHRP parameter G*/sind
in the characterisation of modified binders since the

latter was developed principally for unmodified bitu-

men. The MSCR test was developed based on creep

studies during the NCHRP 9–10 project [15]. The test

can be conducted using a DSR for unaged or short-

term aged binders at the high-performance grade

temperature [37]. The test was conducted in compli-

ance with the standard BS EN 16659:2015 [38]. The

test consists of applying ten consecutive cycles of

creep and recovery; the creep part lasting for one

second under constant shear stress followed by nine

seconds for recovery. The test was conducted at 30, 40,

50 and 60 �C and under two stress levels, 0.1 and

Table 1 Some physical

and chemical properties of

the studied additives

Property Sasobit Cecabase

Physical condition at ambient temperature Solid prills Liquid

Colour Off white Light yellow

Odor Odorless Not available

Flash point 290 �C 178 �C
Solidification temperature * 100 �C - 10 �C
Density 590 kg/m3 (prills density) 1000 kg/m3

Water solubility Insoluble Insoluble

Brookfield viscosity at 25 �C Not applicable 600 cP

Melting point [ 100 �C Not applicable
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3.2 kPa, to analyse the stress sensitivity of the studied

binders. The non-recoverable creep compliance was

calculated as follows:

Jnnr ¼ ðenr � eni Þ=s ð1Þ

where enr is the irrecoverable strain which is the strain

value at the end of the recovery phase of cycle n and eni
is the initial strain value at the start of cycle n, s is the
applied shear stress kPa, and Jnr is the non-recoverable

creep compliance kPa-1.

2.2.3 Linear amplitude sweep (LAS)

This test was developed based on Viscoelastic Con-

tinuum Damage (VECD) principles as an accelerated

method to quantify fatigue life of asphalt from

bitumen testing [39]. Currently, this test is a standard

AASHTO procedure to evaluate and predict fatigue

life due to the repeatability of testing results, simplic-

ity and speed of the test. The test is performed in two

stages using a DSR and an 8 mm parallel plate

(spindle) geometry. The first stage is to determine the

viscoelastic properties (G* and d) and the energy

release rate (a) of the intact material in the LVE zone.

This can be done by performing a frequency sweep test

at the test temperature. The second stage is to subject

the same bitumen specimen to a linear strain sweep of

an increasing amplitude from 0.1% to 30%. [40]. The

fatigue damage at any cycle can be determined as

follows [41]:

D tð Þ ¼
XN

i¼1

pc2i
G�j ji�1� G�j ji

G�j ji

� �� � a
1þa

� ti � ti�1ð Þ
1

1þa

ð2Þ

where D(t) is the fatigue damage as a function of time,

ci applied strain for a given data point, and t is time.

The fatigue failure zone can be identified when the

applied shear stress reaches its peak zone as suggested

Fig. 1 Schematic diagram illustrating the methodology of the study

Table 2 Experimental plan

Experiment Standard Equipment Test temperature range (�C) Ageing condition

Frequency sweep BS EN 14770:2012 DSR 0–80 Unaged

Multiple stress creep and recovery BS EN 16659:2015 DSR 30, 40, 50, 60 Unaged

Frequency sweep BS EN 14770:2012 DSR 0–80 RTFOT

Frequency sweep BS EN 14770:2012 DSR 0–80 RTFOT ? PAV

Low temperature creep stiffness BS EN 14771:2012 BBR - 6, - 12, - 18 RTFOT ? PAV

Linear amplitude sweep AASHTO TP 101–14 DSR 19 RTFOT ? PAV

52 Page 4 of 13 Materials and Structures (2020) 53:52



in the literature [42, 43]; and fatigue life can be

calculated as a function of the maximum expected

strain as follows:

Nf ¼ A� cmaxð ÞB ð3Þ

A ¼
f � Df

� �k

k � p� C1 � C2ð Þa ð4Þ

k ¼ 1þ 1� C2ð Þ � a ð5Þ

B ¼ 2� a ð6Þ

where Nf is the predicted number of load applications

until failure, cmax is the maximum expected strain, Df

is fatigue damage at the peak of the applied shear

stress, and A, k, B, C1 and C2 are model parameters.

2.2.4 Low-temperature creep stiffness (LTCS)

Low temperature cracking susceptibility of asphalt

pavements has been attributed to the high creep

stiffness associated with inadequate relaxation of the

thermal stresses of binders at low temperatures. In this

study, the creep stiffness (S) and the creep relaxation

modulus (m-value) were determined at three critical

low temperatures, - 6, - 12, and - 18 �C using a

Bending Beam Rheometer (BBR) in accordance with

the standard BS EN 14771:2012 [44].

3 Results and discussion

3.1 Rheology of WMA-modified binders

The effects of the applied additives on the shear

modulus and the phase angle of the unaged base binder

are presented in Fig. 2. The results are coded as

follows: X% refers to the additive dose, then C or O

refers to the type of the additive whether Chemical or

Organic and MB stands for Modified Bitumen;

whereas Bb stands for the Base binder. For clarity,

only 0.4% CMB is shown in Fig. 2 since the effect of

the other two dosages was similar to this one. Also

0.5% OMB was not plotted for the same reason. The

master curves in Fig. 2 indicate that the chemical

additive did not change the complex modulus or the

phase angle of the unaged binder regardless of additive

dosage. The organic additive, however, significantly

impacted both of these properties with the higher the

additive dosage, the higher the complex modulus and

the lower the phase angle. These results indicate that

this additive has a direct effect on binder rheology by

stiffening the binder and imparting increased elastic

response. However, the LVE frequency sweep tests

were unable to detect any influence of the chemical

additive on bitumen properties.

3.2 Effect of additives on bitumen ageing

To evaluate the impact of the additives on binder

rheology at different ageing levels, frequency sweep

tests were also conducted after short-term ageing in

the rolling thin film oven test (RTFOT) [45] and long-

term ageing in a pressure ageing vessel (PAV) [46].

The viscoelastic properties, G* and d, were then

monitored and compared with the base binder, as

shown in Figs. 3 and 4 at a temperature of 70 �C and
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frequency of 10 Hz. The results generally show an

increase in the complex shear modulus and a decrease

in the phase angle of all binders with ageing. The

presence of the additives, however, has affected the

rate of change of these properties over the ageing

stages.

On the one hand, the organic additive increased G*

and reduced d after modification, and this impact is

directly correlated with the dosage of the additive.

However, after combined short and long-term ageing,

the G* results of OMBs are relatively comparable to

those of the base binder. The same trend can be seen

for d, despite the significant difference between the Bb
phase angle and that of the OMBs before ageing.

However, after the combined ageing stages, the

difference becomes less, and the d results are

relatively comparable to each other. Therefore, it can

be concluded that this additive has the potential to

improve rutting resistance due to the increase in the

complex shear modulus after no or short-term ageing.

On the other hand, the chemical additive generally

maintained d similar to Bb at all ageing levels, but it

significantly retarded the effect of ageing with respect

to the complex modulus after both short and long-term

ageing. It is believed that the reason behind this result

is the chemical effect of the additive on bitumen

oxidative ageing compared to the ageing taking place

for base bitumen. This result could be interpreted as an

improvement in cracking resistance after long-term

ageing [47].

Furthermore, since the effect of ageing tends to

effect fatigue resistance, the critical intermediate

temperature derived from the Superpave fatigue

cracking parameter was used to analyse the ageing

effect of the additives. The results are presented in

Fig. 5. This figure indicates that the critical interme-

diate temperature generally increases with ageing,

which means that the susceptibility of bitumen to

exhibit fatigue cracking also increases with ageing.

The base bitumen critical temperatures are 14.5, 16.8,

and 26.6 �C after no ageing, short-term ageing, and

combined short and long-term ageing, respectively.

However, the presence of additives changed the rate of

increase of this temperature over the ageing stages.

Initially, the OMBs exhibited slightly higher critical

temperatures than that of the base binder, whereas the

CMBs showed slightly lower critical temperatures.

However, after the combined ageing stages, all the

modified binders exhibited critical temperatures

between 18 and 21 �C, significantly lower than that

of the base binder. This confirms that the investigated

additives retard bitumen ageing which can alter the

mechanical performance of WMAs produced with

these additives.

3.3 MSCR results

This test was conducted using a GeminiTM DSR at

temperatures of 30, 40, 50, and 60 �C under unaged

binder conditions. Figure 6 presents the creep and

recovery results at 40 �C and 3.2 kPa stress, which

demonstrate that the organic additive reduced shear

strain, whereas the chemical additive slightly

increased it. The figure shows that there are two

different mechanisms through which the additives can

alter bitumen response to the applied stress. Firstly, by

changing bitumen stiffness which results in a decrease
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or increase in the resultant strain after the loading

period relative to the base bitumen. Secondly, by

impacting the bitumen recovery properties, which

means altering the ability of the bitumen to recover

strain after the load is removed. These two mecha-

nisms can be decoupled to better understand the

impact of the additives.

The creep component was studied by isolating the

creep results at the end of the loading period (1 s.) and

then normalising the results for the modified binders at

each temperature against the base binder creep results,

as shown in Fig. 7. This figure demonstrates that the

organic additive significantly reduced the creep strain,

and this reduction is directly related to the additive

dosage with the higher the additive concentration, the

more significant the reduction. In contrast, the chem-

ical additive slightly increased the creep strain by

approximately 2–10% at all testing temperatures. The

recovery component was analysed similarly by calcu-

lating recovered strain and then normalising the results

against the base binder results at each testing temper-

ature, as shown in Fig. 8. This figure indicates that the

organic additive significantly improved the creep

recovery properties at intermediate and high dosages.

This improvement is also related to the additive

concentration; the higher the dosage, the greater the

improvement. Also, it can be observed that the

additive impact is more significant at higher temper-

atures such as 50 and 60 �C. This can be explained by
the fact that at these temperatures, the Bb is approach-

ing its critical high temperature which leads to larger

permanent strains. This means that the additive effects

can be realised at critical temperatures where the base

binder is tested at its limits. Meanwhile, the chemical

additive very slightly reduced creep recovery.

Furthermore, the Jnr, which is the outcome of the

combined effect of the two mechanisms (bitumen

stiffness and creep recovery), was calculated accord-

ing to Eq. 1 and presented in Fig. 9, again normalised

against the base binder. This figure confirms the

conclusion that the organic additive is likely to

significantly improve permanent deformation resis-

tance at intermediate and high dosages, whereas the

chemical additive slightly reduces this property.

However, by uncoupling the creep stage from the

recovery stage, it becomes clear how these additives

alter these bitumen rheological properties. The organic

additive significantly increases bitumen stiffness and

increases its creep recovery properties, which leads to

a better rutting resistance. On the other hand, the

chemical additive can increase bitumen susceptibility

to permanent deformation, mainly due to marginally

reducing its stiffness, which results in an increased

creep compliance magnitude.

Fig. 6 Creep and recovery of the studied binders at 40 �C and

3.2 kPa loading stress
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3.4 LAS results

This test was conducted using a GeminiTM DSR at an

intermediate temperature of 19 �C using an 8 mm

parallel plate (spindle) geometry. The test temperature

was selected because all the modified binders exhib-

ited an approximate critical intermediate temperature

of 19 �C [41]. The relationship between shear stress

and strain is presented in Fig. 10. The figure indicates

that the shear stress is increasing with increasing strain

amplitude until the sample fails with the failure zone

being determined by the sharp drop in the shear stress

after failure takes place. This figure shows that the

OMBs require higher stress to achieve the required

strain, which correlates with the stiffening effect of

this additive. On the other hand, the CMBs have lower

shear stress as a function of applied strain due to the

slight reduction in the shear modulus due to the

presence of the chemical additive. To add meaning to

these observations, the number of load applications to

failure at different strain levels was predicted using

Eq. 2, as shown in Fig. 11. This figure demonstrates

that at low dosages of the additives, there is only a

marginal change in the fatigue performance of the

modified binders relative to the base bitumen. How-

ever, if higher dosages are used, then bitumen fatigue

performance can significantly change with the high

dosage of the organic additive having the potential to

improve fatigue life, whereas the chemical additive

can shorten it.

By comparing the results in Figs. 5 and 11, it can be

seen that the Superpave fatigue cracking parameter

indicated that all the modified binders (organic and

chemical additives) are likely to improve fatigue

performance after ageing since the critical intermedi-

ate temperatures of the modified binders were

about * 6 to 7 �C lower than that of the base binder.

However, the LAS results indicated that only the

organic additive improved fatigue life while the

chemical additive reduced it. To further tackle this

disagreement, the G–R parameter was calculated and

included in the analysis. This parameter was derived

from the relationship between bitumen ductility at

15 �C and bitumen G* and d (at 15 �C and a radial

frequency of 0.005 rad/sec) established by Glover,

Davison [48] and calculated from DSR frequency

sweep results. Previous studies have also shown that

the G–R parameter is a good indicator of fatigue

cracking when assessed against laboratory and field

performance of asphalt mixtures [49, 50]. The G–R

parameter can be calculated as follows:

G - R ¼ G� � cos dð Þ2

sin d
ð7Þ

To calculate this parameter, the 2S2P1D model was

firstly fitted to the G* and d master curves in order to

accurately determine these parameters at a
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temperature of 15 �C and a frequency of 0.005 rad/s.

The 2S2P1D model has the following mathematical

form [35]:

G� xð Þ ¼ G0 þ
Gg � G0

1þ a ixsð Þ�kþ ixsð Þ�hþ ixbsð Þ�1

ð8Þ

where Gg is the glassy modulus, G0 is the equilibrium

modulus, b, s, a, k, and h are model parameters that

can be calculated by an optimisation process. Model

parameters were determined using the optimisation

function ‘‘Solver’’ embedded in Excel software with

the results shown in Table 3. By using this model, the

shear modulus and phase angle were calculated for all

binders at 15 �C and 0.005 rad/sec and the G–R

parameter was then calculated using Eq. 7. The results

are presented in Figs. 12 and 13. The first figure shows

that the G–R parameter increases with ageing, which

can be interpreted as the cracking potential increasing

due to the reduction in the ductility of the bitumen. The

second figure presents the G–R parameter results in a

Black space diagram plotted against the suggested

threshold value of 180 kPa. This value is associated

with the onset of cracking that was linked to a binder

ductility of 50 mm [51]. Figure 13 shows that all of

the investigated binders were expected to perform

acceptably concerning fatigue cracking when consid-

ering the ‘‘pass-fail’’ criterion suggested by Rowe

[51]. The figure also shows that the 3.5% OMB is the

closest binder to the failure zone, whereas the CMBs

are the lowest susceptible binders to cracking.

These results, however, disagree with the LAS test

results since the latter showed the opposite behavior.

Figure 14 presents a correlation between LAS and G–

R results which demonstrates that the increase in the

G–R values contributes to improved fatigue life.

Accordingly, it can be concluded that lower G–R
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Fig. 12 G–R magnitude at different binder ageing levels

Fig. 13 G–R results plotted on a black diagram

Table 3 2S2P1D model

parameters for the

combined RTFOT and PAV

ageing stage

Binder\parameter G0 Pa Gg Pa k h s a b

Bb 0 1E?09 0.39 0.86 2E-05 23.55 90

0.5%OMB 0 1E?09 0.39 0.87 2E-05 21.92 90

2%OMB 0 1E?09 0.41 0.89 2E-05 25.19 90

3.5%OMB 0 1E?09 0.40 0.88 4E-05 28.78 90

0.2%CMB 0 1E?09 0.42 0.90 2E-05 28.37 90

0.4%CMB 0 1E?09 0.44 0.91 3E-05 25.59 90

0.6%CMB 0 1E?09 0.41 0.89 1E-05 25.00 90

Fig. 14 Correlation between LAS and G–R results
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values may not necessarily contribute to better fatigue

life. To explain this conclusion, the zones of high

viscosity and low shear strength on the Black space

diagram shown in Fig. 13 must be considered in the

analysis. Reduced shear strength associated with

increased viscous behavior contributes to increased

shear strains and prolonged strain damaged time,

which can lead to reduced fatigue life. On the other

hand, reduced bitumen ductility leads to reduced strain

tolerance and stress relaxation, which also leads to

retarded fatigue life. Accordingly, it can be concluded

that fatigue performance is related to several factors

acting at the same time; balancing these parameters is

the key to improve and maintain acceptable fatigue

performance. Moreover, the overall conclusion of

these results is that fatigue life can be enhanced by

increasing bitumen shear modulus and elasticity while

maintaining an adequate ductility level.

3.5 Low-temperature creep stiffness

Figure 15 presents the LTCS results in terms of S-

value and m-value following the Superpave require-

ments. The results show a clear trend of increased

susceptibility to low temperature cracking in the case

of the OMBs due to the presence of the organic

additive with increased bitumen stiffness and reduced

m-value. This means that this bitumen becomes more

prone to cracking at low temperatures. Also, this trend

is directly related to the additive dosage; the higher the

dosage, the higher the S-value and the lower the

m-value. On the other hand, Fig. 15 indicates that the

CMBs can improve performance regarding low tem-

perature cracking because this additive reduced the

stiffness and increased the relaxation properties of the

bitumen. This effect seems to be again directly related

to the additive dosage; the higher the dose, the more

significant the impact. This means that the presence of

the chemical additive can enhance the low temperature

cracking and this finding can be attributed to the

ageing retardation capability of the chemical additive.

Previous studies have also plotted BBR results in a

Black space diagram to assess the low temperature

cracking susceptibility of asphalt binders and mixtures

[50, 52, 53]. To apply this method, the stiffness and

m-value results were plotted in a Black diagram by

assuming that the phase angle is represented by the

m-value as explained by Romero [52], as shown in

Fig. 16. The red shaded area represents the zone where

the binder is susceptible to low temperature cracking.

Conversely, the green area represents the zone where

the binder performs acceptably. This figure shows that

the tested binders formed three distinct groups repre-

senting the three testing temperatures with the
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stiffness increasing and m-value decreasing; as the test

temperature increases. The figure also confirms the

previous finding of increased binder stiffness and

reduced relaxation in the case of the organic additive

and decreased binder stiffness and increased relax-

ation in the case of the chemical additive.

4 Summary and conclusions

The primary aim of this study was to evaluate and

understand the influence of two representative organic

and chemical WMA additives on bitumen rheology

and performance. The rheological characteristics were

studied at different critical temperatures using the

DSR and BBR. Frequency sweep, MSCR, LAS and

LTCS tests were conducted to analyse the behavior of

the modified binders at different bitumen ageing

levels. Based on the results of this study, the following

conclusions can be drawn:

1. The frequency sweep results show that the organic

additive has a bitumen stiffening effect, with this

effect being directly related to the additive dosage.

However, there was no noticeable effect on LVE

rheological properties (stiffness and viscoelastic

behavior) for the chemical additive when testing

the modified binder in its unaged condition.

2. Despite the stiffening effect of the organic addi-

tive, the viscoelastic properties after RTFOT and

PAV ageing were comparable to those of the base

binder which means that this additive stiffens the

binder after modification but can retard the ageing

process. A similar effect in terms of ageing was

seen for the CMBs with the chemical additive

significantly retarding the bitumen ageing process

resulting in the shear modulus being lower and the

phase angle being higher compared to those of the

base binder after the two ageing stages.

3. The Superpave fatigue cracking parameter also

showed that the WMA additives (both organic and

chemical additives) decreased bitumen ageing by

retarding the increase in the critical intermediate

temperature with ageing, which can be interpreted

as an improvement in fatigue cracking perfor-

mance after long-term ageing when WMA addi-

tives are incorporated.

4. The MSCR test results clearly show that the

organic additive can improve rutting performance

at high temperatures, whereas the chemical addi-

tive may slightly degrade it. Moreover, by

uncoupling the creep component from the recov-

ery stage, the mechanism by which these additives

impact bitumen properties becomes clearer. The

organic additive improved bitumen recovery as

well as increased its stiffness, which led to better

rutting resistance. On the other hand, the chemical

additive increased bitumen susceptibility to per-

manent deformation by decreasing its stiffness

and slightly decreasing its creep recovery

properties.

5. The impact of the additives on bitumen fatigue life

were investigated by two methods, namely the

LAS test and G–R parameter. The LAS results

showed that the presence of the organic additive

can improve fatigue cracking of bitumen whilst

the chemical additive may make it more prone to

this distress. However, the G–R indicator showed

the opposite behavior with the OMBs being the

closest to the cracking failure criterion, whereas

the CMBs were potentially the least susceptible to

cracking. It was possible to establish an excellent

correlation between LAS and G–R results which

indicated that for the data set investigated in this

paper that higher G–R values contributed to better

fatigue life. It is postulated that there is a damage

zone where low G–R values contribute to reduced

fatigue life due to the reduction in bitumen shear

modulus and the increase in bitumen viscosity

which may explain this correlation between LAS

and G–R results. This conclusion could be inter-

preted as fatigue life may improve over ageing due

to the increasing elastic behavior until it reaches a
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Fig. 16 Black diagram of the BBR results
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critical zone where the material becomes increas-

ingly brittle and strain-sensitive which causes a

drop in fatigue life. This initial increase in fatigue

performance with ageing (and increased G–R

values) has been demonstrated in other relevant

studies [54, 55].

6. The LTCS results demonstrated that the chemical

additive can improve low temperature cracking

performance because it reduces bitumen stiffness

and increases its relaxation properties. The

organic additive, however, was found to make

the bitumen more susceptible to this failure mode

because it increased bitumen stiffness and lowered

its relaxation properties in comparison to the base

binder. Furthermore, plotting LTCR results on a

Black space diagram was shown to be an effective

method to characterise low temperature cracking

susceptibility of bitumen.

7. Considering the effects of the studied additives on

bitumen characteristics, it is reasonable to assume

that the chemical additive is more suitable for cold

regions where low temperature cracking is a

concern, whereas the organic additive is more

effective for hot regions due to its positive effects

on bitumen rutting resistance.
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