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Abstract When asphalt roads turn brittle at low

temperatures, they are no longer able to relax com-

pletely from traffic induced stresses and may also suffer

damage through crack initiation and propagation. In

order to avoid early structural damages, the bituminous

binders must be selected very carefully. However,

conventional test methods for assessing performance of

bituminous binders at low temperatures are often

unsatisfactory reliable, in particular in case of polymer

modified bituminous binders. In this study, an alterna-

tive experimental method based on fracture mechanical

principles was performed on pre-notched specimens in

the brittle state inside a cooling media. This fracture

toughness test was evaluated in terms of its suitability

for distinguishing different types of polymer modified

and unmodified bituminous binders. In addition, the

feasibility to evaluate different ageing states was also

analysed by testing samples after artificial short-term

and long-term ageing procedures. The repeatability

obtained from the experimental results showed that the

fracture toughness test is a suitable candidate for being

introduced in a standardization framework.

Keywords Fracture toughness test � Low
temperature behaviour � Polymer modified bituminous

binder � Thermal cracking � Asphalt road � Bitumen

1 Introduction

In asphalt roads, bottom-up cracking is mostly caused

by insufficient dimensioning as well as lack of

adhesion between layers. On the other hand, crack

formation from the top of the road primarily results

from tyre-road interactions, which produce repeated

horizontal tension stresses under wheel loads [1]. In

cold regions (sudden low temperature cracking) and in

areas which experience large repeated extremes in

daily temperatures (thermal fatigue cracking) [2]

crack formation can be intensified by combining the

static tension components from thermal contraction

and incomplete relaxation with the tyre-induced

stresses. Moreover, the risk of cracking is increased

by numerous imperfections and defects that are

common in pavement structures due to construction

or a combination of aging and operation induced

distress. It is around these imperfections that thermal

stresses concentrate allowing crack initiation and/or

crack propagation when the tensile strength of the

asphalt mixture is exceeded [3].
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The propagation of a crack through an asphalt

pavement depends directly on the mechanical proper-

ties of the binder. The crack path is mostly observed

inside the bitumen film around the aggregates [4].

When the pavement cools, the bituminous binder

slowly transforms from a viscoelastic ductile into an

elastic brittle material. Initially, at warm temperatures,

the binder is soft enough for any shrinkage stress to

relax through viscous flow but later, at some colder

temperature, it stiffens making the relaxation from

thermal stresses more difficult. The mechanical

behaviour of bitumen at low temperature is related

to its chemical composition which may be defined by

the so-called SARA fractions. Asphaltenes and resins,

i.e. the fractions with higher molecular weights,

provide the major part of the elastic behaviour,

whereas aromatics and saturates, i.e. the fractions

with low molecular weight and low glass transition

temperatures, are related to the viscous behaviour. In

order to improve the performance of bitumen, several

types of polymers have been used as modifiers [5]. The

final properties of the polymer modified bituminous

binder depend on the morphology, polymer content,

particle size and chemo-physical material compatibil-

ity. Basically, the polymer is swollen by some

fractions of the bitumen, mainly by the resins,

aromatics and saturates (maltenes), artificially enrich-

ing the asphaltene fraction by a ‘‘physical distillation’’

of the lighter species from the original bitumen,

leading to a toughened binder matrix.

Since asphalt pavements start to experience cracks

when binders reach the brittle state during cooling,

efforts in its study were concentrated on the evaluation

of the binder’s fracture behaviour as described in the

literature [6]. However, the conventional assessment

of the low temperature properties of bituminous

binders is often insufficient and repeatedly results in

costly misjudgements and damaged roads. Moreover,

the standardized test method ‘‘Fraass breaking point’’

[7] shows low reproducibility, in particular with

special and polymer-modified binders, and does not

provide fundamental mechanical characteristics. Sim-

ilar holds for another technological test, the Moriyoshi

breaking point [8]. Some years ago, the determination

of the flexural creep stiffness with the bending beam

rheometer (BBR) was proposed [9]. As this is a creep

test, the expectations have only partly been satisfied. It

is objected that the BBR test stays in the viscoelastic

domain and therefore it is not able to accurately assess

low temperature failure behaviour, except for unmod-

ified bitumen [10]. Since the cracking properties are

also dependent on the microstructure (nature and size

of polymer inclusions), the linear viscoelastic proper-

ties cannot always differentiate between pure and

modified binders. For these reasons, fracture mechan-

ical principles appear necessary to understand the

cracking phenomena of all types of bituminous

binders at low temperature. So far, experimental tests

such as the compact tension test [11] and the double

edge-notched tension test [12] have been also used

with different success for assessing the low temper-

ature behaviour of bituminous binders. Other tests,

like the double torsion test have been applied to mastic

asphalt, but it could also be suitable for binder testing

alone [13].

Fracture toughness provides a measure of resis-

tance to failure in the presence of severe tensile

constraints and sharp cracks. As this property is

independent of sample size and geometry, it is

generally considered useful for initial type testing

and specification verification [14]. This is particularly

true for notched specimen fracture tests at low

temperatures. The fracture mechanics approach

accounts for the fact that a pre-existing crack signif-

icantly changes the stress field in the material making

it effectively weaker [15–17]. Thus, a newly devel-

oped Fracture Toughness Test (FTT) similar to those

used for metals, ceramics and polymer materials, has

been adapted and considered as possible alternative

test method for determining low temperature proper-

ties of bituminous binders [6]. Since the calculation of

fracture toughness and fracture energy as material

parameters is only applicable in the linear-elastic

domain and bituminous binders at low temperatures

do not always stay in this domain, it was decided to

focus also on determining the so-called fracture

toughness temperature (TFT) at which the transition

from ductile to brittle state is assumed to occur.

Recent results from an international round robin

test carried out between eight different laboratories

(including Empa) have shown that this FTT is a

promising tool for characterising the low temperature

behaviour of bituminous binders [18]. The scope of

this work was to evaluate the FTT method for a large

range of different binders, unmodified and modified,

hard and soft bituminous binders based on their low

temperature performances obtained from fracture

toughness tests. Moreover, the feasibility of the FTT
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to distinguish between different ageing states was

analysed with this study.

2 Experimental

2.1 Materials

Three unmodified and three polymer modified bitu-

minous binders covering a wide spectrum of charac-

teristics have been used (Table 1). Samples were

provided by commercial suppliers. Thus, details

related to binder formulation and modification (i.e.

polymer type and polymer content) are unknown.

Moreover, laboratory aged samples were tested to

analyse the influence of artificial ageing on the low

temperature performance of different binders. For

that, the bituminous binders were subjected to short-

term RTFOT (Rolling Thin Film Oven Test) [19] and

long-term PAV (Pressure Ageing Vessel) ageing [20]

procedures prior to testing.

2.2 Fracture toughness test (FTT)

2.2.1 Test procedure

The fracture toughness test (FTT) is defined in the

European technical specification CEN/TS 15963:2010

[21], which has been approved for provisional appli-

cation. It is based on a three point bending test where

the test sample is a beam with a thin notch in the

middle (see detailed specimen preparation below).

The test is carried out in a temperature controlled

cooling bath.

After the beam has been conditioned at the test

temperature in a cooling bath, it is properly placed on

the bending rig with the notch facing downwards and

aligned with the loading shaft. Next, a vertical loading

is applied with a constant displacement rate of

0.01 mm/s on the middle of the upper side of the

sample until failure occurs. The force is recorded

versus displacement at different test temperatures

(Fig. 1a). In order to accept the failure as brittle, the

displacement at maximum force has to be below

1 mm. At least three beams must be tested at the same

temperature and the average calculated. The fracture

toughness temperature (TFT) of a bituminous binder is

defined as the temperature at which the displacement

at maximum force is 0.3 mm (Fig. 1b).

A more detailed description of the experimental

procedure can be found in the technical specification

Table 1 Properties of the bituminous binders

Binder type Penetration

(0.1 mm)

Softening

point

(�C)

Characteristics

Bitumen 10/20 16 62.6 Neat bitumen

Bitumen 35/50 42 57.2 Neat bitumen

Bitumen

180/200

178 40.6 Neat bitumen

PmB 50/70-53 48 59.0 Polymer modified

bitumen

PmB 25/55-65 48 92.5 Polymer and wax

modified

bitumen

PmB 90/150-60 119 73.6 Polymer modified

bitumen

Fig. 1 Displacement curve from a fracture toughness test and

scheme of bending rig (a). (A) Tangent at the (B) inflection point
of the force versus displacement curve, (C) zero point and

(D) displacement at (E) maximum force. Calculation of the

fracture toughness temperature (TFT) (b)
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[21] in order to achieve a complete understanding of

the fracture toughness test.

2.2.2 Specimen preparation

Preparation and conditioning of the specimens are

important steps in testing the behaviour of bituminous

binders and have direct influence on the accuracy and

repeatability of the results. Here, an aluminium mould

designed and manufactured by IFSTTAR (Nantes,

France) assembled by different parts was used to

prepare series of ten beams at the same time (Fig. 2).

Each test specimen is composed of two aluminium

inserts with a pre-notched piece of bitumen. The

calculus of the different fracture parameters for this

non-homogenous geometry was validated in a previ-

ous work [22] since in three point bending tests these

parameters are usually associated with homogenous

material tests. The notch geometry is crucial for the

fracture initiation: the narrower the notch, the more

concentrated is the stress for the crack initiation at the

notch. The mode of loading considered here is mode I

(i.e. tension). Originally the notch (5 mm depth) was

formed by placing two thin films of polytetrafluoro-

ethylene (PTFE) into the sample to make a very

narrow vertical notch. This material is very soft and

flexible and it had to be well tightened to avoid any

undulation while pouring bitumen into the mould,

what actually has a major effect on the repeatability of

the results. For these practical reasons, in this study the

PTFE double film was replaced by a double film of

0.150 mm thick coated silicone paper (Hexis, Ger-

many) glued together with a small amount of silicon

grease (Molikote� Multilub, USA). The different

aspects of sample preparation have been previously

investigated in more detail in order to improve the

experimental procedure [23].

2.2.3 Equipment

An electromechanical testing system (Instron� 1122,

UK) has been used to apply the bending at constant

deflection speed. A 0.5 kN load cell (MTS, Switzer-

land) and a LVDT transducer (HBM, Germany) have

been separately installed for the accurate measurement

of the force and the deflection. Data acquisition was

accomplished with a Spider 8 System and Catman�

software (HBM, Germany). Following the specifica-

tion [21], the bending rig was placed inside a liquid

bath with ethanol (purity 99 %) as cooling fluid, being

circulated between the cooling unit (Huber miniStat�

cc2, Germany) and the test bath at testing temperature.

In this study, the use of ethanol as cooling fluid and its

possible influence on the results have been considered

since other authors [24] reported lower strength values

in comparison to other cooling medium (i.e. air or

potassium acetate) and claimed that organic solvents

can affect fracture mechanical properties and therefore

repeatability.

2.3 Fraass breaking point

The determination of the Fraass breaking point is a

conventional method used to evaluate the performance

of bituminous binders at low temperature. Following

the standard [7], the test was carried out on a manual

apparatus where a sample of bituminous binder was

applied to a metal plate at an even thickness being

submitted to a constant cooling rate and flexed

repeatedly until the binder layer breaks; the temper-

ature at which the first crack appears was reported as

the Fraass breaking point. It is commonly acknowl-

edged that this method presents a poor reproducibility

due to the difficulty to control the test parameters and

visualize the crack mainly in case of special and

Fig. 2 Assembling details of the notched specimen preparation. Upper (left) and lateral (right) view

3052 Materials and Structures (2015) 48:3049–3058



polymer modified binders. Measurements were car-

ried out in order to compare the results obtained from

different tests at low temperature.

3 Results and discussion

3.1 Fracture toughness temperature. General

analysis

In this part of the work the fracture toughness

temperatures related to different types of bituminous

binders before and after different ageing procedures

are presented (Table 2). An analysis of the results was

carried out, comparing the low temperature behaviour

of modified and un-modified bitumen. The repeatabil-

ity for the procedure defined in the international round

robin test performed [17] is also presented. As an

interpolation fitting procedure is subjected to uncer-

tainty, in this FTT, the fracture toughness temperature,

which corresponds to a displacement at break, is also

determined with certain inaccuracy. In the round robin

test [18] the estimate for repeatability was given as

r = 3 �C considering the differences between labora-

tories in terms of cooling systems. In our study, it can

be observed that the values obtained are mostly below

2 �C without any defined trend in relation to the type

and properties of the binders as well as their ageing

state. This fact corroborates the accuracy of the

fracture toughness test for assessing low temperature

properties of bituminous binders as well as the low

influence of the ethanol as cooling fluid on the

repeatability of the results.

The ranking related to the fracture toughness

temperature of the different bituminous binders and

its evolution with the ageing procedures is presented in

Fig. 3. In this figure, it can be observed that, in its

original state, the polymer modified binder PmB

90/150-60 presented the lowest fracture toughness

temperature. This means that this binder reached the

ductile to brittle transition at very low temperatures,

improving its mechanical performance against frac-

ture. Next, it can be considered that the unmodified

bitumen 180/200 as well as the polymer and wax

modified binder PmB 25/55-65 had also a good

performance, presenting fracture toughness tempera-

tures around -10 �C. On the other hand, it was found

that the hardest unmodified bitumen 10/20 reached the

brittle state even at positive temperatures. This fact

will be analysed in the next section where the low

temperature performance is correlated with standard

properties of the binders like penetration and softening

point.

Attending to the evolution of the low temperature

performance with ageing, it seems clear that this

behaviour changed after the different treatments.

During service life, the asphalt pavement ages and

the brittleness of the material increases due to physico-

chemical changes in the binder [2, 25]. The most

important mechanism related to bitumen ageing is the

oxidation of the bitumen components, generally

producing functionalities with higher polarity,

increasing the content of asphaltenes and thus,

increasing the stiffness and the brittleness. This is a

clearly demonstrated for all the types of binder after

short-term ageing (RTFOT) where the fracture

Table 2 Fracture toughness temperatures obtained for differ-

ent types of bituminous binders and ageing states

Fracture toughness temperature (�C)

10/20 35/50 180/200 PmB
50/70-53

PmB
25/55-65

PmB
90/150-60

Original 2.4 26.7 214.5 27.2 216.5 224.5

r 0.7 0.3 0.2 0.4 1.4 1.3

RTFOT 6.9 23.5 213.4 25.6 29.4 217.8

r 1.8 0.5 1.2 0.3 1.6 0.4

PAV 10.1 3.8 27.4 21.2 23.8 212.8

r 1.0 0.6 1.1 0.7 0.8 0.9

Bold is used to highlight the different values of Fracture Toughness
Temperature (TFT) and to distinguish them from the values of repeatability
(r)

Fig. 3 Influence of the ageing on fracture toughness temper-

ature (TFT) for different bituminous binders
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toughness temperature can increase up to 7 �C. After
long-term ageing in the PAV, the fracture toughness

temperature has increased up to 10 �C. However, the
performance ranking found after the two ageing

procedures is the same as in the original state. It is

interesting to remark that the PmB 50/70-53, is the

binder which is less influenced by ageing. This

polymer modified binder presented only 6 �C higher

fracture toughness temperature after long-term ageing.

From a general view, different trends can be drawn

depending on the type of the binder. The trend is linear

for polymer modified binders, with the same increase

of the fracture toughness temperature after RTFOT

and PAV ageing. On the other hand, the unmodified

bituminous binders seem to be less affected by short-

term ageing compared to long-term ageing.

3.2 Correlation with penetration and softening

point

All parameters characterizing the mechanical perfor-

mance of a bituminous binder are related to its internal

structure and chemical properties. Therefore, in this

section, correlation between fracture toughness tem-

perature and other physical properties (softening point

and penetration) is analysed.

Penetration [26] is a property used to classify

bitumen by its hardness and consistency. It was

designed to assess the suitability under different

climatic conditions and to define performance charac-

teristics of bitumen that will be required in construction

works. For example, a hard binder is not recommended

for cold areas. Figure 4 shows the correlation between

fracture toughness temperatures and penetration values

for the different bituminous binders in its original state

before ageing. In this figure it can be observed that hard

bituminous binders show poor low temperature behav-

iour due to an earlier transition to the brittle state when

the material is cooling down. In general, binders with

higher penetration tend to lower fracture toughness

temperatures; however, the correlation is poor. The

unmodified binder with the highest penetration pre-

sented a fracture toughness temperature lower than

-15 �C in the original state. It is remarkable that almost

the same value was obtained for the PmB 25/55-65with

a significant lower penetration value. This fact clearly

shows the improvement of low temperature perfor-

mance achieved by polymer modification of the

bitumen.

On the other hand, the softening point [27] refers to

the temperature at which the bitumen attains a

particular degree of softening. This property could

be important for low temperature performance as well

as mixing and construction of an asphalt road.

Figure 5 presents the correlation between fracture

toughness temperatures and softening points of the

different binders before and after ageing. Generally,

both the softening point and the fracture toughness

temperature increase after ageing. Considering

unmodified binders, despite losing performance prop-

erties with ageing, a lower softening point appears to

be followed by a lower fracture toughness tempera-

ture. However, it is difficult to find any general

tendency related to the binder softness due to internal

structure differences of the binders. It seems clear that

polymer modification reduces the fracture toughness

temperature and attenuates the thermal susceptibility

[4]. Thermal stresses may relax during cooling thanks

to the effect of the polymer modification. However,

this advantage depends on the morphology of the

polymer modified binder (e.g. type and amount of

polymer, particle size or state of dispersion) [5].

Nevertheless, the results of this study clearly showed

that the fracture toughness test is able to distinguish

this difference in the low temperature behaviour and

corroborates what has been shown in the asphalt roads.

3.3 Correlation fracture toughness temperature—

Fraass breaking point

The calculation of the Fraass breaking point [7] is the

standard method for evaluating the performance of

Fig. 4 Fracture toughness temperature (TFT) in relation to

penetration
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bituminous binders at low temperatures but, it is

known for its poor reproducibility. Therefore, a

comparison between the fracture toughness tempera-

tures and the Fraass breaking points was performed in

search for alternatives. Figure 6 shows the linear

correlation between the two parameters before and

after the different ageing procedures.

Figure 6a exhibits the correlation of all bituminous

binders for all ageing states. It can be seen that the

differences could reach values above 10 �C. Correla-
tion is low for the binders before ageing (R2 = 0.449)

but improves after RTFOT (R2 = 0.920) and even

more after PAV (R2 = 0.947). The correlations lines

of RTFOT and PAV are parallel indicating a similar

change in Fraass and FTT properties by ageing. For

most specimens, the Fraass breaking point was lower

than the fracture toughness temperature leading to an

overestimation of the low temperature behaviour of

Fig. 5 Fracture toughness temperature (TFT) in relation to

softening point before ageing (a), after short term (RTFOT)

(b) and long term (PAV) (c) ageing procedures

Fig. 6 Correlation between fracture toughness temperature

(TFT) and Fraass breaking point at different ageing states.

General (a), polymer modified bitumen (b) and unmodified

bitumen correlations (c)
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the binders. This is a general fact that did not seem to

have any relation to the type of the bitumen or its aging

state but was most probably caused by the clear

experimental differences between the two tests, such

as cooling system or stress application. It is necessary

to keep in mind that the notched specimen used in the

fracture toughness test has certainly intensified the

tension stress at the crack tip easing the propagation of

the fracture at higher temperature when the specimen

was assumed to reach the brittle state.

Considering just the temperatures from polymer

modified binders (Fig. 6b), it can be seen that this

linear correlation is worse than for the unmodified

ones (Fig. 6c). This observed fact matches with the

problems with Fraass breaking point test when

assessing polymer modified binders.

3.4 Analysis of FTT parameters: maximum force,

work and stiffness

The data obtained from the fracture toughness tests

allow the calculation of additional characteristic

values which depend on the type of bituminous binder

such as the work carried out until the onset of the

fracture that corresponded to the area under the force–

displacement curve until the highest force measured.

Other parameters are the maximum force reached

considered as the onset of the crack propagation and

the stiffness at test temperature calculated as the

tangent of the force–displacement curve at the inflec-

tion point. An overview of the evolution of these

parameters with the testing temperature before ageing

is shown in Fig. 7.

It can be observed that for all binders the same

tendency between the different parameters and testing

temperatures is found. Changing from a ductile to a

brittle state, by decreasing the temperature, both the

maximum force needed to start the fracture of the

sample (Fig. 7a) and the stiffness increases (Fig. 7c).

By definition, the stiffness depends on the shape of the

curve because it coincides with the tangent in the

inflexion point. However, the work carried out until

fracture is obtained from the combination of both,

maximum force and stiffness. In all the analysed cases,

the fracture work decreased with cooling. Hence, at

low temperatures and with stiffer specimens, more

maximum force is achieved, but the less work is

required until reaching the fracture. It is also shown

that polymer modified binders needed more force to

fracture.

It is important to remark that the maximum force

(Ff) reached is directly related to the critical stress

intensity factor (KIC) by Eq. (1) with the geometry

used in the technical specification [21]:

KIC ¼ Ff; � 2377; ð1Þ

KIC (N/m3/2) is a mechanical parameter that can be

only considered at the elastic domain giving a measure

of the material strength at the failure point.

Fig. 7 Temperature influence on maximum force (a), work

(b) and initial stiffness (c)
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The influence of ageing on maximum force,

fracture work and stiffness at the fracture toughness

temperature is shown in Fig. 8. It can be seen that

usually after artificial ageing in the laboratory all

parameters decrease. This effect seems to be more

pronounced on the modified binders with higher

differences after ageing. However, the decreases

found for the rest of the specimens are lower,

remaining almost constant or even slightly increasing

after ageing. Again it can be observed that the low

temperature properties of PmB 25/55-65 and PmB

90/150-60 worsen after ageing. In case of unmodified

binders, these parameters seem to be unaffected by

ageing despite increasing their fracture toughness

temperatures.

4 Conclusions

In this work, the fracture toughness test FTT for

assessing low temperature properties of bituminous

binders has been validated. The fracture toughness test

is a three point bending test where a beam with a notch

in the middle is used to determine the temperature

where the transition from ductile to brittle state occurs.

Different unmodified and polymer modified bitumi-

nous binders at different artificial ageing states were

tested. The results demonstrated that, contrary to the

conventional methods, the FTT can clearly distinguish

between different kinds of binders and ageing states.

This is an advantage compare to Fraass breaking point

and BBR tests which cause problems mostly in

differentiating polymer modified binders. The repeat-

ability of the measurements was found below 2 �C for

all the tested samples. This value can be considered

good in comparison with the current values given in

the technical specification of the test. However, a

remarkably good correlation between fracture tough-

ness temperatures and Fraass breaking points after

ageing procedures was found. This result was better

for the unmodified than for the polymer modified

binders. Considering just classical properties such as

softening point and penetration, clear tendencies are

not shown since the low temperature behaviour of the

bituminous binders is related in a too complex way to

their internal structures. Another advantage of the FTT

is that it allows studying other parameters directly

obtained from the measurements, i.e. the maximum

force needed to start the fracture, the work carried out

until reaching the maximum load and the initial

stiffness at test temperature. The analysis of these

parameters allowed quantifying the effect of the

ageing on the behaviour of polymer modified asphalt.

In addition, it seems that the use of ethanol as cooling

fluid did not present any significant influence on the

repeatability of the results. However, considering what

is reported in other works, it is recommended to carry

out further studies for assessing the low temperature

behaviour of bituminous binders with other cooling

media.

Fig. 8 Influence of ageing on maximum force (a), work (b)
and initial stiffness (c)
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