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Abstract

Combined loading and climatic effects associated with the choice of high modulus bituminous mixtures, in order to prevent the pavements from rutting, have increased the risk of cracking failure in the bituminous layers.

It was decided, in 1989, to start a long-term assessment of a wide range of new products. Cracking, rutting and ravelling monitoring have been carried out regularly during 14 years of pavement service. 16 test sections of 300 meters were constructed. The structures of all those test sections were identical, except the choice of the wearing course binder for which 12 modified binders, and 4 pure bitumens as reference, were selected.
A new assessment method of in situ cracking is proposed which consider the gravity and the extent separately in order to get a cracking amplitude parameter. Distinction has been made between the initiation and the propagation of cracking.
In general, PmBs show some improvement of the performance of the wearing course compared to conventional binders. However, one section with direct refining pure bitumen performs as well as some PmBs. Cracking resistance for one section with SBS modified bitumen was tremendous.
A large amount of tests have been carried out on the wearing course binders and mixes during the whole monitoring period. It was noted that classical laboratory tests couldn't be used as tools for the long term behaviour prediction. Thorough studies were carried out on the TSRST, the BBR tests. 

1 Introduction and goal
Modified binders began to be used extensively about thirty years ago with the aim of improving the mechanical performance of bituminous pavements. This development came in response to traffic increase, on the one hand, but also in order to decrease maintenance periods, which are a major source of traffic disturbance and which, directly or indirectly, lead to additional costs. 

At the end of the 1980’s, the Highways Department of the Canton of Valais and the Laboratory for Traffic Facilities (LAVOC) at the Swiss Federal Institute of Technology (EPFL) participated in the preparation of Swiss recommendations concerning polymer modified binders. However, limited information based on experience was available at that time in spite of the use of such products for many years. In 1988, the National Roadway Service of the Canton of Valais constructed the superstructure and the pavement of the N9 motorway over a distance of 15 km. One stretch was made available for the execution of test sections in order to compare the behaviour of polymer and additive modified bituminous mixtures with that of pure bituminous mixtures. A large observation field with identical conditions was made available for the construction of 16 different test sections, each 300 m long. Twelve modified and four pure bitumens, as references, were selected for the construction of the wearing course.

The main goal of the study was the evaluation of the performance and the cost effectiveness of polymer modified bitumen mixtures compared to pure bitumen mixtures. Then, this study aimed the selection of binder or mixture properties to predict long term performance by carrying out conventional and new testing procedures.

In order to assess the long term evolution of the test sections behaviour, many monitoring campaigns and laboratory tests were carried out during the lifetime of the pavement and especially on the wearing course.
2 Test sections and monitoring
The pavement was designed according to the Swiss standard SN 640322 of 1971 for a lifetime of 20 years, 1600 ESAL of 8 tons and an annual traffic progression of 5%. All the test sections have the same structure geometry and materials except the binder of the wearing course. 
The binder suppliers were invited to propose their recommendations for the design of their binder mixtures; in spite of this all the wearing courses have the same binder content and the same thickness of 4 cm. 
The binders’ description is summarised in Table 1:
    Table 1 – Type of used binders

	
	
	Type of polymer
	Binder category

	Section
n°
	Base bitumen
	Ready to use bitumen
	Additives
	

	1
	B 80/100 partially blown bitumen + adhesion agent
	
	
	pure

	2
	B 60/70 partially blown bitumen + adhesion agent
	
	
	pure

	3
	B 80/100 direct refining
	S.B.S. 3%
	
	modified

	4
	B 40/50 direct refining
	S.B.S. 3%
	
	modified

	5
	B 80/100 direct refining
	S.B.S. 5%
	
	modified

	6
	B 40/50 direct refining
	S.B.S. 5%
	
	modified

	7
	B 80/100 direct refining
	Polyolefin 6%
	
	modified

	8
	B 60/70 direct refining
	(polyisobutylen +E.V.A) 11,5%
	
	modified

	9
	B 60/70 + oxidising agent 
	E.P.D.M. 4%
	
	modified

	10
	B 80/100 partially blown bitumen
	
	polyolefin 7%
	with additives

	11
	B 80/100 direct refining
	S.B.S. 3%
	
	modified

	12
	B 80/100 partially blown bitumen
	
	(S.B.S. + E.V.A. + agents) 4%
	with additives

	13
	B 80/100 partially blown bitumen
	
	(natural asphalt + filler) 3,6%
	with additives

	14
	B 80/100 partially blown bitumen (2 steps process.) +B200
	E.P.D.M. 5%
	
	modified

	15
	B 80/100 direct refining
	
	
	pure

	16
	B 60/70 direct refining
	
	
	pure


Surface cracking monitoring was done regularly during the lifetime of the sections. Four auscultations were carried out at 4, 7, 10 and 14 years (before overlaying). Beside that, a large laboratory testing program was undertaken to give some indications on materials behaviour so predictive procedures could be established.

Laboratory tests included conventional and “advanced” test procedures on binders and mixtures. Different assessment ages for in-place mixtures were chosen (0, 4 and 8 years). Mixtures and binders taken at the mixing plant were subjected to accelerated aging (DIN, RTFOT and PAV procedures).
3 Methodology of cracking assessment

The cracking assessment, according to the Swiss standard SN 640 925, defines two parameters that have to be surveyed: The extent and the gravity of cracking
The extent of cracking (A) is the relative area of sections where cracking is observed (Table 2).
    Table 2 – Cracking extent evaluation

	Extent value (A)
	Description
	% of section concerned

	0
	no cracking
	0

	1
	very localised
	< 10%

	2
	localised to extensive
	10..50%

	3
	very extensive
	> 50%


The gravity of cracking (S) is 3 for a crack width larger than 10mm, 2 for a crack width between 2 and 10mm and 1 for a crack width smaller than 2mm. The observed cracking is generally smaller than 2mm. Thus, an intermediate evaluation scale was proposed as shown in Table 3.

    Table 3 – Cracking extent evaluation

	Gravity value (S)
	Type of cracking

	0.125
	Crack initiation

	0.25
	Small isolated cracks

	0.75
	Small cracks with some ramifications

	1
	Small cracks with dense ramification


3.1 Cracking amplitude index
The “cracking amplitude index” is defined as the combination of the extent and the gravity values. The product of the two values is normalised and expressed as a percentage. The cracking amplitude index formula is proposed as follow:
ICrack = ( A x S / 9 ) x 100
(1)

The 100% value corresponds to the worst cracking case: 3 for extent and for gravity.

3.2 Cracking propagation threshold
Further more in this paper, two assumptions are made: 
· First, the “small isolated cracks” which are “localised to extensive” are considered as a macrostructural indication of cracking initiation on the road surface. 
· Then, the cracking going toward some ramification could be considered as an indication of cracking propagation.
These two assumptions allow the definition of a threshold value separating the initiation and the propagation phases. The stage described in the first assumption corresponds to a “cracking amplitude index” calculated hereafter: 

ITransition = (2x0.25)/9x100 = 5.6%. (Rounded to 5%)
The year for which the cracking amplitude index exceeds the 5% value is considered as the start of the propagation phase. This parameter called the “transition year” is calculated for all the sections.
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    Fig. 1 – Cracking amplitude indexes evolution for some test sections
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    Fig. 2 – Transition years of test sections

4 Predictive aspect of laboratory tests versus cracking data

The data collected from laboratory testing and sections monitoring were subjected to a statistical treatment to reveal the significant correlations in order to propose a predictive approach for long term cracking. The following correlations were obtained by a linear regression analysis. Hereafter, only relevant correlations are exposed.

4.1 Correlations on binder properties
The investigations were carried out on all binders except those used in mixtures with additives for evident reasons. As a result, two testing procedures seem to be in accordance with the amplitude of cracking after 10 years: The dynamic viscosity (@ 130 or 150°C) and the Bending Beam Rheometer test.
The dynamic viscosity test was done at different stages of the road construction.  The relative evolution of the dynamic viscosity value between the delivery time and the laying of the mixture was calculated (fig 3) as follow:

IDV  = 1 - ( (laying / (delivery )
(2)
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    Fig. 3 – Cracking amplitude index at 10 years versus the relative evolution of dynamic viscosity at 150°C between the delivery and the laying stages
This predictive aspect could be explained by the fact that the viscosity increase is due to the progressive loss of oily fractions of bitumen. The binder becomes more brittle, and thus more susceptible to cracking in the mixture.

The BBR test was carried out on extracted binder immediately after laying. The m-value gives also a good correlation with monitored data (fig 4).
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    Fig. 4 – Cracking amplitude index at 10 years versus the BBR m-value
4.2 Correlations on mixture properties

Analyses were carried out on all mixtures at different aging stages. The most relevant correlation with monitored data was obtained by the Thermal Stress Restrained Specimen Test “TSRST” and its transition temperature value (fig 5). This result was expected considering that this test was used to validate the BBR test.
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Fig. 4 – Cracking amplitude index at 10 years versus the TSRST transition temperature

5 Conclusions and discussions
The investigations carried out on selected binders and on cracking monitoring data for 14 years permit to issue the following conclusions:
· The test section 11 exhibits a tremendous behaviour. The binder is a widely commercialised product with S.B.S polymer content. After 14 year, no cracking was observed. Test sections 3 and 15 show the same performance at a lower level. The performance of test section 15, containing pure bitumen, is a surprising result.

· For the sections containing pure bitumen (sections 1,2,15,16) a better behaviour is noted for direct refining bitumen sections (15,16). Hence, this way of bitumen processing supplanted the old partial blowing process, improving therefore mixture behaviour. Obviously, the softer is the binder the better is the cracking resistance.
· The sections containing bitumen with polymer additives (sections 10 and 12) do not perform as well as sections with “ready to use” Pmb. This observation could be explained by the fact that polymer bitumen processed in refinery with optimised curing conditions and raw materials properties give a homogeneous and compatible binder with an optimal micro-morphology and thus a better behaviour. 

· Two sections (8 and 9), containing respectively polyisobutylen and oxidising agents, give the worse behaviour. The cracking is rather due to chemical aging than to mechanical or thermal cracking.
The correlations between laboratory testing results and cracking amplitudes at 10 years show the following facts:

· The viscosity increase after laying seems to be a good indication of cracking susceptibility.

· The Bending Beam Rheometer m-value is in accordance with the cracking amplitude index.
· Thermal Stress Restrained Specimen Test carried out on mixtures which were cored after the laying shows a good correlation between the test transition temperature and the observed cracking.
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