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Raveling resistance of grouted macadam compared to conventional asphalt mixtures for wearing course
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Abstract. Grouted macadam (GM), composed by a porous asphalt mixture whose air voids are filled with a cementitious grout, is efficiently used as wearing course in semi-flexible pavements subjected to heavy-load traffic and low speed. Since high steering angles, applied by vehicle load at low speed, induce high shear stresses on the surface, this research investigated the raveling resistance of GM in comparison with conventional asphalt mixtures usually employed in motorways and airports. Laboratory tests were carried out with the Darmstadt Scuffing Device, which simulates the actual in-field movement of a wheel during steering. Several environmental factors were simulated, varying the testing temperature and the conditioning of the specimens. Experimental results showed that GM ensures a satisfactory raveling resistance in the conditions of dry and wet surface, comparable with those of asphalt concretes. On the contrary, an outstanding behavior was registered for GM in the case of fuel spillage, thanks to its close structure which does not allow penetration and to the grout which guarantees chemical resistance.
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Introduction
Grouted macadam (GM), composed by a porous asphalt mixture whose air voids are filled with a cementitious grout, combines the benefits of bituminous and concrete mixtures [1-4]. From the porous asphalt skeleton, GM inherits the jointless construction and the thermo-viscoelastic behavior [5,6]. The cementitious grout leads to high stiffness with low thermal susceptibility, ensuring a high bearing capacity even in presence of thermal excursions [6-8]. The construction of GM wearing courses consists in compacting the porous asphalt course with a steel roller and pouring the cementitious grout the day after with the help of light steel rollers or hand-operated rubber scrapers [6]. Thus, the speed of construction and reopening to traffic 24 hours after grouting are the major advantages over conventional concrete [1,2]. Moreover, the grout is a non-flammable material which does not generate any toxic smoke and helps visibility thanks to its clear surface, reducing the heat island effect, too. For these reasons, GM is efficiently used as wearing course in semi-flexible pavements, especially in those pavements subjected to heavy loads, low-speed traffic and fuel spillage [4]. Some examples are parking areas of airports, container terminals, ports docking areas, industrial areas, and tunnels.
Low-speed vehicles induce high shear stresses during steering, braking and accelerations, thus generating the gradual loss of material due to the failure of the mastic bridges within the mineral skeleton and subsequent aggregate loss [9]. This phenomenon, called raveling, is further accelerated by environmental factors such as water, UV and temperature changes that penalize the adhesion between aggregate and mastic [10-12]. Raveling negatively affects the ride quality and, if left untreated, could generate local distresses, such as potholes, or global disintegration of the pavement surface. In addition, raveling is particularly dangerous in airports, since it creates foreign object debris (FOD), endangering aircraft operations [9].
Up to date, the raveling potential of GM has been investigated only through the Cantabro loss test (EN 12697-17, 2007) [3,6,13]. However, the Cantabro procedure, i.e. repeated impacts of a cylindrical specimen inside the Los Angeles rotating drum, is unable to simulate actual field conditions. In Europe, several scuffing devices have been developed with the aim to simulate the high steering angles applied by vehicle load at low speed [14], and they are included in CEN/TS 12697-50 (2018). In particular, one of these is the Darmstadt Scuffing Device (DSD) developed in Germany and commonly used by the Belgian Road Research Center, that efficiently differentiate the behavior of porous asphalt (PA) and stone mastic asphalt mixtures [11,12,14].
Given this background, this research focuses on the evaluation of the raveling resistance of GM with DSD tests in different environmental conditions representative of those in the field, such as the effect of the water and fuel spillage. Different in-plant produced asphalt mixtures, normally applied in heavy-traffic pavements as wearing course, were selected for comparison purposes.
Materials and methods
Materials
A porous asphalt mixture, two asphalt concretes with different types of bitumen, and a grouted macadam were investigated.
The porous asphalt mixture (PA) is usually used in Italian motorways. It was produced using styrene-butadiene-styrene (SBS) polymer-modified bitumen, classified as PmB 45/80-70 (EN 14023, 2010), with a dosage of 5.0% by aggregate mass, and adding 0.3% of additives/fibres by aggregate mass. The gradation (Fig. 1) was made of 42% basalt (coarse aggregate) and 58% limestone aggregate.
[bookmark: _Hlk142324766]The asphalt concrete with neat bitumen (AC_N) was produced using a 50/70 penetration grade bitumen with a dosage of 5.8% by aggregate mass. The gradation (Fig. 1) was made of 15% of Reclaimed Asphalt (RA), 48% of basalt and 37% of limestone aggregate.
The asphalt concrete with modified bitumen (AC_M) was produced using SBS polymer-modified bitumen classified as PmB 45/80-70 (EN 14023, 2010) with a dosage of 5.8% by aggregate mass. The gradation (Fig. 1) was made of 15% of RA, 15% of steel slag, 35% of basalt and 35% of limestone aggregate.
The grouted macadam was produced using the same abovementioned PA and a commercial cementitious grout with a density of 1955 kg/m3. The cementitious grout was a mix of inorganic components and shrinkage-compensating additives that, after the addition of water, became a superfluid grout slurry. As declared by the producer, the compressive and the flexural strength at twenty-eight days are 34.6 MPa and 5.5 MPa, respectively.
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[bookmark: _Ref141882769]Fig. 1. Gradation curves of the porous asphalt mixture and the asphalt concretes.
Specimen preparation
Four slabs with final thickness of 40 mm were compacted for each mixture using a steel roller compactor (EN 12697-33, 2019), after reheating PA and AC_M at 160 °C and AC_N at 140 °C.
For the asphalt mixture specimens, the air void content (AV) corresponding to 50, 130 and 150 gyrations (EN 12697-31, 2019) for PA, AC_N and AC_M, respectively, was taken as target, as suggested by Italian technical specifications. The average AV (and the standard deviation) (EN 12697-6, 2020) of PA, AC_N and AC_M slabs were 21.4% (1.23%), 3.8% (0.31%) and 4.4% (0.48%), respectively. The slabs were cut to obtain the test specimens with plan dimensions of 260  260 mm2, and tests were carried out after two weeks of curing at room temperature.
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[bookmark: _Ref141953494]Fig. 2. Preparation of the grouted macadam specimen: grouting of the porous asphalt slab.
The target AV of the slabs of PA destined to GM was 23% (Fig. 2a), which allowed the penetration of the grout as well as a sufficient number of contact points between the aggregates [6]. The grouting procedure was carried out after two days of cooling, otherwise the heat could have changed the water-cement ratio with detrimental consequences on the fluidity and resistance of the grout. The water dosage of the grout slurry to obtain a full penetration and proper workability was optimized in a previous study [6] and resulted of 31.5% by dry grout mass. The grout slurry was poured on the slab in the mould (Fig. 2b), and permeated the AV by percolation and with the help of a vibrating hammer, too (Fig. 2c). After twenty-eight days of curing at room temperature, one test specimen with plan dimensions of 260  260 mm2 was obtained from each GM slab.
Testing Methods
Darmstadt Scuffing Device. The DSD measures the raveling resistance of a material according to CEN/TS 12697-50 (2016). The slab is subjected to double shear load cycles under a vertical load of 1000 N applied by a fixed standardized rubber wheel. In each cycle, the test specimen rotates 180° clockwise, then 180° counterclockwise at a speed of 5 rpm, with a simultaneous translational movement. The test temperature is measured on the surface by an infrared thermometer. During the test, the material loss is removed using a vacuum and collected. The mass loss per area (MLpA) during the cycles is calculated as (Eq. 1):
	
	(1)


where M0 and Mi are the masses of the specimen before and after the application of i number of double shear load cycles, and W and L are the actual plan dimensions of the specimen.
In this research, sixty double shear load cycles were applied. At the end of the test a picture of the surface of the specimen was taken for visual inspection.
Conditioning of the specimens. Three conditioning of the specimens were evaluated:
1. Dry conditioning. The specimens were dried at room temperature. (20 °C – 25 °C). It is the conditioning provided by the Standard CEN/TS 12697-50 (2016).
2. Wet conditioning. The specimens were immersed in a water bath at 40 °C for seven days. It is representative of the water action on the mixture.
3. Fuel conditioning. To simulate the effect of fuel spillage, an ad-hoc mould of PVC was constructed to sideways seal the specimens. A 3 mm head of fuel Jet A-1 was poured and left on it for thirty hours. In a previous study [15], it was observed that such fuel thickness and conditioning time are sufficient to completely saturate the bitumen-fuel solution, stopping the fuel damage. After the tests, the specimens were cut to evaluate the fuel penetration depth.
After each conditioning, the specimens were dried and then conditioned for three hours at the test temperature.
Experimental program. DSD tests were carried out at 30 °C and 40 °C. Two replicate specimens were tested for each temperature and mixture. First, DSD tests were carried out on the dry-conditioned specimens. Then, the same specimens were subjected to wet conditioning, and DSD tests were repeated after that. Finally, the same specimens were subjected to fuel conditioning, and DSD tests were repeated after that. It was not possible to continue the tests on PA after dry conditioning due to their level of damage.
Results and analysis
Dry conditioning
Fig. 3 reports the average trend of MLpA (Eq. (1)) and the specimens at the end of the test on PA after the dry conditioning. Regarding the asphalt concretes and GM, Fig. 4 and Fig. 5 show the average trend of MLpA during the tests and the surfaces of the specimens at the end of the tests at 40 °C, respectively.
Regarding PA, the MLpA values (1700 g/m2 at 40 °C and 200 g/m2 after 10 cycles) as well as the huge damage of the specimens (Fig. 3) clearly indicate that such mixture was characterized by a very poor raveling resistance compared to the asphalt concretes and GM, consistent with previous results [11,12]. The high AV content made the coarse aggregate prone to be removed under shear load, since the bonding action of the bituminous mastic was lower, especially at high temperature due to thermal susceptibility.
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[bookmark: _Ref141974786]Fig. 3. Test results after dry conditioning: (a) MLpA during the tests and (b) surface of the specimens at the end of the tests.
The MLpA curves of all the mixtures in Fig. 4 can be compared to a typical creep curve of an asphalt. They present a first stage until twenty cycles during which the loss material was higher, which could be representative of the re-opening to traffic. MLpA at twenty cycles contributed for the half of the final MLpA, and it was higher for AC_M for its slightly higher AV. Then, the MLpA trend assumes a steady-linear stage, which could be representative of the raveling resistance during service life. Such slopes are similar for all the investigated mixtures, meaning a similar raveling resistance. The raveling resistance was generally lower at 40 °C than 30 °C, because of softening of the binder which facilitates detachment of stone particles from the surface [11]. However, it should be underlined that such MLpA values are quite low and denote a high raveling resistance at both temperatures [11,12].
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[bookmark: _Ref141975379]Fig. 4. Test results after dry conditioning: MLpA during the tests.
In fact, as it can be seen in Fig. 5, the shear load just removed the bitumen which covered the aggregates in the asphalt concretes (AC_N and AC_M) and the cementitious grout (i.e., fretting [9]) in GM. Since GM is made of a coarse aggregate skeleton, the cyclic shear stresses were inevitably concentrated on the surface aggregates since they represent asperities. However, the unveiling of such aggregates enhances the friction between the wheel and the pavement surface.
[image: ]
[bookmark: _Ref142036768]Fig. 5. Test results after dry conditioning: surface of the specimens at the end of the tests carried out at 40 °C.
Wet conditioning
Fig. 6 reports the average trend of MLpA after the wet conditioning, and Fig. 7 shows the surfaces of the specimens at the end of the tests at 40 °C. All the curves show a first stage (up to about ten cycles) in which the material loss increased faster, and then it stabilized. MLpA values at the end of tests were very low (up to 60 g/m2) for all the mixtures at both test temperatures, corresponding approximately to the half of the final values after dry conditioning tests (Fig. 4). This outcome means that the water immersion at 40 °C had no detrimental effects on the mixtures, likely due to the low porosity which blocked the water penetration, especially for GM whose AV are clogged with the grout. It underlines that the bitumen-aggregate adhesion is not affected by the action of water, too.
[image: ]
[bookmark: _Ref141974837]Fig. 6. Test results after wet conditioning: MLpA during the tests.
The observation of the specimen surfaces (Fig. 7) confirms that the there was no loss of coarse aggregate. The MLpA of GM was mainly due to the loss of grout which covered the coarse aggregate (i.e., fretting).
[image: ]
[bookmark: _Ref141975170]Fig. 7. Test results after wet conditioning: surface of the specimens at the end of the tests carried out at 40 °C.
Fuel conditioning
Fig. 8 and Fig. 9 report the average trend of MLpA after the fuel conditioning, and the surfaces of the specimens at the end of the tests at 40 °C and 30 °C, respectively. Fig. 10 shows the cross section of the specimens cut after the tests.
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[bookmark: _Ref142042178]Fig. 8. Test results after fuel conditioning: MLpA during the tests.
As verified in the tests after wet conditioning (Fig. 6), the curves (Fig. 8) show the first stage up to ten cycles characterized by a higher material loss. After the fuel conditioning, the MLpA of all mixtures was higher than the values after dry conditioning (Fig. 4 and Fig. 6, respectively), especially for the asphalt concretes. Specifically, as indicated by the higher MLpA curves, the raveling resistance of AC_N and AC_M was unexpectedly higher at 30 °C than 40 °C. The fuel jet A-1 became saturated of bitumen, and, as it penetrated for 6-7 mm (darker area in Fig. 10), the residual bitumen deposited on the surface. As a consequence, the shear load primarily caused permanent deformation at 40 °C instead of raveling (Fig. 9a). On the contrary, at 30 °C (stiffer bitumen), raveling with aggregate removal occurred (Fig. 9b) because the fuel negatively affected the mastic-aggregate adhesion [3]. This behavior was more evident in AC_N, likely due to the unmodified bitumen.
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[bookmark: _Ref142042192]Fig. 9. Test results after fuel conditioning: surface of the specimens at the end of the tests carried out at (a) 40 °C and (b) 30 °C.
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[bookmark: _Ref142044458]Fig. 10. Test results after fuel conditioning: transversal surface of the specimens.
The GM had an excellent raveling resistance. Thanks to the presence of the grout, which is resistant to chemical agents, the AV were filled and the fuel jet A-1 did not penetrate into the mixture (Fig. 10); it evaporated instead. As highlighted by the low MLpA values (Fig. 8), the fuel effect on GM was negligible. The yellow area on the surface of the specimens at the end of the tests (Fig. 9) were due to the partial dissolution of the bitumen. Any aggregate removal occurred.
Fig. 11 summarizes the MLpA values obtained from the tests carried out after each conditioning. The AV are also reported in the same figure. The PA behavior was not included, since its very poor raveling resistance was highlighted right after the first tests in dry condition (§Section 3.1). It can be noted that all the mixtures showed a high raveling resistance in dry and wet conditions [11,12]. The total MLpA values express the strongly higher performance of GM with respect to the typical asphalt concretes against the fuel damage at both the investigated temperatures.
[image: ]
[bookmark: _Ref142045960]Fig. 11. Average MLpA final values (the labels indicate the total value).
Conclusions
The objective of this research was to compare the raveling resistance of laboratory prepared GM specimens with that of conventional surface asphalt mixtures in different environmental conditions. Tests with the DSD were carried out at 30 °C and 40 °C. From the experimental results, it can be stated that:
· The raveling resistance of PA mixtures is one order of magnitude lower with respect to AC and GM mixtures.
· The GM was very resistant to raveling in the dry condition provided by the Standards, as well as in the considered wet condition. Such behavior is comparable to those of conventional asphalt concretes employed in motorways and airports.
· GM exhibits a high resistance to raveling even in the presence of fuel spillage thanks to its clogged structure with the cementitious grout. Such behavior is noticeably better than those of conventional asphalt concretes, especially if unmodified bitumen is used.
· It can be concluded that the DSD device efficiently differentiated the raveling resistance of the investigated mixtures, even for the unconventional GM.
The well-known properties of GM, such as the low thermal susceptibility, high bearing capacity and high fatigue resistance, combined with the high raveling resistance even under the fuel action, make such mixture the optimal solution for heavy-duty pavement, airports and industrial areas.
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