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Road safety concerns

During rainy weather conditions, the deterioration in skid resistance potential of a vehicle traveling on a road pavement is a well-known notion to motorists. Training and information dissemination, via the set of driving rules and road signs/signals, assist in spreading knowledge of this deterioration. Nonetheless, the conditions inherent in generating the phenomenon of slipperiness (to use the generic term) of a wet pavement, along with the level of associated risk, are paradoxically very seldom well evaluated.

To begin, the deterioration in skid resistance potential is quite often only perceived by the driver once it has led to a condition of sliding, i.e. the demand for skid resistance has surpassed supply. A situation of control loss may ensue without the preliminary advantage of having undertaken a "learning" process (more readily experienced with linear and repeatable phenomena). This difficulty is exacerbated by the fact that the decline in skid resistance may prove to be sizable for relatively dry surfacing materials, e.g. a good length of time after a rainfall event [START_REF] Kulakowski | Effect of Water-Film Thickness on Tire-Pavement Friction. Predicting surface subsidence from basic soil tests[END_REF].

Moreover, in the case of high water heights and despite a risk of slipperiness that is often well perceived, the aquaplaning phenomenon may suddenly appear without the ability to anticipate, given
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its dependence on speed traveled and contact pressure* [START_REF] Balmer | Pavement Design and Controls for Minimizing Automotive Hydroplaning and Increasing Traction, Friction interaction of tire and pavement[END_REF][START_REF] Navin | Hydrolplaning and accident reconstruction[END_REF]. Both (surfacing) texture parameters and (tire) tread parameters are also influential, in relation to system drainage capacities [START_REF] Bond R | Road Surface Bulk Water Drainage -A theoretical Study[END_REF][START_REF] Horne | Recent studies to investigate Effects of Tire Footprint Aspects Ratio on Dynamic Hydroplaning Speed, The Tire Pavement Interface[END_REF].

In order to assess the risk of skid resistance loss, the driver is not limited to a visual perception (wet pavement): in general, a drop in the torque felt at the wheel (tactile perception) serves to warn of upcoming skid resistance limit conditions, yet such is not always true depending on the particular tire design [START_REF] Allbert | Tyre to wet road friction at high speeds[END_REF].

The evaluation of water heights on road surfacing materials is thus of key interest in understanding their influence on vehicle controllability. Better knowledge of the phenomena at play could contribute to tangible construction-related recommendations (for both roads and vehicles) and use limitations (traffic rules).

Furthermore, an onboard system capable of performing these evaluations would be able to inform the driver and other driving-assistance systems of a near imbalance between skid resistance supply and demand. According to the (contested) theory of "risk homeostasis" [START_REF] Wilde | The theory of risk-Homeostasis : implication for safety and health[END_REF][START_REF] Wilde | Target Risk, PDE Publications[END_REF][START_REF] Mckenna | In defence of conventional safety measures : A reply to G.J.S. Wilde[END_REF], the means for reducing the risk target taken by drivers (to offset the time-savings benefit) may be observed during use of such a system. Instead of focusing on improving performance to a point of enabling taking greater risk, a restrictive system based on water detection would be aimed herein at preventing against taking excessive risk.

Measuring water quantities for the purpose of skid resistance estimation

The concerned notion of "skid resistance"

Skid resistance can only be determined for a given tire-surfacing couple. The notion of skid resistance for tire specialists and pavement designers encompasses the mechanisms of both dry and viscous friction, adhesion and indentation. At the global scale spanning the contact zone of a tire rolling on a pavement, skid resistance is defined as the ratio of tangential forces to the normal force (or vertical load). Braking (acceleration) and steering maneuvers, essential to safe driving, are authorized by the respective longitudinal and transverse tangential forces.

Distinction is to be drawn between potentially-mobilized (or maximum potential) skid resistance and mobilized skid resistance, which is continually being utilized by the contact. The notion of conventional skid resistance is also to be reckoned: it results from skid resistance measurements carried out by an appropriate device and moreover serves as a reference in planning road repair work. This notion must not however be confused with the maximum potential tied to a given tire-surfacing couple [START_REF] Aipcr/Piarc | Inventaire des appareils de mesure des caractéristiques de surface des chaussées[END_REF].

Drop in potentially-mobilized skid resistance

Many factors serve to influence the potentially-mobilized skid resistance: surfacing texture, tire structure, rubber and treads, contact surface area and pressure, in addition to the eventual presence of interfacial elements, including water [START_REF] Golden | Hysteresis and lubricated rubber friction[END_REF][START_REF]Contribution à l'analyse des phénomènes liés à l'adhérence entre le pneumatique et la chaussée mouillée[END_REF][START_REF] Pneu | Société de technologie Michelin[END_REF][START_REF] Edwards | Motorway speeds in wet weather : the comparative influence of porous and conventional asphalt surfacings[END_REF].

The impact of water on skid resistance is indeed complex: while high water heights can lead to the complete separation of tire and surfacing (aquaplaning), very small water quantities, i.e. simple wetting is capable of generating a 40% reduction in potential skid resistance in comparison with the dry state [START_REF] Coiret | Estimation de l'influence de l'état hydrique des chaussées sur l'adhérence des véhicules[END_REF].

For the high water heights, the critical characteristic proves to be the ratio of drainage capacity of the tire/pavement couple to the flow rate of entrained water; this ratio depends in particular on vehicle speed and water height. For small quantities of water, the lubrication theory associated with fine textural elements alters skid resistance loss.

Driving-assistance systems, such as ABS antilock or ESP trajectory control, often necessitate reaching a critical driving situation. Considerable research has focused on preventively determining the risk of skid resistance loss [START_REF] Pohl | The « Intelligent Tire » Utilizing Passive SAW Sensors-Measurement of Tire Friction[END_REF][START_REF] Gustafsson | Slip-based Tire-Road Friction Estimation[END_REF][START_REF] Higashikage | Evaluation of the slipperiness of tire-to-road by using ground view sensor[END_REF]. The practicality of a system for early detection of skid resistance loss is easy to comprehend. Placed onboard a vehicle, such a system could alert the driver or activate other systems deigned to maintain vehicle controllability (ESP, speed limitation, etc.). Knowledge of the hydric state of pavements enables determining a rate of skid resistance deterioration and this specific relationship will be studied below.

Observable phenomena

The hydric state of a pavement turns out to be a broad generic notion: the dry, humid, wet, saturated and runoff states span a range of subjective descriptions [START_REF] Yager | A Comparison of Aircraft and Ground Vehicle Stopping Performance on Dry, Wet, Flooded, Slush-, Snow-, and Ice-Covered Runways[END_REF]; quantification necessitates reliance upon numerical measurements that focus on "water height" or "water film thickness", depending on the particular scenario.

The difficulty in estimating a hydric state stems primarily from the variety and non-uniformity of road surfacing materials. The geometric irregularities (ruts; see Fig. 1) lead to highly-variable hydric states on a given surfacing. In this context, Hight [START_REF] Hight | Asymmetric Water Drag on Vehicle Trajectory and Human in Safety and the Automobile[END_REF] demonstrated that an asymmetric transverse distribution between the wheels of a vehicle substantially hinders its controllability. Water heights are also dependent upon lateral slopes [START_REF] Khan | Multilane Highway Design Crossfall and Drainage Issues[END_REF], in combination with longitudinal slopes [START_REF] Gallaway | The effects of rainfall intensity, pavement cross slope, surface texture, and drainage length on pavement water depths[END_REF]23]. In addition, the structure itself influences both the surface flow rates and heights (drainage materials).

Textural differences (cement concretes or bituminous mixes, semi-coarse, drainage, etc.) require a careful approach to conducting measurements: a water height of the same order of magnitude as the texture scale incites choosing a height reference with respect to this texture. It will be seen that in many instances the height of the plane surpassing the highest aggregates, over a given range, actually gets selected (e.g. limnimeters; see Fig. 2). A wide array of macrotextures has been presented in Figure 3. Based on a major experimental campaign [START_REF] Guillemin R | Mouillage des chaussées, Rapport technique[END_REF] and in considering that rainfall intensities in France are for the most part less than 25 mm/hr, it has been shown that runoff on French roads basically results from local geometry defects (rutting, subsidence). 

Figure 1 Geometric irregularities leading to sizable water accumulation

MEANS EMPLOYED TO EVALUATE PAVEMENT WETTING STATES

Diversity in the means of evaluation

The estimation of water quantities for the purpose of assessing skid resistance depends on the selected scale: for a tire, should the contact surface lie on the order of a square decimeter at any point in time, it may prove necessary to focus on more extensive zones to explain both the contact process and the initial hydric state conditions at the tire/pavement interface. The risk of aquaplaning serves to underscore this very notion: the longitudinal dimension, in addition to thickness, of entrapped water acts upon overall hydric conditions. Conversely, the representativeness of very sporadic measurements should target the skid resistance potentially mobilized by a given tire/surfacing couple.

The "LCPC Limnimeter" provides a means to measure the hydric states. It has been developed by the LCPC. This device performs pinpoint measurements (on 10 mm 2 ). During vertical movement in the direction of a wet ground, a couple of needles enables detecting the liquid surface area by means of closing an electrical circuit and then determining the surface area of the ground by means of mechanical stresses (see Fig. 4). A reference height is pre-established as the contact surface between a glass disk 65 mm in diameter and the highest aggregates contained in the surfacing material (significant for the strong macrotexture; Fig. 4). The measurements, accurate to within a tenth of a millimeter, last however nearly thirty seconds.

Extraction methods often entail several tens of square centimeters. According to the method tested at the LCPC facility, the water present on the surface of a coating material is extracted and quantified with respect to the extraction surface area in order to obtain an average height ( [START_REF] Laganier R | Mesure de la hauteur d'eau moyenne en surface de chaussées[END_REF]; Figs. 5a and5b). This method has nonetheless been reserved for films with a uniform and established thickness (either following a rainfall event or protected from precipitation). Its level of precision is approximately half a millimeter, which proves to be attractive given the simplicity of the equipment involved.

Neutron probes are no longer used at LCPC (due to the risk of irradiation). Their estimation surface area lies on the order of a square decimeter and they display the same property, inherent in fast neutrons, of being slowed preferentially by hydrogen atoms. Once emitted by a source, these neutrons enter into collision with hydrogen nuclei and thereby lose their kinetic energy. A given proportion of them then return towards the probe; this stage is measured for a period of time lasting around one minute.

Image analysis may serve to evaluate a large surface area (on the order of a full square meter), yet in general only yields a binary state indicator (dry vs. wet). Without being exhaustive, the benefit of a spectroscopic system for measuring the hydric states of road surfacing (of the type DOAS: Differential Optical Absorption Spectroscopy) will ultimately be shown. Featuring a measurement time of one-hundredth of a second, this system enables measurements from a moving vehicle and could thus, in time, complete the set of onboard instrumentation for common vehicles within a road safety context.

Figure 4 Measurement element of a limnimeter and guideline for geometric reference at the highest aggregates

Presentation

In the remainder of this article, the workings and benefit of a spectroscopic system for measuring the hydric states of pavements will be discussed in detail. This system, labeled "Aquasens" by its designer [START_REF] Holzwarth | Non-Contact Sensors for Road Conditions[END_REF], has been based on the specific absorption properties of water for radiation located in the near-infrared. A light ray is emitted and then analyzed after having been altered in a liquid medium and retro-reflected by the road surfacing. The working diagram has been provided in Figure 6. The infrared analyzer considers three narrow wavebands (80 nm) centered on 1,080, 1,300 and 1,450 nm, respectively. The fluxes measured within these three bands allow evaluating hydric states according to two sensitivity ranges: 0 to 1 mm (Fig. 7), and 0 to 10 mm of water height. 

Measurement principle

The differential radiative absorption of water is captured by the sensor between 1 and 2 µm, over the short-wavelength infrared range (see Figs. 8 and9).

From a theoretical standpoint, for water thickness x and wavelength λ, the flux transmitted is given as a function of the incident flux φ 0 by: (1) (β λ : relative transmission coefficient at wavelength λ; Fig. 9) This relation stems from physical considerations of absorption. If α were the probability for a photon to be absorbed within an infinitesimal layer of the considered medium, then 1-α would be the associated probability of not being absorbed, i.e. transmitted through this elementary layer. On two successive layers, the probability of transmission then becomes (1 -α) 2 and on a number n of elementary layers, this probability may be written as: (1 -α) n . For n approaching infinity, this expression converges towards e -α.n and the transmission factor relative to φ 0 is derived as presented in [START_REF] Kulakowski | Effect of Water-Film Thickness on Tire-Pavement Friction. Predicting surface subsidence from basic soil tests[END_REF].

Taking the Neperian logarithm for each member of (1) leads to:

(2)

For the sensor present, by focusing on the two wavelength bands centered at 1,300 and 1,450 nm for determining the sensitive "0 to 1-mm water height" path, the following is obtained:

(3)

Figure 7

Measurement sequence (for the 0 to 1-mm sensitivity range) As an initial approximation, it may be presumed that the light source exhibits a flat spectrum uniformly attenuated by the atmosphere, i.e.

. For these two transmission bands and for a back-and-forth path through water thickness e, the following expression is ultimately derived: (4) Certain approximations have nonetheless been carried out, with the two main ones consisting of: atmospheric absorption being neglected in comparison with the liquid element absorption; and the surface of the road coating material being considered as a white or gray emissive substance (a black substance would absorb the entire incident flux, whereas any other substance would favor one wavelength band with respect to another).

The first approximation step concerns the problem of backscattering [START_REF] Mondelain | Lidar linéaire et non linéaire dans l'infrarouge moyen[END_REF] when liquid aerosols are present in the atmosphere. Rainfall would impose, in the strictest of terms, incorporating this backscattering during interpretation of the recorded luminous fluxes.

The second approximation step raises the problem of colorimetry and its influence on the surface emissivity ratio for the various wavelengths (λ = 1,450 nm and λ = 1,300 nm). Despite the limited deviation between the wavelengths used, it would still be advised to remain prudent when applying special surfacing materials (reflective road markings, inciting very closely-targeted wavelengths). For surfaces with high emissivity, according to the Huyghens-Fresnel principle, multiple reflections within the surfacing material may alter the measurements recorded (herein lies the notion of secondary spherical light sources).

The spectroscopic system ultimately determines a water height, as set forth in Equation ( 4), by both emission of a flat ray over the 1-2 µm wavelength range and spectral measurements of the return fluxes. The levels detected in those bands centered at 1,080 nm and 1,450 nm are scaled to a common band (at 1,300 nm) for the respective computations of water levels over both measurement intervals, i.e.: "0 to 10 mm", and "0 to 1 mm".

Figure 9 Signal transmission ratio (reception/emission) vs. wavelength (nm) for various water film thicknesses (the three detection bands have been indicated)

Correspondence in terms of water height

If the measurement zone is partially covered by water, the signal corresponding to the least wet zones becomes dominant (according to the designer; see Fig. 10). This "orientation" is suitable to the representation of skid resistance, whose mechanisms primarily involve the upper parts of aggregates.

In particular, for a surfacing material featuring rather strong macrotexture, the inter-granular volumes will only be minimally incorporated since they are optically concealed by the aggregates and moreover the angular variations between the incident flux and the non-horizontal walls of these inter-granular volumes serve to degrade the retro-reflection (flux either trapped within the liquid element or reflected outside the sensor perception cone).

Sensitivity of measurements to use conditions and the environment

The optical system has been designed in order to perform measurements at a height of 0.5 m above the surfacing whose wetting state has been targeted for measurement. In addition, this system must be inclined 45° with respect to the horizontal (see Fig. 6).

Given that the luminous flux has been demarcated by a cone, the illumination intensity of the surfacing diminishes as observation distance increases. Similarly, the shape factor (in radiosity) of the illuminated surface is lower for each photodiode. Atmospheric attenuation may also be taken into account. However, since these alterations have most likely affected the three wave ranges in an equivalent manner, the degradation will mainly pertain to the final signal-to-noise ratio.

The variation in observation angle also proves critical. For an overly-oblique incidence angle, the luminous flux will be more heavily reflected in the direction opposite the sensor and only slightly transmitted within the liquid element. The retro-reflection and double-crossing of the fluid necessary for evaluating water film thickness thus require strict compliance with the sensor observation angle.

In the following sections, the influence of these parameters will be examined and determined.

Sensitivity of measurements to variations in observation distance

An initial sensitivity experiment consists of varying the sensor observation distance when measuring a stabilized hydric state, while holding all other parameters constant (center of focus on the surfacing, angle of observation). It is thus essential to move the sensor backwards and upwards in equal increments (observation using a 45° angle).

On Figures 11 to 13, the plots in solid lines and dashed lines are respectively the measurements taken on normal (0-10 mm) and sensitive paths (0-1 mm) of the sensor vs. its height variation, extending from -8 cm to +10 cm (∆z, as well as -∆x). The symbols indicate the set of discrete values recorded for the three photosensitive cells of the sensor. To begin, a reference surfacing material, which is macro-smooth and micro-rough (a gray PVC plate) is wetted slightly, with a water height of 0.5 mm. The graph in Figure 11 shows the variations in luminous flux measured by the three photosensitive cells around wavelengths 1,080, 1,300 and 1,450 nm (proportional to transmission coefficients; see Fig. 9).

The flux intensities S 2 and S 3 (symbols "+"and "0") decrease with greater observation distance, as specified in the preceding general remarks. Flux S 1 (symbol "*") remains constant and very weak (variation coefficient: 3%); it would seem that attenuation by means of absorption within the water dominates the other phenomena (optical shape factors, atmospheric absorption); the water absorb in fact significantly the flux for the considered wavelength (optimal wetting for the scope of measurement).

For the S 2 and S 3 paths, "secondary" phenomena are sensitive and induce variations of 40% and 60% on the measured light intensities, for a 30% variation in sensor height around its reference position. However, water height estimation is based on a differential analysis and the effects of these variations are compensated in part. The 0-10 mm path will thus "only" be hampered by a 15% variation.

Although it may seem contradictory, the stability of path S 1 does not enable a comparable compensation for determining the "0-1 mm" exit level: the same height variation exerts a 35% influence on this level (composition S 1 and S 2 ).

Afterwards, wetting is raised to approximately 5 mm. The graph in Figure 12 reveals a very low intensity S 1 . The signal S 1 in fact exhibits sizable fluctuations, with a 38% variation coefficient. The logarithm of ratio S 2 /S 1 , which serves as an estimator for the "0-1 mm" path, represents these deviations (approximately 45%). The excessive water level leads to very noisy and weak values of signal S 1 (lower photosite sensitivity limit). It should be noted that this 0-1 mm analysis path has been used herein quite extensively beyond its normal range.

The signal S 2 is little influenced by height variation (considerable absorption, far surpassing the secondary phenomena). The differential analysis with path S 3 leads to a small influence from sensor height variation on water level estimation over the 0-10 mm range (on the order of 3%).

An asphalt concrete has also been tested. With a very mild wetting (see Fig. 13), i.e. a water film thickness of around one-tenth of a millimeter, signals S 1 and S 2 are identically affected by the variation in observation distance. A very high level of measurement regularity on the "0-1 mm" path then follows. Signal S 3 stays relatively weak and leads to an inaccurate, yet expected, estimation on the "0-10 mm" path (considerable noise, underutilized range). For greater wetting, i.e. a 5-mm water height, an experiment has demonstrated that signals S 2 and S 3 are altered similarly, thereby rendering the 0-10 mm path insensitive to observation distance variations.

Sensitivity of measurements to variations in sensor observation angle

For transparent media, the index of refraction is defined in optics as the ratio of the speed of light within the void to its speed within the given medium. Fermat showed that a light ray penetrating a less dense medium strays from the normal at the surface of separation. An angle of incidence, called the limit angle, exists for which the refracted ray forms a 90° angle with the normal at the medium separation surface. Should the angle of incidence be greater than the limit angle, the phenomenon of transmission through the interface no longer occurs, i.e. the reflection is total. This angle θ is determined from Descartes' Law, sin θ = 1/n, where n is the refraction index ratio for the two media.

For the air/water couple, this ratio n equals 4/3 and the limit angle of refraction equals approximately 48°. For a luminous flux emitted from a water volume into the air, only those rays forming an angle with the normal of the interface between 0° and 48° will actually exit the water.

For the considered application, if the sensor were to light the liquid surface at too slanted an angle, the flux could become trapped in the water film after deviation, by the texture, of rays outside the 48°h alf-angle cone. The useful signal then runs the risk of being weakened [START_REF] Kierlik | Réflexions sur la réflexion[END_REF] (Fig. 14).

This consideration implies that the presence of roughness (micro/macro texture) could lead to an erroneous evaluation of the hydric state. The phenomenon responsible engenders the darkening of rough surfaces when wet, e.g. a blackboard or bituminous road surfacing [START_REF] Lekner | Why some things are darker when wet ?[END_REF]. This effect will undoubtedly show little sensitivity to measurements since all wavelengths analyzed are affected equivalently (except for surfacing with special emissivity, of the "road marking" type).

From an experimental standpoint, the effect of angle variation has been studied for two wetting states on a gray PVC base: water heights of 5 and 1 mm.

For the high water heights (see Fig. 15), the "0-10 mm" sensor path has only been undervalued by approximately 10% during quasi-normal incidence (8°) and by 3% during a 55° incidence (a position slightly too oblique). The "0-1 mm" path turns out to be heavily affected, not all that surprising given that absorption is saturated for the 1,450-nm wavelength (results displayed vs. incidence angle at the normal of the liquid surface).

Figure 14 Texture / diffusion / total reflection association

For low water heights applied on the surfacing material, the sensor has proven to be considerably affected by a slightly-oblique incidence (55° instead of 45°): the under-valuation on the 0-1 mm path can reach 35%.

Variation in sensor placement parameters: Summary

The differential mode of analysis has enabled overcoming observation distance variations once the combined paths are affected in the same manner. Such is the case with a large amount of wetting when examining the 0-10 mm path, as well as for a very low wetting level on the 0-1 mm path; detection limits (low photosite sensitivity) have been indicated (see the 0-1 mm path in Figures 12 and15).

In practical terms, the narrow interval of each analysis "path" has generated a utility in circumventing distance variations (0-0.3 mm and 1-4 mm for the S 1 /S 2 and S 2 /S 3 couples).

As an initial approach, the sensitivity of the S 2 /S 3 photodiode couple authorizes sizable angular variations in the estimation of high water heights. On the other hand, estimating lower water heights necessitates closer adherence to the angular position.

Furthermore, sharply-contrasted behavior was not found between the two types of surfacing material, with and without macrotexture.

Comparative limnimeter -spectroscopic system measurements

Comparative tests between the optical sensor and limnimeters were conducted for five test plates featuring different mix designs [START_REF] Coiret | Mesure dynamique sans contact des hauteurs d'eau sur chausses pour l'estimation de l'adhérence mobilisable[END_REF]. A peripheral retention system allowed obtaining water heights of around 10 mm on a plate submitted to artificial rainfall. The offsets measured on the "0.5-5 mm" water height range (denoted Y-Y r ) may be ascribed to differences in both altitude and extent of included surfaces (non-plane surfacing, local vs. averaged measurement; example shown in Figure 16). The rate of variation is nonetheless quite comparable. Above 5 mm, the optical sensor displays non-linearity (logarithmic underestimation of the actual height, as measured by limnimeters; analysis path S 2 is no longer being optimally used as saturation nears).

Levels below 0.5 mm cannot be evaluated using the limnimeters. For these lower levels, we would prefer employing a direct comparison with skid resistance (see following section). In addition, the spectroscopic system reveals a significant under-valuation (∼20%) in the presence of a spray with very fine droplets (fog). This behavior, correlated with backscattering in a saturated atmosphere, could have been expected. The presence of average-sized drops becomes less critical.

Measurement of wetting states in an onboard situation

Measurements were carried out with the fixed optical system on a vehicle moving in translation with respect to several inclined test plates linearly covered by water (Fig. 17). Water heights were measured at a precision of approximately 5% for a range of relative speeds extending from 5 to 110 km/ hr (see example in Figure 18). The imprecision stems for the most part from transverse deviations in the measurement profile, associated with a transverse profile of the "sunken" plate. A logarithmic underestimation in the levels for h > 5 mm is nonetheless to be noted.

Figure 16

Water heights measured during an artificial rainfall episode (plate of macadam overlay) 

Wetting state / conventional skid resistance relationship

The lower water heights, until reaching the stage of simple lubrication, are not quantifiable using typical LCPC equipment. It was sought to verify whether the spectroscope enabled distinguishing among several wetting states during the ultimate drying of an array of surfacing materials; an experiment was performed in this aim on four materials composing the LCPC slipperiness test track. After an initial wetting that led to an average water height of 1 mm, skid resistance was measured using the Grip Tester device, and water level readings were taken along the route described in Figure 19 and then continued in a loop until achieving a state of complete dryness (see the experimental assembly in Figure 20).

For the entire set of test sections, the hydric state is associated with a constantly-deteriorated level of skid resistance over a duration of approximately 45 min (natural drying; see Fig. 21). This constant condition indicates the existence of a critical water height above which the level of skid resistance remains invariant (within the limit of hydroplaning phenomenon onset). This result agrees with a large amount of research [START_REF] Kulakowski | Effect of Water-Film Thickness on Tire-Pavement Friction. Predicting surface subsidence from basic soil tests[END_REF][START_REF] Meyer | Locked-Wheel Pavement Skid Tester Correlation and Calibration Techniques[END_REF] (Fig. 22).

Figure 18

Water heights h measured (in mm) vs. relative displacement speed v (in km/hr) and longitudinal position d (in cm) on the partially-immersed plate

Figure 19

Measurement path, on the four selected surfacing samples Except for test section M, which had not sufficiently dried, skid resistance levels rise from a 70% to 90% drying rate, until reaching a state of total dryness. The ratios between hindered skid resistance levels and optimal levels lie between approximately 68% and 88%. In comparison, a study [START_REF] Comfort | Investigation of Friction Standards for Wet Runway Pavements[END_REF] with the Grip Tester device on an airport runway led to an extreme ratio of 28% (see Fig. 23; undoubtedly a surfacing material with low macrotexture). The use of a treaded tire raises this ratio to 80%, which confirms the (compensating) benefit of treaded tires on surfacing with limited macrotexture.

It is worth noting that for lower macrotexture levels (Section L2 with very low macrotexture, Fig. 21), the transition point for covering skid resistance lies at a higher drying rate. A smooth surface, in conjunction with a smooth Grip Tester test tire, impedes effective drainage and only allows recovering skid resistance later in time, for very small quantities of water.

Relationship between wetting state and mobilizeable skid resistance for a common passenger car

The emergency braking performance of an instrumented vehicle* has been measured for tires with various amounts of wear and types of rubber on a range of LCPC test tracks displaying several wetting levels and three reference speeds.

A few results from this experimental campaign may be extracted in order to verify whether an entire vehicle exhibits behavior similar to that attributed to the smooth tire and small size of the Grip Tester (see results from Figure 21).

Speed is the most influential factor, as far as energy considerations are concerned, in the increase of stopping distances (see Fig. 24; strong and non-linear separation of the 50/70/90 km/hr data groups). Tire wear does not alter the stopping distances on dry surfacing, nor on wet surfacing in the case of low speeds (50 km/hr).

The influence of water height on stopping distance is comparable to that determined for the Grip Tester: a marked deterioration appears as of the first wetting levels (< 0.5 mm) and remains at a constant level, almost without changing, at higher wetting states (provided levels corresponding to the hydroplaning phenomenon are not reached).

This approach illustrates the importance of parameter combinations involving hydric states, speeds and textures; it confirms both the presence of a drop in skid resistance once the surfacing material is moist and the relative invariance of this drop depending on water film thickness.

Figure 23 Significance of the tire type ([32])

* Peugeot 307, active ABS system, tires of identical size to the original assembly (2003).

The determination of mobilizeable skid resistance levels represents a very active research topic, with the advent of medium-term land transportation safety applications. Knowledge of pavement hydric states constitutes a fundamental element for such research. The difficulty in predicting these states leads to examining the prospect of direct measurement from an operating vehicle. In this context, differential infrared spectroscopy provides a reliable measurement of water levels between 1 and 5 mm. Some sensor placement parameters prove influential, but assembly on a vehicle does not seem to raise any special problems (angle and height variations). The weak hydric states are also accessible, although more sensitive to geometric parameterization. It has been shown that several states may be distinguished between limited wetting and the dry state, to which an asymptotic deteriorated state of skid resistance and the dry optimal state are to be respectively associated. The measurement process can thus serve as a skid resistance alteration indicator for a given surface. The selected commercial sensor turns out to be adapted to use on road surfacing materials, while enabling access to raw values measured prior to processing. The benefit of this type of optical measurement has been reinforced by many automobile manufacturers/equipment suppliers, which are working on integrating low-cost versions of optical sensors for estimating the potentially-mobilized skid resistance.

Figure 24

Stopping distances vs. water height (in mm), average depth of tire tread (mm) and initial speed (km/hr) on a SCAC surfacing specimen (test section "E") 
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 2021 Figure 20Experimental set-up: "Aquasens" sensor (projector and receivers joined side by side) mounted on a Grip Tester device

  Figure 22Critical water height ([START_REF] Meyer | Locked-Wheel Pavement Skid Tester Correlation and Calibration Techniques[END_REF])
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