Effect of road surface Macrotexture and Microtexture on skid resistance: Parametric study using the DFM
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2. Abstract
Skid resistance is related to the friction generated between car tyres and the road surface.  It enables drivers to shorten their stopping distances and to follow their desired trajectories along a road.  It depends as much on the road surface characteristics, as on the car tyres and the operating conditions. For the road surface, texture remains the main parameter governing its contribution to skid resistance. This texture is composed of a multitude of irregularity scales, but two of them (Macrotexture and Microtexture) are mainly considered to contribute to skid resistance. 
The work proposed withproposed works in this paper aims to proceed to a study to identify exactly the exact  role of these Macrotexture and Microtexture on a road surface, by investigatingof the effect of different smoothing levels uponof these scales a road surface using the ‘Dynamic Friction Model’ (DFM), a computational skid resistance model recently developed. The smoothing procedure of the road surface is conducteddone as following:
· The original profile of the road surface is decomposed via an Empirical Mode Decomposition method (part of the Huang Hilbert Transform (HHT)) to at a multitude of constituent fundamentalfundamental profiles of different scales termed “Intrinsic Mode Functions” (IMF). 
· The first IMF is subtracted fromto the original profile to give derivebirth to a smoother profile.
· The second IMF is subtracted fromto that smoothed profileer to derive a furthergive birth to second even smoother profile. 
Accordingly,So, these derived twoset of new profiles displays the texture within different Macrotexture and Microtexture. The DFM is then applied to these new profiles to highlight the role of the respective se two roughness scales. The results from these simulations show that fFor two wet road surfaces with the same Macrotexture, the higher the Microtexture can be maintainedis, the better the skid resistance will be at all speeds will be, even if it exists at a  speed limit froatm which the skid resistance will start to drop. FurthermoreAlso, for two wet road surfaces with same Microtexture, the higher the Macrotexture can be maintainedis, the later the hydroplaning will occurhappen.
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4. Introduction
Skid resistance, related to the friction generated between car tyres and road surface, is a key parameter for road safety. Indeed, it enables drivers to shorten their stopping distances and to follow their desired trajectories on the roads.  Skid resistance depends as much on the car tyres and operating conditions, as on the road surface characteristics. For the road surface, the texture remains the main parameters governing the contribution to skid resistance. That texture is composed of a multitude of roughness scales, which arebut usually grouped into two sets termed Macrotexture and Microtexture [1]. 
Recently, a computational model named the ‘Dynamic Friction Model (DFM)’ has been proposed to predict the contribution to skid resistance fromof road surfaces, via their texture topographies [2, 3]. Although the suitability of this DFM to evaluate the wet skid resistance of road surfaces has been demonstrated [2], a study is yet to be done to identify exactly the involvement of the se two different roughness scales (Macrotexture and Microtexture) in the generation of tire/road friction [2 – 6].
The proposed work in this paper aims to proceed to this study using the DFM in order to capture the influence of boththese Macrotexture and Microtexture. The study will be based upon a real road surface, that the DFM has already been validated against following experimental tests [2]. UtilisingVia the Empirical Mode Decomposition (EMD) method (a part of the Huang Hilbert Transform (HHT)), a profile of this texture will be decomposed to at a multitude of constituent fundamental fundamental profiles atof different roughness scales termed “Intrinsic Mode Functions” (IFM) [7-9]. The derived IMF functions are then subtracted fromto the original profile, to produce a set of different new smoother profiles with more or less Microtexture and Macrotexture. Then, the DFM will then be applied to these profiles to highlight the contributions of the Macrotexture and Microtexture in the generation of skid resistance. 
5. The DFM and its validation
a. Revisiting the DFM
The equations governing the DFM are derive from the balance forces,-balance made in the contact between a rough surface withand a rubber pad moving upon it (equation 1) (Figure 1) [2]. 
							                  	     Equation 1	 
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	[bookmark: _Ref409186383][bookmark: _Ref485808160]Figure 1: Forces acting in the contact between a rubber element and a road profile



Where,
·  is the force applied by the rubber element on the road surface. In the present work, it is calculated using a “Kelvin-Voigt” model, where K is the spring’s elastic modulus per unit length and C is the dashpot’s viscosity per unit length.  is balanced by the load through the contact pressure . 
  with    and  
With, t representing the time and uij the displacement of the rubber ith element contacting jth element on the road at time t. δ is the solid displacement of the pad at t. hi represents the pad geometry. zj is the height of the jth point of the road profile. 
·  is the traction force. This force must be just greater than the global friction force opposing the at movement.
·  is the surface reaction force.
·  is a local friction force.  when the element is moving on athat “pseudo smooth inclined plan” with angle  and where  represents a local friction coefficient.
The projection of equation 1 of local contact coordinates, onto global contact axes x and z, coupled with the condition othatf   leads to:
							     Equation 2
When an element is not in contact with the road surface, its contact pressure is nil and the element is subjected to a relaxation phase. Its position on the Z axis is then determined by solving this:
								     Equation 3
At any time t the total load applied on the DFT pad must be balanced by the normal contact pressure:
  									     Equation 4
Where N is the number of discrete elements comprisingosing the rubber pad. AccordinglyThus, the global friction coefficient then can then be calculated using the following formula:
 				           			          		     Equation 5
FurthermoreAnd the averaged global friction coefficient  for each road profile can be is calculated by averaging the friction coefficient at any time:
				           			         			     Equation 6
Where, M is the number of elements of the discretized road profile. At this stage, the only unknown factors are those relating to  , representing the contact force applied by the rubber elements on the road surface. To obtain get the calculation details of these dynamic viscoelastic contact forces, the reader is advised to referrer to the following publications [2].
Additionallylso, depending on the operating conditions a hydrodynamic pressure will be generated in the water trapped between the rubber pad and the road surface. This hydrodynamic pressure exerts a force to lift up the rubber from the road and thus decreases the penetration depth of road asperities into the rubber reducing therefore the contribution to skid resistance. To take into account this phenomenon, a “pseudo hydrodynamic bearing” simplification is adopted. The reader is advised to referrer to the following publications to get the details of this approach [2].
 				           			     Equation 7
Where,  , with  and are respectively the outlet and inlet water thicknesses of the “pseudo hydrodynamic bearing”.    is the water viscosity. L and l are the length and the width of the bearing. α et β are two empiricalerical coefficients (105 and 1.75 respectivly) added to adjust the load capacity of the“pseudo hydrodynamic bearing”.  For the calculation details, the reader is invited to refer to the following publication [2]. 
b. Validation of the DFM
Before proceeding to the decomposition of the road profile and the application of DFM to the recombined smoothed profiles to highlight the contributions of the Macrotexture and Microtexture in the generation of skid resistance, the suitability of the model needs to be demonstrated. The validation of the DFM has been done in several situations involvingmplying different road surfaces [2]. 
For this work, a “very thin asphalt surfacing” noted VTAC slabs is prepared. This road surface displays high Macrotexture and Microtexture. To capture the profile of the VTAC and to measure the friction generated upon it, the Circular Track Meter (CTM) and the Dynamic Friction Tester devices are used respectively (See figure 2). The bottom of the figure 2 displays the profile captured from the VTAC using the CTM. The vertical axis represents the heiight of the each point of the profile and is in mm. The horizontal axis the position of a point in the profile (the distance between two points can be reader has to considered by the reader to be  0.87 mm between two points). The reader is also directed invited to read the following reference to obtain learn more information  about the operating procedure of these two devices [10, 110].    

	VTAC (road surface)
	DFT
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	The original profile captured with the CTM from the VTAC road surface (0.87 mm of resolution)
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Figure 2: up left – the VTAC slabs, up middle – the Dynamic Friction Tester, up right – the Circulart Track Meter, down –  the captured profile from the VTAC using the CTM (The vertical axis represents the heightigh of the each point of the profile and is in mm. The horizontal axis the position of a point in the profile (the  readedistance between two points can be considered by the reader to be r has to consider 0.87 mmm between two points)

The left and right plots of figure 3 display the correlations of the friction coefficients (the vertical and horizontal axes represent respectively the friction coefficient and the speed per km/h.) predicted by the DFM (yellow points) and the obtained DFT measurements (red points) on the VTAC at 20 and 60 km/h, at respectively linear and logarithmic scales. For the calculation details, the reader is invited to refer to the following publication [2]. The results obtained show very good correlations for the three speeds and demonstrate then the suitability of the DFM to predict the skid resistance of VTAC surfaces. 
	
	


Figure 3: Comparison between the predictions of the DFM (yellow points) and DFT measures on the VTAC road surface (red points). The vertical and horizontal axes represent respectively the friction coefficient and the speed per km/h. The DFT and CTM measures are done exactly at the same location on the VTAC slabs (Left: linear scale, Right: logarithmic scale)
6. Texture smoothening 
c. Texture decomposition
The profile decomposition procedure to derive the constituent fundamental fundamental Intrinsic Mode Functions IMFs follows a method called Empirical Mode Decomposition (EMD) that is part the a part of the Huang Hilbert Transform (HHT) (See Equation 8). The details of that decomposition can be found in Huang's publication cited at [7]. 
 								     Equation 8
Where, x represents the distance in the texture profile, Z(x) is the height of a point located at distance x in the profile, Cj(x) is the jth IMF, n is the total number of IMF and rn(x) is the residue obtained after the decomposition.
d. Creating the new profiles
After the original profile of the VTAC slabs is captured with the CTM it is decomposed to at a multitude of constituentfundamental IMF, the first IMF is subtracted fromto the original profile to derivegive birth theto a first smoother profile (in comparison to the original profile) named “Profile 1”. Then, the second IMF is subtracted fromto Profile 1 to obtain give birth  to a second even smoother profile named “Profile 2”. The original profile will named “Original Profile” for the rest of the text. The figure 4 displays the original profile and the two newly created smoother new created profiles. It can be seen that the original profile, the profile 1 and profile 2 display different level of Macrotexture and Microtexture.
	Original Profile
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	Profile 1
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	Profile 2
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Figure 4: Original Profile (Top) and the two smoother new created profiles, Profile 1 (Middle) and Profile 2 (Bottom)


7.  Results and discussion
The following figure 5 show the skid resistance against speed predicted by the DFM for the Original Profile (yellow points), Profile 1 (red points) and Profile 2 (blue points). The vertical and horizontal axes represent respectively the friction coefficient and the speed per km/h. The left and right figures mean the same, but have in different scales for the of speed axis (respectively linear and logarithmic).   
	
	


Figure 5: skid resistance against speed predicted by the DFM for the Original Profile (yellow points), Profile 1 (red points) and Profile 2 (blue points). The vertical and horizontal axes represent respectively the friction coefficient and the speed per km/h. The left and right figures mean the same but havein different scales for theof speed axis (respectively linear and logarithmic)

The Original Profile which embeds bothding sufficient Microtexture and Macrotexture,   maintains high skid resistance at almost all along the speed increases. It is from 40 km / h that is noted a slight drop of the skid resistance is noted. This slight drop of the skid resistance draws attention to the fact that whatever the quality of the Macrotexture and Microtexture present on at the road surface, thereit exists a speed limit from which skid resistance will drops down.
The Profile 1, smoother than the Original Profile at the Microtexture scale, produces lower skid resistance than theis latter at all simulated speeds. This behavior highlights the key role of the Microtexture in insuring skid resistance. The drop of the skid resistance with increasedagainst speed is faster for the Profile 1 compared to the Original profile.  This shows also the importance of the Microtexture in maintaining of the skid resistance at all speeds. Furthermore,Also, the speed limit atwith which the skid resistance starts droppingg down arrives earlier than of the Original Profile.  
The Profile 2, smoother than the Profile 1 at the Macrotexture scale, produces the same skid resistance asthat the Profile 1 at very low speeds. But, this skid resistance drops down drastically when the speed starts to increase and becomes eventually  nil (total hydroplaning) at 40 km/h. This behavior pointes out the crucial role of the Macrotexture in maintaining the skid resistance on wet roads when at high speeds. Indeed, this scales contributes actively to the escape of the water trapped in contact.    
For two wet road surfaces with same Macrotexture, the higher the Microtexture is, the better the skid resistance at all speeds will be, even if it exists at a speed limit, at from which the skid resistance will start to drop. For two wet road surfaces with same Microtexture, the higher the Macrotexture is, the later the hydroplaning will happen.
8. Conclusion
The paper aimed to identify the role the Macrotexture and Microtexture of road surface. To do so,  the ‘Dynamic Friction Model’ (DFM), recently developed is used to simulateing the skid resistance of a road surface smoothed toat different degrees. The smoothing procedure of the road surface was derived bydone successively subtracting from the original profile of the road surface the first and second fundamental Intrinsic Mode Functions (fundamental profiles) successively. These fundamental Intrinsic Mode Functions are obtained by decomposing the original profile of the road surface using an Empirical Mode Decomposition method that part of the Huang Hilbert Transform technique. 
The results obtained by using the DFM on these three different surfaces show that for two wet road surfaces with same Macrotexture, the higher the Microtexture is, the better the skid resistance will be at all speeds, even if it exists at a speed limit from which the skid resistance will start to drop. FurthermoreAlso, for two wet road surfaces with same Microtexture, the higher the Macrotexture is, then the later the hydroplaning will occurhappen.
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