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Abstract

:

The prediction of the water film depth (WFD) on the road surface can help with road skid resistance research and reduce the risk associated with driving on rainy days. At present, there are many empirical and analytical models based on drainage length, slope, rainfall intensity and other parameters. Considering the influence of road surface runoff and starting from the Reynolds number formula of road surface water flow, a new road surface WFD calculation formula that considers the movement state of laminar water flow is derived. The results show that the changing trends of various parameters in the prediction model (drainage length, rainfall intensity, road slope) affecting WFD are consistent with those of the existing model. It is also found that the initial water film depth, initial speed of rainwater, and rainfall angle have little impact on WFD. The predicted value of the model has a suitable matching degree compared with the classical empirical model, which provides a new approach to the prediction of road water film depth.
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1. Introduction


When rainfall occurs, the frequency of traffic accidents significantly increases. Rain makes road surfaces slippery, reducing vehicle traction and often causing accidents like skidding, overturning, or rear-end collisions [1,2,3,4]. Hence, the WFD on the road becomes a critical indicator because the formation of a water film can cause a partial loss of contact between vehicles and the road surface, resulting in hydroplaning. This issue becomes more severe when the water film depth exceeds a certain limit, leading to pronounced hydroplaning. Previous research [5,6,7,8] has shown a close correlation between rainfall volume, road surface characteristics, and water film depth (WFD). For instance, rainfall directly affects the amount of water on the road [9,10], while the horizontal and vertical slopes affect the road drainage distance. Additionally, road texture and material properties play a crucial role in providing pathways for rainwater flow and absorbing some of the rainfall. Road drainage and skid resistance on rainy days comprise a very complex issue. The depth of the water film on the road surface, the driving speed, and the contact between the tires and the road surface are all important factors that affect driving safety on rainy days [11,12,13]. In recent years, relevant scholars have considered the influence of roadway slope and pavement texture to predict the spatiotemporal water film depth under dynamic rainfall profiles, predicting the slip speed of vehicles traveling in different lanes based on tire–water–road interaction. Therefore, the accumulation of water on road surfaces during rainy conditions, forming a water film, diminishes road traction, posing significant safety hazards. Absolutely, minimizing this potential risk is paramount in road construction. Therefore, it is essential to delve into the factors influencing road surface water film and accurately predict water film depth during rainy conditions.



There are various methods for estimating water film depth (WFD), including the following. Empirical Models: These models rely on known data and empirical rules. They often consider factors like rainfall volume, road surface characteristics, and slopes, but are limited to specific environmental data. For instance, in 1968, Ross et al. [14] conducted experiments and introduced the well-known RRL model. Then, in 1971, Gallaway et al. [15] carried out experiments under windless conditions, enhancing the water film depth prediction model by incorporating pavement construction depth T based on the RRL model. In 1982, Wambold et al. [16] observed data through experiments with a drainage length of 11 m. They defined the water film depth above the pavement structure depth as the surface water film depth and used multiple linear regression to determine coefficients, obtaining the prediction formula for surface water film depth. John Anderson [17] conducted experiments in 1995 to analyze water depth on typical road surfaces, and the factors influencing it. Using a regression method, he derived a well-known empirical formula in the UK. Generally speaking, the most widely used models include the Ross and Russam model [14], the Gallaway model [15], the PAVDRN model, the New Zealand modified equation [18,19] and other models. These models take into account factors such as rainfall intensity, pavement slope, pavement texture, etc. The M. Kane model [12] relates to comprehensive models that consider more road surface and weather conditions; the relevant disclosures are shown in Table 1. The researchers conducted modifications on the model parameters and artificial rainfall experiments to improve the accuracy of the model. Although the main models used in different countries and regions vary slightly, empirical models are commonly used in predicting WFD. The study found that the empirical PAVDRN [20,21] and Gallaway models are more effective in WFD calculations, and are especially suitable for rigid pavements. However, these models work under steady-state flow conditions and do not adequately consider the effects of different rainfall intensities. It should be noted that there are still certain limitations and problems that need to be solved, such as the development of methods for determining coefficient values and confronting difficulties in extending the model beyond experimental procedures.



Empirical regression models are derived based on empirical data and are suitable for specific parameter ranges, but are limited by road surface characteristics and environmental changes [22]. Researchers turned to analytical methods, using hydraulic equations and fluid mechanics principles, such as Manning’s formula, Chezy’s formula, and the two-dimensional shallow water equation [23], to derive more accurate predictive models. However, these classic methods face limitations in considering road flow characteristics, slope changes, and rainfall timing. Researchers have proposed a series of new models, including artificial neural network models that consider factors such as pavement width and changes in rainfall intensity [24], models based on two-dimensional shallow water equations, and models that consider water flow conditions and pavement structure depth [25]. These models comprehensively consider more factors that affect WFD, improving the applicability and accuracy of the model. Among them, the analytical WFD model [26] more comprehensively simulates the changes in WFD by dynamically considering rainfall intensity, pavement geometry, texture characteristics, and other factors. In recent years, there have been models that consider drainage issues, models based on theoretical hydraulic analysis, and models that consider drainage capacity under different rainfall intensities, etc. [27]. These models improve the theoretical prediction ability of WFD by comprehensively considering the geometric characteristics, drainage capacity and other factors of actual roads.





 





Table 1. Summary of prediction models of pavement WFD.






Table 1. Summary of prediction models of pavement WFD.





	Source
	Equation Form





	Ross and Russam (RRL) [14]
	   WFD = 0.017 ×   ( L ⋅ I )   0.47   ⋅  i  − 0.2     



	Gallaway [15]
	   WFD = 0.01485 × (   MTD   0.11   ⋅  L  0.43    I  0.59   ⋅  i  − 0.42   ) − MTD   



	Wambold [16]
	  WFD = 0.005979 × (   MTD   0.11   ⋅  I  0.59   ⋅  i  − 0.42   ) − MTD   (L = 11)



	John Anderson [17]
	   WFD = 0.015 ×   ( L ⋅ I )   0.5   ⋅  i  − 0.5     



	New Zealand modified [18]
	   WFD = 0.003264 × (  L  0.316   ⋅  I  0.2712   ⋅  i  − 0.3   ) − MTD   



	Empirical PAVDRN [20]
	   WFD = 0.00073 × (  L  0.519   ⋅  I  0.562   ⋅  MTD  0.125   ⋅  i  − 0.364   ) − MTD   



	J. Luo [28]
	   WFD = 0.068 ×  L  0.32   ⋅  I  0.41   ⋅   MTD   1.17   ⋅  i  − 0.31     



	M. Kane [12]
	       ∂ h   ∂ t   + V   ∂ h   ∂ x   + h   ∂ V   ∂ x   = i − f − e       ∂ V   ∂ t   + V   ∂ V   ∂ x   + g   ∂ h   ∂ x   = g (  S 0  −  S f  ) + ( i − f − e )  V h      



	Two-dimensional shallow water-governing equation [23]
	       ∂ U   ∂ t   +   ∂ F ( U )   ∂ x   + h   ∂ G ( U )   ∂ y   = Q     U =     h     u h     v h     , F =     u h      u 2  h + 0.5 g  h 2      u v h         G =     v h     u v h      v 2  h + 0.5 g  h 2      , Q =      q r      g h  S  0 , x   − g h  S  f , x       g h  S  0 , y   − g h  S  f , y           



	W. Luo [26]
	   WFD =  ∑  (  Q 0  −  Q s  − n  Q p  −  Q  d a c   )   / S   



	K. Wang [27]
	   WFD =  I  7 / 12     (   0.3164  v  0.25     8 g i   )   1 / 3    x  7 / 12     








While predictive models for water film depth (WFD)—namely, empirical models, statistical methods, and complex system modeling—offer relatively accurate predictions, those reliant on empirical data or equations show distinct limitations [29,30,31]. These limitations encompass the oversight of factors such as pavement texture and permeability, restricted applicability linked to localized empirical data, the inadequacy of fixed rainfall intensity values in capturing diverse precipitation environments, and constraints in accounting for various road surface types in WFD computations [26,32,33,34]. These collective constraints hinder a comprehensive and precise prediction of water film depth across diverse conditions and regions. Although mathematical models facilitate the theoretical analysis of water film depth, the intricacies of slope flow during rainfall pose challenges in solving differential equations. Simplification often leads to substantial deviations from real-world scenarios. This study focuses on analyzing and exploring the theoretical computation of water film over short pathways. It adopts initial water film depth instead of construction depth and incorporates rainfall drop velocity as a parameter. The research establishes a theoretical analytical model for road surface water film depth, grounded in constant total flow continuity and constant total flow momentum equations. By solving these differential equations, the study conducts comparative analyses through trial calculations, aiming to comprehend the influence patterns of key factors on water film depth.




2. Intervening Factors on Pavement WFD


Under rainfall conditions, several factors affect pavement water film depth, illustrated in Figure 1. Key parameters include the length of surface drainage (L), rainfall intensity (I), pavement slope (i or the angle α between the pavement and the horizontal line, i = sinα ≈ tanα), initial depth of the water film (h0), initial velocity of raindrops (u0), and rainfall angle (β).



Domestic and international scholars have explored methods such as multiple linear regression and range analysis to assess the significance of each parameter in influencing pavement water film depth under rainfall conditions [6,29]. Significance tests have been employed to rank the degree of influence of each factor on water film depth.



2.1. Drainage Length (L)


In China, various highway grades typically feature a single lane width of 3.75 m. For multi-lane roads, like a unidirectional four-lane expressway, the total width for lanes in one direction can reach 15 m. This implies that, during rainfall, the runoff’s drainage length on a unidirectional road could extend up to 15 m. On extensive slopes, this increased drainage length might prompt distinctions between laminar and turbulent flow along the slope, necessitating differentiation in theoretical analyses.



Fluid dynamics recognizes two primary flow states: laminar and turbulent flow. Laminar flow occurs when fluid particles move in a parallel fashion without mixing, and are characterized by smooth paths. Turbulent flow, however, involves chaotic paths where fluid particles mix, collide, and create disorder. These distinct states not only vary in particle trajectories but also exhibit entirely different internal flow structures, including velocity distribution and pressure characteristics. Consequently, their head loss and diffusion patterns differ, resulting in entirely distinct head losses along the flow. Hydraulic studies extensively investigate these associated head losses.



When evaluating hydraulic aspects of runoff on sloping surfaces, understanding the disparities between laminar and turbulent flows holds significant importance. Theoretically establishing the critical point where these flow states transition is pivotal, enabling distinct discussions on runoff characteristics within each flow state range. During the theoretical analysis of these critical transition conditions, it becomes essential to examine the criterion distinguishing laminar and turbulent flows—the critical Reynolds number. In industry standards, for a circular pipe, the industry has experimentally determined    R   e k      = 2320 and    R   e k      = 12,000–50,000. Due to the instability of the upper critical Reynolds number, engineers typically use the lower critical Reynolds number in practical applications. Therefore, for a circular pipe:


   R e  =    v d  υ    



(1)







When    R e    <    R   e k      = 2320, the flow state is laminar; otherwise, it is turbulent.



The Reynolds number can be understood as the ratio between the inertial forces and the viscous forces in a fluid flow.



Inertia force   m a = ρ V   d v   d t    , and its dimension is   ρ  L 3   L   T 2     ; viscous force   T = μ   d u   d y    , and its dimension is   μ  L 2   1 T   . The ratio of inertial force and viscous force can be expressed as


    v i s c o u s   f o r c e   i n e r t i a   f o r c e   =   ρ  L 4   T  − 2     μ  L 2   T  − 1     =    L 2    T ν    



(2)







The above formula is the dimensional composition of the Reynolds number, where   L / T   is the characteristic flow velocity, L is the characteristic length, and υ is the kinematic viscosity coefficient.



The above criteria are for liquid flow in circular tubes. For other flow boundaries, they also include laminar flow and turbulent flow, as well as corresponding Reynolds numbers and critical Reynolds numbers. The characteristic length of an open channel can be characterized by its hydraulic radius.



Hydraulic radius refers to the ratio of the water-passing cross-sectional area A to the wetted perimeter χ, represented by R, and has the length dimension. Therefore, for a pipe flow with diameter d, the hydraulic radius is


  R =  A χ  =   π  d 2  / 4   π d   =  d 4   



(3)







Then, the corresponding Reynolds number and critical Reynolds number are


    (  R e  )  R  =    v R  υ    



(4)






    (  R   e k    )  R  =     v k  R  υ   =     v k  d / 4  υ   ≈   2320  4  = 580  



(5)







The critical Reynolds number relative to an open channel is roughly 500.



In this article, the characteristic length used when examining the Reynolds number is the depth h of the water film on the road surface; that is, the Reynolds number with slope runoff is:


   R e  =    v R  υ   =    v h  υ    



(6)







In analyzing road runoff, determining the hydraulic gradient J is crucial. It is essential to discern whether the flow pattern of slope runoff is laminar or turbulent during the analysis. Differentiating between the runoff characteristics of these flow patterns is imperative as they exhibit distinct behaviors. Hence, examining the Reynolds number of slope runoff becomes necessary to identify the critical threshold that distinguishes these flow states. This critical position allows for a separate discussion of the runoff characteristics on either side of this threshold.



The formula for calculating the Reynolds number of slope runoff (   R e  =    v R  υ   =    v h  υ    ) highlights two key parameters for examination on the right side of the equation: v and h. Here, v denotes the runoff velocity at a specific point along the slope, while h represents the slope’s gradient at that same point.



The viscosity of the flowing liquid, denoted as υ in the formula, determines the depth of the water film. It is found that at 15 °C, the dynamic viscosity (υ) of water is 1.139 × 10−6 m2/s. When evaluating v and h, directly determining the relationship between the Reynolds number of slope runoff and 500 from these two quantities becomes challenging. On one hand, the water film depth (h) on the slope, which this article aims to calculate, remains an unknown quantity. Additionally, the runoff velocity (v) is difficult to examine in isolation. On the other hand, the Reynolds number (Re) is currently a variable dependent on two variables, making direct analysis more difficult.



Hence, finding a simpler method to distinguish the flow pattern of slope runoff becomes necessary. As per the research model outlined in this article, the relationship between rainfall recharge and cross-section runoff flow is established as:


  q = v h = I L cos α  



(7)







In the formula, q represents the flow value of a certain section along the runoff direction; I represents rainfall intensity; s represents the distance between the section and the center line of the road surface, that is, the drainage length of slope runoff; α represents the slope angle of the slope surface and the slope of the road i = sinα ≈ tanα.



In this way, the Reynolds number of slope runoff can be expressed as:


    R e  =    v R  υ   =    v h  υ     =    I L cos α  υ     



(8)







In the formula above, the Reynolds number’s most pertinent variables are rainfall intensity (I), drainage length (L), and cosα associated with the slope. Among these factors, for a specific slope under consideration, rainfall intensity and cosα remain constant. This simplifies the Reynolds number of slope runoff into a singular variable that solely varies with drainage length, significantly minimizing the complexity of the discussion regarding the magnitude of the Reynolds number.



Moreover, the determination of the transition between laminar and turbulent flow hinges upon the Reynolds number. This critical point is situated at a specific location along the slope in the runoff direction, represented by a particular drainage length “L”. By equating the equation with a constant and comparing it to 500, a critical value of “L”, referred to as “critical s”, can be derived. This value precisely indicates the critical juncture between laminar and turbulent flow in surface runoff. Such an approach enables a clear-cut discussion of surface runoff on both sides of the critical value, “critical L”.


   R e  =    s × 0.05 ×   10   − 3    m / s    1.139 ×   10   − 6    m /   s 2       = 500  



(9)







The Reynolds number calculation formula,    R e  =    I s cos α  υ    , shows that at a fixed drainage length, the determined Reynolds number varies with different rainfall intensities (I) and slope gradients (i). When considering a rainfall intensity of I = 3.0 mm/min = 0.05 × 10−3 m/s and a slope gradient of i = 5%,    R e  =    s × 0.05 ×   10   − 3    m / s    1.139 ×   10   − 6    m /   s 2        . When Re is 500, s equals 8.78 m, which indicates that the critical s is 8.78 m.



To streamline the discussion, this study concentrates solely on investigating laminar flow conditions while examining surface runoff characteristics. The analysis of turbulent flow scenarios remains a subject for future studies. For simplicity, and based on the previously calculated critical value of L, an approximation assumes that within a drainage length of 9 m, surface runoff predominantly maintains laminar flow. Consequently, this research delves into scrutinizing surface runoff within a drainage length of 9 m for the calculation of road surface water film depths during rainfall conditions. This research scope serves adequately for typical single-lane, two-way roads, and these simplified research findings possess reference value even for shorter slope lengths. The drainage length, denoted as “L”, ranges from 0 to 9 m, encompassing values at 0 m, 1 m, 2 m, 3 m, 4 m, 5 m, 6 m, 7 m, 8 m, and 9 m, totaling ten values. At s = 0, it signifies the initial depth of the water film on the road surface, referred to as h0.




2.2. Rainfall Intensity (I)


Rainfall intensity, denoted as I, stands as a crucial factor impacting water film depth on road surfaces during rainy conditions. Empirical evidence underscores that different levels of rainfall intensity wield a substantial influence on the water film’s depth over road surfaces. When maintaining a consistent drainage length, road surface gradient, and raindrop velocity, there is a clear trend indicating escalated water film depth with increased rainfall intensity. This observation aligns with historical experimental data, emphasizing the pronounced impact of rainfall intensity, especially during heavy downpours or stormy weather, on road surface water film depth. Hence, delving into the effects of diverse rainfall intensities on road surface water film depth assumes significance, contributing to a comprehensive comprehension of water film behavior during rainfall. This paper recognizes the significant influence of rainfall intensity among the factors affecting road surface water film depth. It seeks to explore the correlation between varying levels of rainfall intensity and road surface water film depth.



To study the relationship between road surface water film depth and rainfall intensity, the primary concern is determining the magnitude of rainfall intensity under different rainy conditions. Regarding the selection of rainfall intensity values in the design calculation process, the “Highway Drainage Design Specification” (JTG/T D33—2012) provides explicit regulations, as follows.



Using standard rainfall intensity contour maps and relevant conversion coefficients, calculate the rainfall intensity according to the equation q = cpctq5,10, where q5,10 represents the standard rainfall intensity (mm/min) for a 5-year return period and 10 min duration; cp signifies the return period conversion coefficient, which is the ratio of design return period rainfall intensity qp to the standard return period rainfall intensity q5; ct stands for the duration conversion coefficient, which is the ratio of rainfall intensity qt for duration t to rainfall intensity q10 for a 10 min duration



By consulting the “China 5-year return period 10-min rainfall intensity contour map”, it can be observed that the 5-year return period 10 min rainfall intensity, q5,10, in the southeastern coastal regions of China generally ranges from 2.0 mm/min to 2.5 mm/min, with the maximum national value of q5,10 being 3.0. Upon converting the standard rainfall intensity to values corresponding to durations below 10 min according to the table above, the converted rainfall intensity surpasses 3.0 mm/min, reaching approximately 4 to 5 mm/min.



Considering the aforementioned factors, this paper outlines the range of rainfall intensity utilized in the calculations, set between 0.5 to 5 mm/min. Specifically focusing on examining the correlation between road surface water film depth and rainfall intensity, the analysis involves comparing various rainfall intensities: 0.5 mm/min, 1.0 mm/min, 1.5 mm/min, 2.0 mm/min, 2.5 mm/min, 3.0 mm/min, 3.5 mm/min, 4.0 mm/min, 4.5 mm/min, and 5.0 mm/min. These ten values were utilized to juxtapose the curves of rainfall intensity versus water film depth, intending to establish the general trend of road surface water film depth (h) concerning the variations in rainfall intensity (I).




2.3. Road Surface Gradient (i)


In road surface runoff, the road gradient is another factor affecting the water film depth during rainfall. While studies indicate that the influence of the gradient (i) on road surface water film depth ranks relatively low among rainfall factors, its impact becomes substantial in cases of substantial gradient variations. Consequently, various research reports on road surface water film depth under rainfall consider the effect of road surface gradient (i). The gradient encompasses the longitudinal slope along the road’s profile and the cross-slope across the road, including combinations of both longitudinal and cross-slopes. Under rainfall, the actual water film depth on the road surface results from the combined effects of these diverse gradient scenarios.



The typical cross-slope of road surfaces, denoted as i, commonly ranges between 1.0% and 3.5%. For wider road surfaces aiming to enhance drainage efficiency, this percentage can be appropriately increased to approximately 4.0% or even higher. Considering these factors comprehensively, and aiming to qualitatively explore the impact of road surface gradient on water film depth concerning rainfall intensity, the gradient range (i) was set between 1.0% and 6.0%.



In particular, for a specific analysis centered on the effect of increased road surface gradient while assuming consistency in the other three factors, gradient values (i) were set as 0.5%, 1.0%, 1.5%, 2.0%, 2.5%, 3.0%, 3.5%, 4.0%, 4.5%, 5.0%, 5.5%, and 6.0%. These twelve values were employed to compute the corresponding water film depths for each gradient, establishing a quantitative relationship between water film depth and road surface gradient.




2.4. Initial Water Film Depth (h0)


In the early stages of rainfall, especially during low intensity rain, rainwater initially occupies the gaps on the road surface, essentially filling the voids within the structural depth. At this juncture, the road surface does not exhibit standing water, yet a water film persists, indicating an extremely minimal initial water film depth on the road surface.



To precisely depict the depth of rainwater, establishing a stable surface runoff during rainfall, this study introduces the concept of “initial water film depth”, denoted as h0. The scope for the initial water film depth is notably narrow. Hence, this research undertakes a comparison and computation of the initial water film depth across values of 10 μm, 20 μm, 30 μm, 50 μm, 100 μm, and 200 μm.




2.5. Physical Parameters of Raindrops


The physical attributes of raindrops during rainfall play a significant role in shaping the water film on road surfaces. These key parameters typically encompass the angle between raindrops influenced by wind and the vertical line (referred to as the rainfall angle, β in Figure 1), along with the terminal velocity of the raindrops (u0 in Figure 1).



It is commonly understood that as atmospheric water vapor cools and condenses, it transforms into minute liquid or solid water droplets, occasionally developing into ice crystals. These minuscule droplets or crystals merge and accumulate over time, gradually growing in size and weight, forming larger water droplets. When these droplets’ gravitational force surpasses the upward atmospheric movement, they descend, initiating rainfall. The terminal velocity (u0) of raindrops signifies the immediate speed at which a raindrop reaches the ground following its descent.



The descent of raindrops involves a process marked by variable acceleration. As a raindrop descends, both the forces influencing it and its speed undergo continuous changes. The forces acting on a falling raindrop typically include gravity, atmospheric buoyancy, and air resistance, the latter fluctuating as the raindrop’s speed changes during its descent. Air resistance is approximated to be proportional to the square of the falling speed for larger raindrops, while for smaller ones, it is considered proportional to the falling speed itself.



Research indicates that the terminal velocity of raindrops increases with their size. Raindrops with a diameter of 6 mm (commonly maintaining a diameter of less than 6 mm during descent) can achieve a terminal velocity of around 10 m/s upon reaching the ground. This substantial speed carries significant momentum upon impact, highlighting the importance of considering raindrop terminal velocity in discussions regarding surface runoff processes.



Numerous studies, both domestically and internationally, have delved into the terminal velocity of falling raindrops. Theoretical formulas for the terminal velocity (u0) have been derived through theoretical analysis, yet actual measured data remain limited. Notably, related research [35,36] has conducted dedicated experiments exploring raindrop terminal velocity, compiling the statistical data presented in Table 2. These experiments utilized pulse induction and recorded droplet fall durations via computerized means. By adjusting the height difference of droplet falls, approximate terminal velocity values were derived. The methodology employed in the experiment was comprehensive, carrying significant importance for research focused on rainfall phenomena.



In this study regarding the calculation of road surface water film depth under rainfall conditions, consideration was given to the impact of raindrop terminal velocity (u0). In several existing reports [24,27,37] on the calculation of road surface water film depth, both domestically and internationally, there has been little discussion about the influence of raindrop terminal velocity on road surface water film depth. However, based on the aforementioned analysis, during heavy rainfall, raindrop terminal velocities can reach speeds of nearly 10 m/s, resulting in a substantial impact on the ground. Regarding the value of β, previous research has indicated that under typical wind conditions (up to level 6 wind), the maximum angle of raindrop descent does not exceed 50° [38,39,40,41]. In the study of road surface runoff, considering the relatively shallow and lightweight nature of the water film on the road surface, the impact caused by a higher momentum due to raindrop terminal velocity cannot be disregarded when acting on the water film on the road surface, as it significantly influences the entire road surface runoff.





3. Methodology


3.1. Theoretical Basis


3.1.1. Conservation of Mass Equation


The discussed overland flow in this paper falls under the category of steady flow. In establishing equations relating road surface water film depth (h) to various factors, one crucial equation is the continuity equation for the incremental liquid flow along the slope’s direction. This equation holds significant importance in modeling the relationship between rainfall supply and parameters such as section runoff flow. It greatly simplifies the fundamental differential equation for road surface water film depth and facilitates the solution of the differential equation.



The continuity equation refers to an equation that reflects the conservation of liquid mass, demonstrating the conservation of mass in the flow of liquid during its movement. The continuity equation for steady flow comprises the continuity equation of elemental flow and the total flow continuity equation. These equations, from both microscopic and macroscopic perspectives, reveal the relationship regarding the conservation of mass in the flow of liquid.



The area and velocity of the elemental flow at the water passage section are denoted as dA1, dA2, u1, and u2 respectively. The area and velocity of the total flow at the water passage section are denoted as A1, A2, v1, and v2 respectively, as shown in Figure 2. For the elemental flow section, there is no interaction between the fluid’s side and the outer liquid flow, and there are no voids within the elemental flow.



So, for compressible fluids, there exists ρ1v1A1 = ρ2v2A2, and for incompressible fluids, there exists v1A1 = v2A2.



The continuity equation derived earlier does not encompass any conditions related to force or time. Instead, it is a dynamic equation reflecting the conservation of flow between two sections along the fluid’s path and establishing the connection between section area and velocity. It is applicable to ideal and real fluids, steady and unsteady flows, as well as uniform and non-uniform flows. In the study of overland flow characteristics, this paper also employs a continuity equation to illustrate changes in flow across overland surfaces.




3.1.2. The Momentum Equation for Steady Total Flow


The fundamental principle applied in this paper to study overland flow involves deriving an equation relating road surface water film depth to rainfall intensity, the drainage length of overland flow, the slope gradient, and the raindrop terminal velocity—it is the momentum equation for steady flow. By establishing the force acting on one side of the momentum equation and the relationship between the mass and velocity of the fluid on the other side, it essentially encompasses all factors influencing road surface WFD.



Therefore, utilizing the momentum equation for runoff to establish the relationship between road surface water film depth and various influencing factors, analyzing and solving the momentum equation to obtain the relationship between road surface water film depth and each factor, and calculating the theoretical values of road surface water film depth under various rainfall and slope conditions constitute the fundamental methodology and approach of this study.



The core theoretical approach of this study relies on the principles of the fluid momentum equation and continuity equation from hydraulics and hydrology. Thus, it can be said that the investigation of road surface water film depth under rainfall conditions in this paper is theoretically deduced based on hydraulic and hydrological principles, marking its distinction and innovation compared to other related research.



The momentum equation of a fluid is the mathematical expression of the principle of conservation of momentum in fluid motion. This, along with the continuity equation and energy equation, constitutes the “three fundamental laws” of hydraulics. The momentum equation in fluid motion illustrates the relationship between changes in the momentum of a fluid and the external forces acting on the fluid as it moves.



One side of the equation represents the resultant force acting on the fluid in the direction under study, while the other side expresses the change in momentum of the fluid in that direction. Thus, the parameters related to fluid movement encompassed in the momentum equation are quite comprehensive, and this advantage is precisely utilized in this paper.



In theoretical mechanics, the momentum theorem for a system of particles defines that the rate of change of momentum of the system of particles per unit time equals the total force acting on the system, as per Newton’s second law, expressed as


   ∑   F →    = M a = M    d  v →    d t    =   d  d t      M  v →    =    d  P →    d t     



(10)




where    ∑   F →      represents the resultant external force acting on the system of particles,  M  represents the mass of the particle system,    v →    represents the velocity of the particle,    P →    represents the momentum of the particle system, and t represents time.



Based on this theoretical foundation, it is possible to establish a momentum equation for fluid motion.



First, we establish a liquid flow model as shown in Figure 3, which shows any isolator in the constant flow total flow. We assume that the areas of the water-passing sections of the total flow section at time t0 are A1 and A2, respectively, and the average liquid flow velocities on the two sections are v1 and v2, respectively. After Δt time, the original water passes sections 1-1 and 1-2. The water body moves to sections 1′-1′ and 2′-2′ along the direction of liquid flow. It is important to highlight that in the context of studying the liquid flow as an incompressible fluid, the mass and flow rate within the interval between 1′-1′ and 2-2 can be assumed to remain constant. Consequently, when comparing the liquid flow volume at time t0 with that at time t0 + Δt, it can be inferred that the momentum of the fluid within the 1′-1′ and 2-2 intervals remains consistent across these two time points. According to the fact that the total flow volume of the liquid flow at a certain fixed moment is equal to the sum of the momentum of each component of the total flow, the momentum before and after Δt can be expressed as:


     P →    1 − 2   =    P →    1 −  1 ′    +    P →    1 ′ − 2    



(11)






     P →    1 ′ − 2 ′   =    P →    1 ′ − 2   +    P →    2 − 2 ′    



(12)




where      P →    1 − 2     represents the total momentum of the flow of the whole isolator at time t0.      P →    1 − 1 ′     represents the momentum of the liquid flow between section 1-1 and section 1′-1′ at time t0, which can be expressed as      P →    1 − 1 ′   =    ∫   A 1     ρ  u →     ⋅ u d A ⋅ Δ t  , where ρ is the density of the liquid flow.      P →    1 ′ − 2     represents the momentum of the liquid flow on the isolator at time B between section 1′-1′ and section 2-2.      p →    1 ′ − 2 ′     represents the total momentum of the whole isolator flow at time t0 + Δt.      P →    1 ′ − 2     represents the momentum of the liquid flow on the isolator at time t0 + Δt between section 1′-1′ and section 2-2.      p →    2 − 2 ′     represents the momentum of the liquid flow between section 2-2 and section 2 at time t0 + Δt, and its value can be expressed as:


     P →    2 −  2 ′    =    ∫   A 2     ρ  u →     ⋅ u d A ⋅ Δ t .  



(13)







In this way, it can all be obtained from the following formula:


     ∑   F →    =    d  P →    d t    =   lim   Δ t → 0         P   1 ′  −  2 ′     →  −    P →    1 − 2     Δ t        =   lim   Δ t → 0         P →     1 ′  − 2   +    P →    2 −  2 ′    −    P →    1 −  1 ′    −    P →     1 ′  − 2     Δ t    =   lim   Δ t → 0         P →    2 −  2 ′    −    P →    1 −  1 ′      Δ t        =   lim   Δ t → 0         ∫   A 2     ρ  u →  ⋅ u d A ⋅ Δ t −    ∫   A 2     ρ  u →  ⋅ u d A ⋅ Δ t         Δ t        =    ∫   A 2     ρ  u →     ⋅ u d A −    ∫   A 1     ρ  u →     ⋅ u d A    



(14)







There are also formulas for hydraulics:


     ∫ A    u 2     d A =  α ′   v 2  A =  α ′  v Q  



(15)







Therefore, the resultant force on the liquid flow can be expressed as:


     ∑   F →    =    ∫   A 2     ρ  u →     ⋅ u d A −    ∫   A 1     ρ  u →     ⋅ u d A     =  α 2 ′  ρ   v →  2  ⋅  v 2   A 2  −  α 1 ′  ρ   v →  1  ⋅  v 1   A 1     



(16)




where    α 1 ′    and    α 2 ′    represent the kinetic energy correction coefficients of sections 1-1 and 2-2 sections.    v 1    and    v 2    represent the average velocity at the cross sections 1-1 and 2-2 of the liquid flow isolator, respectively.



In general,    α 1 ′  ≈  α 2 ′  ≈ 1   and satisfy    v 1   A 1  =  v 2   A 2  = Q   at the same time, so we can infer:


   ∑   F →    = ρ Q (    v →   2  −    v →   1  )  



(17)







When analyzing the force characteristics of the liquid flow isolator, the value of    ∑   F →      can also be expressed as follows:


   ∑   F →    =    F →   1  +    F →   2  +  G →  +  R →   



(18)




where      F →   1    and      F →   2    represent the total water pressure at section 1-1 and section 2-2 of the liquid flow isolator, respectively.    G →    represents the weight of the liquid flow isolator.    R →    represents the constrained resistance of the pipe wall during the flow of the total flow isolator.



Generally speaking, the momentum equation of the liquid flow is expressed separately on the three axes of the Cartesian coordinate system:


     ∑   F x    = ρ Q (  α 2 ′   v  2 x   −  α 1 ′   v  1 x   )      ∑   F y    = ρ Q (  α 2 ′   v  2 y   −  α 1 ′   v  1 y   )      ∑   F z    = ρ Q (  α 2 ′   v  2 z   −  α 1 ′   v  1 z   )    



(19)







The above formula is the scalar form of the liquid flow equation. v1x, v1y, v1z, v2x, v2y and v2z in the formula are the components of v1 and v2 on the three coordinate axes, respectively. When their directions are consistent with the coordinate axes, they take positive values, otherwise they take negative values. ∑Fx, ∑Fy and ∑Fz are the projections of the resultant force on the three coordinate axes, respectively. When their direction is consistent with the direction of the coordinate axis, it takes a positive value; otherwise, it takes a negative value.



When the momentum equation of liquid flow is used to analyze the motion characteristics of fluid, the appropriate liquid flow isolator and coordinate axis should be selected to make clear the direction of each external force. When using the formula    ∑   F →    =    F →   1  +    F →   2  +  G →  +  R →    to calculate the resultant force on the part of the liquid flow isolator, the direction of    R →    can be assumed in advance. After the final result is calculated, if the value is positive, the actual direction of    R →    is consistent with the direction assumed in advance, and vice versa. In general, in engineering practice, the momentum equation of liquid flow is combined with the continuity equation of liquid flow and the energy equation of fluid, which can comprehensively reflect the flow properties of liquid flow.



When deriving the momentum equation in the fluid motion of a steady flow, it is assumed that the liquid flow is an incompressible liquid, so that the velocity and mass of the fluid remain constant between the 1′-1′ cross-section and the 2-2 section; that is, the momentum of the liquid flow in these sections remains constant, which is helpful in simplifying the derivation process of the momentum equation. This assumption limits the application of the momentum equation of liquid flow. However, in the slope runoff studied in this paper, it can be considered that the water body of the runoff part is incompressible; that is, for the slope flow, the momentum equation can be established to describe the relationship between the motion parameters.





3.2. New WFD Model


On the basis of theory and basic assumptions, considering the role of raindrops, the theoretical analysis and research model of the water film depth on road surfaces under rainfall can be obtained. As shown in Figure 4, the s-axis parallel to the slope direction and the axis perpendicular to the slope direction are used as two orthogonal axes. Among them, the coordinate origin of the L axis and the h axis is on the centerline of the road surface. Take a point L on the L axis along the slope direction, and assume that the water film depth of the point is h and the runoff velocity is v. In order to study the dynamic characteristics of slope runoff, take the micro increment ds along the L axis direction, and assume that the water film depth increment of the L + dL point relative to the s point is dh and the velocity increment is dv; that is, the water film depth is h + dh, and the runoff velocity is v + dv.



For impervious pavements, the loss of rainwater through infiltration when it flows along the road slope is not considered in the formulation of the research model. Initially, it is essential to establish both the continuity equation for slope runoff and the momentum equation governing the liquid flow within the aforementioned model.



The basic idea of establishing the continuity equation is that the rain water flow per unit time through the water section at L + dL consists of two parts, namely, the rain water flow per unit time through the s section and the rainfall replenishment flow formed by rainfall in the ds section of the isolator per unit time, and the variation of the flow between the two water sections of the isolator is the rainfall recharge on this section. The rain water flow per unit time flowing through the L section is the rainfall recharge flow from the center line of the road to the L.



Consider the unit width:


  v h + I d L ⋅ cos α =   v + d v     h + d v    



(20)






  d ( v h ) = d q = I cos α d L  



(21)






  q = v h = I L cos α  



(22)







The basic idea of establishing the momentum equation of slope runoff is to first analyze the resultant force of the water body in the isolation section in the flow process, and then analyze the flow and velocity of the isolation section based on the formula    ∑   F →    = ρ Q      v 2   →  −    v 1   →     . The force of the water body in the isolation section includes the water pressure along the L-axis on the cross-section at the L-point, the water pressure in the opposite L-axis direction on the water-crossing section at L + dL, the gravity of the water body in the isolation section and the shear stress in the opposite L-axis direction at the point of contact with the slope. If the variation in the momentum of the isolator on the right side of the equation includes the momentum of the flow on the water cross-section at point L, the momentum of the flow on the water cross-section at L + dL, and the momentum of the rainfall recharge part accepted by the isolation section, then


      ∑ F  s  =  1 2  ρ g  h 2  −  1 2  ρ g   ( h + d h )  2  −  τ 0  d L + ρ g h d L sin α                     = ρ ( q + d q ) ( v + d v ) − ρ q v − ρ d q  u 0  sin ( α + β )    



(23)




where v represents the average flow velocity of the cross-section at point s; h represents the water film depth of the cross-section at point L; I represents rainfall intensity; q represents the rainwater flow flowing through the section at point L per unit time; dv represents the variable at point L + dL relative to the average flow velocity of the cross-section at point s. The average flow velocity of the cross-section at point L + dL is v + dv; dh represents the variable of the water film depth of the road surface at point L + dL relative to the cross-section at point s. The water film depth at point L + dL is h + dh; α represents the angle between the road slope and the horizontal plane; ∑Fs represents the resultant force along the s-axis direction on the flow of the isolation body from s to L + dL; ρ represents the density of rainwater, which is used in the calculation as 1.0 × 103 kg/m3; τ0 represents the shear stress of the water body in the isolation section at the point of contact with the slope surface, τ0 = ρgRJ = ρghJ, and R is the hydraulic radius of the fluid. In this article, the hydraulic radius of runoff is equal to the depth of the road water film, that is, R = h, while J is the hydraulic radius. When Re < 500, the slope runoff is in laminar flow, and the hydraulic slope J = (3υ/gh3)v; u0 represents the final speed of raindrops when they hit the road; β represents the angle between the raindrop’s fall and the vertical direction.



We can simplify the above formula and get


    ρ g h d h − ρ g h J d L + ρ g h i d L   = ρ d [ q v − q  u 0  sin ( α + β ) ]      = ρ d [  v 2  h − v h  u 0  sin ( α + β ) ]    



(24)







Dividing both sides by ρghds at the same time, we get


      d h   d L   − J + i   =  1  g h    d  d L   [  v 2  h − v h  u 0  sin ( α + β ) ]      =  1  g h    d  d L   [ q v − q  u 0  sin ( α + β ) ]      =  1  g h    d  d L   [  I 2   L 2   cos 2  α  1 h  − I L cos α  u 0  sin ( α + β ) ]    



(25)







By sorting out the above equation, we can get the basic differential equation.


   d  d L     q v − q  u 0  sin   α + β   −  1 2  g  h 2    = g h   i − J    



(26)







This paper only studies a situation wherein the slope runoff is in laminar flow, that is, the Reynolds number Re < 500. We can bring   J =   3 υ   g  h 3    v =   3 υ   g  h 3      I L cos α  h    into the formula to get


    d h   d L   −   3 υ I L cos α   g  h 4    + i =  1  g h       2  I 2  L   cos  2  α  h  −   2  I 2   L 2     h 2      d h   d L   − I L cos α  u 0  sin   α + β      



(27)







By multiplying h4 on both sides, the differential equation of water film depth h to the drainage length s of runoff can be obtained.


     h 4  +    I 2    cos  2  α  g  h L     d h   d L   + i  h 4  +   I cos α  u 0  sin   α + β    g   h 3  −   2  I 2    cos  2  α  g  L  h 2  −   3 υ I cos α  g  L = 0  



(28)







The equation contains only h, s, I, i, u0, α, β and other parameters. This is also the differential equation to be studied and solved directly, which will be discussed later.



It is assumed that the    a 1  =    I 2    cos  2  α  g   ,    a 2  =   I cos α  u 0  sin   α + β    g   ,    a 3  =   2  I 2    cos  2  α  g    and    a 4  =   3 υ I cos α  g    relations can be reduced to


  (  h 4  +  a 1  h  L 2  )   d h   d L   + i  h 4  +  a 2   h 3  −  a 3  L  h 2  −  a 4  L = 0  



(29)







This equation is the main basis for the following study of the relationship between pavement water film depth and various influencing factors. By solving this equation, the relationship between pavement water film depth and drainage length can be discussed quantitatively. The relationship between water film depth, rainfall intensity and slope can be qualitatively analyzed. In order to draw conclusions for this paper, the problem to be solved now is the differential Equation (29), and the solution method is discussed below.



Generally, for some typical ordinary differential equations, their general expressions can be obtained and the arbitrary constants in the expressions can be determined by the initial conditions. However, the range of ordinary differential equations with this solution is relatively small, and is usually limited to linear ordinary differential equations and a small number of linear coefficient equations. In general, for the more extensive and nonlinear general differential equations, there is usually no elementary function formula solution; for this kind of equation, we can only find its approximate numerical solution. In general, the calculation accuracy of the Longkuta method is high, so this method is usually used to yield the approximate numerical solution.





4. Results and Discussion


4.1. Parametric Analysis


4.1.1. Relationship between WFD and Drainage Length of Road Surface


In the previous article, a general statement has been made on the method of studying and discussing the relationship between the water film depth h and the drainage length s of runoff under the condition of rainfall. As mentioned above, when discussing the relationship between pavement water film depth, rainfall intensity and slope, the distribution of pavement water film depth h along the drainage length s is obtained by using different rainfall intensity I values or slope I values. Therefore, this paper will yield more calculation results under various rainfall conditions and slope conditions to reflect the relationship between the water film depth h of the road surface and the drainage length s of the runoff. Therefore, this paper only takes a group of values of rainfall intensity I, slope I and raindrop velocity u0, calculates the water film depth of each point along the drainage direction, and draws the conclusion that the water film depth of the road surface varies with the drainage length.



In this section, in order to study the relationship between water film depth and drainage length, a group of values related to rainfall conditions and slope conditions includes rainfall intensity I = 3.0 mm/min = 0.00005 m/s, slope i = 5%, and the final velocity of raindrops u0 = 10 m/s. For rain water dynamic viscosity, we set v = 1.139. The above parameters are brought in (26), and the differential equation containing only the water film depth of the road surface and the drainage length of the runoff is obtained. The h values of each point within 9 m along the L direction are calculated. What is worth explaining here is that, theoretically, the water film depth h of the road surface at the drainage length swarm 0 should be 0, but the result of this calculation is that the water film depth values of all points along the L direction are 0, which obviously does not accord with the actual situation. For this reason, a small amount is taken for the water film depth h of the road surface at the initial condition swarm 0. Through the comparison of different small quantities, it is found that when the initial condition h is small enough, the value of h has no effect on the calculation results. In this paper, the initial condition h0 is taken as = 0.000001, and the water film depth of each point is calculated, as shown in Figure 5.



It can be seen from the diagram that when the rainfall intensity, slope and raindrop velocity are constant, the water film depth of the road surface increases nonlinearly with the increase in the drainage length of runoff. Near the centerline of the road cross-section, the water film depth h increases rapidly with the increase in the drainage length, and the growth rate tends to be flat when the drainage length is longer. Of course, this result is based on the premise of rainfall intensity = 3.0 mm/min = 0.00005 m/s, slope = 5%, and the final velocity of raindrops u0 = 10 m/s. The representativeness of this conclusion needs to be discussed in a variety of cases.



Later, this paper will study the effects of different rainfall conditions and slope conditions on pavement water film depth, so as to obtain the relationship between pavement water film depth and runoff drainage length; that is, under the condition of rainfall, when the rainfall intensity, slope and raindrop velocity are constant, the pavement water film depth increases linearly with the increase in drainage length. And the growth rate gradually slows down with the increase in the distance from the road’s centerline.




4.1.2. Relationship between WFD and Rainfall Intensity on Road Surface


As mentioned earlier, because the differential Equation (29) is the differential relation between the pavement water film depth h and the drainage length s, it is difficult to discuss the relationship between the pavement water film depth h and the rainfall intensity I directly using this equation. Therefore, according to the method of discussing the relationship between water film depth and drainage length in the previous section, the slope I and raindrop velocity u0 are constant when using several gradually increasing rainfall intensity values I (29). We solve the value of the water film depth on the road surface at each point along the s direction in each case, and then take out the value of the water film depth in each case for a specific drainage length s. Next we establish a one-to-one corresponding relationship with the I value of rainfall intensity in various cases.



First of all, for the road slope I and the final velocity of raindrops u0, we set i 0.05% and u0 = 10 m/s in the calculation, and I and u0 are regarded as constant in the calculation of each rainfall intensity. Of course, when other values are used for I and u0, the final conclusion about the relationship between road surface water film depth and rainfall intensity is consistent, but for the same rainfall intensity, there is a difference in the calculated value of road surface water film depth. For the value of rainfall intensity, this paper uses a total of 10 values 0.5~5.0 mm/min, with an interval of 0.5. It is worth pointing out that, in order to unify the parameter data unit when solving the differential equation, the unit of rainfall intensity is uniformly converted to m/s when it is brought in. Here, when finding the approximate numerical solution of the differential equation under each rainfall intensity, when the initial condition is also taken as 0, h0 = 0.000001. The numerical solution of the relationship between the water film depth and the drainage length is obtained, and then the water film depth h value at a fixed drainage length in each case is obtained, thus the corresponding relationship between the water film depth and the rainfall intensity is established under the condition that the drainage length, slope and raindrop velocity are the same. It should be noted that, for this particular drainage length, this paper uniformly use 5 m, because when the drainage length of the runoff reaches 5 m, the flow is relatively stable, and when other values are used, the same conclusion can be obtained. The curve of the relationship between the depth of water film and rainfall intensity is shown in Figure 6.



The relationship between pavement water film depth and rainfall intensity can be obtained from Figure 6. Under the condition that the drainage length of runoff, road slope and the final velocity of raindrops are the same, the pavement water film depth increases with the increase in rainfall intensity, showing a gradual increasing trend. Moreover, when the rainfall intensity I is small, the water film depth h increases greatly with its growth; when it reaches 3.0 mm/min, the change rate of the water film depth slows down with the increase in I, in the basic form of linear growth. It can be inferred from the picture that the water film depth of the road surface at the same point will increase greatly because of the increase in rainfall intensity, which is also an important reason why traffic accidents are more common in heavy rain or rainstorm weather than in light rainfall weather. Therefore, the influence of rainfall intensity on the depth of road water film cannot be ignored.




4.1.3. Relationship between WFD and Road Slope


When studying the relationship between pavement water film depth and pavement slope, the method used is the same as the method used in the previous section to discuss the relationship between water film depth and rainfall intensity, on the premise that other influencing factors are consistent. By taking different values into the slope value I in the differential Equation (29), the water film depth values of various points on the road surface under various conditions are solved. We then extract the water film depth value obtained from a specific drainage length s according to different slope I values, establish a one-to-one corresponding relationship with the I value, and then draw each point in the hmuri coordinate system and synthesize the change relation curve. The general relationship between water film depth and rainfall intensity is thus obtained. This method avoids the difficulty met in directly discussing the water film depth h and the slope I by using Equation (29) of the differential relation between h and s, which makes the study simple.



Before solving the water film depth of the pavement under different slope values, the values of the relevant parameters should be explained. For the values of the two characteristic parameters, rainfall intensity I and raindrop velocity u0, which reflect rainfall conditions, this section takes the values of 3.0 mm/min and 10 m/s. As mentioned in the previous section, the unit of rainfall intensity should be converted into m/s when it is brought into the calculation so that the parameter units can be unified. Of course, if we use other rainfall conditions here, we derive the same conclusion, but there are some differences in the specific calculation results. For the slope to be discussed, this section uses a total of 12 values ranging 0.5–6.0% with intervals of 0.5 to calculate the water film depth of the road surface in each case. For the specific length of runoff drainage to be studied, this section also addresses 5 m. Of course, when discussing other drainage lengths, it is possible to draw the same conclusion as this section. The curve of the relationship between water film depth and slope is shown in Figure 7.



From Figure 7, we can draw a conclusion about the relationship between pavement water film depth and pavement slope under the condition of rainfall: when the rainfall intensity, drainage length and the final velocity of raindrops are the same, the water film depth of the road surface gradually decreases with the increase in the slope, and when the slope is less than 3.0%, the curve decreases faster. When the slope is less than 3.0%, the speed at which the water film depth decreases with the increase in the slope tends to be consistent, and is lower than that when the slope is smaller. The opposite relationship between the water film depth of the road surface and the slope of the slope is mainly due to the fact that when the slope of the road increases, the drainage speed of the slope runoff is increased, such that the rain water landing on the road can be discharged very quickly. As a result, the depth of the water film on the road surface is reduced. In this sense, within the allowable range, the appropriate increase in pavement slope is very beneficial to reducing the depth of the pavement water film and accelerating pavement drainage. This should also be taken as a factor for highway designers seeking to comprehensively consider the slope of the road surface; they can appropriately increase the slope of the road surface to quickly discharge the stagnant water on rainy days, as well as to reduce the probability of traffic accidents.




4.1.4. Relationship between WFD and the Initial Depth of Water Film


The water film depth h0 at the slope length swarm 0 should be 0, but the calculated result is that the water film depth at all points along the s direction is 0, which obviously does not accord with the actual situation. From this, it can be inferred that from the beginning of rainfall to the formation of stable road surface runoff, a very thin water film has been formed on the road surface, which verifies the existence of the initial depth of water film h0 proposed earlier.



Table 3 shows the calculation results of water film depth under different initial depths of water film when the rainfall intensity is 2 mm/min, the slope is 5%, the raindrop velocity is 10 m/s, and the angle between raindrop velocity and vertical direction is 0° (that is, the raindrop falls vertically on the surface of the runoff).



It can be seen from Figure 8 that the depth of water film on the road surface varies greatly at different h0 values within the range of slope length swarm 1 m, and then tends to be consistent. The reason for this phenomenon is found in the initial stage of rainfall; when the depth of the initial water film is different, the drainage length required to form a stable road surface runoff will be different, and the influence of the initial depth of the water film will still be visible. When rain water passes through a certain drainage length, and road surface runoff forms stably, the influence of the initial water film depth no longer exists.




4.1.5. Relationship between WFD and Physical Parameters of Raindrops


As can be seen from Table 4 and Figure 9, with other parameters kept constant, when β varies in the range of 0~50°, the depth of the water film does not change much. This conclusion shows that after the formation of road surface runoff, when the raindrop end velocity is large, the influence of raindrop falling direction on water film depth is not very significant, but whether the influence of its angle can be ignored requires further study.





4.2. Classic Empirical WFD Models


The analysis of existing empirical formulae for road surface water film depth reveals two primary categories. The first type lack a consideration of structural depth, which is most notable in the formulae by Ross, Russam [14], and John Anderson [17]. The second type incorporate road surface structural depth as a parameter, as is evident in empirical formulae by Galloway [15] and Wambold [16]. The formulae of the first type, neglecting structural depth, might lack accuracy across diverse road surfaces, but boast wider applicability. On the other hand, the formulae of the second type, integrating structural depth values based on road surface structure, offer an average depth of rainwater filling the structural range during initial rainfall. However, they might not fully depict the actual depth of the water film forming on the road surface at the rainfall’s onset, sometimes leading to negative water film depth calculations. The formulae and parameters of different WFD empirical prediction models are summarized in Table 5. The RRL model and the John Anderson model both calculate the water film depth based on three factors—drainage length, rainfall intensity, and road surface slope—without considering the influence of road surface construction depth. The Gallaway and Wambold models both introduce the parameter of road surface construction depth to predict the depth of road surface water film.




4.3. Comparison of Predictive Models


The differential equation for the depth of road surface water film on the drainage length s of runoff is here solved. The calculation results are shown in Table 6 for when the rainfall intensity is 3 mm/min, the slope is 5%, the raindrop velocity is 10 m/s, the angle between raindrop velocity and vertical direction is 40°, and the initial depth of water film is 50 μm.



As can be seen from Figure 10, the theoretical model proposed in this paper reflects that the depth of water film increases with the increase in slope length, which is consistent with the conclusions of John Anderson’s empirical formula and the RRL formula. The difference is that when the default drainage length is 0, the water film depth of each model will be close to 0. Compared with the low starting value (1.20 mm) of RRL, the model proposed in this paper and the John Anderson model yield 4.14 mm and 2.85 mm when the drainage length is 1 m. In the range of a 10 m drainage length, the predicted value of the RRL formula is conservative, and when the drainage length reaches 9 m, it is only 3.38 mm, which is much lower than the results of the prediction model and the John Anderson empirical formula. In the follow-up growth trend, the change trend of the model proposed in this paper is relatively smooth. For every 1 m increase in drainage length, the predicted growth value of this model gradually decreases from 46% to 18%, which is similar to that of the RRL model. The prediction model of this paper is close to the empirical formula of the John Anderson model in the absolute value, and the change of its growth amplitude is close to that of the RRL formula. To some extent, it can be said that the prediction model of this paper has a certain degree of credibility.





5. Conclusions


In this paper, in view of the current wide use of impervious pavements, when establishing our research model, the infiltration loss of rain water is not taken into account when rainfall flows along the slope of the road. Considering the influence of pavement runoff and starting from the Reynolds number formula of pavement flow, the continuity equation and momentum equation of the isolated section of runoff are established, and the basic differential equation about the depth of water film on the road surface is derived. Considering the flow state, the WFD calculation formula is put forward when the slope runoff is laminar flow. The conclusions of this study are summarized as follows:



(1) The length of road surface drainage, rainfall intensity and road slope are still the main parameters affecting WFD. There is still a positive correlation between drainage length, rainfall intensity and WFD, while the increase in slope still has a negative effect on WFD. The initial water film depth of the road surface and the relevant parameters of rainfall raindrops have a certain influence on the WFD of short-distance drainage length, but the difference is small. When the drainage length increases, the WFD tends to be almost the same;



(2) Compared with the classical empirical model, the prediction result proposed in this paper is similar to that of the John Anderson model in terms of the numerical value, and is almost different from that of the RRL formula in the growth range, which indicates that the prediction method in this paper has certain local credibility and can provide a new idea for related research;



(3) The model proposed in this paper is based on the prediction of pavement runoff laminar flow, and does not involve the pavement runoff in a turbulent state, which is the limitation of this prediction method and needs to be solved in the follow-up research.
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Figure 1. Parameters of rainfall water film depth on road surface. 
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Figure 2. Steady flow analysis model. 
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Figure 3. Momentum equation. 
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Figure 4. Theoretical analysis model of water film depth on road surface. 
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Figure 5. Relationship between WFD and drainage length of pavement. 
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Figure 6. Relationship between WFD and rainfall intensity. 






Figure 6. Relationship between WFD and rainfall intensity.



[image: Infrastructures 09 00036 g006]







[image: Infrastructures 09 00036 g007] 





Figure 7. Relationship between WFD and pavement slope. 
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Figure 8. The WFD with different initial depths. 
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Figure 9. The WFD with different β values (mm). 
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Figure 10. Comparison of predictive models. 
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Table 2. Actual raindrop velocity.
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	Landing Altitude (m)
	Landing Time (s)
	Landing Speed (m/s)
	Percentage of the Terminal Velocity (%)





	3.0
	0.70
	6.23
	62.9%



	3.6
	0.98
	7.69
	77.6%



	6.0
	1.08
	8.56
	86.4%



	10.0
	1.77
	8.82
	89.0%