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Water film depth of super⁃multi⁃lane pavement and 
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Abstract：To investigate the water film depth （WFD） of 
super⁃multi⁃lane （SML） pavement and its effect on tire⁃pave⁃
ment surface interaction， a rainfall⁃runoff model of SML 
pavement was developed， and the influence of the number 
of lanes and pavement slopes was analyzed.  Based on the re⁃
alistic texture of pavement surface， a tire⁃pavement surface⁃
water film coupling model was established.  The contact 
characteristics between the tire and the pavement surface， as 
well as the critical hydroplaning speeds under different 
WFDs， were analyzed.  The results show that the WFD of 
the pavement increases significantly with the increase in 
lane number.  Pavement expanding from three to five lanes 
in a single direction has the largest increase of the WFD， 
while the increment decreases as the number of lanes further 
increases.  Increasing the transverse slope from 1. 5% to 
2. 0% results in the most obvious decrease in the WFD.  
Moreover， increasing the longitudinal pavement slope to 
1. 0%⁃2. 0% significantly reduces the area of thick water 
film on the pavement surface.  The higher WFD results in a 
more rapid decrease in the tire⁃pavement surface contact 
force as the vehicle speed rises， leading to a lower critical 
hydroplaning speed.  The critical hydroplaning speed of the 
vehicle decreases by approximately 6 km/h for every 2 mm 
increase in the WFD.
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With the increase in traffic volume in many heavily 
traveled countries， the number of super⁃multi⁃lane 

（SML） expressways （two⁃way， eight⁃lane or more） has 
risen sharply ［1⁃2］.  Although the widening of expressways 
has greatly eased traffic congestion pressure， it has also 
exacerbated a series of driving safety problems.  One of 
the problems is the significant increase in hydroplaning 
risks on rainy days due to the thicker water film on outer 

lanes of SML expressways， which is caused by their 
wider pavements［3⁃4］.  The squeezing between the water 
film and the tire generates hydrodynamic pressure， result⁃
ing in a reduction of the contact area and friction between 
the tire and the pavement［5⁃6］.  The thicker the water 
film， the more significant the reduction in friction coeffi⁃
cient between the tire and the pavement ［7⁃9］.  Therefore， 
it is essential to examine the water film depth （WFD） of 
SML pavement and its impact on the interaction between 
the tire and the pavement.

Presently， there are two general methods for WFD pre⁃
diction： empirical formulas and theoretical models.  Re⁃
searchers have established the relationship between WFD 
and its influencing factors through empirical regression 
and have developed empirical formulas［10⁃12］.  Since the 
empirical formulas use field test data based on local rain⁃
fall intensity and pavement material to predict the WFD， 
their application is limited to specific conditions［13⁃14］.  
Considering the limitations of empirical formulas， re⁃
searchers have developed more universal theoretical mod⁃
els for WFD prediction using fluid mechanics principles.  
However， most theoretical models oversimplify runoff 
and are derived according to specific requirements［15］， 
leading to predictions that deviate from actual results.  
Therefore， the existing WFD prediction methods are not 
suitable for the WFD calculation of SML expressways.

Numerous tire⁃pavement interaction models have been 
developed to investigate the contact between the tire and 
the pavement， such as the widely used Penn State fric⁃
tion model， PIARC friction model and Pacejka friction 
model［16］.  In addition， the evolving understanding of tire⁃
pavement interaction has revealed the important influ⁃
ence of water film［17⁃19］ and pavement texture［20⁃22］ on this 
interaction.  Kane et al.［23］ established a regression model 
to characterize the connection of the WFD， friction， and 
microtexture.  Tang et al. ［24］ used the Euler⁃Lagrange 
method to analyze the interaction mechanism between the 
tire， water， and pavement in terms of microscopic tex⁃
ture.  However， previous studies have tended to use sim⁃
plified methods to construct pavement textures， such as 
employing lower friction coefficients to directly represent 
pavement texture.

In this study， a rainfall⁃runoff model of SML pave⁃
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ment was constructed and validated against some previ⁃
ous WFD prediction formulas.  The effects of lane num⁃
ber and pavement slope on the WFD under different rain⁃
fall intensities were analyzed.  Furthermore， to investi⁃
gate the influences of the WFD on the interaction be⁃
tween the tire and the pavement， a tire⁃pavement 
surface⁃water film coupling model considering the realis⁃
tic texture was constructed.  Based on the WFD on SML 
pavement， the changes in tire⁃pavement contact force 
with vehicle speed under different WFDs were simulated.
1　WFD Simulation of SML Pavement

1. 1　Rainfall⁃runoff model

A right⁃half pavement model spanning 50 m in length 
with lanes each measuring 3. 75 m in width was con⁃
structed.  Since the rainfall intensity and the falling speed 
of raindrops can be defined by specific parameters， the 
vertical height of the model exerts minimal influence on 
the simulation results.  Through iterative trial computa⁃
tions， the computational domain was situated 1 m above 
the pavement surface.  The upper and side areas of the 
pavement model were designated as velocity inlets （1 m/s） 
and pressure outlets， representing rainfall and drainage 
dispersion， respectively.  The initial gauge pressures at 
both the inlet and outlet of the model were set at 0 Pa.

The rainfall process was simulated using the discrete ⁃
phase model （DPM）， which tracks the trajectories of 
discrete⁃phase particles （raindrops）.  The force equilib⁃
rium equation for particles in the Cartesian coordinate 
system is shown as

dupdt = FD (u - up ) + gx ( ρp - ρ )
ρp

+ Fx （1）
where up is the velocity of raindrops， m/s； t is the time， 
s； FD is the drag force of raindrops， N； u is the velocity 
of air， m/s； gx is the gravitational acceleration， m/s2； ρp and ρ are the densities of raindrops and air， respectively， 
m/s2； Fx is the other force on the raindrops， N.

The Euler wall film model was employed to capture the 
DPM raindrop particles and to simulate the flow of wa⁃
ter.  The mass conservation equation of two⁃dimensional 
（2D） liquid films in the three⁃dimensional （3D） domain 
is shown as

∂ρ lh∂t
+ ∇∇s ( ρ lhV l ) = ṁs （2）

where ρ l is the water density， g/cm3； h is the water film 
height， mm； ∇∇s is the surface gradient operator； V l is the 
vector of average film velocity， m/s； ṁs is the mass 
source term per unit area for the water film， g/cm2.
1. 2　Simulation validation

The reliability of this simulation was validated against 
empirical formulas by Refs.［10⁃12］.  The WFDs were 

simulated with a rainfall intensity R of 1 mm/min， a 
transverse slope ST of 1. 5%， and a longitudinal slope SL 
of 2. 0%， as shown in Fig. 1.  The simulated values fall 
within the range established by the empirical formulas 
from Refs.［10， 12］ and have a good correlation with 
that from Ref.［12］.  In addition， the WFD simulation re⁃
sults exhibit a consistent overall trend with the three em⁃
pirical formulas， indicating a nonlinear increase in the 
WFD with greater drainage length， which supports the ra⁃
tionality of the simulation.

2　Factors Affecting Pavement WFD

2. 1　Number of pavement lanes

According to the Specifications for Drainage Design of 
Highway （JTG/T D33—2012）， the slope drainage design 
within the pavement boundary should be in accordance 
with the 15⁃year recurrence period standard.  Taking Nan⁃
jing as an example， the rainfall intensity for a 5 min dura⁃
tion with a 15⁃year return period is 3. 175 mm/min.  There⁃
fore， the rainfall intensity was set from 1 to 4 mm/min.

When the transverse slope and longitudinal slope of 
pavement are set at 2. 0% and 0. 5% respectively， the 
WFDs across the transverse direction of each lane under 
different rainfall intensities are shown in Fig. 2.  The 
WFD demonstrates a positive correlation with pavement 
width under different rainfall intensities.  In addition， 
with an increase in the number of lanes， the increment 
rate of the WFD slows down， and the WFD reaches a 
plateau in the seventh lane.

Fig. 3 shows the maximum WFDs under identical rain⁃
fall intensities for 6⁃， 10⁃ and 14⁃lane pavements， dem⁃
onstrating the effect of pavement widening on the WFD.  
At a rainfall intensity of 1 mm/min， widening the same 
number of lanes on pavements with different initial lane 
counts yields nearly identical increments in the WFD 
for each pavement.  However， at rainfall intensities of 
2 mm/min and higher， widening the half⁃width pavement 

Fig. 1　WFDs of pavement with different drainage lengths
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from three to five lanes results in a more pronounced in⁃
crease in WFD compared to widening it from five to 
seven lanes.  The results indicate that augmenting the 
number of lanes results in a significant increase in maxi⁃
mum WFD for the pavements with fewer initial lanes.  
Conversely， further increases in the number of lanes 
yield a more modest increase in WFD for pavements with 
a greater initial number of lanes.
2. 2　Pavement slope

Fig. 4 shows the WFDs of pavements with different 
slopes under a rainfall intensity of 1 mm/min.  The WFD 
consistently diminishes as the transverse slope of the 
pavement increases.  The increase in the transverse slope 
of pavement from 1. 5% to 3. 0% results in an approxi⁃
mate 13. 0% reduction in WFD.  Notably， the most sig⁃
nificant decrease in WFD occurs when the transverse 
slope is raised from 1. 5% to 2. 0%， particularly noted in 
the third to fifth lanes.  Moreover， the increase in the lon⁃
gitudinal slope has only a marginal impact on the maxi⁃
mum WFD， with merely an approximate 3. 0% increase 
observed as the longitudinal slope of the pavement pro⁃
gresses from 1. 5% to 3. 0%.

To further investigate the influence of pavement longi⁃
tudinal slope on WFD， Fig. 5 illustrates the drainage 
paths and WFDs of pavement with a transverse slope of 
2% under different longitudinal slopes.  The flow paths 
of the water on the pavement align with the synthetic 
slope direction.  As the longitudinal slope increases， the 

Fig. 5　Drainage paths and WFDs of pavement with different 
longitudinal slopes.  （a） SL = 0. 5%； （b） SL = 1. 0%； （c） SL = 
2. 0%； （d） SL = 3. 0%

Fig. 4　 WFDs of pavements with different slopes.  （a） SL = 
0. 5%； （b） SL = 3. 0%

Fig. 2　WFDs on each lane under different rainfall intensities

Fig. 3　Maximum WFDs for pavements with different numbers 
of lanes
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flow path of water on pavement elongates， leading to a 
marginal rise in the maximum WFD.  Moreover， the 
thick water film exhibits uniform distribution on the out⁃
side of the pavement for minor longitudinal pavement 
slopes.  However， the higher longitudinal slopes concen⁃
trate the thick water film predominantly in the down⁃
stream section on the outside of the pavement.  Conse⁃
quently， a moderate increase in the longitudinal slope 
（1. 0% to 2. 0%） is advantageous for minimizing the dis⁃
tribution area of thick water film on pavement， while the 
corresponding increase in the maximum WFD remains 
negligible.
3　Effect of WFD on Tire⁃Pavement Surface In⁃

teraction
Different rainfall intensities and pavement slopes lead 

to the formation of water films with different depths on 

each lane of the pavement.  To further investigate the ef⁃
fect of WFD on the tire⁃pavement surface contact， a tire⁃
pavement surface⁃water film coupling model was con⁃
structed， and the tire⁃pavement contact forces under dif⁃
ferent vehicle speeds and WFDs were simulated.
3. 1　Tire⁃pavement surface⁃water film coupling model

3. 1. 1　Tire model
The 2D finite⁃element model of the tire was estab⁃

lished using 205/55R16 radial tires.  The cross⁃sectional 
width， tread width， and outer diameter of the tire are 
205， 172， and 628 mm， respectively.  The parameters 
and specifications of the tire skeleton components are 
shown in Table 1.  The 2D tire model was rotated around 
the neutral axis by 360° to generate the 3D tire model 
based on the rotational symmetry of the 3D tire model， 
as shown in Fig. 6.

3. 1. 2　Pavement surface model and fluid model
The AC with a normal maximum aggregate size of 

13. 2 mm （AC⁃13） was designed with styrene⁃butadiene⁃
styrene modified asphalt， limestone mineral powder and 
crushed basalt aggregate.  The aggregate gradation of 
AC⁃13 is shown in Table 2.  The asphalt content of AC⁃

13 is determined to be 5. 1%.  The surface images of the 
AC⁃13 slab were captured from various angles using a 
camera， followed by a series of processing steps that in⁃
cluded segmentation， correction， and noise reduction.  
The processed images were subsequently imported into 
the VisualSFM platform， where surface feature point 

Table 1　Parameters and specifications of tire skeleton components
Component
Belt ply 1
Belt ply 2

Carcass ply
Cap ply

Bead wire

Elasticity modulus/GPa
205.00
205.00
105.49
223.00
170.00

Poisson ratio
0.3
0.3
0.3
0.3
0.3

Density/(kg∙m−3)
7 430
7 430
8 190
7 590

12 370

Spacing/mm
1.43
1.43
0.90
1.37
1.05

Angle/(°)
63

117
0

90
90

Cross⁃sectional area/mm2

0.21
0.21
0.24
0.21
0.69

Fig. 6　Tire⁃pavement surface⁃water film coupling model
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data was extracted employing the SURF algorithm to gen⁃
erate the 3D dense point cloud file.  Then， the point 
cloud file was imported into COMSOL to obtain the 3D 
pavement surface model.  As shown in Fig. 6， the fluid 
model on the pavement surface consists of a water film 
layer and an air layer （600 mm × 400 mm × 110 mm）.  
The number of air layer grids is 158 080， the number of 
water film layer grids is 63 232， and the Euler element 
type is EC3D8R.
3. 1. 3　Tire⁃pavement surface⁃water film coupling

The tire⁃pavement surface⁃water film model is con⁃
structed by coupling the tire model， pavement surface 
model and fluid model， as shown in Fig. 6.  The tire was 
embedded in the fluid domain and contacted the upper 
part of the pavement surface.  The tire⁃water film interac⁃
tion was governed by Eulerian⁃Lagrangian contact， 
which calculates the hydrodynamic pressure exerted by 
the water flow on the tire tread.  The lower boundary of 
the fluid model was designed to completely fit the upper 
part of the pavement surface to maintain a consistent 
WFD.  In the simulation process， the tire rolls in place as 
a deformable body， while the water flow and the pave⁃

ment surface move toward the tire at a translational speed 
equivalent to the vehicle velocity.
3. 2　Effect of WFD on tire⁃pavement surface interac⁃

tion

The accelerated movement process of the pavement 
surface with a 10 mm water film toward the tire from 40 
to 100 km/h at an acceleration of 2 m/s2 was simulated 
based on the tire⁃pavement surface⁃water film coupling 
model.  Fig. 7 shows the water film states and the tire ⁃
pavement surface contact areas at speeds of 40， 60， 80， 
and 100 km/h.  With the increase in speed， the water be⁃
tween the tire and the pavement surface flows and con⁃
verges along the lateral direction of the tire under the tire’s 
squeezing， forming a relatively thick water wedge on 
both sides of the tire.  This is because， at high speeds， 
the water between the tire and the pavement surface can 
not be discharged through the tire grooves in time.  In ad⁃
dition， the tire⁃pavement surface contact area decreases 
gradually as speed increases.  The tire almost completely 
loses contact with the pavement surface when the vehicle 
reaches a speed of 100 km/h.

Fig. 8 demonstrates the variation in tire⁃pavement sur⁃
face contact force at different WFDs with a tire inflation 
pressure of 0. 23 MPa and a tire load of 4 kN.  The con⁃
tact force between the tire and the pavement surface de⁃
creases as the vehicle speed increases， ultimately reach⁃
ing zero at the critical hydroplaning speed.  The higher 
WFD results in a more rapid decline in the tire⁃pavement 
surface contact force as vehicle speed rises， leading to a 
lower critical hydroplaning speed.  Specifically， for the 
WFDs of 2， 4， 6， and 8 mm， the corresponding critical 
hydroplaning speeds of the vehicle are 131， 123， 117， 
and 111 km/h， respectively.  Thus， the critical hydro⁃

Table 2　Aggregate gradation of AC⁃13
Sieve size/mm
Passing ratio/%

16
100

13.2
96.5

9.5
76.0

4.75
57.2

2.36
33.6

1.18
26.5

0.6
20.2

0.3
13.5

0.15
10.3

0.075
7.2

Fig. 7　Water film states and tire⁃pavement surface contact areas

Fig. 8　 Tire⁃pavement surface contact force under different 
WFDs
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planing speed of the tire decreases by approximately 
6 km/h for every 2 mm increase in the WFD.

Based on WFD simulation， the maximum WFD for 
each lane ranges from 2 to 6. 5 mm under rainfall intensi⁃
ties from 1 to 4 mm/min， with the transverse and longitu⁃
dinal slopes of pavement set at 2. 0% and 0. 5%， respec⁃
tively.  Specifically， the WFDs of 2， 4， 6， and 8 mm 
correspond to the first lane at a rainfall intensity of 
1 mm/min， the seventh lane at 2 mm/min， the seventh 
lane at 4 mm/min， and higher rainfall conditions， respec⁃
tively.  Therefore， to ensure driving safety on rainy 
days， it is advisable to control the transverse slope of the 
SML expressway within the range of 1. 5% to 2. 0% and 
the longitudinal slope within 1. 0%⁃2. 0% to reduce the 
WFD.  When the rainfall intensity is 2⁃4 mm/min， it is 
recommended that the vehicle try to drive on the inside 
three lanes of pavement.
4　Conclusions

（1） With the increase in the number of lanes， the 
WFD increases correspondingly， while its growth rate 
decreases gradually and tends to level off at the seventh 
lane.  The largest increase in the WFD is observed when 
expanding a half⁃width pavement from three to five 
lanes.
（2） The increase in the transverse slope of the pave⁃

ment from 1. 5% to 2. 0% leads to the most significant re⁃
duction in the WFD， with the extent of reduction gradu⁃
ally decreasing as the transverse slope increases.  Increas⁃
ing the longitudinal slope to 1. 0%⁃2. 0% reduces the dis⁃
tribution area of thick water film on the pavement.
（3） As the vehicle speed increases， a thicker water 

wedge forms on both sides of the tire and the tire ⁃pave⁃
ment surface contact area gradually decreases.
（4） The higher WFD results in a more rapid decline in 

the tire⁃pavement surface contact force as vehicle speed 
rises， leading to a lower critical hydroplaning speed.  
The critical hydroplaning speed of the vehicle decreases 
by approximately 6 km/h for every 2 mm increase in the 
WFD.
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超多车道路面水膜厚度及其对轮胎-路表相互作用的影响
陈俊 1， 廖兵 1， 周来良 1， 董振海 2， 司秀芬 2， 周岩 2

（1.河海大学土木与交通学院，南京  210098；2.中国电建市政建设集团有限公司，天津  300392）
摘要： 为研究超多车道（SML）路面水膜厚度（WFD）及其对轮胎-路表相互作用的影响，构建了 SML 路面的

降雨汇流模型，分析了车道数和路面坡度对 WFD的影响。基于路表真实纹理，建立了轮胎-路表-水膜耦合

模型，分析了不同 WFD 下轮胎与路表接触特征及轮胎临界滑水速度。结果表明，随路表车道数的增多，路

表水膜厚度显著增大。当路面从半幅3车道拓宽至5车道时，WFD增加最显著，但其增量随车道数进一步增

加而逐渐减小。当路面横坡从 1. 5% 增至 2. 0% 时，WFD 降低幅度最大。将路面纵坡增加至 1. 0% ~ 2. 0%，

路表较厚水膜的分布面积明显减少。WFD 越大，胎-路间接触力随车速增加而下降得越快，导致临界滑水

速度越小。WFD每增加2 mm，车辆临界滑水速度下降约6 km/h。

关键词：水膜厚度 （WFD）；车道数；路面坡度；轮胎-路表；临界滑水速度
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