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 12 

Abstract 13 

The friction force for aircraft landing is mainly provided by the texture of runway surfaces. 14 

The mechanism underlying friction force generation is the energy dissipation of tire rubber 15 

materials during random excitation induced by asperities. However, the runway surface texture is 16 

deteriorated by cyclic loading and environmental effects during the service life of a runway, 17 

leading to loss of braking force and extension of landing distance. Additionally, when an aircraft 18 

lands on a wet runway at a high velocity, the hydrodynamic force causes the tires to detach from 19 

the runway surface, which is risky and may lead to the loss of aircraft control and runway 20 

excursion. Worn-out surfaces along with wet conditions increase the risk of poor control during 21 

aircraft landing. Accordingly, this study investigated three types of asphalt runways (SMA-13, 22 

AC-13, and OGFC-13). Surface texture deterioration was simulated using a surface texture wear 23 

algorithm. Kinematic friction models were established based on the viscoelastic property of rubber 24 

materials, power spectrum density, and statistics of surface textures. A finite element model was 25 

developed by considering a real rough runway surface and different water film depths (3, 7, and 26 

10 mm). A comparison of hydroplaning speed was conducted between numerical simulation and 27 

former experiments. The effects of different factors, such as velocity, wear ratio, runway type, 28 

water film depth, and slip ratio, on the skid resistance of the runway were analyzed. 29 

Key words: 30 

Finite element analysis; hydroplaning; friction deterioration; pavement surface texture; 31 

pavement reconstruction. 32 

1 Introduction 33 

Several runway overruns have occurred in the past few years. Recently, a Turkish Airlines 34 

Boeing 737-800 jet overran the runway during landing in heavy rain, causing considerable damage 35 

to the aircraft fuselage. Ensuring aircraft landing safety is crucial, particularly on wet or worn-out 36 

runways. Studies have demonstrated that friction force is considerably reduced on worn-out 37 

runways [1-3]. Moreover, numerous studies have reported that landing at high speed under wet 38 
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weather conditions could cause traction failure [4-6]. However, current approaches for evaluating 39 

runway skid resistance are based on periodic friction measurement. In such approaches, the wet 40 

condition of runway surfaces and the deterioration of surface textures are not be considered. 41 

Numerous factors influence skid resistance performance, such as runway surface conditions 42 

(surface texture, runway surface material properties, and water films), tire conditions (tire rubber, 43 

tread pattern, attrition rate, tire pressure, and load), landing speed, and ambient temperature. 44 

Surface texture is a major factor influencing runway skid resistance. Kanafi investigated the 45 

relationship among the friction, macrotexture, and microtexture of asphalt pavements by 46 

conducting a 9-month observation; some statistical indicators and fractal parameters were used to 47 

associate surface texture with friction values [3]. Zelelew used wavelet tools to analyze the 48 

influence of macro-texture properties on the skid resistance of asphalt roads [7]. Bitelli obtained 49 

road surface texture morphology by using a laser scanner and then compared both 50 

two-dimensional and three-dimensional (3D) indicators by evaluating surface roughness; the 51 

results revealed that the surface texture of roads deteriorated considerably with an increase service 52 

life and engendered a 10%–15% skid resistance loss after only 5 months of use [8]. Moreover, 53 

several studies have demonstrated that the skid resistance of runways decreases considerably 54 

under wet weather conditions [3, 9-14]. According to statistical analysis results in a previous study, 55 

wet-pavement friction is highly relevant to traffic crashes on highways [15]. However, Kumar 56 

reported that satisfactory macrotexture can enhance driving safety in wet weather by improving 57 

the skid resistance of roads [16]. Fwa proved that trapezoidal-grooved runways could substantially 58 

improve aircraft safety in wet weather [6]. Zhu compared the friction coefficient obtained from 59 

numerical simulation with the trailer test results[17]. 60 

The National Aeronautics and Space Administration (NASA) was the first to conduct on-site 61 

hydroplaning experiments. On the basis of these experiments, Dreher proposed a formula for 62 

estimating hydroplaning speed [18]. Harwood reported that slightly wet pavements can engender 63 

75% tire-pavement friction loss compared with dry roads and roads with a clean surface [19]. For 64 

high-speed vehicles, even a thin water film on the road is sufficient to produce hydroplaning. 65 

Moreover, other factors, such as tread wear, tire groove depth, and surface texture, have been 66 

considered in skid resistance formulas developed through experimental approaches [20, 21]. 67 

However, such experimental approaches are highly expensive and time consuming. Furthermore, 68 

field tests can seldom reveal complex interactions among multifactors. With advancements in 69 

numerical simulations, finite element (FE) methods have become a complementary approach for 70 

clarifying influencing parameters. 71 

Because of the requirements of hydroplaning experiments, numerical simulation has been 72 
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actively used in recent studies. Zmindak introduced an FE approach for analyzing braking 73 

capability and hydroplaning probability during airplane landing [22]. Fwa and Ong developed a 74 

hydroplaning FE model based on solid mechanics and fluid dynamics. They investigated the 75 

phenomenon of hydroplaning by considering multiple influencing factors, including tire tread 76 

pattern, vehicle velocity, and water depth [23-26]. Additionally, the hydroplaning speed obtained 77 

from their model was verified using empirical formulations established by NASA [23, 24]. 78 

Anupam and Srirangam improved the aforementioned FE model in two aspects. The improved 79 

model can simulate water splashing through a coupled Eulerian–Lagrangian (CEL) algorithm [27]. 80 

They also developed a pavement texture model through computed tomography scanning and 3D 81 

reconstruction processes of asphalt mixtures [28, 29]. Huang has presented a framework for 82 

computing braking distance based on a whole-car simulation model and tire FE analysis [30, 31]. 83 

Studies on FE methods have revealed the hydroplaning process and interactions of many factors; 84 

however, few studies have investigated the influence of pavement texture deterioration in their 85 

numerical models.  86 

Current FE studies on the hydroplaning phenomenon have two limitations. First, the 87 

empirical friction models used in FE studies oversimplify the interaction between tread rubber and 88 

pavement, causing difficulties in quantifying the skid resistance properties of pavements with 89 

different textures. Second, FE studies have applied fixed friction models without considering that 90 

friction coefficients would decay with runway use. To address these limitations, the present study 91 

developed an algorithm for simulating the wearing or deterioration of runway textures. The study 92 

established a friction model by considering adhesion and hysteresis friction forces between tread 93 

rubber and runways. Subsequently, an FE framework was proposed to investigate tire landing on 94 

worn-out and water-covered runways in order to determine runway skid resistance performance. 95 

Moreover, the influence of various factors on skid resistance was investigated using the FE 96 

framework. 97 

 98 

2 FE model  99 

Fig. 1 illustrates the framework of the aircraft hydroplaning model developed int his study. 100 

The hydroplaning model comprises four submodels: tire, runway, interaction, and water film 101 

models. The tire model is based on aircraft tire geometry data and material properties. A runway 102 

surface profile was obtained to develop a rough runway model. The surface profile was further 103 

deteriorated programmatically to simulate surface texture deterioration. Subsequently, the power 104 

spectral density (PSD) of the runway surface and complex modulus of rubber were obtained to 105 

evaluate the friction between the tire and runway. Finally, the water film model was developed 106 

according to an Eulerian algorithm. The hydrodynamic force could be obtained through the 107 

tire-water film-runway surface model. The friction loss caused by the hydrodynamic force was 108 
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then analyzed. 109 

 110 

Fig. 1. Framework of hydroplaning model for wet runway. 111 

 112 

2.1  Modeling of tire and water film 113 

Tire modeling is a key component of skid resistance and hydroplaning simulations. In this 114 

study, a main wheel tire of an Airbus A320 was used for tire modeling in the FE simulation. Such 115 

a tire, namely a 46 × 17.0 R20 type tire, exhibits a tread width and diameter of 43.24 and 116.84 116 

cm, respectively. The tread has four grooves with a width and depth of 9 and 10 mm, respectively, 117 

for water drainage. In the tire model in this study, a landing load and maximum landing speed of 118 

6600 kg and 205 km/h, respectively, were set. Table 1 presents the structural parameters of a 119 

typical 46 × 17.0 R20 tire on the main wheel of an A320 aircraft. 120 

Table 1. Parameters of tire on the main wheel of A320 craft. 121 

Parameter Values Parameter Values 

Tire type 46×17.0R20 Landing load (kg) 6600 

Tire Pressure (kPa) 1147 Number of grooves 4 

Diameter (mm) 1168 Tread pattern Circumferential grooves 

Width of tire (mm) 432 Width of grooves (mm) 9 

Maximum speed (km/h) 205 Depth of grooves(mm) 10 

Fig. 2 illustrates the FE model of tire hydroplaning. A tire is primarily composed of a rubber 122 

and a cord layer. The rubber provides deformation and abrasion resistance, and the cord layer is 123 

the skeleton of the tire that sustains load and absorbs shocks. The tire rubber comprises sidewall 124 

rubber, shoulder rubber, tread rubber, under tread rubber, and inner liner rubber, all of which differ 125 

slightly in mechanical properties. The cord layer material mainly comprises steel and polyester 126 

cords and includes a belt layer, cap layer, carcass layer, bead, and submouth cloth. Some materials 127 

with similar properties were combined in this study to simplify the FE model. Therefore, the 128 

materials used in this model were the tread rubber, sidewall rubber, under tread rubber, inner liner 129 

rubber, shoulder rubber, belt layer, crown layer, body ply layer, and bead layer. Table 2 presents 130 

the hyperelastic material properties of the tire rubber and elastic material properties of the cord 131 
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layer. To obtain precise results, the tire tread was fine meshed to match a runway mesh. 132 

 133 

Fig. 2. Hydroplaning model of aircraft tire. 134 

Table 2. Properties of tire materials. 135 

Rubber materials 
Yeoh model[31] 

C10 C20 C30 Di (i=1, 2, 3) 

Tread 1.200201 -1.20439 0.945575 0 

Under Tread 0.451268 -0.15744 0.080273 0 

Sidewall 0.470942 -0.16431 0.083773 0 

Shoulder 0.445972 -0.1556 0.079331 0 

Inner liner 0.486342 -0.16968 0.086513 0 

Cord layer materials Young’s modulus (MPa) Poisson’s ratio 

Belt layer 20000 0.33 

Crown layer 2000 0.45 

Body ply layer 5000 0.45 

Bead layer 80000 0.33 

The CEL algorithm was employed for fluid–solid coupling analysis, with the solid tire and 136 

water film being investigated using the Lagrangian and Eulerian elements, respectively. The CEL 137 

algorithm prevents excessive element distortion caused by the Lagrangian elements. It can 138 

determine the motion interface of water by using the Eulerian elements. The Eulerian model 139 

requires both the water film and air layers to capture the water motion in hydroplaning. In this 140 

study, a Eulerian model measuring 1000 × 600 × 50 mm3 was developed. The size of the Eulerian 141 

model should sufficiently cover the tire footprints. To leave adequate room for water splashing 142 

during landing, the height of Eulerian model is 50 mm. The water layer under the tire footprints 143 

was meshed with a size of 1 mm to obtain accurate hydrodynamic results. A pump area and an 144 

outlet were set in the front and back of the water film model, respectively, to provide constant 145 

fluids at a certain speed.  146 
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 147 

2.2 Runway surface model 148 

Stone mastic asphalt (SMA-13) is commonly used as an surfacing material for ungrooved 149 

runways at airports. To consider the effect of surface texture variations on skid resistance, two 150 

other different asphalt mixture types, namely asphalt concrete (AC-13) and open-graded friction 151 

course (OGFC-13), were prepared in this study. Table 3 presents the gradation and basic properties 152 

of the three types of asphalt mixtures. The specimens, measuring 300 × 300 × 50 mm3, were 153 

prepared using the wheel grinding method. Subsequently, the prepared specimens were cut into a 154 

size of 200 × 100 × 50 mm3 according to the requirements of scanning equipment. The surface 155 

textures of the mixtures were determined using an optical scanning instrument with a 0.1mm 156 

resolution (Fig. 3). The mean profile depth (MPD) is a commonly used indicator in the analysis of 157 

surface roughness. Root mean square (RMS) is also an indicator for assessing the deviation of 158 

asperities from the central line of the surface texture[32, 33]. Both indicators are highly correlated 159 

with runway skid resistance. In this study, the OGFC-13 and AC-13 specimens exhibited the 160 

highest and lowest MPD and RMS, respectively (Table 3), which was mainly caused by aggregate 161 

gradation. OGFC was designed to be water permeable; it exhibited the largest coarse aggregate 162 

proportion and thus the highest RMS and MPD. SMA was designed for stone–stone contact within 163 

the mixture to improve tire grip. Compared with AC, SMA comprised a higher content of coarse 164 

aggregates; thus, the RMS and MPD of SMA values were higher than those of AC. 165 

Table 3. Gradation and basic properties of asphalt mixture specimens. 166 

Mixture 

Type 

Sieving Size (mm) 

16 13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075 

Passing Ratio (%) 

AC-13 100 98.9 83.8 43.4 29.8 22.8 17.6 10.1 8.1 5.9 

SMA-13 100 96.4 63.6 24.6 21.6 18.5 15.9 12.2 11.3 10.3 

OGFC-13 100 98.6 78.6 25.4 11.5 9.5 8.5 7.1 6.5 5.5 

Mixture 

Type 

Asphalt Aggregate Ratio 

(%) 

Air Void 

(%) 

RMS 

(mm) 

MPD 

(mm) 
Asphalt Binder 

AC-13 4.6 4.9 1.94 0.65 AH-70 

SMA-13 5.25 3.7 2.11 0.80 SBS modified asphalt 

OGFC-13 4.7 20.5 3.21 1.08 High-Viscosity asphalt 

 167 
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 168 

 169 

 170 

Fig. 3. Optical scanning of asphalt mixture. 171 

After a runway is used for a certain period, the surface texture would deteriorate because of 172 

constant landing loads. In this study, the asperity height decreased globally after a certain period 173 

of use, as presented in Fig. 4. Nevertheless, high asperities exhibited greater height loss than did 174 

low asperities. After a certain number of passes, the observed surface texture became relatively 175 

smooth. However, obtaining the evolution of surface texture at the same runway site is typically 176 

difficult. Therefore, this study developed an algorithm to simulate the wear of airport pavements 177 

after long-term use. To quantify the texture of runway surfaces, the height amplitude can be 178 

measured within a sample. Consider, for example, a line-scanning height (Fig. 5); the pavement 179 

texture comprises asperities of varying size. The highest asperities are subjected to substantially 180 

larger stress than do lower asperities when an aircraft lands and brakes. Therefore, the highest 181 

asperities would be worn out faster than would lower asperities. Moreover, asperities whose height 182 

is below a certain threshold would not be subject to wear because they cannot establish contact 183 

with the tire. On the basis of the aforementioned description, the surface texture can be 184 

deteriorated programmatically using the following algorithm:  185 

� = ����� − ��	
� ×

�

���
                           (1) 186 

� = �� − �� ×

�

���
+ � �� � > �                      (2) 187 

where wr represents the wear ratio (i.e., the wear degree). For example, a wr value of 10 indicates 188 

that 10% of the highest asperities are polished. T is the threshold, and asperities below a set 189 
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threshold would not be deteriorated. Z is the asperity height. Zmax and Zmin represent the highest 190 

and lowest asperities, respectively. Fig. 6 presents the profiles of worn-out runways with different 191 

wear ratios, indicating RMS values obtained for six surface profiles to be 2.11, 2.10, 2.09, 2.05, 192 

1.79, and 1.25.  193 

 194 

Fig. 4. Evolution of surface texture[33]. 195 

 196 

Fig. 5. Worn runway simulation. 197 
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 198 

Fig. 6. SMA pavement texture profile with different wear ratios. 199 

The height profiles obtained from the KEYENCE scanning instrument were converted into a 200 

runway surface texture model using a python program. The profiles were reorganized using a 201 

three-node triangular element (R3D3) and assigned as a rigid surface. Fig. 7 illustrates the asphalt 202 

mixture FE models obtained from the scanning results. 203 

 204 

Fig. 7. Asphalt mixture FE models of different gradation. 205 

 206 

2.3 Mechanics of tire–rough runway contact 207 

The contact between a tire and a rough runway surface is predominantly related to the 208 

rheological property of the rubber [34]. Eq. (3) presents the kinematic friction coefficient of 209 

rubber-like material on wet and dry runways; the coefficient comprises two parts: hysteresis and 210 

adhesion parts [35]. Fig. 8 presents the hysteresis friction related to energy dissipation caused by 211 

oscillating excitation during sliding on the asperities of asphalt runways. The adhesion force is 212 

related to van der Waals interactions between the rubber surface and runway surface. A recent 213 

theoretical frictional model provides a relatively clear explanation of hysteresis and adhesion 214 

contributions to the interactions between tires and runway tracks， 215 

�� = ���� + ����                           (3) 216 

where �� is the kinematic friction coefficient between the tire and runway and ���� and ���� 217 

are friction coefficients caused by hysteresis and adhesion effects, respectively. 218 
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 219 

Fig. 8. Generation of friction force. 220 

According to Williamson-Greenwood contact theory, a road surface can be considered to be 221 

covered by asperities with identical radii of curvature, R, and with a Gaussian height distribution. 222 

However, researchers have proved that asphalt road surfaces exhibit self-affine fractal 223 

characteristics and that the texture follows a Gaussian distribution [10, 36]. Because aspiratory 224 

cause the dissipation energy, the hysteresis friction could be calculated by converting surface 225 

height profiles into PSD profiles using Fourier transform. Thus, the hysteresis friction coefficient 226 

can be expressed as follows:  227 

���� =
�

� 
! "�#〈ℎ�#̅�ℎ�0�〉)*+�,,,,,                           (4) 228 

���� =
-./0

-1
=

�

��� �2

〈3〉

4560
! "778"�7���7�

:;<=

:;>?
                    (5) 229 

 230 

where 8"�7� represents the loss modulus of the tread rubber. ��7� denotes the PSD, which can 231 

be obtained using morphological results acquired from scanning. Finally, 〈@〉 represents the mean 232 

depth of rubber excited by asperities, A� represents the normal stress, 7��� represents the 233 

maximum excitation frequency related to the minimum asperity, and 7�	
  represents the 234 

minimum excitation frequency related to the maximum asperity. 235 

Hysteresis friction is crucial for braking. However, ignoring adhesion friction would cause an 236 

underestimation of the actual skid resistance performance of a runway. The adhesion friction 237 

coefficient can be obtained using the ratio of the true contact area to the nominal contact area (Eq. 238 

(6)):  239 

���� =
-BCD

-1
=

40

45

�E

�5
                                (6) 240 

where F� is the nominal contact area (i.e., the projection of contact patches). FG is the real 241 

contact area, for which only the top sides of asperities can establish contact with the tire because 242 

of the surface texture. Finally, A� is the shear stress in the real contact area that results from the 243 

molecular energy dissipation of the rubber in the contact patches. 244 

 245 
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2.4 Rubber–runway friction coefficient 246 

The mean heights of the SMA, AC, and OGFC specimens used in this study were set to zero 247 

plane. Fig. 9 presents the height distribution of the specimens after zero-center processing. it 248 

indicates that shaper height distributions for the SMA and OGFC specimens compared with the 249 

AC specimen. This signifies that the variance of the AC height distribution was larger than that of 250 

the SMA and OGFC height distribution, indicating the blunt texture of the AC surface. Fig. 10 251 

illustrates the height distribution of the SMA runway profile with different wear ratios. The height 252 

distribution became increasingly asymmetric as the wear ratios increased. The asymmetry 253 

indicates that the top sides were abraded by landing traffic. 254 

   

(a) SMA (b) AC (c) OGFC 

Fig. 9. Height distribution of different runway textures. 255 

   

(a) Wear ratio 0 (b) Wear ratio 10 (c) Wear ratio 20 

   

(d) Wear ratio 30 (e) Wear ratio 40 (f) Wear ratio 50 

Fig. 10. Height distribution of SMA with different wear ratios. 256 

PSD is a frequency-domain measure of the roughness of a road surface. PSD is derived 257 

through the Fourier transform of the correlation function of height profiles; such a function 258 

describes roughness distribution with asperity wavelength. This study applied Welch’s method to 259 

obtain the PSD of runway surface textures. ���� in Eq. (4) could be obtained by fitting the 260 

curves presented in Fig. 9, which illustrates the PSD profiles of the SMA, AC, and OGFC 261 

specimens with different wear ratios.  262 

 263 

 264 
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(a) PSD of SMA pavement (b) PSD of AC pavement (c) PSD of OGFC pavement 

Fig. 11. PSD of runway textures with different wear ratio. 265 

The coefficient of friction between tire rubber and the runway is affected by surface texture 266 

and is related to the viscoelastic property of rubber. The typical viscoelastic property of tread 267 

rubber can be obtained from the approaches described in previous studies [30, 31]. Fig. 12 268 

illustrates the real and imaginary parts of the complex modulus of tread rubber. 269 

 270 

Fig. 12. Viscoelastic modulus of tire rubber. 271 

All parameters required for friction coefficient calculation can be obtained from the PSD and 272 

viscoelastic property of rubber materials. The kinematic friction coefficients of specimens can be 273 

calculated according to Eqs. (3)–(6). Fig. 13 shows that the kinematic friction coefficients of dry 274 

specimens in this study decreased as the sliding speed increased. The hysteresis friction 275 

coefficients would also decrease with wear ratio, since the energy dissipation effect caused by 276 

asperities were reducing. However, the adhesion friction coefficients would increase with wear 277 

ratio, since the contact area were increasing. Combined with different effects of hysteresis and 278 

adhesion friction, the decreasing kinematic friction coefficients indicates that the hysteresis 279 

friction is dominant in kinematic friction. The specimens can be ordered as follows according to 280 

their kinematic friction coefficients: OGFC > SMA > AC. The RMS values of the nonworn AC, 281 

SMA, and OGFC specimens obtained from scanning were 1.94, 2.11, and 3.21, respectively, and 282 

the MPD values of these specimens were 0.61, 0.80, and 1.08, respectively. The derived RMS and 283 

MPD values indicate rough surface textures, which caused the differences in the friction 284 
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coefficients of the specimens. Both indicators are generally influenced by the asphalt mixture 285 

gradation. The SMA and AC specimens were continuously graded mixtures containing aggregates 286 

of different sizes (ranging from 9.5 to 19 mm). Additionally, the SMA mixture contained a 287 

relatively high proportion of coarse aggregates to improve tire grip and rutting resistance. By 288 

contrast, the OGFC specimen was an open-graded mixture predominantly containing coarse 289 

aggregates to maintain water permeability. Microtexture is typically affected by the texture of 290 

aggregates, but macrotexture is affected by the dimension of aggregates. Hence, the RMS and 291 

MPD of the mixtures can be attributed to the macrotexture of the mixtures. This explanation is 292 

satisfactory because the kinematic friction coefficients of all specimens decreased as the wear 293 

ratios increased. As Federal Aviation Administration (FAA) required that friction of runway should 294 

not less than 0.42. Therefore, when the speed is relatively low (<20 m/s), specimens with wear 295 

ratio 0 to wear ratio 40 maintain satisfactory friction coefficients. However, the specimens with 296 

wear ratio 50 indicates maintenance is required immediately. The friction coefficients associated 297 

with wear ratios of 0 and 10 were similar; therefore, to simplify the calculation, the condition 298 

associated with the wear ratio of 10 was ignored in the FEM model.  299 

   

(a) Friction coefficients of 

SMA pavement with 

different wear ratios. 

(b) Friction coefficients of AC 

pavement with different 

wear ratios. 

(c) Friction coefficients of 

OGFC pavement with 

different wear ratios. 

Fig. 13. Kinematic friction coefficients of the three types of runways. 300 

 301 

3 Validation of hydroplaning model 302 

At a relatively high landing speed, hydrodynamic force could increasingly lead to the 303 

detachment of tires from wet runways. Therefore, tire–runway contact is critical for safe aircraft 304 

landing. In the FE simulation in this study, the speed was set to the range of 30–300 km/h. The 305 

simulation involved dry and wet runways with water depths of 2–8 mm. Hydroplaning speed is 306 

defined as the speed causing a contact force loss of 95% on wet runways. The simulation involved 307 

SMA runway with wear ratio 0. 308 

The tire–runway contact force was obtained from the simulation (Fig. 14). The contact force 309 

on the dry runway remained constant, whereas that on the wet runway decreased at higher landing 310 

speeds. At a speed of 50 km/h, the contact force decreased by 9%–17% for water depths of 2–8 311 

mm. At a speed of 150 km/h, the contact force decreased by 32%–94% for water depths of 2–8 312 

mm. This finding indicates that the contact force at high landing speeds was strongly influenced 313 

by the water depth for tires. At speeds of 30–300 km/h, the contact force for a water depth of 2 314 

mm decreased by 0.3%–74%. Moreover, when the landing speed was within 300 km/h, the aircraft 315 

tires did not cause hydroplaning on the wet runway at the 2-mm water depth. Accordingly, the 316 

hydroplaning speed of aircraft tires could decrease with an increase in water film thickness. In 317 
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particular, when the water depth exceeded 5 mm, the hydroplaning speed decreased rapidly from 318 

237 to 182 km/h. 319 

 320 

 321 

Fig. 14. Contact force between tires and runways at different water depths. 322 

Fig. 15 illustrates the footprints of aircraft tires during hydroplaning, as obtained from the FE 323 

simulation. The simulation results were compared with experimental results reported by Horne 324 

[37]. Horne conducted experiments on a glass plate with a 10-mm water depth and using a vehicle 325 

tire with a 378-kg vertical load; by contrast, the simulation in the present study was conducted on 326 

runways with a 5-mm water depth and using an aircraft tire with a 6600-kg vertical load. 327 

Nevertheless, the results regarding the hydroplaning phenomenon were quite similar between the 328 

two studies; for example, footprints obtained from the numerical simulation were nearly identical 329 

to those from the experiments. Water was evacuated from the grooves and sides of the tire at a low 330 

speed (Fig. 15). Subsequently, water started wedging into the tire–runway interface at a higher 331 

speed. Finally, the tire was detached from the runway because its speed exceeded hydroplaning 332 

speed.  333 
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 334 

Fig. 15. Progressive development of hydroplaning obtained from simulations and experiments. 335 

Hydroplaning experimental studies have been conducted by many vehicles such as truck, car 336 

and aircrafts[38-41]. Table 4 compares conditions and hydroplaning speed of aircraft tires from 337 

hydroplaning experiments and FE simulations. These experiments were conducted with different 338 

aircraft tire loads (46 and 66 kN), tire pressure (621, 1173, 1829 and 1932 kpa) and water film 339 

thickness (5.1, 6.1 and 6.4). The hydroplaning numerical simulation developed in this paper was 340 

conducted with aircraft tire load of 66 kN, tire pressure of 1147 kPa and different water film 341 

thickness (2-8mm). As shown in Fig. 16, the error between experimental results and simulation 342 

predictions are less than 2%. It shows that the FE model is suitable for predicting hydroplaning 343 

phenomenon. 344 

Table 4. Results from experiments and simulations. 345 

Experiments 

Tire Runway type Load (kN) 

Tire 

pressure 

(kPa) 

Water 

film 

(mm) 

Hydroplaning 

Speed (km/h) 
Ref.

32×8.8 rib tire, 

5-grooves 
Concrete 46 621 6.1 179 [38] 

49x17 Type VIII-3 

grooves 

Grooved 

concrete 
66 1173 6.4 172 [39] 

30x11.5 Type VIII-3 

grooves 
Concrete 66 1829 6.4 177 [40] 

21 30x11.5 Type No detailed No detailed 1932 5.1 230 [41] 
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VIII-3 grooves information information 

Simulations 

46×17.0R20 

SMA-13 

asphalt 

runway 

66 1147 

3 278  

4 253  

5 237  

6 176  

7 161  

8 154  

 346 

 347 

Fig. 16. Verification of simulation results against experimental results. 348 

 349 

4 Results and discussion 350 

4.1 Effect of wear ratios on friction coefficients 351 

Before the effects of different parameters on skid resistance were determined, the concept of 352 

slip ratio (SR) was defined. During landing, the braking force results from the difference between 353 

tire circumferential velocity (HI	JK) and aircraft velocity (H�	JGJ�+I). SR during aircraft braking is 354 

defined as shown in Eq. (7). SR values of 100 and 0 represent fully locked and free roll tires, 355 

respectively. 356 

SR =
6<>�E�<NOP6O>�Q

6<>�E�<NO
× 100                           (7) 357 
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This study considered Different SRs, four aircraft velocities (55, 105, 155, and 205 km/h), 358 

and different wear ratio conditions (0, 20, 30, 40, and 50). Fig. 17 illustrates the effect of SR on 359 

dry friction coefficients. The friction coefficient increased initially with an increase in SR under 360 

different wear ratios. When the optimal SR reached 20%, the friction coefficient decreased with 361 

the SR. This finding signifies that the maximum friction coefficient can be achieved at the optimal 362 

SR. Therefore, the antilock braking system (ABS) of an aircraft  should maintain the optimal SR 363 

during landing to retain sufficient braking force. However, the optimal SR is not a constant value; 364 

it changes with wear ratios and speeds. The friction coefficient curves in this study generally 365 

decreased with an increase in the wear ratio. Moreover, the changing trend increased with the wear 366 

ratio. When the optimal SR was approximated, the changing trend of the friction coefficients 367 

increased with the landing speed. The ridges of the friction curves became steeper as the landing 368 

speed increased. Accordingly, the ABS of an aircraft must be precisely controlled because friction 369 

force is substantially lost when the SR exceeds its optimum range. Similar results were observed 370 

for the AC-13 and OGFC-13 runway surfaces. 371 

Under various SRs, surface texture degradation was determined to have different effects on 372 

friction coefficients. Since the optimal SR is not a constant value, it is valuable to discuss what 373 

would happen if the optimal SR controlled by the ABS mismatched the actual optimal SR. For 374 

example, as displayed in Fig. 17 (a), , the differences in friction coefficients between new runway 375 

(wear ratio 0) and worn runway (wear ratio 50) with the excessive slip state (approximately 90% 376 

SR) was 0.25. However, the differences in friction coefficients between new runway (wear ratio 0) 377 

and worn runway (wear ratio 50) with the insufficient slip state (approximately 10% SR) was 0.15. 378 

This indicates that the effect of the wear ratio on the excessive slip state was greater than that on 379 

the insufficient slip state. 380 
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(a) 55 km/h (b) 105 km/h 

  

(c) 155 km/h (d) 205 km/h 

Fig. 17. Friction coefficient versus SR at the SMA pavement with different wear ratios. 381 

The optimal friction coefficient is defined as the largest friction coefficient at an SR of 20. 382 

Because an ABS controls aircraft braking, analyzing the optimal friction coefficient would be 383 

more practical. As presented in Fig. 18, the optimal friction coefficient decreased with an increase 384 

in the wear ratio. The decreasing rate also increased with the wear ratio. As shown in Table 5, FAA 385 

has provided standard friction coefficients for different test speed. Compared with simulation 386 

results, all three types of new runway satisfy the FAA requirement for both 65 and 95 km/h test 387 

speed. However, with increasing wear ratio, the SMA and AC runway should be required 388 

maintenance at wear ratio 50. The OGFC runway could still be in service without maintenance at 389 

wear ratio 50. Additionally, at a high landing speed (205 km/h), the reduction in friction 390 

coefficients between long-serving (wear ratio 50) and new SMA runways (wear ratio 0) was 0.22; 391 

furthermore, the reductions in friction coefficients between long-serving and new AC runways and 392 

between long-serving and new OGFC runways were 0.23 and 0.26, respectively. At a low landing 393 

speed (55 km/h), the differences between the friction coefficients of long-serving (wear ratio 50) 394 

and new (wear ratio 0) SMA, AC, and OGFC runways were 0.31, 0.32, and 0.38, respectively. On 395 

the basis of these results, one can conclude that the effect of wear on low-speed landing is greater 396 

than that on high-speed landing. 397 

Table 5. Friction level classification for runway surface[42] 398 
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Test speed(km/h) 
Friction coefficient 

Minimum requirement Need maintenance New runway 

65 0.42 0.52 0.72 

95 0.26 0.38 0.66 

 399 

   
(a) SMA (b) AC (c) OGFC 

Fig. 18. Optimal friction coefficients versus wear ratios of the three types of runways. 400 

 401 

4.2 Effect of runway type on optimal friction coefficients 402 

The three asphalt samples can be ordered as follows according to their friction coefficients: 403 

OGFC > SMA > AC. Under different wear ratios, the optimal friction coefficient of the OGFC 404 

asphalt runway was considerably higher than those of the AC and SMA asphalt runways. This 405 

signifies that the surface roughness of the OGFC asphalt samples was greater than that of the AC 406 

and SMA asphalt samples. As displayed in Fig. 19, under dry runway conditions, the differences 407 

in optimal friction coefficients between the three asphalt runways decreased as the wear ratio 408 

increased. At a speed of 55 km/h, the friction coefficients of the SMA and AC samples decreased 409 

by 0.11 and 0.13 compared with the OGFC samples, respectively. After surface textures had been 410 

abraded through a wear simulation, the skid resistance properties of the different runways 411 

coincided with each other. At a speed of a 205 km/h, the friction coefficients of the SMA and AC 412 

samples decreased by 0.03 and 0.07 compared with the OGFC samples, respectively. The three 413 

specimens exhibited similar microtextures because the same aggregates were used for these three 414 

specimens. However, the OGFC specimen exhibited larger macrotextures because of the presence 415 

of more coarse aggregates; pavement macrotextures highly depend on the larger macrotexture 416 

depth, which is influenced by aggregate dimensions. Among the three specimen types, the OGFC 417 

specimen exhibited the highest skid resistance, which can be attributed to the coarse aggregates. 418 

However, because macrotextures were deteriorated through the wear simulation, the difference in 419 

skid resistance properties between the three runway types decreased. 420 
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(a) 55 km/h (b) 105 km/h 

c 
 

(c) 155 km/h (d) 205 km/h 

Fig. 19. Optimum friction coefficients of the three specimens with different velocities. 421 

 422 

4.3 Effect of water film depth on optimal friction coefficients 423 

Complete hydroplaning is a rare phenomenon that involves loss of controllability and braking 424 

efficiency caused by an uplift force when the landing speed of an aircraft exceeds the 425 

hydroplaning speed on wet runways. Partial hydroplaning is a phenomenon in which tires are 426 

partially detached from a wet runway when the landing speed of an aircraft remains within the 427 

hydroplaning speed on the wet runway. The hysteresis friction would be the dominant component 428 

for aircraft braking force. Partial hydroplaning is highly common and is usually caused by a 429 

considerable friction loss. Therefore, partial hydroplaning cannot be ignored because it can 430 

substantially increase the landing distance due to thick water film depths and high landing speeds. 431 

To investigate the phenomenon of partial hydroplaning, the friction between the tires and wet 432 

runway surface should be determined, as defined in Eq. (8), which has commonly been used in 433 

previous studies [27, 29, 43]. In this equation, �
KI is the friction coefficient on a wet runway 434 

and ��J� is the friction coefficient on a dry runway, which can be obtained using the proposed 435 

FE model. S is the aircraft load and T is the hydrodynamic force, which can be obtained using 436 

the FE model. 437 
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�
KI =
UC�/×�VP-�

V
                             (8) 438 

This study calculated the friction coefficients of new (wear ratio = 0) and long-serving (wear 439 

ratio = 50) SMA runways according to the FE model. As illustrated in Fig. 20(a)–(c), the friction 440 

curves decreased with an increase in landing speed during partial hydroplaning. The decreasing 441 

rate of friction increased depending on the water film depth. Compared with dry runway, the 442 

decreasing rates of runway with 3mm and 5 mm water film were 5.8% and 10.6% with landing 443 

velocity 55 km/h. However, the decreasing rates of runway with 3mm and 5 mm water film were 444 

63.6% and 65.4% with landing velocity 205 km/h. In particular, when the aircraft landing speed 445 

was 205 km/h and water film depth was 5 mm, the friction coefficient was generally <0.1. The 446 

friction of the worn-out wet runway also decreased compared with that of the new runway. The 447 

friction coefficient at the 205-km/h landing speed and 5-mm water-film depth was <0.05 (Fig. 448 

20(f)). Both cases indicate extremely dangerous landing scenarios with a small traction force. 449 

   
(a) Dry runway with 0 wear 

ratio. 

(b) 3-mm-water-film runway 

with 0 wear ratio. 

(c) 5-mm-water-film runway 

with 0 wear ratio. 

   
(d) Dry runway with 50 wear 

ratio.  

(e) 3-mm-water-film runway 

with 50 wear ratio. 

(f) 5-mm-water-film runway 

with 50 wear ratio. 

Fig. 20. Friction coefficients versus slip ratios on wet SMA runways. 450 

To study landing processes controlled by an ABS, the optimal friction of dry and wet 451 

runways were obtained from the FE model. As displayed in Fig. 21, the optimal friction 452 

coefficients decreased linearly as the landing speed increased. The slopes of the friction curves 453 

also increased as the water film depth increased. Compared with that on the dry runway, the 454 

friction coefficients on the wet runway at water depths of 3 and 5 mm and a wear ratio of 0 455 

decreased by 0.36 and 0.38 for speed of 205 km/h, respectively. The slopes of 3 mm and5 mm 456 

curves for wear ratio 0 were -0.0032 and -0.0035 respectively. It indicate that the friction 457 

coefficient could decrease 0.48 and 0.53 with speed increased from 55 km/h to 205 km/h for 3 mm 458 

and 5 mm water depth runway, respectively. The slope of Additionally, the loss of coefficient was 459 

0.31 for the worn runway (wear ratio 50). This finding indicates that partial hydroplaning and lack 460 

of surface textures could endanger landing safety because of a lack of skid resistance. 461 
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(a) Wear ratio 0 (b) Wear ratio 20 (c) Wear ratio 30 

  

 

(d) Wear ratio 40 (e) Wear ratio 50  

Fig. 21. Optimal friction coefficients of SMA runway. 462 

 463 

5 Conclusions 464 

This study developed an integrated approach to quantify the skid resistance of wet and dry 465 

runways based on a theory, a texture wear algorithm, and a hydroplaning model. The kinematic 466 

friction coefficients between tread rubber materials and rough runways were obtained using the 467 

PSD of pavements and viscoelastic property of rubber. An FE model was developed according to 468 

real texture surface and real interaction models. The hydroplaning results obtained from FE model 469 

was compared with the experimental results. The difference between numerical and experimental 470 

results were less than 2%, indicating the accuracy of the developed numerical model. Factors 471 

influencing the coefficient of friction between aircraft tires and runways were analyzed. The 472 

following conclusions were drawn: 473 

(1) The runway friction coefficient decreases with an increase in the aircraft landing speed, 474 

and the optimal friction coefficient decreases with an increase in the landing speed. 475 

(2) The three types of runways in this study can be ordered as follows according to their 476 

friction coefficients: OGFC > SMA > AC. Compared with the new OGFC specimen, the 477 

friction coefficients of the new SMA and AC specimens decreased by 0.11 and 0.13 at a 478 

landing speed of 55 km/h, respectively. However, compared with the same worn-out 479 

OGFC specimen, the friction coefficients of the worn-out (wear ratio 50) SMA and AC 480 

specimens decreased by 0.03 and 0.06 at a landing speed of 55 km/h, respectively. 481 

Accordingly, the difference in skid resistance properties between the OGFC, SMA, and 482 

AC specimens decreased as the wear ratio increased. 483 

(3) The optimal friction coefficient decreased as the wear ratio increased. The reductions in 484 

the friction coefficients of the SMA, OGFC, and AC specimens between long-serving 485 

and new runways were 0.22, 0.23, and 0.26, respectively, at a high landing speed of 205 486 

km/h. The reductions in the friction coefficients of the SMA, AC, and OGFC pavements 487 
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were 0.31, 0.33 and 0.38 at the low landing speed of 55 km/h. Therefore, the effect of 488 

wear at a low landing speed is greater than that at a high landing speed. 489 

(4) Compared with the dry runway, the friction coefficients of the wet runway decreased by 490 

0.36 and 0.38 when partial hydroplaning occurred on the wet runway at water film 491 

depths of 3 and 5 mm, respectively, and landing speed of 205 km/h; however, the friction 492 

coefficients decreased by 0.04 and 0.08, respectively, at a landing speed of 55 km/h. 493 

Therefore, partly hydroplaning is more obvious at a high landing speed than at a low 494 

landing speed. 495 

The FE model demonstrated in this paper provides a convenient tool for analyzing runway 496 

skid resistance. However, in the model, only water drainage provided by tires is considered; water 497 

drainage provided by runway textures is not considered. This could be the focus of our future 498 

simulation work. 499 
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Highlights  

� Runway surface texture deterioration was considered in FEM simulation based on a surface 

texture wear algorithm.  

� The kinematic friction coefficient between tire rubber and runway was calculated based on real 

3D microstructure of surface texture and power spectral density. 

� The effect of surface texture deterioration and water-covered conditions were considered 

simultaneously in finite element model. 
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