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Abstract

The friction force for aircraft landing is mainlyqvided by the texture of runway surfaces.
The mechanism underlying friction force generatisnthe energy dissipation of tire rubber
materials during random excitation induced by asper However, the runway surface texture is
deteriorated by cyclic loading and environmentdéas during the service life of a runway,
leading to loss of braking force and extensionaoiding distance. Additionally, when an aircraft
lands on a wet runway at a high velocity, the hggiramic force causes the tires to detach from
the runway surface, which is risky and may leadthe loss of aircraft control and runway
excursion. Worn-out surfaces along with wet condgi increase the risk of poor control during
aircraft landing. Accordingly, this study investigd three types of asphalt runways (SMA-13,
AC-13, and OGFC-13). Surface texture deterioratias simulated using a surface texture wear
algorithm. Kinematic friction models were estabéidibased on the viscoelastic property of rubber
materials, power spectrum density, and statisticsudace textures. A finite element model was
developed by considering a real rough runway sartatd different water film depths (3, 7, and
10 mm). A comparison of hydroplaning speed was uotatl between numerical simulation and
former experiments. The effects of different fasfosuch as velocity, wear ratio, runway type,
water film depth, and slip ratio, on the skid remise of the runway were analyzed.

Key words:
Finite element analysis; hydroplaning; friction el&ration; pavement surface texture;

pavement reconstruction.

1 Introduction

Several runway overruns have occurred in the mastylears. Recently, a Turkish Airlines
Boeing 737-800 jet overran the runway during lagdinheavy rain, causing considerable damage
to the aircraft fuselage. Ensuring aircraft landsadety is crucial, particularly on wet or worn-out
runways. Studies have demonstrated that frictiamefds considerably reduced on worn-out
runways [1-3]. Moreover, numerous studies have ntefdathat landing at high speed under wet
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weather conditions could cause traction failur&]4However, current approaches for evaluating
runway skid resistance are based on periodic drictheasurement. In such approaches, the wet
condition of runway surfaces and the deterioratibsurface textures are not be considered.

Numerous factors influence skid resistance perfageasuch as runway surface conditions
(surface texture, runway surface material properted water films), tire conditions (tire rubber,
tread pattern, attrition rate, tire pressure, avat), landing speed, and ambient temperature.
Surface texture is a major factor influencing rupvekid resistance. Kanafi investigated the
relationship among the friction, macrotexture, amicrotexture of asphalt pavements by
conducting a 9-month observation; some statistiwditators and fractal parameters were used to
associate surface texture with friction values [Bglelew used wavelet tools to analyze the
influence of macro-texture properties on the skisistance of asphalt roads [7]. Bitelli obtained
road surface texture morphology by using a laseanser and then compared both
two-dimensional and three-dimensional (3D) indicaitby evaluating surface roughness; the
results revealed that the surface texture of rdatisriorated considerably with an increase service
life and engendered a 10%-15% skid resistancedftss only 5 months of use [8]. Moreover,
several studies have demonstrated that the skidtamse of runways decreases considerably
under wet weather conditiof& 9-14]. According to statistical analysis resuift a previous study,
wet-pavement friction is highly relevant to traffitashes on highways [15]. However, Kumar
reported that satisfactory macrotexture can enhdriggng safety in wet weather by improving
the skid resistance of roads [16]. Fwa proved tilagiezoidal-grooved runways could substantially
improve aircraft safety in wet weather [6]. Zhu qared the friction coefficient obtained from
numerical simulation with the trailer test resul@.

The National Aeronautics and Space AdministratidA$A) was the first to conduct on-site
hydroplaning experiments. On the basis of theseeraxyents, Dreher proposed a formula for
estimating hydroplaning speed [18]. Harwood rembitet slightly wet pavements can engender
75% tire-pavement friction loss compared with drgds and roads with a clean surface [19]. For
high-speed vehicles, even a thin water film on ribad is sufficient to produce hydroplaning.
Moreover, other factors, such as tread wear, ticowge depth, and surface texture, have been
considered in skid resistance formulas developedugh experimental approaches [20, 21].
However, such experimental approaches are higlpgresive and time consuming. Furthermore,
field tests can seldom reveal complex interactiangong multifactors. With advancements in
numerical simulations, finite element (FE) methbdse become a complementary approach for
clarifying influencing parameters.

Because of the requirements of hydroplaning experis) numerical simulation has been
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actively used in recent studies. Zmindak introdueed FE approach for analyzing braking
capability and hydroplaning probability during dimpe landing [22]. Fwa and Ong developed a
hydroplaning FE model based on solid mechanics fand dynamics. They investigated the
phenomenon of hydroplaning by considering multipiBuencing factors, including tire tread
pattern, vehicle velocity, and water depth [23-2&]ditionally, the hydroplaning speed obtained
from their model was verified using empirical fordaions established by NASA [23, 24].
Anupam and Srirangam improved the aforementionedrieBlel in two aspects. The improved
model can simulate water splashing through a coupiderian—Lagrangian (CEL) algorithm [27].
They also developed a pavement texture model thr@ognputed tomography scanning and 3D
reconstruction processes of asphalt mixtures [28, Huang has presented a framework for
computing braking distance based on a whole-caunlation model and tire FE analysis [30, 31].
Studies on FE methods have revealed the hydroglgnimcess and interactions of many factors;
however, few studies have investigated the infleeot pavement texture deterioration in their
numerical models.

Current FE studies on the hydroplaning phenomenawve htwo limitations. First, the
empirical friction models used in FE studies ovemify the interaction between tread rubber and
pavement, causing difficulties in quantifying thiddsresistance properties of pavements with
different textures. Second, FE studies have apfiiked friction models without considering that
friction coefficients would decay with runway uS® address these limitations, the present study
developed an algorithm for simulating the wearingleterioration of runway textures. The study
established a friction model by considering adhesind hysteresis friction forces between tread
rubber and runways. Subsequently, an FE framewak pvoposed to investigate tire landing on
worn-out and water-covered runways in order to rieitee runway skid resistance performance.
Moreover, the influence of various factors on skigistance was investigated using the FE

framework.

2 FE model

Fig. 1 illustrates the framework of the aircraftdhgplaning model developed int his study.
The hydroplaning model comprises four submodetg, tiunway, interaction, and water film
models. The tire model is based on aircraft tirengetry data and material properties. A runway
surface profile was obtained to develop a rouglwaynmodel. The surface profile was further
deteriorated programmatically to simulate surfaodure deterioration. Subsequently, the power
spectral density (PSD) of the runway surface andpdex modulus of rubber were obtained to
evaluate the friction between the tire and runwagally, the water film model was developed
according to an Eulerian algorithm. The hydrodyr@ardrce could be obtained through the
tire-water film-runway surface model. The frictibtwss caused by the hydrodynamic force was
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2.1 Modeling of tire and water film

Tire modeling is a key component of skid resistaand hydroplaning simulations. In this
study, a main wheel tire of an Airbus A320 was ulgedire modeling in the FE simulation. Such
a tire, namely a 46 x 17.0 R20 type tire, exhibitsead width and diameter of 43.24 and 116.84
cm, respectively. The tread has four grooves withidth and depth of 9 and 10 mm, respectively,
for water drainage. In the tire model in this stualyanding load and maximum landing speed of
6600 kg and 205 km/h, respectively, were set. Tdbj@esents the structural parameters of a
typical 46 x 17.0 R20 tire on the main wheel o820 aircraft.

Table 1. Parameters of tire on the main wheel &A\&raft.

Parameter Values Parameter Values
Tire type 46x17.0R20 Landing load (kg) 6600
Tire Pressure (kPa) 1147 Number of grooves 4
Diameter (mm) 1168 Tread pattern Circumferentiabges
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 hydroplaqir tire is primarily composed of a rubber
and a cord layer. The rubber provides deformatimh @&brasion resistance, and the cord layer is
the skeleton of the tire that sustains load andréissshocks. The tire rubber comprises sidewall
rubber, shoulder rubber, tread rubber, under treblder, and inner liner rubber, all of which differ
slightly in mechanical properties. The cord layextenial mainly comprises steel and polyester
cords and includes a belt layer, cap layer, carleg®s, bead, and submouth cloth. Some materials
with similar properties were combined in this studysimplify the FE model. Therefore, the
materials used in this model were the tread ruldigewall rubber, under tread rubber, inner liner
rubber, shoulder rubber, belt layer, crown layeqybply layer, and bead layer. Table 2 presents

the hyperelastic material properties of the tirbber and elastic material properties of the cord
4
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layer. To obtain precise results, the tire tread firle meshed to match a runway mesh.

Aircraft tire

Fine meshed tread

Rotation

Runway surface texture

Water film

Fig. 2. Hydroplaning model of aircraft tire.

Table 2. Properties of tire materials.

Yeoh model[31]

Rubber materials

Cuo Cxo Cso D; (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) Poissoatio

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 ctng analysis, with the solid tire and
water film being investigated using the Lagrangiaud Eulerian elements, respectively. The CEL
algorithm prevents excessive element distortionseduby the Lagrangian elements. It can
determine the motion interface of water by using Bulerian elements. The Eulerian model
requires both the water film and air layers to ueptthe water motion in hydroplaning. In this
study, a Eulerian model measuring 1000 x 600 x 56 was developed. The size of the Eulerian
model should sufficiently cover the tire footprin® leave adequate room for water splashing
during landing, the height of Eulerian model isrBfh. The water layer under the tire footprints
was meshed with a size of 1 mm to obtain accurgtkddynamic results. A pump area and an
outlet were set in the front and back of the wéiter model, respectively, to provide constant
fluids at a certain speed.
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2.2 Runway surface model

Stone mastic asphalt (SMA-13) is commonly usedraswuafacing material for ungrooved
runways at airports. To consider the effect of ateftexture variations on skid resistance, two
other different asphalt mixture types, namely akptancrete (AC-13) and open-graded friction
course (OGFC-13), were prepared in this study.elrdlresents the gradation and basic properties
of the three types of asphalt mixtures. The spetémeneasuring 300 x 300 x 50 rhrwere
prepared using the wheel grinding method. Subseiyuéme prepared specimens were cut into a
size of 200 x 100 x 50 mhaccording to the requirements of scanning equipmire surface
textures of the mixtures were determined using jtical scanning instrument with a 0.1mm
resolution (Fig. 3). The mean profile depth (MP®aicommonly used indicator in the analysis of
surface roughness. Root mean square (RMS) is algodicator for assessing the deviation of
asperities from the central line of the surfaceue{32, 33]. Both indicators are highly correlated
with runway skid resistance. In this study, the @A and AC-13 specimens exhibited the
highest and lowest MPD and RMS, respectively (T&plavhich was mainly caused by aggregate
gradation. OGFC was designed to be water permettdehibited the largest coarse aggregate
proportion and thus the highest RMS and MPD. SMA designed for stone—stone contact within
the mixture to improve tire grip. Compared with ABMA comprised a higher content of coarse

aggregates; thus, the RMS and MPD of SMA valuegWwarher than those of AC.

Table 3. Gradation and basic properties of asphiatire specimens.

Sieving Size (mm)
13.2 95 4.75 2.36 1.18 0.6 0.3 0.15 0.075
Passing Ratio (%)

Mixture
Type

AC-13 100 989 838 434 29.8 22.8 176 101 8.1 9 5.

SMA-13 100 964 63.6 246 21.6 18.5 159 122 1113
OGFC-13 100 986 78.6 254 11.5 9.5 8.5 71 65 55
Mixture  Asphalt Aggregate Ratio Air Void RMS MPD _
Asphalt Binder
Type (%) (%) (mm)  (mm)

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
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Fig. 3. Optical scanning of asphalt mixture.

After a runway is used for a certain period, thdeme texture would deteriorate because of
constant landing loads. In this study, the aspémitight decreased globally after a certain period
of use, as presented in Fig. 4. Nevertheless, &églerities exhibited greater height loss than did
low asperities. After a certain nhumber of pasdes,dbserved surface texture became relatively
smooth. However, obtaining the evolution of surftedure at the same runway site is typically
difficult. Therefore, this study developed an altfon to simulate the wear of airport pavements
after long-term use. To quantify the texture ofway surfaces, the height amplitude can be
measured within a sample. Consider, for examplaeascanning height (Fig. 5); the pavement
texture comprises asperities of varying size. Tighdst asperities are subjected to substantially
larger stress than do lower asperities when amadiirtands and brakes. Therefore, the highest
asperities would be worn out faster than would loasperities. Moreover, asperities whose height
is below a certain threshold would not be subjecivear because they cannot establish contact
with the tire. On the basis of the aforementionexbcdption, the surface texture can be
deteriorated programmatically using the followirigagithm:

T = (Zmax - Zmin) X % 1)

Z=(Z—T)x%+TifZ>T 2)

wherew, represents the wear ratio (i.e., the wear degFe)example, av, value of 10 indicates

that 10% of the highest asperities are polisfieds the threshold, and asperities below a set
7



190 threshold would not be deteriorated. Z is the agpheight. Z..x and Z,, represent the highest
191 and lowest asperities, respectively. Fig. 6 prest profiles of worn-out runways with different
192  wear ratios, indicating RMS values obtained for sixface profiles to be 2.11, 2.10, 2.09, 2.05,
193 1.79, and 1.25.
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Fig. 6. SMA pavement texture profile with differem¢ar ratios.

The height profiles obtained from the KEYENCE sdagrinstrument were converted into a
runway surface texture model using a python prograéhe profiles were reorganized using a
three-node triangular element (R3D3) and assigsaragid surface. Fig. 7 illustrates the asphalt
mixture FE models obtained from the scanning result

Fig. 7. Asphalt mixture FE models of different gatidn.

2.3 Mechanics of tire—rough runway contact

The contact between a tire and a rough runway sairfa predominantly related to the
rheological property of the rubber [34]. Eq. (3egents the kinematic friction coefficient of
rubber-like material on wet and dry runways; theffioient comprises two parts: hysteresis and
adhesion parts [35]. Fig. 8 presents the hystefastion related to energy dissipation caused by
oscillating excitation during sliding on the asgies of asphalt runways. The adhesion force is
related to van der Waals interactions between dibdar surface and runway surface. A recent
theoretical frictional model provides a relativadiear explanation of hysteresis and adhesion
contributions to the interactions between tires mmivay tracks

Hi = Upys T Haan 3

where y,, is the kinematic friction coefficient between ttie and runway andiy,,s and pyqp
are friction coefficients caused by hysteresis adfigesion effects, respectively.
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According to Williamson-Greenwood contact theoryroad surface can be considered to be
covered by asperities with identical radii of cuora, R, and with a Gaussian height distribution.
However, researchers have proved that asphalt mathces exhibit self-affine fractal
characteristics and that the texture follows a Giansdistribution [10, 36]. Because aspiratory
cause the dissipation energy, the hysteresisdrictiould be calculated by converting surface
height profiles into PSD profiles using Fouriemséorm. Thus, the hysteresis friction coefficient
can be expressed as follows:

1

S() = =  d2x(h(OR(0))eT @
bays = 222 = L0 fmar oy () (@) (5)

where E'(w) represents the loss modulus of the tread rubfes) denotes the PSD, which can
be obtained using morphological results acquirethfscanning. Finally{é) represents the mean
depth of rubber excited by asperitieg, represents the normal stress,,,, represents the
maximum excitation frequency related to the minimasperity, andv,,;, represents the
minimum excitation frequency related to the maximasperity.

Hysteresis friction is crucial for braking. Howeyigmnoring adhesion friction would cause an
underestimation of the actual skid resistance pedoce of a runway. The adhesion friction
coefficient can be obtained using the ratio ofttie contact area to the nominal contact area (Eq.

(6)):

Fadn — ﬁﬁ (6)

Haan = “Ey 09 4o

where 4, is the nominal contact area (i.e., the projectidncontact patches)4. is the real
contact area, for which only the top sides of afipsrcan establish contact with the tire because
of the surface texture. Finally; is the shear stress in the real contact areardkatts from the
molecular energy dissipation of the rubber in tbetact patches.
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2.4 Rubber—runway friction coefficient

The mean heights of the SMA, AC, and OGFC specimsed in this study were set to zero
plane. Fig. 9 presents the height distribution h# specimens after zero-center processing. it
indicates that shaper height distributions for #MA and OGFC specimens compared with the
AC specimen. This signifies that the variance ef AC height distribution was larger than that of
the SMA and OGFC height distribution, indicating thlunt texture of the AC surface. Fig. 10
illustrates the height distribution of the SMA rusywprofile with different wear ratios. The height
distribution became increasingly asymmetric as wear ratios increased. The asymmetry
indicates that the top sides were abraded by |gridaffic.
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Fig. 9. Height distribution of different runway texes.
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Fig. 10. Height distribution of SMA with differemtear ratios.

PSD is a frequency-domain measure of the roughokssroad surface. PSD is derived
through the Fourier transform of the correlatiomdiion of height profiles; such a function
describes roughness distribution with asperity Wwength. This study applied Welch’'s method to
obtain the PSD of runway surface textur§§f) in Eq. (4) could be obtained by fitting the
curves presented in Fig. 9, which illustrates ttf&DPprofiles of the SMA, AC, and OGFC
specimens with different wear ratios.

11
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The coefficient of friction between tire rubber ath@ runway is affected by surface texture
and is related to the viscoelastic property of mibfhe typical viscoelastic property of tread
rubber can be obtained from the approaches dedciib@revious studies [30, 31]. Fig. 12
illustrates the real and imaginary parts of the plemxmodulus of tread rubber.

= Real part E'
Imaginary part E"

107

Modulus E (Pa)
\

10°

10° 106 107 10°
Frequency w

Fig. 12. Viscoelastic modulus of tire rubber.

All parameters required for friction coefficientlcalation can be obtained from the PSD and
viscoelastic property of rubber materials. The kia&c friction coefficients of specimens can be
calculated according to Egs. (3)—(6). Fig. 13 shived the kinematic friction coefficients of dry
specimens in this study decreased as the slidimgpdspncreased. The hysteresis friction
coefficients would also decrease with wear ratingces the energy dissipation effect caused by
asperities were reducing. However, the adhesiatidn coefficients would increase with wear
ratio, since the contact area were increasing. Quadbwith different effects of hysteresis and
adhesion friction, the decreasing kinematic frictiooefficients indicates that the hysteresis
friction is dominant in kinematic friction. The speens can be ordered as follows according to
their kinematic friction coefficients: OGFC > SMAAC. The RMS values of the nonworn AC,
SMA, and OGFC specimens obtained from scanning W&+, 2.11, and 3.21, respectively, and
the MPD values of these specimens were 0.61, @rgd,1.08, respectively. The derived RMS and
MPD values indicate rough surface textures, whietused the differences in the friction

12
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coefficients of the specimens. Both indicators geaerally influenced by the asphalt mixture
gradation. The SMA and AC specimens were continyayrsided mixtures containing aggregates
of different sizes (ranging from 9.5 to 19 mm). Aduhally, the SMA mixture contained a
relatively high proportion of coarse aggregatesntprove tire grip and rutting resistance. By
contrast, the OGFC specimen was an open-gradedunmixiredominantly containing coarse
aggregates to maintain water permeability. Micratex is typically affected by the texture of
aggregates, but macrotexture is affected by theemion of aggregates. Hence, the RMS and
MPD of the mixtures can be attributed to the maodntre of the mixtures. This explanation is
satisfactory because the kinematic friction coédfits of all specimens decreased as the wear
ratios increased. As Federal Aviation Administrat{&AA) required that friction of runway should
not less than 0.42. Therefore, when the speeddtively low (<20 m/s), specimens with wear
ratio O to wear ratio 40 maintain satisfactorytfan coefficients. However, the specimens with
wear ratio 50 indicates maintenance is requiredediately. The friction coefficients associated
with wear ratios of 0 and 10 were similar; therefoto simplify the calculation, the condition
associated with the wear ratio of 10 was ignorettiénFEM model.
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Fig. 13. Kinematic friction coefficients of the #w types of runways.

3 Validation of hydroplaning model

At a relatively high landing speed, hydrodynamiecéo could increasingly lead to the
detachment of tires from wet runways. Therefomre~iunway contact is critical for safe aircraft
landing. In the FE simulation in this study, thesgp was set to the range of 30-300 km/h. The
simulation involved dry and wet runways with watkapths of 2-8 mm. Hydroplaning speed is
defined as the speed causing a contact force fd&s% on wet runways. The simulation involved
SMA runway with wear ratio O.

The tire—runway contact force was obtained fromdineulation (Fig. 14). The contact force
on the dry runway remained constant, whereas thét@wet runway decreased at higher landing
speeds. At a speed of 50 km/h, the contact forceedsed by 9%—17% for water depths of 2—8
mm. At a speed of 150 km/h, the contact force dese by 32%-94% for water depths of 2-8
mm. This finding indicates that the contact forténigh landing speeds was strongly influenced
by the water depth for tires. At speeds of 30-300hk the contact force for a water depth of 2
mm decreased by 0.3%-74%. Moreover, when the lgrapieped was within 300 km/h, the aircraft
tires did not cause hydroplaning on the wet runafyhe 2-mm water depth. Accordingly, the

hydroplaning speed of aircraft tires could decreaigh an increase in water film thickness. In
13
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particular, when the water depth exceeded 5 mmhydeoplaning speed decreased rapidly from
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Fig. 14. Contact force between tires and runwaykfferent water depths.

Fig. 15 illustrates the footprints of aircraft 8rduring hydroplaning, as obtained from the FE
simulation. The simulation results were compareth wexperimental results reported by Horne
[37]. Horne conducted experiments on a glass pltea 10-mm water depth and using a vehicle
tire with a 378-kg vertical load; by contrast, #imulation in the present study was conducted on
runways with a 5-mm water depth and using an dirdiee with a 6600-kg vertical load.
Nevertheless, the results regarding the hydropiaplrenomenon were quite similar between the
two studies; for example, footprints obtained friiva numerical simulation were nearly identical
to those from the experiments. Water was evacdatedthe grooves and sides of the tire at a low
speed (Fig. 15). Subsequently, water started wegdmito the tire—runway interface at a higher
speed. Finally, the tire was detached from the mynbecause its speed exceeded hydroplaning
speed.
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Velocit; 34 km/h Velocity 79 km/h Velocity 125 km/h
334 Velocity 30 km/h Velocity 100 km/h Velocity 239 km/h
335 Fig. 15. Progressive development of hydroplaningioled from simulations and experiments.
336 Hydroplaning experimental studies have been corduey many vehicles such as truck, car

337 and aircrafts[38-41]. Table 4 compares conditiond hydroplaning speed of aircraft tires from
338 hydroplaning experiments and FE simulations. Theg®riments were conducted with different
339 aircraft tire loads (46 and 66 kN), tire pressuw2l( 1173, 1829 and 1932 kpa) and water film
340 thickness (5.1, 6.1 and 6.4). The hydroplaning migaksimulation developed in this paper was
341 conducted with aircraft tire load of 66 kN, tireepsure of 1147 kPa and different water film
342  thickness (2-8mm). As shown in Fig. 16, the erretween experimental results and simulation
343 predictions are less than 2%. It shows that therfelel is suitable for predicting hydroplaning
344  phenomenon.

345 Table 4. Results from experiments and simulations.

Experiments

Tire Water

Hydroplanin
Tire Runway type Load (kN) pressure  film ydroplaning Ref.
Speed (km/h)
(kPa) (mm)
32x8.8 rib tire,
Concrete 46 621 6.1 179 [38]
5-grooves
49x17 Type VIII-3  Grooved
66 1173 6.4 172 [39]
grooves concrete
30x11.5 Type VIII3
Concrete 66 1829 6.4 177 [40]
grooves
21 30x11.5Type No detailed No detailed 1932 5.1 230 [41]
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VIII-3 grooves information  information
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3 278
4 253
SMA-13 5 237
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346
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348 Fig. 16. Verification of simulation results agaiesiperimental results.
349

350 4 Results and discussion

351 4.1 Effect of wear ratios on friction coefficients

352 Before the effects of different parameters on skilstance were determined, the concept of
353 slip ratio (SR) was defined. During landing, thaking force results from the difference between
354 tire circumferential velocityi;.) and aircraft velocity,;.,qr:). SR during aircraft braking is
355 defined as shown in Eq. (7). SR values of 100 amdpbesent fully locked and free roll tires,
356  respectively.

357 SR = Zaireraft”Peire o 100 7)

Vaircraft
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This study considered Different SRs, four aircradtocities (55, 105, 155, and 205 km/h),
and different wear ratio conditions (0, 20, 30, 406¢d 50). Fig. 17 illustrates the effect of SR on
dry friction coefficients. The friction coefficieribhcreased initially with an increase in SR under
different wear ratios. When the optimal SR reacB@%, the friction coefficient decreased with
the SR. This finding signifies that the maximunttion coefficient can be achieved at the optimal
SR. Therefore, the antilock braking system (ABSaofaircraft should maintain the optimal SR
during landing to retain sufficient braking foré¢owever, the optimal SR is not a constant value;
it changes with wear ratios and speeds. The frictioefficient curves in this study generally
decreased with an increase in the wear ratio. M@m®the changing trend increased with the wear
ratio. When the optimal SR was approximated, thanghg trend of the friction coefficients
increased with the landing speed. The ridges ofrtbton curves became steeper as the landing
speed increased. Accordingly, the ABS of an aitarafst be precisely controlled because friction
force is substantially lost when the SR exceedsptsmum range. Similar results were observed
for the AC-13 and OGFC-13 runway surfaces.

Under various SRs, surface texture degradationdetermined to have different effects on
friction coefficients. Since the optimal SR is rotonstant value, it is valuable to discuss what
would happen if the optimal SR controlled by the @\Biismatched the actual optimal SR. For
example, as displayed in Fig. 17 (a), , the difiees in friction coefficients between new runway
(wear ratio 0) and worn runway (wear ratio 50) vilie excessive slip state (approximately 90%
SR) was 0.25. However, the differences in fricthoefficients between new runway (wear ratio 0)
and worn runway (wear ratio 50) with the insuffidislip state (approximately 10% SR) was 0.15.
This indicates that the effect of the wear ratiotlom excessive slip state was greater than that on
the insufficient slip state.
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Fig. 17. Friction coefficient versus SR at the Sh#vement with different wear ratios.

The optimal friction coefficient is defined as tlegest friction coefficient at an SR of 20.
Because an ABS controls aircraft braking, analyzimg optimal friction coefficient would be
more practical. As presented in Fig. 18, the optimietion coefficient decreased with an increase
in the wear ratio. The decreasing rate also inexkasth the wear ratio. As shown in Table 5, FAA
has provided standard friction coefficients forfeliént test speed. Compared with simulation
results, all three types of new runway satisfy FA&\ requirement for both 65 and 95 km/h test
speed. However, with increasing wear ratio, the Sk AC runway should be required
maintenance at wear ratio 50. The OGFC runway csiilldbe in service without maintenance at
wear ratio 50. Additionally, at a high landing spe@05 km/h), the reduction in friction
coefficients between long-serving (wear ratio 58J aew SMA runways (wear ratio 0) was 0.22;
furthermore, the reductions in friction coefficisitetween long-serving and new AC runways and
between long-serving and new OGFC runways were &#30.26, respectively. At a low landing
speed (55 km/h), the differences between the drictioefficients of long-serving (wear ratio 50)
and new (wear ratio 0) SMA, AC, and OGFC runwaysew®31, 0.32, and 0.38, respectively. On
the basis of these results, one can concludettbaffect of wear on low-speed landing is greater
than that on high-speed landing.

Table 5. Friction level classification for runwayrgacé*?
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65 0.42 0.52 0.72
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Friction Coefficient
o
>

Friction Coefficient
3

Friction Coefficient
°
>

55 km/h 55 km/h 55 km/h
L] 105 km/h | -@— 105 km/h | 105 km/
155 km/h 155 km/h 155 km/
205 km/h 205 km/hj (=¥— 205 km/!
L L L

L L L L L L L L L
0 10 20 30 40 50 o 10 20 30 40 50 0 10 20 30 40 50
Waer Ratio Wear Ratio Wear Ratio

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

Fig. 18. Optimal friction coefficients versus weatios of the three types of runways.

4.2 Effect of runway type on optimal friction coefficients

The three asphalt samples can be ordered as foloamrding to their friction coefficients:
OGFC > SMA > AC. Under different wear ratios, thatimal friction coefficient of the OGFC
asphalt runway was considerably higher than thdsheo AC and SMA asphalt runways. This
signifies that the surface roughness of the OGRDassamples was greater than that of the AC
and SMA asphalt samples. As displayed in Fig. T@leua dry runway conditions, the differences
in optimal friction coefficients between the thrasphalt runways decreased as the wear ratio
increased. At a speed of 55 km/h, the friction ficehts of the SMA and AC samples decreased
by 0.11 and 0.13 compared with the OGFC samplepgertively. After surface textures had been
abraded through a wear simulation, the skid resistaproperties of the different runways
coincided with each other. At a speed of a 205 kv friction coefficients of the SMA and AC
samples decreased by 0.03 and 0.07 compared vet@FC samples, respectively. The three
specimens exhibited similar microtextures becabisesame aggregates were used for these three
specimens. However, the OGFC specimen exhibitggtlanacrotextures because of the presence
of more coarse aggregates; pavement macrotextugby/ ldepend on the larger macrotexture
depth, which is influenced by aggregate dimensiémsong the three specimen types, the OGFC
specimen exhibited the highest skid resistancechwvban be attributed to the coarse aggregates.
However, because macrotextures were deterioratedgh the wear simulation, the difference in
skid resistance properties between the three rutypsg decreased.
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Fig. 19. Optimum friction coefficients of the threpecimens with different velocities.

4.3 Effect of water film depth on optimal friction coefficients

Complete hydroplaning is a rare phenomenon that\wes loss of controllability and braking
efficiency caused by an uplift force when the lagdispeed of an aircraft exceeds the
hydroplaning speed on wet runways. Partial hydripkais a phenomenon in which tires are
partially detached from a wet runway when the lagdipeed of an aircraft remains within the
hydroplaning speed on the wet runway. The hystefeistion would be the dominant component
for aircraft braking force. Partial hydroplaning héghly common and is usually caused by a
considerable friction loss. Therefore, partial lmlaning cannot be ignored because it can
substantially increase the landing distance dukiti water film depths and high landing speeds.
To investigate the phenomenon of partial hydroplgnithe friction between the tires and wet
runway surface should be determined, as defineggin(8), which has commonly been used in
previous studies [27, 29, 43]. In this equatipg,.; is the friction coefficient on a wet runway
and ug4.-, is the friction coefficient on a dry runway, whican be obtained using the proposed
FE model. L is the aircraft load and is the hydrodynamic force, which can be obtaingidg

the FE model.
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fer = 2420 ®)
This study calculated the friction coefficientsraw (wear ratio = 0) and long-serving (wear
ratio = 50) SMA runways according to the FE model.illustrated in Fig. 20(a)—(c), the friction
curves decreased with an increase in landing sgegdg partial hydroplaning. The decreasing
rate of friction increased depending on the wailen flepth. Compared with dry runway, the
decreasing rates of runway with 3mm and 5 mm witarwere 5.8% and 10.6% with landing
velocity 55 km/h. However, the decreasing ratesuafvay with 3mm and 5 mm water film were
63.6% and 65.4% with landing velocity 205 km/h.plarticular, when the aircraft landing speed
was 205 km/h and water film depth was 5 mm, thetifnn coefficient was generally <0.1. The
friction of the worn-out wet runway also decreasethpared with that of the new runway. The
friction coefficient at the 205-km/h landing speadd 5-mm water-film depth was <0.05 (Fig.
20(f)). Both cases indicate extremely dangerouditenscenarios with a small traction force.
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Fig. 20. Friction coefficients versus slip ratiaswet SMA runways.

To study landing processes controlled by an AB®, dptimal friction of dry and wet
runways were obtained from the FE model. As disglayn Fig. 21, the optimal friction
coefficients decreased linearly as the landing ¢peereased. The slopes of the friction curves
also increased as the water film depth increasednpg@red with that on the dry runway, the
friction coefficients on the wet runway at watempttes of 3 and 5 mm and a wear ratio of O
decreased by 0.36 and 0.38 for speed of 205 kre#mectively. The slopes of 3 mm and5 mm
curves for wear ratio 0 were -0.0032 and -0.003%peetively. It indicate that the friction
coefficient could decrease 0.48 and 0.53 with spree@ased from 55 km/h to 205 km/h for 3 mm
and 5 mm water depth runway, respectively. TheestfpAdditionally, the loss of coefficient was
0.31 for the worn runway (wear ratio 50). This fimglindicates that partial hydroplaning and lack
of surface textures could endanger landing safetalbise of a lack of skid resistance.
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462 Fig. 21. Optimal friction coefficients of SMA runwa
463

464 5 Conclusions

465 This study developed an integrated approach totiydhe skid resistance of wet and dry

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

467  friction coefficients between tread rubber materiahd rough runways were obtained using the
468 PSD of pavements and viscoelastic property of rubfe FE model was developed according to
469 real texture surface and real interaction modete Aydroplaning results obtained from FE model
470 was compared with the experimental results. Thierdifice between numerical and experimental
471  results were less than 2%, indicating the accurdcthe developed numerical model. Factors
472 influencing the coefficient of friction between @iaft tires and runways were analyzed. The
473  following conclusions were drawn:

474 (1) The runway friction coefficient decreases with aoréase in the aircraft landing speed,
475 and the optimal friction coefficient decreases waithincrease in the landing speed.

476 (2) The three types of runways in this study can berad as follows according to their
477 friction coefficients: OGFC > SMA > AC. Comparedtivithe new OGFC specimen, the
478 friction coefficients of the new SMA and AC specimsedecreased by 0.11 and 0.13 at a
479 landing speed of 55 km/h, respectively. Howevempared with the same worn-out
480 OGFC specimen, the friction coefficients of the mout (wear ratio 50) SMA and AC
481 specimens decreased by 0.03 and 0.06 at a langeedsof 55 km/h, respectively.
482 Accordingly, the difference in skid resistance pndigs between the OGFC, SMA, and
483 AC specimens decreased as the wear ratio increased.

484 (3) The optimal friction coefficient decreased as tteamratio increased. The reductions in
485 the friction coefficients of the SMA, OGFC, and Apecimens between long-serving
486 and new runways were 0.22, 0.23, and 0.26, respdgtat a high landing speed of 205
487 km/h. The reductions in the friction coefficienfstbe SMA, AC, and OGFC pavements

22



488
489
490
491
492
493
494
495
496
497
498
499

500

501
502
503
504

505

506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530

were 0.31, 0.33 and 0.38 at the low landing spdeabdkm/h. Therefore, the effect of
wear at a low landing speed is greater than thatégh landing speed.

(4) Compared with the dry runway, the friction coeficis of the wet runway decreased by
0.36 and 0.38 when partial hydroplaning occurredttos wet runway at water film
depths of 3 and 5 mm, respectively, and landingadmé 205 km/h; however, the friction
coefficients decreased by 0.04 and 0.08, respégtige a landing speed of 55 km/h.
Therefore, partly hydroplaning is more obvious dtigh landing speed than at a low
landing speed.

The FE model demonstrated in this paper providesraenient tool for analyzing runway
skid resistance. However, in the model, only wdtainage provided by tires is considered; water
drainage provided by runway textures is not comsidleThis could be the focus of our future
simulation work.
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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

simultaneoudly in finite element model.
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