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EXECUTIVE SUMMARY 

Problem Area 

The fast majority of aircraft takeoffs and landings are conducted on dry runways. Only a small portion is 

conducted on non-dry runways like water contaminated (flooded) runways. Statistics show that the 

likelihood of a runway excursion during takeoff or landing is much higher on flooded runways than on 

dry runways. Extreme loss of tyre braking can occur during rejected takeoffs and landings on flooded 

runways. As a result the stopping distance increases significantly which could exceed the available 

runway length. Most research in the past has focused on the braking capabilities of aircraft on wet 

runways instead of water contaminated runways. Most of the knowledge of aircraft braking 

performance on water contaminated runways was gained during the late 60s and mid-70s. This 

knowledge is still used to determine the takeoff and landing performance of today’s modern aircraft. 

During the development of the European Action Plan for the Prevention of Runway Excursions it was 

recognised that current aircraft designs may act differently when braking on water contaminated 

runways, from aircraft tested in the 60s and 70s.   

Description of Work 

A literature study is conducted, with the aim to describe the state of current knowledge regarding tyre 

braking performance, anti-skid systems, and modern aircraft tyres on water contaminated runways. 

Information and data mainly coming from public sources are used to describe the state of current 

knowledge. Also data from older studies are considered as such data are often still the basis of the 

current knowledge and means of compliance used in aircraft performance analysis and certification. 

Results & Conclusions 

This report summarises the state of current knowledge regarding tyre braking performance, anti-skid 

systems, and modern aircraft tyres on water contaminated runways.  

The factors that influence aircraft tyre braking performance on water contaminated runways are 

discussed in detail. Influence of tyre design and runway texture is explained. 

Different anti-skid systems are presented and their performance on slippery surfaces like water 

contaminated runways is discussed. This shows that modern anti-skid systems are as efficient on 

slippery runways (like water contaminated runways) as on dry runways, in contrast to the older anti-

skid designs. 

Finally experimental data of aircraft tyres braked on water contaminated runways are collected. Both 

data from full-scale tests as well as data from dynamic load tracks are considered. A database is 

created with information on recorded braking friction values of a large number of aircraft tyres on 
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water contaminated runways for a range of conditions. This database can be used in later analysis on 

aircraft stopping performance. The analysed data revealed that there is little information on braking 

friction on water contaminated runways of aircraft with modern anti-skid systems. Full scale flight tests 

with two aircraft, as planned in Future Sky Safety Project P3, will help to extend the data in this area. 

Applicability 

The results of the literature study presented in this report and the friction data of aircraft tyres on water 

contaminated runways can be used to review and improve current EASA means of compliance related 

to contaminated runway performance. This activity is planned as follow-up step in the FSS Project P3. 
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1 INTRODUCTION 

1.1. The Programme 

FUTURE SKY SAFETY is an EU-funded transport research programme in the field of European aviation 

safety, with an estimated initial budget of about € 30 million, which brings together 32 European 

partners to develop new tools and new approaches to aeronautics safety, initially over a four-year 

period starting in January 2015. The first phase of the Programme research focuses on four main topics: 

 
 Building ultra-resilient vehicles and improving the cabin safety 
 Reducing risk of accidents 
 Improving processes and technologies to achieve near-total control over the safety risks 
 Improving safety performance under unexpected circumstances 

The Programme will also help coordinate the research and innovation agendas of several countries and 

institutions, as well as create synergies with other EU initiatives in the field (e.g. SESAR, Clean Sky 2). 

Future Sky Safety is set up with an expected duration of seven years, divided into two phases of which 

the first one of 4 years has been formally approved. The Programme has started on the 1st of January 

2015. 

FUTURE SKY SAFETY contributes to the EC Work Programme Topic MG.1.4-2014 Coordinated research 

and innovation actions targeting the highest levels of safety for European aviation, in Call/Area Mobility 

for Growth – Aviation of Horizon 2020 Societal Challenge Smart, Green and Integrated Transport. 

FUTURE SKY SAFETY addresses the Safety challenges of the ACARE Strategic Research and Innovation 

Agenda (SRIA). 

 

1.2. Project context 

Within the FUTURE SKY SAFETY programme the project Solutions for runway excursions (P3) was 

initiated to tackle the problem of runway excursions. A runway excursion is the event in which an 

aircraft veers off or overruns the runway surface during either take-off or landing. Safety statistics show 

that runway excursions are the most common type of accident reported annually, in the European 

region and worldwide. There are at least two runway excursions each week worldwide. Runway 

excursions are a persistent problem and their numbers have not decreased in more than 20 years. 

Runway excursions can result in loss of life and/or damage to aircraft, buildings or other items struck by 

the aircraft. Excursions are estimated to cost the global industry about $900M every year. There have 

also been a number of fatal runway excursion accidents. These facts bring attention to the need to 

identify measures to prevent runway excursions. 
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Several studies were conducted on this topic. Most recently a EUROCONTROL sponsored research 

“Study of Runway Excursions from a European Perspective” showed that the causal and contributory 

factors leading to a runway excursion were the same in Europe as in other parts of the world. The study 

findings made extensive use of lessons from more than a thousand accident and incident reports. Those 

lessons were used to craft the recommendations contained in the European Action Plan for the 

Prevention of Runway Excursions, which was published in January 2013.  This action plan is a 

deliverable of the European Aviation Safety Plan, Edition 2011-2014. The European Action Plan for the 

Prevention of Runway Excursions provides practical recommendations and guidance materials to 

reduce the number of runway excursions in Europe.  

 

1.3. Research objectives 

The Action Plan also identified areas where research is needed to further reduce runway excursion risk. 

The present project focuses on a number of these identified areas. Four areas of research were selected 

for which additional research is needed:  

1. Research on the flight mechanics of runway ground operations on slippery runways under 

crosswind conditions;  
2. Research on the impact of fluid contaminants of varying depth on aircraft stopping 

performance;  

3. Research on advanced methods for analysis of flight data for runway excursion risk factors, 
and;  

4. Research into new technologies to prevent excursions or the consequences of excursions. 

The current report is written as part of topic number 2, task 3.2.1, “Description of the state of current 

knowledge regarding tyre braking performance, anti-skid systems, and modern aircraft tyres on water 

contaminated runways”. The objective of this task is to gain as much insight as possible on the braking 
capabilities of modern aircraft tyres on water contaminated runways.   

 

1.4. Approach 

Information and data mainly coming from public sources are used to describe the state of current 

knowledge regarding tyre braking performance, anti-skid systems, and modern aircraft tyres on water 

contaminated runways. Also data from older studies are considered as such data are often still the 

basis of the current knowledge and means of compliance used in aircraft performance analysis and 

certification. 
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1.5. Structure of the document 

Section 2 of this report describes the factors that influence the braking friction capabilities of aircraft 

tyres on water contaminated runways. In section 3 aircraft anti-skid systems designs are discussed. Also 

their performance on slippery runways is discussed in this section. Section 4 deals with hydroplaning of 

modern aircraft tyres. In section 5 available data of aircraft braking on water contaminated runways are 

reviewed. Finally, section 6 gives the conclusions and recommendations. 
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2 BRAKING TRACTION OF AIRCRAFT TYRES ON WATER CONTAMINATED 

RUNWAYS 

2.1. General introduction 

The fast majority of takeoffs and landings are conducted on dry runways. Only a small portion is 

conducted on non-dry runways like water contaminated (flooded) runways1 (see Figure 1). Statistics 

show that the likelihood of a runway excursion during takeoff or landing is much higher on flooded 

runways than on dry runways. Extreme loss of tyre braking can occur during rejected takeoffs and 

landings of aircraft on flooded runways. As a result the stopping distance increases significantly which 

could exceed the available runway length. The term hydroplaning, or aquaplaning, is used to describe 

this loss in traction on flooded runways. Hydroplaning is defined as the condition under which the tyre 

footprint is lifted off the runway surface by the action of the fluid. The forces from the fluid pressures 

balance the vertical loading on the wheel. Since fluids cannot develop shear forces of a magnitude 

comparable with the forces developed during dry tyre-runway contact, tyre traction under this 

condition drops to values significantly lower than on a dry runway. Water pressures developed on the 

surface of the tyre footprint and on the ground surface beneath the footprint originate from the effects 

of either fluid density and/or fluid viscosity, depending upon conditions. This has resulted in the 

classification of hydroplaning into two types, namely dynamic and viscous hydroplaning. Both types of 

hydroplaning can exist simultaneously and have the same impact on braking friction of the tyre. 

However, the factors influencing both types are different. This is discussed in more detail in the next 

sections. 

                                                                            

1 A runway can be considered flooded when more than 25 percent of the runway surface area (within 
the reported length and the width being used) is covered by water that is more than 3 mm in depth. This 
is then called a water contaminated runway or flooded runway. 
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Figure 1: Example of aircraft tyres braking on a very wet runway. 

 

2.2. The 3-zone concept 

To better understand the influence of both types of hydroplaning conditions, the contact surface of the 

tyre and the ground is divided into three zones, see e.g. [Moore, (1966); Horne, and Buhlmann (1983)]. 

Figure 2 illustrates the three zones under a tyre footprint of a braked or a free rolling tyre moving on a 

wet or flooded surface. In zone 1 the tyre contacts the stationary water film on the runway. The bulk 

volume of the water is being displaced in this zone. Zone 2 is a transition zone that consists of a thin 

water film. Finally zone 3 is a dry zone with no water film present between the tyre and the surface. 

Each zone in the footprint is discussed in more detail below. 
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Figure 2: Zones under a tyre footprint when rolling along a wet/flooded surface. 

 

In zone 1 much of the water is ejected as spray and squeezed through the tyre’s tread and the runway 

texture. Hydroplaning in zone 1 is the result of the hydrodynamic forces developed when a tyre rolls on 

a water covered surface. This is a direct consequence of the tyre impact with the water which 

overcomes the fluid inertia. The magnitude of the hydrodynamic force varies with the square of the tyre 

forward ground speed and with the density of the fluid [Horne and Upshur, (1965)]. The contact 

pressure developed between tyre tread and pavement establishes the escape velocity of bulk water 

drainage from beneath the footprint. Therefore high inflation pressure tyres can drain surface water 

more readily from the footprint than low inflation pressure tyres due to higher water escape velocities 

[I'Anson, (1973)]. With increasing ground speed zone 1 extends farther back into the contact area. At a 

certain (high) ground speed, zone 1 can extend throughout the contact area. Zone 2 & 3 then no longer 

exist and the tyre becomes completely detached from the ground, see e.g. [Niskanen and Tuononen, 

(2014)]. This is called full dynamic hydroplaning. The critical ground speed at which this condition 

occurs is referred to as the dynamic hydroplaning speed. When the condition of full dynamic 

hydroplaning is reached, the tyre stops rotating (spin-down). Dynamic hydroplaning is influenced by a 

number of factors like tyre inflation pressure, tyre tread, water depth and runway macrotexture, see 

e.g. [I'Anson, (1973)]. Macrotexture is the runway roughness formed by the large stones and/or grooves 
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in the surface of the runway (see illustration in Figure 4). The macrotexture provides escape channels to 

drain bulk water from zone 1. The drainage channels are provided by the tyre tread draping over the 

asperities of the pavement surface texture leaving valleys between the tyre tread and the low points of 

the surface texture through which bulk water can drain out from under the tyre footprint. The bulk 

water drainage through the macrotexture delays the build-up of fluid dynamic pressure to much higher 

speeds than the speeds found for pavements with no or little macrotexture. The tyre tread grooves in 

the tyre footprint are vented to atmosphere and provide escape channels for the bulk water trapped in 

zone 1. The tyre tread grooves act similar to the pavement macrotexture in draining the bulk water. 

When there is sufficient macrotexture on the surface and/or the tyre has a sufficient number of deep 

circumferential grooves, complete dynamic hydroplaning will normally not occur, unless the water 

depth is high enough so that both tyre grooves and runway macro texture cannot drain the water 

sufficiently quick enough.  

Zone 2 is a transition region. There is only a thin film of water in this zone and water pressure is 

maintained by viscous effects (hence the name viscous hydroplaning). Viscous hydroplaning typically 

occurs on wet/flooded runways that have a smooth microtexture. Microtexture is the sandpaper like 

roughness of a surface formed by the sharpness of the fine grain particles on the individual stone 

particles of the surface (see illustration in Figure 4). Pavement microtexture performs its function by 

providing the surface a large number of sharp pointed projections that, when contacted by the tyre 

tread, generate very high local bearing pressures. This intense pressure quickly breaks down the thin 

water film and allows the tyre to regain dry contact with the pavement surface texture. Viscous 

hydroplaning can occur at ground speeds much lower than the speed for complete dynamic 

hydroplaning. Also the minimum water depth needed for viscous hydroplaning is much less than for 

dynamic hydroplaning [I'Anson, (1973)]. The pressure build-up in zone 2 is also much less dependent on 

ground speed compared to the pressure build-up in zone 1 [Horne and Upshur, (1965)]. Viscous 

hydroplaning is also not greatly affected by changes in tyre vertical load and tyre inflation pressure. In 

absence of zone 1 the area of zone 2 remains fairly constant through the speed range. For runways with 

a harsh microtexture, viscous hydroplaning is unlikely to occur as the microtexture penetrates and 

diffuses the thin water film. The area of zone 2 is relatively small or completely absent in this case.  On 

runways with a smooth microtexture viscous hydroplaning can even occur on damp2 surface conditions 

[Yager et. al. (1968)]. The fluid pressures developed in zone 2 between tyre and ground increases as the 

                                                                            

2 NASA considers a runway to be damp when there is 0 to 0.01 inches of water on the surface. In Europe 
a runway is considered to be damp when the surface is not dry, but when the moisture on it does not 
give it a shiny appearance.  
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fluid viscosity increases. The more viscous the fluid the more difficult it becomes for the tyre to squeeze 

the fluid from beneath the tyre and the surface. Therefore a high fluid viscosity enhances the possibility 

of viscous hydroplaning. When full viscous hydroplaning occurs, it is preceded by a wheel spin-down, 

see e.g. [I'Anson, (1973)]. As indicated a harsh microtexture is required to puncture and drain the 

viscous water film from the tyre/pavement interfaces that creates viscous water pressures beneath the 

tyre footprint in zone 2. However some additional thin film water drainage can be provided in zone 2 by 

tyre tread designs at the contact points between the pavement surface and tread rib. At these points, 

intense contact pressures are generated which can puncture and displace the water film in the same 

manner as the pavement surface microtexture. To be effective in draining the thin water film in zone 2, 

narrow slots or knife cuts in the rib surfaces are needed [Allbert and Walker, (1968); Danhof, (1981); 

Horne et. al (1965)]. Such rib designs are found on automobile tyres and not on commercial aircraft 

tyres due to tread chunking or tread retention problems [Horne, (1972)]. The tyres on commercial jet 

aircraft always have smooth rib surfaces and the tread patterns solely consist of circumferential 

grooves (see Figure 3). Circumferential grooves have a very small effect on removing the thin water film 

in zone 2. The effect is limited to the tread groove edges only. The actual depth of the circumferential 

grooves has no significant influence. In the end narrow slots or knife cuts in the rib surfaces are much 

more effective in draining the thin water film in zone 2 than circumferential grooves alone [Horne et. al 

(1965)]. It is sometimes suggested that grooved runways can alleviate viscous hydroplaning. However, 

similar to the circumferential grooves on the tyres themselves, the edges of the grooves in a runway are 

also not effective in providing pressures that can break down the thin water film. 
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Figure 3: Tyre treads of aircraft and car tyres. 

 

Zone 3 is a region of dry contact. The friction forces on the tyre are generated in this zone when the 

wheel is braked. The friction force is approximately equal to the dry runway friction force times the 

ratio of the contact area in zone 3 and the overall tyre-ground contract area [Horne and Buhlmann, 

(1983)]. Therefore the smaller zone 3 gets, the lower the barking friction forces become. When a tyre is 

fully separated by a film of water the braking friction coefficient3 for an aircraft tyre is very low as fluids 

cannot develop shear forces of a significant magnitude. Test data show that the braking friction 

coefficient on aircraft tyres can be less than 0.10 in this condition, see e.g. [Yager et. al (1990)]. On 

wet/flooded runways Zone 1 of the tyre-ground contact area may become so large at high speeds that 

contact between the tyre and the runway is lost. It is found that increasing inflation pressure tends to 

offset this effect as the dynamic hydroplaning speed increases with tyre pressure. This is in contrast to 

the effect that an increasing inflation pressure has on the braking friction forces in zone 3. Experimental 

data show that the dry runway braking friction coefficient decreases with increasing tyre inflation 

pressure[Balkwill (2015), Jones (2012)]. However this effect is smaller than the influence of the tyre 

pressure on the size of zone 1. In the classical literature the effect of vertical load changes on friction 

                                                                            

3 Defined as the ratio of the friction force on the tyre and the tyre normal load. 
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coefficients on dry surfaces is assumed to be negligible since the tyre acts as an elastic body and the 

footprint area increases with the load with little change in tyre pressure. However, recent studies have 

shown a different result. Although the first law of friction states that the friction force is directly 

proportional to the vertical load, recent analysis showed that the vertical load can have an influence on 

the braking friction on an aircraft tyre sliding under heavy loading [Balkwill (2015), Jones (2012)]. Under 

light loading, as the vertical load is increased, the real area of contact increases proportionally to the 

vertical load. However, as the tyre becomes heavily loaded the valleys between the asperities begin to 

become filled. As the vertical load increases the real area of contact is no longer proportional to the 

vertical load. As a result the coefficient of friction decreases with increasing vertical load [Jones (2012)]. 

This then also applies to the frictions forces generated in zone 3.  

 

Figure 4: Illustration of macro- and microtexture on a runway surface [Van Es and Giesberts, (2003)]. 
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2.3. Influence of runway macro- and microtexture on braking friction 

On a wet/flooded surface the microtexture influences the tyre-runway braking friction starting from 

relatively low ground speeds and up where the runway macrotexture is mainly responsible for reducing 

friction at high speeds. These combined effects of runway texture are illustrated in Figure 5. The 

influence of the tyre-ground friction as function of ground speed is illustrated in this figure for different 

combinations of macro- and microtexture for both dry and wet surfaces. It is apparent that a pavement 

surface must possess both high macrotexture and a harsh microtexture to facilitate the relief of water 

trapped in the tyre/pavement contact zone in order to obtain good aircraft tyre traction during 

wet/flooded runway operations. 

 

Figure 5: Influence of runway texture on tyre-ground braking friction as function of ground speed. 

 

Although the physics of a braking tyre on a wet surface are similar to those on a flooded surface, the 

impact on the braking capability is normally much more significant on a flooded surface than on a wet 

surface because of the larger amount of water underneath the tyre footprint. This effect is most 

noticeable at high speeds when the dynamic pressure below the tyre surfaces is high and zone 1 

becomes large. The size of zone 2 is much less depended on the water depth. Figure 6  illustrates the 
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braking friction coefficient as function of ground speed of a single tyre on dry, wet, and flooded 

surfaces. This clearly shows the large impact of a flooded surface on braking capabilities at high speeds. 

Figure 7 shows this same effect for a B737-100. Note that the low speed data for the dry runway 

conditions could be for the torque limited region of the brake system at which the braking force is kept 

constant. This results in a lower effective braking friction coefficient.  

 

Figure 6: Comparison of the maximum braking friction coefficient as function of ground speed of a single 
tyre on a dry, wet, and flooded surface [Tanner et. al. (1981)]. 
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Figure 7: Comparison of the effective braking friction coefficient as function of ground speed on a dry, wet, 
and flooded runway for a B737-100 [Yager et. al. (1990)]. 
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3 ANTI-SKID SYSTEMS 

3.1. Introduction 

When a brake torque is applied to a rolling tyre, the tyre circumferential speed is less than the forward 

speed. This speed differential arises as deformation and sliding of the tread material in the tyre-ground 

contact area. The overall effect is referred to as braking slip. When a rolling tyre is forced by a torque to 

slow rotation from a free-rolling condition, the friction coefficient developed between tyre and ground 

varies with the slip ratio. This relation is illustrated in Figure 8. The slip ratio is defined as the difference 

between the peripheral velocity of the wheel and the horizontal velocity of the wheel axle. The 

mechanics of force transfer from the tyre to the ground are provided by adhesion and hysteresis effects, 

for which 'slipping' of tyre tread elements in the contact area is needed. Slip is therefore needed to 

generate braking friction forces. 

 

 

Figure 8: Relation braking friction and slip ratio [see e.g. Holmes (1970)]. 

  

The initial slope of the friction coefficient-slip curve (see Figure 8) is determined by the elasticity of the 

tyre. As illustrated in Figure 8 there is a slip ratio that gives the highest (peak) friction at which the 
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maximum numbers of tread elements produce maximum adhesion. In practice the braking friction 

coefficient-slip relation of a tyre is a function of a number of variables like runway condition, ground 

speed, and tyre temperature. For a wet or flooded surface the maximum friction coefficient reduces 

compared to a dry runway as discussed in the previous section. Runway condition also has an effect on 

the braking friction coefficient-slip relation as illustrated in Figure 9. Also the slip ratio at which 

maximum friction occurs can be different compared to a dry surface. Under flooded conditions, at 

speeds near full hydroplaning the braking friction coefficient-slip relation becomes more flat than for 

dry runways with a much less distinct slip ratio at which a peak in the friction can be observed.  

 

Figure 9: Illustration of influence of runway condition on Mu slip ratio relation. 

 

In general, it is not possible for a pilot to detect the reduction in braking friction when exceeding the 

optimum slip ratio. Thus if the brakes are manually controlled, it is difficult to obtain a consistent, high 

level of braking force and at the same time avoid possible burst or damaged tyres during periods of 

locked-wheel skidding. This becomes even more difficult on slippery runways. These problems have 

been overcome by the introduction of anti-skid systems in which brake control is achieved either by 

reference to wheel angular acceleration or to braking slip ratio. 
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The anti-skid system provides a means of detecting an incipient skid condition of the aircraft tyres and 

functions to control the brakes to maximise braking efficiency and avoid lock-up of the wheels. If a skid 

occurs the anti-skid system will release the brake pressure which allows the wheel to spin up again. The 

system then allows the brake effort to resume. This process is illustrated in Figure 10. A modern anti-

skid system changes the brake clamping force to generate a brake torque such that the tyre runway 

friction force is maintained close to its peak value. If there are no incipient skids, the antiskid system 

does not interfere with the pilot brake pedal input. The anti-skid system can only override the pilot’s 

input and command a reduction in the brake clamping force to stop the incipient skids when occurring. 

 

Figure 10: Illustration of the functioning of an anti-skid system [Elliot and DeVlieg (1978)]. 

Figure 11 shows a typical data trace from a flight data recorder of an aircraft (EMB-145) that landed on a 

flooded runway. Shown are a number of variables as function of time, including pilot brake pedal input 

and the anti-skid commanded brake pressures. Initially one pilot applied about half the maximum 

pedal input. Later both pilots applied braking and increased the pedal input to its maximum. However, 

as can be seen from the plots, the brake pressures do not increase following this maximum pedal input. 

The anti-skid is controlling the brake pressures being applied to the brakes of all four wheels by 
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reducing the commanded brake pressure to stop the incipient skids from occurring. The low, cycling 

braking pressures seen in Figure 11 are typical for a tyre braking on a slippery runway. Note that the 

flight data recorder stores the brakes pressure only once per second. Internally the system works at 200 

Hz for this particular aircraft. 

 

Figure 11: Example of an anti-skid working on a flooded runway (source: Colombia, Aeronautica Civil, 
Accident Report, ERJ-145 HK 4536, 2010). 

 

3.2. Description of different anti-skid systems and their performance on 
slippery runways 

Early anti-skid systems were based on the on-off control concept. These were designed primarily to 

prevent wheel locking and risk of tyre damage. The on-off systems exhibit a cyclic behaviour of brake 

pressure application until a skid is sensed, followed by the complete release of brake pressure to allow 

the wheel to spin back up. Full-metered pressure (as commanded by the pilot) is then re-applied, 

starting the cycle over again if another skid is entered. Figure 12 gives an example of wheel brake force 

and wheel speed time traces for an on-off anti-skid system. The size of the shaded area underneath the 

brake force graph is a measure for the efficiency of the anti-skid. Because of the large cycle behaviour of 

the on-off system this area is relatively small compared to the total area underneath the dashed line 
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plotted along the brake force peaks. This is an indicating of the low efficiency of the on-off anti-skid 

system. 

 

Figure 12: Example of wheel brake force and wheel speed time traces for an On-Off anti-skid system 
[Mitchell, (1995)]. 

 

After the introduction of on-off type anti-skid systems, it became apparent from various tests that 

braking effectiveness could be increased if the number of anti-skid cycles and their intensity could be 

minimised. A number of devices utilising various principles of operation have been used for this 

purpose. These devices predominately utilise the principle of "modulating" brake pressure to keep its 

value as near as possible to that which will produce a skid. It simply modulates the release and re-

application of the brake pressure after entering a skid condition. Figure 13 gives an example of wheel 

brake force and wheel speed time traces for a modulating anti-skid system. Compared to the on-off 

system shown in Figure 12, the size of the shaded area underneath the brake force graph for the 

modulating system is much larger and closer to the area underneath the dashed line, meaning a more 

efficient system.  
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Figure 13: Example of wheel brake force and wheel speed time traces for a modulating anti-skid system 
[Mitchell, (1995)]. 

 

The first generation of modulating systems, released the brake pressure when the computed wheel 

deceleration exceeded a rate threshold value indicating an incipient skid (quasi-modulating systems). 

The corrective actions taken by these systems to exit the skid condition are based on a pre-

programmed sequence. The difference between actual rate and the rate threshold is then used to 

reduce the brake pressure applied to the wheels. This is then followed by a wheel spin-up and re-

applying of the brake pressure to a level below at which the skid was previously detected [Lester & Phil, 

(1973)]. The first generation of modulating systems provide a longer period over which a high 

proportion of the available runway friction is used than the on-off systems [Lester & Phil, (1973)].  

Currently most transport aircraft have fully modulating anti-skid systems which differ from the quasi-

modulating systems in the skid control logic. These systems are not based on the concept of rate 

threshold. During a skid, corrective action is based on the sensed wheel speed signal, rather than a pre-

programmed response. The amount of pressure reduction or reapplication is based on the rate at which 

the wheel is going into or recovering from a skid. Full modulating systems have an advanced digital 
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control logic with high frequency wheel speed transducers, multiple data control functions and 

nonlinear computing elements.  

Since the first introduction of anti-skid systems in the late 1940s the efficiency of these systems has 

improved significantly (see Figure 14). The ability of a skid control system to maintain control near the 

peak of the mu-slip curve is a measure of its efficiency. The efficiency is defined here by the ratio of the 

average friction coefficient and the maximum (peak) fiction coefficient. The average friction coefficient 

is also called effective braking friction.  

 

 Figure 14: Improvement in aircraft anti-skid system efficiency on dry runways since 1950 (source: Crane 
Systems). 

 

The braking efficiency that can be achieved depends on the design characteristics of the anti-skid. This 

is illustrated by Figure 15 which gives an example of the anti-skid efficiency of different designs as 

function the maximum friction coefficient of the surface-tyre combination. The low friction coefficients 

on slippery runways cause tyre spin-up accelerations to be lower than those on a dry surface. The 

reduced spin-up accelerations increase the time required for the tyre to recover from a deep skid and 

can lead to a degradation in anti-skid efficiency [Tanner (1982)]. On slippery runways the brake 
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pressure are significantly reduced in order to avoid deep skids. The response characteristics of some 

earlier anti-skid systems are diminished at these lower pressure levels thus leading to a lower braking 

efficiency of the anti-skid system [Tanner (1982)]. The anti-skid efficiency is also influenced by ground 

speed, normal load fluctuations, undercarriage vibration and suspension effects [Mitchel, (1995); 

Tanner (1972)]. Note that aircraft without anti-skid systems can only achieve a braking efficiency 

between 30%-50% through manual braking [Charman and Rekersdrees, (1974)]. 

As can be expected, on-off anti-skid systems have the lowest efficiency in obtaining the highest braking 

friction (see Figure 15). Under very low friction conditions the efficiency of these systems is further 

reduced by the low rate at which a wheel regains speed after the pressure has been released [Horne & 

Leland, (1962)].  

The efficiency of quasi-modulating systems is much better than on-off systems. However the efficiency 

of quasi-modulating systems is also negatively influenced by the low tyre-surface braking friction. The 

efficiency is low for these systems on slippery surfaces such as a water contaminated runway. On dry 

runways, the quasi-modulating systems typically perform very well because the wheel speed recovers 

more quickly. A rapid re-application of brake pressure is then achieved with these systems. This is not 

the case when the surface is slippery. The fixed rate threshold used on quasi-modulating also does not 

work well on slippery surfaces as the rate threshold is based on dry runway deceleration. On a slippery 

runway this means that the braked wheel is entered a skid fairly deeply before action is taken by the 

antiskid system [Lester & Phil, (1973)] which reduces the efficiency of the anti-skid system. 

Fully modulated anti-skid systems have the highest efficiency and are capable of exceeding 90% 

efficiency even on slippery runways as can be seen in Figure 15. Fully modulating systems show much 

smaller variations in brake pressure around the maximum value of friction. As a result, the average 

wheel speed remains much closer to the synchronous wheel speed, resulting in a high efficiency. Note 

that by regulation, the highest efficiency that can be claimed for a fully modulating antiskid system is 

92%. However, higher efficiency values have been found during flight testing. 
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Figure 15: Typical efficiency of different anti-skid systems as function of maximum friction coefficient ([SAE, 
(2012), Attri & Amberg, (1975), Attri et. al. (1974), Attri (1969), Straub et. Al.  (1974) and Torenbeek, (1982)]. 

 

The influence of runway slipperiness on the anti-skid performance is illustrated by some flight test data 

obtained with the C-141A aircraft in Figure 16. Examples of variation in C-141A aircraft wheel brake 

pressure and velocity and aircraft acceleration during maximum braking conditions on dry and wet 

runways are shown in Figure 16. The C-141A was equipped with a modulating anti-skid system. The 

influence of the runway condition on the anti-skid functioning is clearly visible from Figure 16. It can be 

seen that the anti-skid cycling increased from 1/2 cycle per second for the dry runway to 3.5 cycles per 

second for the wet runway. 
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 Figure 16: Examples of variation in C-141 aircraft wheel brake pressure and velocity and aircraft 
acceleration during maximum braking conditions on dry and wet runways [Horne et. al. (1970)]. 

 

Figure 17 gives an example of the anti-skid efficiency of a fully modulating system as function of ground 

speed for a dry runway and a flooded runway. On the dry runway the average efficiency was 89% and on 

the flooded runway this was somewhat less, namely 80%. In this example the antiskid system is a late 

1970s design which performs somewhat better on a dry runway than on a slippery runway.  
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Figure 17: Comparison of anti-skid efficiency of a fully modulated system on dry and flooded runways [Yager 
and Mccarty (1977)]. 

  

3.3. Modern anti-skid design characteristics 

Modern anti-skid designs have benefitted from computer simulations wherein tyre and brake data 

extracted from dynamometer testing, are combined with the properties of the aircraft landing gear to 

evaluate stopping performance for different runway conditions. While anti-skid systems are generally 

tailored for each aircraft application, many similarities exist as far as the basic design is concerned. A 

modern anti-skid system design is illustrated in Figure 18. This example is for a system designed by 

Crane Co. Hydro-Aire Inc. and is typical of the modern anti-skid designs currently used on commercial 

aircraft. The wheel speed signal is input to the anti-skid control unit where it is processed to produce a 

wheel velocity signal. The wheel velocity signal initialises a reference speed when “slip” speed is zero 

(no braking force applied) e.g. right after touchdown and full spin-up. The subsequent difference 

between wheel speed and reference speed is the speed error (e), which contains slip speed information. 

The reference speed is initially established when the wheels spin-up at touchdown and is then 
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continuously updated each time the wheels recover from a skid. In any event, the anti-skid system 

cannot function without a reference speed. The speed error signal (e) is input to three control elements:  

 The pressure bias modulation function which is a time integral of error (Ke dt) that produces a 

slowly changing average pressure level to maintain brake pressure at a level that maintains slip 

near the optimum level;  

 The transient control function (Ke) which provides a rapid and large scale adjustment to brake 

pressure when the velocity error is too large (onset of excess slip), and;  

 The phase compensation function (K de/dt) which provides a small-signal compensation for 

brake system hydraulic phase-lag.  

The anti-skid controls the amount of hydraulic pressure applied by the pilots on the brakes. If necessary 

the anti-skid system will reduce the metered brake pressure. The anti-skid is only active if the pilot 

meters a pressure in excess of that required to skid the tyre. The anti-skid does not apply pressure on 

the brakes, but only relieves it. This whole process is conducted at a very high frequency (typically 200 

Hz), allowing the anti-skid to react quickly to changes in runway slipperiness.  

When brakes are applied during severe tyre hydroplaning, the anti-skid system may lose its reference 

speed as the wheels are not spun up. The wheels remain locked up until the pilot releases the brake 

pedals. On some aircraft this problem is solved by using the groundspeed signals from the aircraft’s 

inertial reference system as a backup wheel reference speed.  

Modern antiskid systems also provide additional safety features like a touchdown protection and 

locked wheel protection.  

The touchdown protection prevents landing with brake pressure applied to the brakes. This prevents 

that the wheels cannot spin-up at touchdown which is necessary for the anti-skid to function. Brake 

actuation will be normally allowed only after a number of seconds after touchdown or after the wheels 

have spun-up to a pre-set value. 

The locked wheel protection prevents wheels from locking up during the ground roll. For this the anti-

skid system compares wheel speeds signals between. If one wheel speed is say 30-50% lower than that 

of another wheel, a full brake pressure release is commanded to the associated wheel, allowing wheel 
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speed recovery4. The 30-50% tolerance between the wheel speeds is provided to permit an amount of 

differential braking, for steering purposes. 

 

 

Figure 18: Example of a modern anti-skid system (source: CRANE CO. Hydro-Aire Inc., Antiskid Tutorial). 
  

                                                                            

4 The actual speed difference varies amongst the different aircraft designs. 
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4 DYNAMIC HYDROPLANING OF MODERN AIRCRAFT TYRES 

As discussed earlier dynamic hydroplaning plays an important role in the reduction of braking 

capabilities on flooded runways. On well-maintained runways the microtexture is such (harsh) that the 

contribution of viscous hydroplaning to the reduction of braking capabilities of a tyre is very small. 

However there are examples of runway excursions in which this was not the case and viscous 

hydroplaning occurred even during moderate rainfall. These runway excursions were solely caused by 

the poor maintenance of the runway. For wet/flooded runway braking performance analysis it is 

normally assumed that the runway has a harsh microtexture such that the viscous pressures below the 

tyre footprint in zone 2 are alleviated. Dynamic hydroplaning is then mainly responsible for the low 

braking friction on flooded runways. 

Dynamic hydroplaning is the result of the hydrodynamic forces developed when a tyre rolls on a water 

covered surface. This is a direct consequence of the tyre impact with the water that overcomes the fluid 

inertia. The magnitude of the hydrodynamic force varies with the square of the tyre forward ground 

speed and with the density of the fluid (dynamic pressure). Dynamic hydroplaning is also influenced by 

tyre tread, water layer thickness and runway macrotexture. When there is sufficient macrotexture on 

the surface and / or the tyre has proper tread, total dynamic hydroplaning will usually not occur. 

However, hydroplaning can occur when the water depth is high enough so that both tyre tread and 

runway macro texture cannot drain the water quickly enough.  

It has been found that modern aircraft tyres typically hydroplane at lower ground speeds than assumed 

earlier. Studies by NASA showed [Horne et. al., (1968)] that on a well flooded runway aircraft tyres 

typically started to experience a full dynamic hydroplane condition when the forward speed equals nine 

times the square root of the tyre inflation pressure. However later studies showed that this empirical 

equation does not apply to more recent tyre designs. This is illustrated in Figure 19, which shows 

experimental dynamic hydroplaning speeds obtained from full-scale tests for different aircraft tyre 

types under wide range of conditions (e.g. macrotexture depths, normal loads, water depths, and tyre 

groove depths). Basically all modern tyres shown in the figure have dynamic hydroplane speeds (well) 

below 9p (in kts, with p the tyre inflation pressure in psi). 
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Figure 19: Hydroplaning speeds for different aircraft tyres as function of inflation pressure (mainly obtained 
from full scale aircraft tests). 

 

To understand why modern aircraft tyres have a lower full dynamic hydroplaning speeds than older 

bias ply tyre designs (e.g. from the 60’s), a model for full dynamic hydroplaning is discussed here. 

The dynamic lift L generated under a tyre rolling along a fluid-covered surface is given by [Dreher et. al., 

(1963)]: 

Lh
2

2
1 CSVL            (1) 

with  the density of the fluid, S the tyre footprint area, V the ground speed and CLh the hydrodynamic 

lift coefficient. When total dynamic hydroplaning occurs, L/S is equal to the tyre bearing pressure that 

can be approximated by the tyre inflation pressure (p).  

During full dynamic hydroplaning the tyre footprint is completely supported by a fluid film over a length 

Lf  (footprint length). Considering a tread element on the surface of the tyre, the time (t) which the tread 

element needs to penetrate the fluid film completely, is given by [Bathelt, (1973); Schmit (1985)]: 
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p

f

V
Lt               (2) 

It can be shown that t is a function of tyre pressure p, fluid density  and footprint width Wf [Bathelt, 

(1973); Bathelt, (1971); Schmit (1985)]: 

p
Wt f


            (3) 

Combining Eq. 2 and 3 results in a relation for the full dynamic hydroplaning speed: 




p
W
LV

f

f
p           (4) 

where  is a factor that depends on the surface macrotexture, tread of the tyre and water depth (see 

[Bathelt, (1973)] for details). It follows directly from Eq. 4 that the longer and the narrower the footprint 

is, the higher the dynamic hydroplaning speed becomes. The ratio of footprint length and width 

depends on the tyre construction, tyre size, tyre inflation pressure and vertical load. For instance 

increasing the vertical load will reduce the ratio of footprint length and width. For those cases where 

the water depth is roughly greater than the depth of tyre grooves and surface macrotexture texture 

depth,  can be considered as an overall constant [Van Es, (2001)]. In case of a rolling tyre (either 

braked or unbraked)  equals to a value of approximately 1 under these conditions. For a tyre that 

needs to spin-up after touchdown on a flooded surface, the constant   is equal to approximately 0.85 

[Van Es, (2001)]. Bulk water drainage and alleviation of dynamic water pressures in the tyre/ground 

contact zone are controlled by the runway surface macrotexture and tyre tread groove design (e.g. 

number of grooves and their width & depth). The water underneath the tyre is drained by the 

macrotexture and/or the tyre tread grooves, as such it reduces the pressure build up. This effect 

depends on the macrotexture depth, number of grooves in the tyre tread and the size (width and depth) 

of these grooves. These factors will influence the factor  [Bathelt, (1973)]. The influence of 

circumferential grooves on the water flow in the tyre footprint is illustrated in Figure 20. The factor  

can be calculated by the methods provided in [Bathelt, (1973); Bathelt, (1971), Schmit (1985)], when the 

water depth is less than the sum of the macrotexture and tyre groove depth. 
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From static load tests it follows that the tyre footprint aspect ratio ff WL of modern tyres is lower 

than for older designs of bias ply tyres of the same size and under equal conditions (pressure and 

vertical load). It follows directly from equation 4 that the full dynamic hydroplaning speeds will then be 

lower for these modern tyres. Also in the event of partial dynamic hydroplaning, zone 1 will be larger for 

modern tyres than for older cross-ply designs. The tyre footprint aspect ratio of modern cross-ply tyres 

compared to radial, and H-type5 tyres also differ from each other resulting in different dynamic 

hydroplaning speeds under the same conditions. The limited available wet runway braking tests do not 

show a large difference between these tyres [Yager, et. al. (1992); Yager, et. al. (1990)]. However, these 

NASA tests were conducted on very smooth runways with a macrotexture texture depth of only 0.13 mm 

and a water depth of less than 3 mm. This low texture depth could have a more dominate effect on the 

formation of zone 1 than the tyre footprint aspect ratio. Also the low water depth in combination with 

the grooved test tyres will reduce the size of zone 1 in the footprint. Differences were found in the 

cornering characteristics of these tyres under wet conditions [Yager, et. al. (1992); Yager, et. al. (1990); 

and Alsobrook (1987)]. Comparison of braking friction-slip behaviour of aircraft radial and cross ply 

tyres has revealed very similar initial slope and peak values under both wet and dry conditions 

[Alsobrook (1987)]. No braking tests data for flooded conditions are publicly available for both radial 

and H-type aircraft tyres. 

 

Figure 20: Influence tyre tread on the water flow under tyre footprint (Source:  NASA tests). 

                                                                            

5 The “H” identifies that the bias ply tyre is designed for a higher percent deflection. H type tyres also 
have a different rim width to tyre section ratio and a different taper. 
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The classic NASA formula for predicting the full dynamic hydroplaning speed under spin-down 

conditions, 9p, over-predicts the hydroplaning speed for modern aircraft tyres. This was already 

anticipated by some aircraft manufacturers which used a modified version of the classical dynamic 

hydroplaning equation for performance calculations during the late 70s. Following the simple NASA 

relation the available full scale experimental data suggest (see Figure 19 ) that a modern bias ply tyre 

would hydroplane (dynamically) on a flooded runway at around 8p, a H-type tyre around 7.5p and a 

radial tyre around 6.9p, with the speed in knots and p in psi. These relations can be used for a rapid 

estimation of the spin-down dynamic hydroplaning speed in absence of experimental data. For landing 

(spin-up) no experimental data for modern aircraft tyres are available. A reduction of the spin-down 

dynamic hydroplaning speed of 15% could be used as a first estimate. This factor is based on older 

NASA tests [Joyner and Horne (1971)]. 

It must be noted that some of the scatter in the data shown in Figure 19 could be the result of the lack 

of consistent definitions for identifying the full hydroplaning speed from experimental data. There are 

several manifestations of (dynamic) hydroplaning that can be observed from test data: tyre bow wave 

suppression; water contamination drag peaks; and tyre spin-down. Experiments have shown a 

progressive reduction of the bow wave spray angle as ground speed increases. Above the hydroplaning 

speed bow wave flattens or disappears completely (see Figure 21). Around and above the hydroplaning 

speed the water displaced by the tyre is reduced significantly which results in a reduction of the fluid 

dynamic displacement drag on the tyre. A peak in the fluid contaminant drag can be observed around 

the hydroplaning speed. The strongest indication of dynamic hydroplaning is the condition of the 

wheels slowing down or stopping completely. The fluid dynamic lift force under the tyre causes the 

centre of pressure of the vertical ground reaction to move ahead of the wheel axle with increasing 

ground speed. This causes a spin-down moment. Near the hydroplaning speed this spin-down moment 

exceeds the total spin-up moment caused by all tyre drag forces. The tyre will then start to spin-down 

and can come to a complete stop. Above the hydroplaning speed the centre of pressure of vertical 

ground reaction moves back to wheel axle which causes the wheel to spin-up again (see Figure 22). 
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Figure 21: Illustration of the flattening of the bow wave when reaching or exceeding the full (dynamic) 
hydroplaning speed. 
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Figure 22: Example of measured wheel speeds on a slush covered runway for a CV880 aircraft (Sommers et. 
al. (1962)]. 
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5 REVIEW OF EXPERIMENTAL DATA ON BRAKING CAPABILITIES OF 

AIRCRAFT TYRES ON FLOODED RUNWAYS 

5.1. Data sources 

In this section a review of available test data on braking capabilities of aircraft tyres on flooded 

runways is presented. These data are obtained from a wide variety of public sources. They originate 

from both aircraft tests as well as from full-scale traction facilities. The full-scale traction facilities often 

included an anti-skid device. These traction data facilities are comparable to some of the data obtained 

with full-scale aircraft. The basic data are formed by the combinations of ground speed and braking 

friction coefficient. Additional background data like water depth, tyre dimensions, texture depth etc. 

are also collected and are put into a database to be used for further analysis. The final database 

encompasses 409 data points (e.g. combinations of friction coefficient and ground speed).  

Note that a runway is considered to be flooded if the water depth is 3 mm or more. However in many 

tests the water depth levels were not constant and varied along the track, sometimes below a value of 3 

mm. This is unavoidable even on specially prepared surfaces that are almost level. The average water 

depth levels were measured on top of the surface asperities.  

Table 1 provides an overview of some of the general characteristics of the data collected. Friction data 

on flooded runways were found for eight transport aircraft. All of these aircraft except the EMB145 are 

of old design and are no longer in production. Except for the Queen Air (tyre Type III6, manual braking) 

and the C-123B (tyre Type III, On-Off anti-skid), all these aircraft were equipped with a modulating anti-

skid system and type VII bias ply tyres. The B737-100 in the data sample had a fully modulated (MKIII) 

anti-skid system installed. The EMB-145 had the most modern anti-skid which is part of a brake-by-wire 

system. The data for the EMB-145 are obtained from an accident investigation rather than a dedicated 

flight test. All other data were obtained through dedicated flight tests. 

                                                                            

6 Type III tyres are generally used for low pressure service providing a larger footprint. Type III tyres 
have smaller rim diameters relative to the overall diameter as compared to other type designs. Speeds 
are generally limited to 160 mph or less.  
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The database also contains data from single tyre tests obtained from full-scale traction facilities (Type 

VII and VIII bias ply)7. Some of these tests were conducted with an anti-skid system installed and are 

therefore representative for full scale aircraft braking performance. Others were tested for a range of 

slip ratios and only the maximum friction coefficient was recorded in the present database. Most of the 

tyres in the single tyre tests had inflation pressures of 140 to 170 psi which is representative for the 

majority of commercial transport aircraft currently being operated. Also the tyre size matches with 

those found on many transport aircraft.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                            

7 Type VII is known as the "extra high pressure" tyre. Section widths are generally narrower than other 
types. Type VIII was the last category to be identified as a type. It is considered to be "low profile-extra 
high pressure". It has a similar inflation pressure range to Type VII tyres. 
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Table 1: Overview of the general characteristics of the friction data on flooded runways collected. 

Source Aircraft type Tyre type Tyre Size 
Tyre inflation 

pressure (psi) 
Anti-skid type 

Ground speed 

range (kts) 

Yager, et. al (1990) B727-100 VII bias ply 49 x 17-26 145 Quasi Modulated 25-55 

Yager, et. al (1990) B737-100 VII bias ply 40 × 14-24 155 Fully modulated 32-95 

Horne et. al. (1970) C141 VII bias ply 44 x16 -28 110 Quasi modulated 20-80 

Shrager (1962) CV880 VII bias ply 39 x 13 -22 155 Quasi modulated 10-95 

Horne et. al. (1970) CV990 VII bias ply 41x15-18 160 Quasi modulated 20-140 

Yager et. al. (1971) Queen Air III bias ply 8.50 X 10 47 Manual braking 21-99 

Sawyer and Kolnick 

(1959) 
C123B III bias ply 49 x 17 -16 65 On-Off 60-105 

Baker (2011) EMB-145 VII bias ply 19.5 X 6.75 145 Fully modulated 40-125 

Stubbs and Tanner (1977) Single tyre tests VII bias ply 40 x 14 -22 140 Quasi modulated 45-103 

Dreher et. al. (1974) Single tyre tests VIII bias ply 30 x 11.5- 14.5 265 None 5-98 

Stubbs (1979) Single tyre tests VII bias ply 40 x 14-22 140 Fully modulated 52-104 

Yager and Mccarty  (1977) Single tyre tests VIII bias ply 30 x 11.5-14.5 265 None 5-97 

Yager and Dreher (1976) Single tyre tests VIII bias ply 30x 11.5-14.5 265 None 5-100 

Daiutole and  Grisel 

(1981) 
Single tyre tests VII bias ply 49  x17-26 170 None 69-128 

Agrawal and Daiutolo 

(1981) 
Single tyre tests VII bias ply 49  x17-26 140 None 70-140 

Tanner et. al. (1981) Single tyre tests VII bias ply 40 x 14-22 140 Fully modulated 37-96 

Agrawal (1983) Single tyre tests VII bias ply 49  xx17-26 140 None 33-149 

Stubbs and Tanner (1976) Single tyre tests VII bias ply 40 x 14-22 140 Quasi modulated 47-99 
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5.2. Short analysis of available data 

5.2.1. Full-scale aircraft tests 
Figure 23 shows the effective braking friction coefficient as function of ground speed for a range of 

aircraft on flooded runways. These tests were conducted on smooth runways (macrotexture depths of 

less than 0.4 mm), on textured runways (macrotexture depth 0.4 mm or higher) and on grooved 

runways (with equivalent macrotexture depths higher than 1.5 mm). The water depths varied between 

4-13 mm in these full-scale tests. The majority of the full scale tests were conducted on specially 

prepared sections of a runway. Water or slush8 was put on the runway and in order to maintain the 

required fluid depth, dikes made of rubber strips were put around the test section. An example of such a 

test is shown in Figure 24.  

All tests except those conducted with the CV-880 and the B727-100 were conducted on water 

contaminated runways. For the CV-880 and B727-100 tests a slush covered runway was used. Although 

the density of slush is less than for water, its general impact on braking friction is more or less similar as 

above some level of water content, slush acts like a water. However, friction levels can be different due 

to the lower density of slush resulting in higher dynamic hydroplaning speed than on a water covered 

surface. In line with hydrodynamic theory, the full dynamic hydroplaning speed is an inverse function of 

the fluid density. This has been confirmed by test data on slush covered surfaces. Test data also showed 

that increasing fluid viscosity increases the fluid pressures developed between tyre and ground at a 

given speed. This will enhance the possibility of viscous hydroplaning on a slush covered runway. The 

traction loss at low speeds (where dynamic hydroplaning is not dominant) is much greater on the more 

viscous slush than on the water-covered runways. This can only be countered by a harsh microtextured 

runway. There is no information available on the microtexture of the runway on which the tests with the 

CV-880 took place 9 . The B727-100 tests were conducted on a textured runway with a harsh 

microtexture.  

Figure 23 shows the effective braking friction coefficient measured at different ground speeds for 

number of transport aircraft. The differences in friction values at a given ground speed are caused by 

several factors like tyre pressure, runway texture, and fluid depth. All data show a significant decrease 

of the braking friction with increasing ground speed due to the increase of the dynamic pressures 

underneath the footprint of the tyres.  

                                                                            

8 Slush is water-saturated snow having a liquid water content greater than 15%. 
9 It is believed that the CV-880 tests were conducted on a moderately textured concrete runway (See 
AIAA paper No. 65-749). 
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Figure 23: Effective braking friction coefficient as function of ground speed for a range of aircraft on flooded 
runways. 
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Figure 24: Example of the Convair CV-880 tested in a specially prepared pond on the runway filled with slush. 

 

The aircraft shown in Figure 23 are all equipped with an anti-skid system except the Queen Air which 

had no anti-skid device installed. The different anti-skid systems installed have varying levels of 

efficiency. As a result the effective braking friction coefficient achieved on flooded runways can be very 

different under the same conditions. This is evident from the data shown in Figure 23. The C-123B had a 

simple On-Off anti-skid system installed which in this case does show some data points with a 

remarkable high braking friction value at high speeds. However the variation is very large. The CV-880 

was equipped with a Hydro-Aire Mark I anti-skid system. This was one of the earliest modulating anti-

skid systems. This system is capable of achieving braking efficiencies of no more than 60-70% on a dry 

runway a much lower values on a slippery runway. The C-141 and CV-990 were equipped with a more 

efficient quasi-modulating system (Mark II) resulting in somewhat higher braking efficiencies than for 

the CV-880. The B737-100 tested by NASA was equipped with a fully modulated anti-skid system (Hydro-
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Aire Mark III antiskid system) with an anti-skid efficiency of around 90% on dry runways. The B727-100 

used in the NASA tests had a Hydro-Aire Mark II antiskid system with a dry runway anti-skid efficiency of 

80% or less. Finally the EMB-145 had the most modern anti-skid system installed of all aircraft in the 

sample. This system is part of the aircraft’s brake-by-wire system and has an efficiency well above 90% 

for all runway conditions. The friction data for the Embraer EMB-145 are obtained from an accident 

investigation using the flight data recorders. Such a data acquisition system does not have the same 

accuracy and high sample rates as the systems installed on test aircraft. Also the accelerometers on 

normal production aircraft are not always mounted near the centre of gravity which can also introduce 

errors in the derived braking friction coefficients. Furthermore, the accident investigation revealed 

signs of reverted rubber hydroplaning on all 4 main tyres of the EMB-145. This can have an influence on 

the derived friction values. However, the reverted rubber was not present throughout the landing roll. 

The friction data for the EMB-145 should be used with some caution. 

In a number of tests the runway was grooved. Grooves are small channels cut into the surface of 

existing runways. Grooved runways provide forced water escape from the runway surface under aircraft 

tyres traveling at high speed [e.g. Daiutole (1979)].  Therefore a higher degree of contact is maintained 

between the tyres and the runway surface under the condition of a flooded runway. This effect could 

influence the results shown in Figure 23. A higher braking friction can be experienced at high speeds on 

a grooved runway than on a non-grooved runway surface with an equivalent macrotexture depth. The 

effect strongly depends on the shape, size and pitch of the grooves.   

 

5.2.2. Single tyre tests 
Figure 25 shows the effective braking friction coefficient of a single tyre on a flooded runway. The test 

data were obtained from the NASA - Aircraft Landing Dynamics Facility (see Figure 26). All the results 

are for the same tyre (although obtained through separate tests). This was a VII bias ply tyre with a size 

of 40 x 14, inflated to 140 psi. The water depth was around 10 mm and the macrotexture around 0.16 

mm (smooth surface) in all tests conducted with this tyre type. The results obtain with new tyres (full 

tread) show a consistent correlation with the ground speed. The small differences are caused by the 

different type of anti-skid systems used in the different tests. The results obtained with worn tyres are 

slightly lower than for the new tyres or similar. The effect of the very smooth surface has most likely a 

bigger influence than the tyre tread. The tread depth in this case was 7.1 mm so the sum of the 

macrotexture depth and the tread depth was less than the water depth. This explains why there is little 

difference between the worn and new tyre results. 
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Figure 25: Effective braking friction coefficient of a single tyre on a flooded runway (smooth surfaces). 
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Figure 26: Picture of the NASA Aircraft Landing Dynamics Facility with the sled with test tyre being launched 
(source: NASA). 

 

Figure 27 shows a comparison of single tyre tests braking friction results with full scale B737-100 tests 

results on a smooth flooded runway. The single tyre tests were conducted with the same tyre as used on 

the B737-100 main landing gear during the NASA flight tests. The runway macrotexture was also the 

same (0.16 mm in both cases). The average water depth during the B737-100 tests was somewhat less 

than in the single tyre tests. The tyre inflation pressure of the B737-100 main gear tyres was higher (155 

psi) than used for the single tyre tests (140 psi). On flooded runways Zone 1 of the tyre-ground contact 

area can be large compared with Zones 2 and 3 and at high speeds it may become so large that contact 

between the tyre and the runway is lost. It is found that increasing inflation pressure tends to offset this 

effect as the dynamic hydroplaning speed increases with tyre pressure. This could explain the lower 

braking friction values obtained at the higher speeds. However, the difference at the lower speeds 
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cannot be explained by this. Most likely a smooth microtexture of the test surface used in the B737-100 

tests caused this difference. 

 

 

Figure 27: Comparison of single tyre tests braking friction results with full scale B737-100 tests results on a 
smooth flooded runway. 

 

Figure 28 shows the maximum (peak) braking friction coefficient of different single tyres as function of 

ground speed on flooded surfaces. These tests were conducted using test facilities without an anti-skid 

installed. The data shown cover a wide variety of conditions (e.g. tyre tread, inflation pressure, surface 

texture etc.) making it difficult to compare the data in a single graph.  These data can however be used 

for later analysis assuming typical efficiency values for modern anti-skid systems. 
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Figure 28: Maximum braking friction coefficient of single tyres on a flooded runway. 
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Most of the braking friction data of aircraft tyres on water (or slush) contaminated runways found in the 

literature for full scale aircraft were obtained with older types of anti-skid systems. These older anti-

skid systems have a lower efficiency on flooded runways compared to modern anti-skid systems 

currently in use. The data obtained with a B737-100 comes close to the performance of current systems. 

However, this system could still show lower efficiencies on flooded runways compared to dry runways 

(see e.g. Figure 17). The friction data for the EMB-145 are the only data found for a modern anti-skid 

system. However, these data were derived from an accident investigation rather than dedicated flight 
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Data obtained using special tests tracks with single tyres without an anti-skid device could be of 

interest at a later stage, while correcting the data using typically values for the efficiency of modern 

anti-skid systems.  

No braking friction data were found for radial and H-type aircraft tyres on water contaminated runways. 
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6 CONCLUSIONS 

This report summarises the state of current knowledge regarding tyre braking performance, anti-skid 

systems, and modern aircraft tyres on water contaminated runways.  

The factors that influence aircraft tyre braking performance on water contaminated runways are 

discussed in detail. Influence of tyre design and runway texture is explained in detail. 

Different types of anti-skid systems are presented and their performance on slippery surfaces like water 

contaminated runways is discussed. This shows that modern anti-skid systems are as efficient on 

slippery runways (like water contaminated runways) as on dry runways, in contrast to the older anti-

skid designs. 

Finally experimental data of aircraft tyres braked on water contaminated runways are collected. Both 

data from full-scale tests as well as data from dynamic load tracks are considered. A database is 

created with information on recorded braking friction values of a large number of aircraft tyres on 

water contaminated runways for a range of conditions. This database can be used in later analysis 

foreseen in task 3.2.3. The now analysed data revealed that there is little information on braking friction 

on water contaminated runways of aircraft with modern anti-skid systems. The full scale tests with two 

aircraft foreseen in task 3.2.2 will help to extend the data in this area.   
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