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EXECUTIVE SUMMARY

Problem Area

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 commgpetof
accident reported annually. The European Action Plan for the Prevention of Runway Excursions
(EAPPRE) provides practical recommendations with guidance materials to reduce the number of
runway excursions in Europe. The Action Plan also identifiedaarevhere research is needed to further

reduce runway excursion risk.

In relation to this, one of thesub-objectives of Future Sky Safety P3 ‘Solutions for runway excursigss’

to develop a tyre/ground model to be used for simulation of aircraft operatiamder crosswind
conditions and contaminated (water) runways to predict runway excursions. In order to validate this
model, it is necessary to compare the results of the model with experimental results. The work
presented in this report corresponds to thgeneration of physical data for the validation of the model

Description of Work

The wok detailed in this report formsa pilot study to determinean appropriate test procedure for the
main (follow-up) study. Thetests for this pilot studywere conductedon a pair of 22x8.6.0 12PR
aircraft tyres (one of the tyres was new while the other was woyrgs fitted to a Cssna Citation main
gear. The test tyres were fitted to the Cranfield University selbpelled aircraft tyre test rig which
allows thetest tyres to be counter steered or brakewhilst being subjected to a vertical load ofip to 10
kN per tyre. The tests were carried oat a speed of 22n/s (8 kph) on a straight level 600 m long
tarmac surface under both dry and wet condition3he wet surface conditions ranged from 0 to 20 mm
of standing water.These testsvere tosimulate both crosswind and contamina¢d runway conditions.

Experimental Data

Data measured during the experimentinclude: test vehicle speedtest wheelslip angle,wheel forces

(vertical, longitudinal and lateral)orake reaction torque and test wheel rotational speed.

Results& Conclusions

Preliminary observations indicate that the expected differences between dry and wet surfaces were
observed in the da&. Under dry surface conditions, lateral friction coefficient reaches a maximum value
of around 0.%. On flooded surface, friction coefficient is reduced to a maximum value @&4Gor the

worn tyre and 0.58 for the new tyre

CRANFIELD UNIVERS Status:Approvec Issue: 2.0 PAGE 4/ 24

This document is the property dfuture Sky Safetgnd shall not be distributed or reproduced wiout the formal approval of Coordinator NLR.
Future Sky Safety has received funding from tB8’s Horizon 2020 Research amtdvation Programme, under Grant Agreement Ne40597.



Project: Solutions for Runway Excursio * *‘y

Reference ID: FSS_P3_Cranfield University_D3.7
Classification: Public **FUIURSE ,§5’$\(Y
*

After the analysis of the redts, it was identified that more experiment are needed in order to complete
the characterisation of tyre/ground interactionusing new tyres Some of the next experiments will
include:

X Testing at different slip angles+6°,-10°,+15°) to complete thecharacteristic curves

X Monitor the degradation of the tyres by measuring the depth of thread after each test

x Testing at different brake pressure to populate the curves in the slipisatange 20% to
90%. Brake pressure ramp tests would be considered

x Testing at different pond water depth (10mm and 20mm) to quantify the mrslip ratio
relation for contaminated runwaysA new design for the controlled contaminated surface
will be considered.

Applicability

The data generated in these tests will be used to valid the finite element (FE) models that will be
developed withinfollow-up activities within Future Sky Safety P3 ‘Solutions for runway excursions’.
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1. INTRODUCTION

1.1. The Programme

FUTURE SKY SAFETY is affuBded transport research programme in the field of European aviation
safety, with an estimated initial budget of abou€ 30 million which brings together 32 European
partners to develop new tools and new approaches to aeronautics safety, initially over a -faar

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

Building ultra-resilient vehicles and improving cabin safety;
Reducing risk of accidents;

Improving processes and technologies to achieve ndatal control over the safety risks;

X X X X

Improving safety performance under unexpected circumstance.

The Programme will also helpoordinate 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, Skyab).
FUTURE SKY SAFETY contributes to the EC Work Programme Topic-B0G4l@ordinated research
and innovation actions targeting the highest levels of safety for European aviation in Call/Areailiyob
for Growth — Aviation of Horizon 2020 Societal Challenge Smart, Green and Integrated Transport.
FUTURE SKY SAFETY addresses thaySetfiallenges 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 excursignthe event in which an
aircraft veers off or overruns the runway surface during either tag# or landing. Safety statistics show

that runway excursions are the most common type of accident reported annually, in the European
region and worldwide. Thereare 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 itetmsck by

the aircraft. Excursions are estimated to cost the global industry about $900M every year. Them hav
also been a number of fatal runway excursion accidents. These facts bring attention to the need to

identify measures to prevent runway excursig.

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 Eur@gein other parts of the world. The study
findings made extensive use of lessons from more than a thousand accident and incident reports.€Thos
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lessons were used to craft the recommendations contained in the European Action Plan for the
Prevention of Runwg Excursions, which was published in January 2013. This action plan is a
deliverable of the European Aviation Safety Plan, Edition 2€@X14. The European Action Plan for the
Prevention of Runway Excursions provides practical recommendations and guidancatemials to

reduce the number of runway excursions in Europe.

The present project, “Future Sky Safety Bdlutions for runway excursionsfocuses on a number of
identified research areas to reduce runway excursions. Four areas of research were selettindsi
project 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.
1.3. Research objectives

The objective of this pilot study is to obtain physical/experimental data to enable a more refitest
program to be developedfor the validation of the tyre/ground interaction modelunder crosswind

conditions and contaminated (water) runway.
1.4. Approach

This study is conducted in Task 3.1.1 “Analysis of aircraft tyre dynamics” (part of research onitfe fl
mechanics of runway ground operations on slippery runways under crosswind conditions research).
The overall objective ofthis Task 3.1.1s to developa tyre/ground model to be used for simulation of

aircraft operation under crosswind conditions and contaminated (water) runways.

In order to validate this model, it is necessary to compare the results of the model with experiadent
results. For this, annistrumented tyre testrig was usedon a controlled contaminated track. Video was
recorded andparameters forces-vertical, longitudinal, lateral—speed, slip angleetc.) were measured
to obtain the relation/interaction between tyre and track surfacélhe effect of crosswind situation is
represented by varying the slip angle of the tyres during testing. The effect of water contaminaigon
measured by measuring the slip ratio and the variations of the friction coefficient when travelingro
both dry and contaminated surfaces.
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1.5. Structure of the document

In this document, chapter 2 presents the testing methodology, experimental data and analysis of the

results; chapter 3 covers the discussion and recommendations for future testing; and chapter 4 the
references.
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2 TYRE/GROUND INTERK®GIF TESTS

2.1. Methodology

Field tests were conductedn the shutdown lane (a 600 m long flat tarmac surfacet Santa Pod
Raceway Wwww.santapod.co.uB (Figurel).

Figure 1 The test surface (shut-down lane of Santa Pod Racewg)

The test pond(Figure2) was constructed usingwo lengthsof 75 mm diameterpolythene layflat tubing
filled with water to form the longitudinal water retaining barriersThewater depth was controlled by a
convex weir formed from 150 mmX3 mm Lead strip at the exit end of the test pond.

Testing section

Figure 2 Picture of the controlled contaminated track area (pond)
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The test tyres were fitted to the Cranfield Universiglf-propelled tyre testrig (Figure3).

Figure 3 Images of the test rig showing the counter-steered wheels

The test wheel cell is attached to the rear of the test rig by a heavy duty linear guide thatva for
unconstrained vertical movement of the test cell but constrains movement in both the longitudinatan
lateral planes. A rolling lobe air spring is fitted between the test rig and test cell and is usedansfer
load from the prime mover onto tk test cell. For the tests carried out on this pilot study the vertical
load on each wheel (at the contact patch) was set at 10 kN.

The test rig allows the two test wheels to be countsteered in the rangef -15° to +20°, relative to the
direction of travel of the test rig, ashown inFigure4. The test wheels are fitted with brakes that allow
longitudinal slip ratios to be controlled from 0% to 100%

Thetest rig is equipped with a suit dbrce, temperature and speedensors Theforce sensorallow the
vertical (Fz) longitudinal (Fx) and Lateral (Fyheel centric forces to be measured. The infrared non
contact temperature sensors are positioned to measure the surface temperature of the central 10 mm
of the tyre. Test wheel speed measured using two proximity sensors (one per wheel) that register the
presence of a number of targets positioned around the centre portion of the wheel hub. Vehicle speed
measured using &RACELOGIC VBGRS sped and position logging system, thisystem is also used to
record video of the test wheels.

The type of tyre used was 22x81® 12 ply rating.

In general, two types of experiments were conducted: 1) variation of the brake pressure at O°rddile;a
and 2) variation of slip angle and no bralgessure. The number of test and conditions are presented in
Table2.

Each test was recorded usingt least two cameras. One of the cameras was integrateato the rig
focusing on the tyres. Another camera was platen the track to record the test. In some experiments,
a third camerawas placed on the trackand used to record the test from a differenperspective.
Examples of the recordings of these cameras are presenteBigure5, Figure6, Figure7 and Figure8.
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Figure 4 Schematic representation of test rig with coordinate system

Table 1 Test conditions

Parameters Values
Test surfaci Tarmac
Test speed 22 m/s (50 mph)
Wheel vertical load 10 kN
22x8.(-10 12 ply rating/ 7.8 bar (115 p
Tyre type & pressure LHS: worn tyre
RHSnew tyre
Side slip angles 0°; £5°; £10°; £15°; +20°
Longitudinal slip ratios To be determined on site based on controlled brake pressure
Water depth 9.4 mm on average
Data logging frequency 200 Hz, ~ 9 data points per metre of travel

(*) In test 10 the water depth was 20 mm
Table 2 Experiments conducted

# Slipangle Speed Vertical load Brake Pressure
1 10° 10mph 10 kN --

2 0° 50 mph 10 kN 10 bar

3 0° 50 mph 10 kN ramp 10-90 bar
4 10° 50 mph 10 kN --

5 -5° 50 mph 10 kN --

6 20° 50 mph 10 kN -

7 0° 50 mph 10 kN 50 bar

8 0° 50 mph 10 kN 75 bar

9 0° 50 mph 10 kN 25 bar

10 0° 50 mph 10 kN 50 bar

(*) Inthis test the water depth was 20 mm
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Figure 5 Image taken from a video recording with high resolution camera during testing

Figure 6 Image taken from a video recording during testing

Figure 7 Image from the video recording from the camera integrated in the rig during test 1
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Figure 8 Image from the video recording from the camera integrated in the rig during test 10

After this session of testingthe tyres were wornPictures of the tyres at the end of the test session can

be seen inFigure9.

a) b)

Figure 9 Images of tyres after the test session: a) left hand side (LHS) tyre and b) right hand side tyre (RI)

2.2. Experimental data

Table 3 presents the data obtained from the experimental session on the track. The parameters
measured were the vehicle speed, pressure applied to the brakes, slip angle, forces (verticalallateo
longitudinal), and slip ratio.In each test, data was rded when the track was on the dry part of the
track and during the flooded part. Thenfor each experiment there are sets of ‘dsyrface data and
‘flooded surface’ data.
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Table 3 Results of the average values of the variables measured during the testing for dry and wet surfacesand for left hand side (LHS) and right hand side

(RHS) tyres

Vehicle Brake  Steering Vertical Force Lateral Force Longitudinal Force Slip (%)
Test Speed pressur angle (Fz, N) (Fy, N) (Fx, N)
(kph) e (bar) ®) LHS RHS LHS RHS LHS RHS LHS RHS
1 Dry 23.2 -1.7 9.8 -8949.« -10811.( -7632. -7259.¢ 530.7 335.¢ -0.1z  -1.0z
flooded 23.¢ -1.7 9.9 -8495.¢ -11533.t -6455.: -7072.¢ 516.2 385.1 0.4< -0.7¢
5 Dry 80.1 9.1 -0.1 -9499.0 -10856.¢ 810.t 430.z 1571.; 1411 .. -0.€ -0.5
flooded 82.¢ 8.6 -0.1 -8627.. -12181. 323.7 562. 1495.¢ 1345.¢ 1.5 1.3
4 Dry 79.1 -1.€ 9.6 -9268.: -10757.. -7355.f -7112.( 334.¢ 380.z 2.1 11
flooded 81.C -1.€ 9.9 -9716.f -10706.¢ -4377.¢ -5973.% 440.¢ 329.2 2.7 1.1
Dry 83.€ -1.€ -4.€ - -9786.: 7108.: 5175.¢ 342. 320.¢ 0.2 0.7
5 10592.7
flooded 84.¢ -1.€ -4.8 -9826.¢ -10619.: 6729.t 5300.¢ 224.F 315.4 0.5 0.6
6 Dry 83.C -1.7 19.¢ -9783.2 -10206.. -7268.: -8040.: 394.¢ 378.¢ 6.6 4.7
flooded 84.2 -1.7 19.€ -9801.« -10392.( -4557.: -6247.. 495.1] 515.¢ 7.8 5.C
Dry 82.1 46.5 -0.2 - -9512.¢ 1474.; 1070.: 4443.% 4390.¢ 2.8 6.6
7 10366.1
flooded 82.c 45.1 -0.2 -9811.f -10391." 1398.¢ 1086.: 4123.¢ 4048.¢ 3.9 5.6
8 Dry 76.4 69.5 -0.2 -9449.¢ -10151.. 2226.¢ 1493.( 6384. S777. 4.8 7.7
flooded 73.€ 69.5 -04 -8489.0 -11445.¢ 673.4 780.4 4537 .¢ 5638.« 66.1 7.8
9 Dry 83.C 25.c -0.1 -9991.« -10252.: 1709.¢ 1262.5 2846.¢ 2524 .« 0.6 2.2
flooded 83.¢ 247 -0.1 -9145.; -11182.¢ 1615.: 1200.: 2683.: 2571.; 2.C 2.3
10 Dry 83.C 44 -0.2 -9385.f -10180.t 2404.: 1605.: 5221.t 4541 ¢ 3.7 5.8
flooded" 82.c 44 7 -0.2 -7743.¢ -11897. 787.¢ 904.¢ 4176.( 4175.. 46.4 22.1
(*) In this test, the water depth was 20mm
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2.3. Results
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Figure 10 Friction coefficient (Fx/Fz) versus longitudinal slip ratio (%) for the old (worn)
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Figure 11 Friction coefficient (Fx/Fz) versus longitudinal slip ratio (%) for the new (thread) tyre
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Figure 13 (Fy/Fz) versus lateral slip angle (°) for the old (worn) tyre
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Figure 12 (Fy/Fz) versus lateral slip angle (°) for the new (thread) tyre
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For the worn tyre (LHS), the lateral friction coefficieMuera (Fy/Fz) reaches a maximum of &.&t slip
angle of 10; at vehicle speed of 10 mplon dry surface. On flooded surface, the peak also appears at
10°and at 10 mphwith a value of 0/6. From the test conducted at 50mph, the one at 10° slip angle
presents peak valuesf Ruera Of 0.79and 045 for dry andflooded surfaces, respectively.

For the new tyre (RHS), the peak values Rf..a On flooded surface also appear at 10° slip angleeing
0.61. On dry surface Rueral increases with the slip angle, with a maximum of7@. at 20.

These results are in agreement with results obtainedprevious experiments where a maximumPhera
of 0.83 on dry surface and 0.44 on wet surface were observed at around 30mph

Table 4 Friction coefficients from test results for left hand side (LHS) tyre (worn) and right hand side ( RHS)
tyre (new) for dry and wet surfaces

Long Slip ratio (%) -Fx/Fz FylFz

Test | Slip angle LHS RHS Surface LHS RHS LHS RHS
1 10° -0.12 -1.02 Dry 0.07 0.03 0.85 0.67
0.43 -0.79 flooded 0.07 0.03 0.64 0.58

> 0° -0.8 -0.5 Dry 0.17 0.13 | -0.07 -0.04
1.5 1.3 flooded 0.17 0.11 | -0.04 -0.04

4 10° 2.1 1.1 Dry 0.04 0.04 0.79 0.66
2.7 1.1 flooded 0.06 0.05 0.35 0.47

5 5o 0.2 0.7 Dry 0.03 0.03 | -0.67 -0.53
0.5 0.6 flooded 0.06 0.05 | -0.37 -0.41

6 20° 6.6 4.7 Dry 0.04 0.04 0.74 0.79
7.8 5.0 flooded 0.07 0.05 0.29 0.45

7 0° 2.8 6.6 Dry 0.43 0.46 | -0.14 -0.11
3.9 5.6 flooded 0.39 0.38 | -0.10 -0.09

8 0° 4.8 7.7 Dry 0.68 0.57 | -0.24 -0.15
66.1 7.8 flooded 0.39 049 | -0.01 -0.04

9 0° 0.9 2.2 Dry 0.28 0.25 | -0.17 -0.12
2.0 2.3 flooded 0.29 0.22 | -0.14 -0.09

10 0° 3.7 5.8 Dry | 0.56 0.45 | -0.26 -0.16
46.4 22.1 flooded 0.34 0.37 | -0.01 -0.02

(*) In this test, the water depth was 20mm

Test 3—Brake pressure ramp

In test 3 a brake pressure ramp frohOto 90 bas was applied.Theresults arepresented inFigure14
and Figure15. During this test, only the worn tyrdHS) locked on flooded surfacat a brake pressure of
74bar. The peak value of the longitudinal friction coefficient is 0.53 at 31.7% slip ratio.
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Figure 14 Friction coefficient ( -Fx/Fz) vs Slip ratio (%) for the worn tyre during brake ramp experiment
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Figure 15 Friction coefficient ( -Fx/Fz) vs Slip ratio (%) for the new tyre during brake ramp experiment
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Test10—Brakepressure steps

During test 10, break pressure was applied in steps of 25, 50 and 75 bars. Moreover, data wasedecord
in three different areas: dry surface, flooded area (controlled water deptpond), and wet surface (not
controlled water depth).In this test, the water depth in the pond was 20mm. The duration of the test
during the different areas (controlled and not controlled water contaminationyas identified using the
video recording from the camera integrated in the riome images from tls recording are presented

in Figurel6and Figurel7.

Figure 16 Video images of the starting and ending points of the not controlled contaminated area
applying a brake pressure of 50 bar

Figure 17 Video images of the starting and ending points of the not controlled contaminated area
applying a brake pressure of 75 bar

A summary of the result from this test are presented Trable 5. These values are the result of the
average in the different range areas. However, in the controlled contamination area, slip ratidsott
tyres vary from 6% to 55% for the new tyre (RH®Yd&rom 9% to 8% for the worn tyre (LHS)This
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variation can be observed ifrigure18. After the controlled contaminated area (pond with 20mm water

depth), data revealed the worn tyre (LHS) locked completely and the new tyre (RHS) reached a slip ratio

of almost 88%. Thenthe new tyre (RHS) reduced the slip ratio to the initial value (around 5.5%), but
when the brake pressure was increased to 75 kar a not controlled contaminated arey it locked
completely (100%slip ratio).

Table 5 Summary of results from test 10 in different surfaces

Test 10 (0°, 50pmh LHS RH<
. Brake Slip Ratio Slip Ratio
Testing surface -Fx/Fz | FylFz -Fx/Fz | FylFz
9 pressure (%) ¥ (%) ¥
Dry surface 25 bar 0.9 0.23 | -0.192 2.1 0.21 -0.137
Dry surface 50 bar 3.7 0.56 | -0.26 5.8 0.45 | -0.16
Flooded surface | 50 bar 46.4 0.54 | -0.102 22.1 0.35 | -0.076
Wet surface
50 bar 100 0.34 | -0.008 5.9 0.36 | -0.024
(not controlled)
Wet surface 75 bar 100 0.41 | -0.002 100 0.38 | 0.005
(not controlled)
100 T T T
slipLHS
90 slipRHS |
gol| Dry surface //JN ]
50bar
J
70 I / ]
Controlled /
~ 60F contamination / i
S (20 mm water
-% 501 depth) // ]
E_ 50bar /
40+ /
Not controlled
30L- / contamination
// 50bar
20+ y i
J
10+ P -
e e e e :W
L

L L L | | | | |
87.1 572 573 574 575 576 577 57.8 579 58 58.1
time (s)
Figure 18 Variation of slip ratio for the worn (LHS) and new tyre (RHS) from dry surface to controlled contami nated
surface (flooded surface with 20mm water depth) and to not controlled contaminated surface
CRANFIELD UNIVERS Status:Approvec Issue: 2.0 PAGE 21/ 24

This document is the property dfuture Sky Safetgnd shall not be distributed or reproduced wiout the formal approval of Coordinator NLR.
Future Sky Safety has received funding from tB8’s Horizon 2020 Research amtdvation Programme, under Grant Agreement Ne40597.



Project: Solutions for Runway Excursio * *‘y

Reference ID: FSS_P3_Cranfield University_D3.7 * FUTURE SKY

Classification:  Public * N * SAFETY

3 CONCLUSIONS AND RHAMEBNDATIONS

3.1. Conclusions

Preliminary observations indicate that the expected differences between dry and wet surfaces were
observed in the datalUnder dry surface conditiondateral friction coefficient reaches a maximum value
of around 0.8. On flooded surface, friction coefficient is reddct® a maximum value of 0.38 for the
worn tyre and 0.58 for the new tyre.

Although the friction coefficient vs slip ratio curves need to be populated in the slip ratio raBg&0%,
the shape of these curves follows the expected trend as reported in @eéible D3.3 ‘Review of the
Review of the state of current knowledge regarding tyre braking performance, akid systems, and

modern aircraft tyres on water contaminated runwayg1].

Figure 19 lllustration of influence of runway condition on Mu slip ratio relation (extracted from [1])

The worn tyre (LHS)ocked on flooded surface for brake pressures of 75bar and 50waen the water
depth in the pond was 10mm and 20mm, respectively. The newetyRHS) did not lock during the tests,
but the slip ratio increased from 5.94% to 15.2% when the water depth in the pond increased from

10mm to 20mm.

3.2. Recommendations

More experiments are needed to complete the characterisation of the interaction tyrelgrd. Some of

the next experiments will include:

x Testingat differentslip angles #5°,-10°,+15°) to complete the characteristic curves
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X Monitor the degradation of the tyrepy measuring the depth othread after each test

X Testing at different brake pressure to populate the curves in the slip ratio ra@8o to 90% .
Brake pressure ramp tests would be considered.

x Testingat different pond water depth (10mm and 20mm}o quantify the muslip ratio relation
for contaminated runways. A new design for the controlled contaminated surface will be

considered.

These experiments will be conducted using new tyres.
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