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PREFACE

This report was prepared by M. K. Wahi and H. H. Straub of the Boeing Commercial Airplane
Company under a USAF Contract F33657-74-C-0129 (extended). The program was divided
into three tasks. Task I involved the formulation of a tire correlation model, a test outline to
validate the model; establishment of a friction prediction subsystem specification criteria and
evaluation of existing ground vehicles. This report describes all aspects of the work performed
in completing Task 1 of this contract. The work described herein was performed from May
1975 to December 1975.

Task I involved a sensitivity analysis of airplane braking distance on the Boeing Brake Control
Simulator for the USAF B-52, KC-135 and F-111 airplanes to validate the general prediction
model developed in the previous contracted effort. Task 11l required establishing compatibility
between Task 1l and Task | subsystems and recommend a test program to verify the effective-
ness and reliability of this Total Braking Prediction System (TBPS). The work conducted
under Tasks 11 and 111 of this contract was performed from August 1975 to December 1976
and is reported in ASD-TR-77-6, volumes I and 11.

The authors are indebted to Messers N. S. Attri, W. G. Nelson and A. J. P. Lloyd for their
guidance and technical contribution as respective program managers at various stages of the
contract.

The authors are also indebted to Messers. W. V. Tracy, ASD/ENFEM, D. B. Tremblay, ASD/
ENFE, Lt. Col. R. Kennah, ASD/AEAA and Capt. R. Cauley, AFCEC/EMR of the USAF for
their program support.
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SUMMARY

This report describes the effort completed to:

° Determine parameters that most significantly influence tire-runway wet friction.
° Formulat_c a model that could be used to predict tire-runway wet friction.

® Recommend a tire test program to validate the prediction model.

®  Develop a specification for a Friction Prediction Subsystem and evaluate existing ground
vehicles.

, During Task Ia, a thorough literature survey was conducted to establish the range of Type

: VII tires in use, types of runway surfaces in use and a list of numerous factors effecting tire-

: runway interface phenomenon. Both commercial and military aircraft tires and runways
were studied.

The initial list of parameters was reviewed and reduced by eliminating those involving direc-
tional control, those relevant to fluid drag and spray patterns (take-off problems) rather than
to braking force and by grouping interdependent terms. The resultant list is:

®  Peak available ground friction (u)

®  Tire aspect ratio bd , groove depth (d;,), inflation pressure (p), vertical load (Z)
2w tr

SR
B L a e

®  Fluid depth (h) and density (p)

L Runway micro and macro texture (dyy)

® Forward ground speed (V)

Subsequently a prediction model was developed that correlates with existing tire test data to
within £ 5%. The model consists of a prediction equation expressing the relationships

between seven dimensionless groups (pi terms) needed to define the tire-runway interface
friction. The equation is of the form:

C C C C C C
() = Cp (my} 2 (m3) 3(ng) 4(mg) S(mg) O(mp) 7
dix ELL h D-d
where (m)) = (u), () = (=) (73) = ( D) () =(-D—), (r5) = (5
(6) = (Zlppswp) (17) = (BVID2/Z)

and C; through C+ are experimental constants to be determined from tire test results.

xii
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During Task Ib. a test program was outlined to substantiate the conclusions of Task la.
The recommended test plan is compatible with the two existing tire test facilities at NASA
Langley and Naval Air Test Facility, Lakehurst, N. J.

Assuming that the recommended test data will be collected and that the prediction model
will be validated in its present form or improved upon as necessary, a specification criteria
was established for a Friction Prediction Subsystem (FPSS), under Task Ic. The principal
requirement remains to dynamically simulate the tire-runway interface by using a ground
vehicle equipped with an aircraft type of tire and a skid control system.

Under Task Id, various ground vehicles in use today were evaluated using the specification
criteria just described. All of the vehicles can provide various types of information on run-
way slipperiness but fail to meet the established criteria. The inability of any vehicle to
generate reproducible results makes them incompatible with the desired prediction accuracy
in wet runway operations.

xiii
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SECTION 1
INTRODUCTION

Under previous efforts of this contract (ref. 1) a prediction model was formulated using
dimensional analysis. The prediction equation (p. 101, ref. 1) had a general format:

2 o 6 3
Sg/y,2) = Cw) (CL/cp)® (oV /et

The equation permits the calculation of the airplane stopping (braking) distance,

provided information on airplane and weather parameters and an accurate and meaningful
measurement or prediction of the tire-runiway friction coefficient was available. 1t was
realized that a Friction Prediction Subsystem (FPSS) was needed to generate the itali-
cized information. The present effort is one such step in that direction. Figures | and 2
depict the basic program plan.

A large number of tire sizes are used under a broad range of loads, and inflation pressures

on modern aircraft (Tables A-1 to A-3, Appendix A.). A summary of the range of tire param-
eters is shown in Table 1. The runways used by these aircraft, have a variety of texture and
roughnesses, (Tables B-1 to B-4, Appendix B) that significantly contribute to the level of
friction generated at the tire runway interface especially under wet conditions. A summary
of the range of runway parameters is shown in Table 2.

An appreciation of the factors that may influence road hold” may be gained from Fig. 3.
This model representing tire road hold has been derived from the variables listed by a
number of authors as being important in the road hold phenomenon (ref. 2-7). There are
four main factors influencing road hold: tire, pavement, lubricant, and operating condition.
These have been sub-divided into forty-seven variables which are listed in Table 3. Certain
of these variables within each of the groups inter-relate with others in the group and even
with variables outside the group. For example, tire tread surface degradation (15) is
directly related to the compound antidegradent system (12) and hence to the tread sur-
face condition (14), which is a function of the mode of operation of the tire at any instant
in time. The interdependency of variables within different groups is illustrated by the way
the pavement macro-texture (28) governs the lubricant film depth (22) together with the
water dispersal efficiency of the tire tread pattern design (5).

This model although appearing complex is essentially simplified. There is a whole
technology based industry concerned with improving the reinforcing properties of carbon
black (9) represented in the model by one sphere, yet carbon black could have been sub-
divided into structure, particle size, surface activation, etc. Many of the individual
variables illustrated could be subdivided in a similar manner.

The phenomenology of friction and factors affecting the available tire-ground coefficient of
friction are detailed in Appendix C.

*(Here the term road hold implies tire-runway interaction under various operating conditions.)
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Figure 3.—Model of Factors Effecting the Roadhold Phenomenon.
(Adapted from Reference 7)
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Table 1.—Range of Type VII Aircraft Tire Parameters

Range Airplane
Parameter From To From To
Tire size, in. 18x5.5 56 x 16 Lear jet B-52
Aspect ratio .66 o1 F4 F-14
Speed, mph 175 275 A7A F104
Inflation pressure, psi 100 360 Lear jet F4B
Loads, Ibs 4000 76000 Lear jet B-52

Common parameters

@ Cross ply design

[ ] Reinforced rib (RR)

® 4 or 5 circumferential grooves

o Tubeless

® Natural rubber base

® Used on main gears

Table 2.—Range of Runway Parameters

Surface: Asphalt concrete

Treatment:* Plant mix Marshal asphalt
Conventional German antiskid coat
Grooved Porous friction course
Slurry seal Crushed rock
.004 in. to .09 in.

Texture depth (.10 mm) (2.26 mm)

“Treatment applicable to asphalt and/or concrete. (See tables B-1 to B-4.)
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Table 3.—Inter-Relating Factors that Contribute to the Roadhold Phenomenon (key to Fig. 3)

Tire 1. Tire load Pavement 26. Surface texture
2. Tire inflation 27. Micro-texture
nfessure 28. Macro-texture
Tire size 29. Resistance to
Tire gonstruction polishing by traffic
4 design 30. Resistance to
5. Tire tread pnattern abrasion & crushing
design strength
6. Tire tread com- 31. Weathering char-
pound subdivided as: acteristics
7 C@emica1 formula- 32. Temperature
e 33. Thermal properties
8. Polvmer tyvpe 34. Matrix properties
9. Carbon black type 35. Contamination
10. Curing system 3
. . Operating 6. Traffic density
11. Other ingredients _EEEEiEEEEL T
12. Anti-degradent ' r
system 38. Tire slip, peak
13. Physical properties ggnl?gﬁgﬁswheel
14. {ggzg surface condi- 39. Site design
15. Surface degradation ‘i zgﬁ;?lzggg S 1ML
16. Cgemlc:!/phy51ca1 41. Testing vehicle
apsorption design
17. Thermal properties 42. Method of measure-
18. Dynamic properties ment
19. Surface temperature 43. Stopping distance
Lubricant 20. Viscosity iy Decelefometer
21. Surf ana 45. Cornering force
w L OET AN VR T coefficient
22. Film depth 46. Braking force
23. Film strength coefficient
24. Temperature 47. Towed vehicl: )
impending slide
25. Impurities . :

-
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Due to the apparent complexity of the problem, it was decided to limit the scope of the
present analysis by considering only:

a) Wet Runways (only water, no rubber, dirt, salt, oil deposits etc.)

b) Braked Rolling (no yawed rolling/directional control)

¢) Peak u or Pmax (no locked wheel situations)

d) Texture depth (no individual asperities, shape, roundness, arrangement etc.)

This helped reduce the number of variables to be considered for model formulation. The list
of parameters was further trimmed down by grouping interrelated variables and excluding
those having more relevance to fluid drag and spray patterns rather than friction force. Some
parameters, although important, could not be included in the final model due to non existence
of any relevant test data e.g. viscosity and density variation of contaminant mixtures. Using
conventional dimentional analysis techniques the number and form of  the dimensionless
groups, or pi terms were obtained.

Statistical curve fitting techniques were used to develop a relationship (or equation) between
dependent and any other independent variable while all other parameters are held constant.
This process was repeated for each variable. These component equations were then combined
to form a prediction equation, provided the necessary and sufficient conditions generated
during the analysis were met (Appendix G).

The above correlation concept will only be meaningful if sufficient test data are developed,
under controlled conditions, to prove the feasibility. Accordingly a test program has been
outlined. Recommendations have been made with regard to test conditions, variables to be
measured and modes of tire operation to be explored to prove the feasibility of utilizing the
prediction model to calculate aircraft stopping distance. The two existing tire test facilities,
NASA Langley Loads Track, Hampton, Virginia and Naval Air Test Facilities, Lakehurst,
New Jersey have been evaluated for their capabilities and compatibility with the desired test
conditions.

The prediction model and the resulting test program recommendations have been used along
with reference 1 results to establish a general specification for a Friction Prediction Subsystem.
All existing ground vehicles used for assessment of runway friction have been evaluated against
this specification and recommendations have been made for possible modifications.




SECTION 11
SELECTION OF PERTINENT PARAMETERS

Figure 4 is a flow chart where each block represents a major step of analysis in the formulation
of the prediction equation.

Table 4 lists signit‘fcant parameters after excluding those that are outside the scope of the
present work. The list is based on parameters discussed in Appendix C and for reasons

spelled out in introduction. The following paragraphs present reasons for further refinement
of the list.

1. TIRE TREAD COMPOUND

Pneumatic tires usually contain a variety of rubber compositions, each designed to contrib-
ute some particular factor to overall performance. Rubber compounds designed for a
specific function will usually be similar but not identical in composition and properties,
although in some cases there can be significant differences between compounds in tires of
various types. The guiding principle in development of rubber compositions for tires is to
achieve the best balance of properties for a particular type of tire service (ref. 8).

Tire manufacturers over the years have each developed their own treau compounding
mixes and formulas and consider this as proprietary information. However, it is recognized
that all aircraft tires are manufactured from natural rubber based polymers and their com-
pounding from one manufacturer to the next one does not vary extensively. It will there-
fore not be considered as an independent variable for model formulation.

2. FLUID VISCOSITY AND DENSITY

As stated under the 3-zone concept (see Appendix C) the retarding forces developed in

zones 1 and 2 are respectively dependent upon the density and viscosity of the fluid.
However, their contribution to the available tire ground coefficient of friction is much smaller
than that of zone 3 where the bulk of effective retarding force is generated. The variation of
these two parameters should be that of the viscosity and density of the contaminated mix-
ture of rain water, sleet, grit, mud, salt, detritus, grease, tire rubber, fuel and so on. No
meaningful test data is available even for individual contaminants. As a result, they cannot
presently be considered as independent variables for the model. However, during dimensional
analysis, density is retained for dimensional homogeneity and not as an independent variable.

3. PAVEMENT TEXTURE (See also Appendix C)

A number of researchers (ref. 9-16) have generally agreed that large-scale (macro-) texture
largely affects the rate at which friction decreases with increased speed. On the other hand
the level of friction at a given speed, particularly at low speeds, is mainly a function of the
fine-scale (micro-) texture. Micro-texture has been generally considered an inherent character-
istic of individual aggregate particles, whereas macro-texture is taken as the rougnness of the
aggregate - matrix combination.
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Table 4.—Significant Parameters

Tire

Lubricant

&

10.
1.

) N e

Tire load
Tire inflation pressure
Tire size

Tire construction and
design

Tire tread pattern
Tire tread compound

Polymer type (natural,
synthetic)

Surface degradation
(tread wear)

Viscosity
Density
Film depth

Pavement

Operating
Conditions

12.
13.
14.

15.

16.

17.
18.
19.

20.

Micro-texture
Macro-texture

Resistance to polishing
by traffic

Resistance to abrasion
and crushing strength

Weathering Characteris-
tics

Temperature

Velocity

Tire slip, peak or locked
wheel conditions

Braking force coefficient

|

10




Surface texture effects on u are treated in references 17 and 18. Figure S gives an indication
of the variation of u with velocity for various surface types which are defined in Figure 6.
The surface types (A, B, C, D and E) represent classes of runway having different surface
macro-texture depths but all with essentially harsh micro-textures. Figure 6 lists macro-
texture depths for a large number of runways and divides these into five classes; the average
texture depth of each class is approximately that represented by the corresponding typical
surface (ref. 19-25).

An illustration of the effect of a smooth micro-texture is given in Figure C6, (Appendix C).
Such situations can arise if,

1) A runway is constructed using a rounded or polished gravel aggregate - a comparatively
rare event,

2) A roadway is used as a runway, since the higher traffic density on roads makes
polishing of the surface material a severe problem.

3) A runway has large areas of smooti polished surface.

In the light of the above discussion it was decided to use the runway macro-texture depth
as the independent surface parameter.

4. OTHER PARAMETERS

Loss of friction is usually most severe during the first 2 years after construction (ref. 26).
Thereafter, the rate of polishing decreases and eventually reaches a stable level of smooth-
ness. Most runways in use today are at least two years old.

The only form of rubber abrasion under wet conditions, called scoring (ref.7), is related
to the content of carbon black in the tread. In the absence of any meaningful quantita-
tive data, its inclusion is not justified. Finally, weathering and pavement temperature effects
on friction have been shown to be related to the surface texture, already included in the list.

The parameters not discussed in the preceding paragraphs are independent variables and are
included in the final list of the pertinent variables, Table S.
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TEXTURE DEPTH, wn

2

O Concrete surfaces
O Asphalt surfaces
8 @ Grooved surfaces
O Metal surfeces

-

—

o
-+~
—oe
D

-~

SURFACE DESCRIPTION LOCATION ANO REFERENCE

CONCRETE, “STEEL TROWELLED™ LAWGLEY TEST TRACK (211
CONCRETE, “STEEL TROMELLED," LANGLEY TEST TRACK (2]
EPOXY GRIT COATED ALUMIWM (23)

COMCRETE, “STEEL TROWELLED TMEN SAND BLASTED,” LAM

CONCRETE, SEYMOUR JOWRSON USAFB (23)

CONCRETE, "CONVENTIONAL;* LAWGLEY USAFB (23)
CONCRETE, “CONVENT IONAL : * EDNARDS USAFB (23)
CONCRETE, “CAWAS BELT DRAGGED,” SURFACE “A°,
CONCRETE, “COMVENTIOMAL,® DYESS USAFB (23)
SMOOTH POLISHED CONCRETE, ROAD RESEARCH LABORATORY
*GRIPSTOP* CRUSHED ROCK ASPHALT; SURFACE “E” WALLO
FASTIC ASPHALT, MDAD RESEARCH LABORATORY (25)
PLAYT MIX ASPHALT » POPE USAFD (23)

PLANT NIX ASPHALT, NELLIS USAFB (23)

“UNGROOVED CONCRETE TEST STRIP,® LAWGLEY® TEST TRAC

WALL

=

4

CONCRE TE, “CONVENTIOMAL " OFFUT USAFD (23)
CONCRETE, “COWENT IONAL;* LOCKBOURNE USAFB (23)
CONCRETE, “CONVENTIONAL,” ENGLAND USAFD (23)
SLURRY SEAL ASPHALT, MYRTLE BEACH USAFD (23)
PUANT RIX ASPHALT: SCOTT USAFB (23)
CONCRETE, “CONVENTIONAL;® WRIGHT-PATTERSON USAFB (
PLANT MIX ASPRALT; LITTLE ROCK USAFB (23)
w{ 3/8 IN DR LESS AGGREGATE; SURFACE “F*,

» “BAG DRAGGED” (21) “FLOAT FINISHED® (
SLURRY SEAL ASPHALT; ALCONBURY USAFE (23) - 221
CONCRETE, “LOVGITUDINAL BURLAP DRAG,* SURFACE “D°,
PUANT MIX ASPHALT, ELMENDORF USAFE (23)
ASPHALT, 1/8 IN AATI-SKID COATING; SPANGDAMLEM USA
TEXTURED CONCRETE; RAF MARNAA (25)
MARSHALL ASPHALT; BITBURG USAFE (23)
ASPMALT, 1/8 IN ANTI-SKID COATING, TENPLENOF AIRPY

D%DODD
]
OQD‘IJD

!
ASPHALT, 1/8 IN “SURFACE PRESSING) RAF WADDINGTO
SLURRY SEAL ASPHALT; NASA, WALLOPS ISLAND (23)
“WIRE COMBED CONCRETE;” RWAS YEOVILTON (23) |
SLURRY SEAL ASPHALT, WISLEY AIRFIELD (25)

“WIRE BRUSHED CONCRETE,” CRANFIELD AINFIELD
ASPHALT, 3/8 IN OR LESS ARGREGATE; SURFACE “1°, W
FINE COLD ASPHALT) ROAD RESEARCH LABORATORY (25)
“SMALL AGGREGATE ASPHALT;" LAWGLEY TEST TRACK (21)
PUAT MIX ASPHALT; OTIS USAFB (23)

CAUSHED ROCK SEAL COAT; AVIAND USAFE (23)

NARSHALL ASPHALT; CRANFIELD AIWFIELD

PLANT RIX ASPWALT, DOVER USAFR (23)

TRANSVERSELY SCORED CMCRETE) RNAS  YEOVILTON
WIRE DRUSNED CONCRETE; NEATNRO¥ AIRPORT (29,25)

TSPWALY, “LARGE AGGAEGATE" (LESS TAAN 0.5 1n); LN
GROOVED CONCRETE (1/8 IN AT 1 IN PITCH), CRANEJEL
“BUMP CUT CONCRETE,” CRAWF IELD AIWFIELD

“SURFACE DRESSED ASPMALT; CRANFIELD AINFIELD

0

1 1 I

%

“POROUS FRICTION COURSE,® 3/8 IN AGGREGATE) WF N
QUARTZITE MACADAR; ROAD RESEARCH LABORATORY (25)
GROOVED SNOOTM CONCRETE, SURFACE “),°

GROOVED ASPHALT (3/8 IN OR LESS AGGREGATE)) SUNFA(
GROOVED m CONCRETE, SURFACE °C.®

GROOVED ASPHALT (3/4 [N OR LESS AGRREGATE)) SURFA(
POROUS FRICTION SURFACE, 3/8 IN TEXTURED MACADAR:

m'3

wl

i T8N 1 I
L] s 6

1072 ;

Texture depth, in.

i
7
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Figure 6.—Classification of Runway Surfaces: Texture Depths Measured by Grease or Sand Pa
(Adapted from Ref. 18)




Texture Depths Measured by Grease or Sand Patch Methods

2
AJ
SURFACE DESCRIPTION LOCATION AND REFERENCE SURFACE TYPC
CONCRETE, “STEEL TROMELLED® LAAGLEY TEST TRACK (21)
s T e ™ e e
i CONVENT I0MAL
CONCRETE, "STEEL TROMELLED TMEN SMD BLASTED;® LANGLEY TEST TRACK (22) bt
CONCRETE, SEYMOUR JONNSON USAF (23)
CONCRETE, "CONVENTIOMAL;* LAKTLEY USAFD (23)
CTNCRETE, “COWENTIONAL: * EDNARDS USAFB (23)
CONCRETE, “CAWAS DELT DMGAED," SURFACE A", WALLOPS ISLND TEST sumay (19,27 v A
CONCRETE, “CONVENTIORAL;® DYESS USAFD (23) mMiny
SHOOTH POLISNED CORCRETE; AAD RESEARCH LABORATORY (25) - S
“GRIPSTOP® CRUSHED ROCK ASPHALT; SURFACE “E° WALLOPS ISLAWD TEST RUMY (19,2) NI S
PASTIC ASPHALT, AMD RESEARCH LABORATORY (25) SOE SOOTH
PLAYT MIX ASPWALT » POPE USAFD (23) APWALT RIRMAYS
PLAT AIX ASPWALT; RELLIS USAFB (25)
“UNGROOVED CONCRETE TEST STRIP,* LARGLEY® TEST TRACK (19,20)
CONCRE TE. “CONVENTIONAL® OFFUT USFD (23)
CONCRETE, “COWENT IONAL;* LOCKBOURRE USAFD (25)
CONCRETE, “CONVENTORAL,* ENGLAD USAFD (73)
SLURRY SEAL ASPWALT; MYRTLE BEACH USAFD (23)
PLANT AIX ASPHALT: SCOTT USAFD (23)
COMCRETE, “CONVENTIOBAL;® WRIGHT-PATTERSON USAFD
ey Ui e ey -
N OR LESS AGGREGATE, SURFACE “F*, WALLOPS ISLA® TEST MUY (19,20)
CONCRETE, “BAG DRAGGED® (21) “FLOAT FINISHED® (22) , LANGLEY 4 LIGHTLY TEXTWED
SUNRY SENL AT, AL ComRY (S () 2 ke CORCRETE A
CONCRETE, “LOTGITUDINAL BURLAP DRAG;® SURFACE “D°, WALLOPS ISLAID TEST Awaaly (19,200 osT sl
PUAST RIX ASPHALT; ELMEXDORF USAFE (23) AGGREGATE ASPWALT
ASPWALY, 1/8 IR ATI-SKID COATING) SPANGDAWLEN USFE (23)
TEXTWED CONCRETE, MF AARMWA (25)
PARSIALL ASPALT, BITBURG USAFE (23)
ASPWALT, 1/8 1N ANTI-SKID COATING, TENPLENDF AIRPORT (23)
ASPWALY, 1/8 1N “SURFACE PAESSING)® RAF WADDINGTON (23)
SLURRY SEAL ASPWALT; MASA, WALLOPS ISLAND (23)
~VINE CONWED CONCRETE;® RIS YEOVILTON (23)
SLURRY SEAL ASPWALT; WISLEY AIRFIELD (25)
“VINE BRUSHED CONCRETE;* CANRF IELD AIWFIELD
ASPWALT, 3/8 IN OR LESS MAREGATE; SURFACE “1°, WALLOPS ISUAND TEST RUNAY (19,200 e *C*
FINE COLD ASPHALT, ROAD RESEARCH LABORATORY (25) HEAVILY TEXTURED
“SWLL AGHREGATE ASPHALT;® LMRLEY TEST TRACK (21) CONCRETES AN
PUMIT NIX ASPWALT; OTIS USAFB (23) THE MAJORITY OF
CRUSHED ROCK SEAL COAT; AVIARD USAFE (23) HARSIER TYPES
SARSHALL ASPWALT: CRANFIELD AINF IELD OF ASPHALT
PUMIT RIX ASPWALT, DOVER USAFD (23)
TRAYSVERSELY SCORED OMCAETE) ANAS  YEOVILTON (23)
VIRE BRUSHED CONCAETE) NEATNRO AIRPORT (28,25)
TE° (LESS THAN 0.5 1n)) UMGLEY @n ey
GRODVED CONCRETE (1/8 IN AT 1 IN mcm. CWIJELD AIWFIELD S e
WP CUT CONCRETE,” CANFIELD AINF SCORING, SO LANE
SUNFACE BIESSED ASPALT;* amm AIRFIELD IRCARATE ASPWLT
“PORONS FRICTION COVRSE,® 3/0 [N AGGAESATE, MF WA (23) B
o QUARTZITE MACABAY, ADAD RESEARCH LABOMATORY (25) GRDOVES /6 IN x /4 IN Y “E
GRODVED SOOTH CORCAETE; SWFACE “B,° AT 1IN PITCN: DEEP GROOVED
GRODVED ASPRALT (3/8 10 OR LESS AGGREGATE), SURFACE *6.° WLLOPS ISLA® TEST SURFACES, |
GADOVED TEXTVAED CONCAETE, SURFACE °C,° R (19,200 “OPEN TEXTURED
A0OVED 'z‘m oA N -mms MSAERATE)) SUNFACE “N,° poe: -mu;.mum
POROUS FRICTION SURF) .
s ACE, 3/4 (R TEXTURED MACADAR; MAE, FARRBOROVGN oy
7 89
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Table 5.—Pertinent Parameters

e ————— e o

Variables Notation
Peak available mu M
Forward ground speed Vv
Tire inflation pressure p
Tire tread depth d"
Tire outside deameter D
Tire width w
Tire vertical load 2
Runway macro-texture depth dtx
Fluid depth h
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SECTION 111
DEVELOPMENT OF PREDICTION MODEL

1. DIMENSIONAL EQUATION

Having identified the pertinent and independent variables, Table 5, the first and most
important step in forming a prediction model has been completed. The second step is to
express the dependent variable as a function of the independent variables so that:

u = F(V, P, dyp, D,w,Z,dtx, h, p) (1)

where p = fluid density, and has been included only for dimensional homogeneity, not
as an independent variable.

The dimensional matrix that can be formed for the fundamental units (mass, length, and
time) of the ten parameters in Eq. 1 is of rank 3, so that, according to Buckingham’s =
theorem (ref. 27), these would yield seven independent 7 terms. By inspection and analysis,
they can be written

(1), (dtx/p), @tr/p), (h/p), (-lz)—gr, (Z/ ,;pJswD )» and (szDz/Z),
Thus:
= 2p2° )
or (my) = F(1r3,1r3,1r4,1r5.1r6,1r7) 2a)
where: (ry) = ()
(my) = (dgx/D)
(m3) = (dtr/p)
(mg) = (h/p)
(mg) = (D-d/5y,)
(mg) = (Z/pDY WD)
(17) = (V2D%[7)

*d is the wheel or rim diameter and ( 9—:1-)is defined as the tire aspect ratio.
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Appendix D shows the detailed analysis of arriving at Eq 2 and Eq 2a. The application of
dimensional analysis, including the pi theorem, leads to a type of equation involving an
unknown function, of which Eq 2 is an example. Before a prediction equation can be
formulated, the nature of the function must be determined.

The general nature of the function (ref. 27) can be shown to be
Ci. G G Ca
4 = Ca “l 32 83 ------- an (3)
in which the dependent variable, a, is expressed as a dimensionless coefficient (Ca) multi-
plied by the product of the pertinent independent variables, each raised to the appropriate
power. The nature of coefficient C, must be determined experimentally. Also, the expo-
nents Cl , C5 etc. are to be determined from test data.

’ 2. LITERATURE SEARCH FOR EXISTING TIRE-TEST DATA

The complexity of friction phenomenon is evident from the number of variables involved.
To date it has not been possible to express many of these quantities in rigorous form. It
is therefore the practice of authors to simply describe all materials and geometry of test
devices together with test results (ref. 28). The nature of the present study necessitated
the sorting of the wide range of conditions that influence available friction and then an
attempt to express the magnitude of each effect. Unfortunately, the influence of runway
surface variables is usually measured by one type of test, tire variables are measured by
another type of test and other variables may be measured by a third. To make matters
worse, many authors repeat parts of their work over several papers presented to conferences,
symposia, annual meetings of societies etc. Key concepts may appear as the closing sen-
tence in a lengthy paper.

With this in mind a thorough literature survey in the general area of tire-road interaction
was undertaken with an intention to extract as much usable data (for model use) as
possible. A summary of the resulting tire test data used for this survey is shown in Appendix
¥ E as Figures E 1 through E9 and Table E-1.(See refs. 18, 21, 50, 52, 53, and 54 for addi-
: tional details). Numerous other test data are available but cannot be used for the model
under consideration. Even though attempts were made to use only aircraft tire test data,
some automotive tire data had to be included e.g. Fig. E~4, as no such data is available for
aircraft tires. Also the automotive tire data used is for u gkjq (locked-wheel) conditions

1 while all other data is 4 peak type. Virtually no aircraft tire test data and very little on

, automotive tires is available on the aspect ratio effects. Data for model use was therefore
N =3 generated from two test points available at each speed (refs. 53 and 54).

17




Many other prudent engineering judgements had to be made as to the quantitative nature

of basic test data required for model verification but missing from the test reports containing
the subject data. Caution must therefore be practiced such that the material presented in
this report is used only in its technical context (i.e. as a working concept) and not in its
numerical content until model verification has been conducted e.g. through Task Ib recom-
mendations.

Appendix E also shows the calculations of = terms using raw data read from Figures E1
through E9, along with other basic data, in tabulated form.

3. COMPONENT EQUATIONS

The best procedure for evaluating a function is to arrange the observations so that all but
one of the pi terms containing the independent variables in the function remain constant.
Then the remaining independent pi term is varied to establish a relationship between it and
the dependent variable () term). This procedure is repeated for each of the pi terms in the
function; the resulting relationships between 7y and the other individual pi terms are called
component equations. Statistical curve fitting computer programs were used to generate
the component equations (see Appendix F). A summary of the equations is listed in

Table 6.

4. GENERALIZED FUNCTIONS

When the component equations have been determined, they are combined in a certain
manner to give a general relationship. It is possible for some of the component equations
to be combined by multiplication, while others require addition in the formation of the
resultant prediction equation. In general, these two methods are adequate for the majority
of engineering problems. For the problem on hand, the nature of available data (multiple
sources, variety of test conditions, both automotive and aircraft tires, laboratory and actual
runway tests etc.) prevented a rigorous analysis as to which of the two methods should be
used. Based on past experience it was decided to use the multiplication method and revise
it if necessary when more data becomes available to validate the model. Table G-1,
Appendix G shows a list of possible combinations of sets of component equations to

form prediction equations, each set having six equations. The necessary and sufficient
conditions to be met for the function to be a product were developed and translated

into tests of validity. Again, these tests of validity cannot be tried until a systematic

set of data under controlled test conditions (i.e. data obtained for all pi terms on one tire,
one surface etc.) is made available. All aspects of the development of prediction equations
discussed in this paragraph are detailed in Appendix G. The major equations of interest
are repeated in succeeding paragraphs.

(M) = (©) (@) 325 ()3, 327 (1)) 3, 5,547 (1133, 6, 7

(M) 355 7P 35 (52)
where the bar denotes a constant (held) value.




Table 6.—Summary of Component Equations
V-Knots Equation Eq. Type of
No. Surface
25 (m)) = 1.3757 (my)-7046 (4) A
50 (m) = 1.0633 (my)- 7887 (5) “
; 75 (m)) = 5994 (ry)-7265 (6) y
100 (M) = 1337 (ny)-3361 (7) "
: 25 (m)) = 4659 (m3)- 1200 (e) AT
| 50 (m)) = .4181 (n3)-2%01 (9) "
75 (m)) = .2281 (m3)-2234 (10) "
100 () = .1032 (n3)-1192 (11) .
25 (my) = .3650 (mq)~-0714 (12) A
50 (M) = 1005 (mg)~ 337 (13) .
75 (M) = 0532 (mg)~-4113 (14) "
100 (my) = .0290 (mg)~-5376 (15) "
25 (™)) = 4246 (mg)=-0742 (16) c
’ 50 (m)) = 2159 (m4)~-1864 (17) "
| 75 (m)) = 0910 (my)~-3820 (18) "
¥ 100 (M) = 0509 (my)~-4645 (19) v
| : 25 (M) = .3990 (myq) "+ 1518 (20) E
50 () = 2472 (mg) - 1773 (21) "
¢ 75 (M) = .1001 (my) ~-4904 (22) "
fi 100 (M) = 0716 (rg) "~ 425 23) "
25 (my) = .4098 (ng) -3089 (24) AN
g 50 (m)) = .4096 (m5) 6450 (25) "
75 (m)) = .4303 (g) '-3555 (26) "
100 ()= .4979 (ng) 3-0071 (27) :
/ 19




Table 6.—Summary of Component Equations (Concluded)

V-Knots Equation Ea. Type of
No. Surface
25 () = .55 (mg) 117 (28) A
50 (M) = 4502 (mg) 202 (29) "
75 (m)) = .3609 (mg) -2204 (30) "
100 () = .2825 (mg) 1942 (31) "
25 () = .7633 (mg) " 1665 e
50 (®)) = .6312 (mg) 1692 (33) !
75 @) . 4583 (xg) 125 (34) :
100 ™M) - 333 (ng) -0992 (35) "
25 ™) - .gg9n (mg) 1855 (36) 3
50 ™) = 7056 (wg) -1482 (37) ’
75 @) < 7201 (mg) *1254 (38) "
100 ™) = 6699 (mg) 1" (39) "
51 osi @) = 3473 (np)"* 12 (an) | A
100 =) = .3170 (z,) 2455 (41) :
200 (™) = 2899 (m)"-23"8 (42) g
300 () = .2308 (wy)7-2546 (43) "
50 (M) = 4466 (m7) +243 (aa) c
100 () = .48 (17)"+2515 (45) |
5 (a)) = +3793 (g ) -2069 (46) :
P (xy) = 3399 (o -.228 (a7) ;
50 (my) = 7150 (n9)*06473 (48) | €
100 (ry) = .6889 (nq) ~*"5716 Rl
200 (m)) = .6265 (r7) -.M1R (5n) "
300 (r)) = 5588 (xp) 0S| (s "
20




The analysis shows that the value of the constant term C is of the form:
A, LR
[F @y7p)]°

Thus the prediction equation is of the form:

{ F (ﬂ'z"‘k-]) =

(53)

F (1!2. 1?3'*77) F (773, fz"f—,) F (1!4, 172"177) F (ﬂs. 7?2‘*7—'7) F ("6’ 772"7?7) F (1!7, 1?2"1?6)

[F @y7p]®

. The equations constituting a test for the validity of Eq 54 are shown to be (see Appendix G):

[ F(my, #3279 F (n3, #y~77) F (ng, #y>77) F (15, By>77) F (ng, Fy~7)
[F aymp)®

F (m), T377) F (13, 7377) F (ny, 1)79) F (15, 79~7) F (16, T=>77)

or: [F (1?2*1?'7)] ?

F (1!3, 1?2"177) F (1r4, 172"1?7) F (1(5, :r'rz-'ir'7) F (1(6, 1?2"1?7) F (1r7, 1r2->1r6)
[F @pip)]?

[F @pa)®

(54)

} (55)

i

] (55a)

l The values m and 7 m+ are values of m5 and 77 held constant at some value other than 7 T

and 7. Thus from the observed data:

2p2
Ty = L) @ V = 25 knots
; i example
§
i
1 F ’
¥, = PVZD' @ V = 50 knots
7
= 2p2
. My = vaD @ V = 75 knots
y o
. 7y = 2227 @ v = 100 knots
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If the supplementary sets of data satisfy either Eq. 55 or 55a, the general equation can be

formed by multiplying the component equations together and dividing by the constant, as
indicated in Eq. 54.

Another test of validity is to calculate the value of the constant C of Eq. 52. The test requires
that any of the six component equations (see Table G-1) should yield an identical value for C.
For reasons given in earlier paragraphs the two validity tests were assumed to be applicable.
The value of constant C for each prediction equation was calculated from a product function
of the values generated by six component equations of each set, see Appendix G. It should be
emphasized here that these values of constants are theoretical and that the true values can
only be generated from a complete set of controlled test conditions. Table G-2, Appendix G
shows the calculated values of ““C” for the 48 possible prediction equations and Table G-3,
Appendix G shows the corresponding prediction equations. The four prediction equations

in each set e.g. Eq. G-9, G-10, G-11 and G-12; Eq. G-13 - G-16 and so on (see the combin-
ation Table G-4) generated solutions that were within * 1% of each other. It was therefore
possible to average these 48 equations into 12 (prediciton) equations as shown in Table G-5.
Each of these 12 equations is applicable to a type of surface i.e. A, C or E and a given velocity
i.e. 25,50, 75 or 100 knots. The next logical step was to determine if these equations were
interchangeable for a given type of surface i.e. each equation being applicable for the full
velocity range. The analysis showed that this could be achieved with full success in some
equations and with partial success in others by modifying the velocity pi term. Accordingly,
applicable equations were modified and are shown in Table 7.
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SECTION 1V
MODEL TO RAW DATA CORRELATION

The prediction equations were next used to correlate back with the raw data used in the
model formulation. A summary of errors in correlation is listed in Table 8.

For a given surface (type), the three prediction equations are interchangeable, alternate
solutions for 7, the dependent variable in the prediction equation. Thus Eq. 52, 55 and
58 are interchangeable although their prediction accuracies are different at different velo-
cities (see Table 8). Similarly Eq. 53, 56 and 59 are interchangeable and so are Eq. 54, 57
and 60. Eq. 55, 56 and 57 yield the best results for the three surfaces at all velocities and
are therefore the best solutions for use.

The formulation of the prediction equation has been accomplished with the use of dimen-
sional analysis. A complex dynamic process has been defined by means of dimensional
terms and the resulting equation appears with the general format

(my) = Ca(ﬂz)ﬁ (m3)Y (7f4)‘S (mg)€ (1r6)§ ()7

where exponents f3, v, 8, €, ¢ ,q and constant Cqare to be determined from experimental

data and additionally Cqis a function of M), M3, Ty, M5, Mg, M. Thus, information about
variables held constant (while varying one at a time) is mandatory to be able to calculate

Cq and engineering judgement (reasonable assumptions) was made in the present analysis about
missing numerical information. Therefore tests of validity cannot be performed unless test
data is collected under fully controlled conditions for all parameters on a given tire.

Having established the prediction equation and assuming its validity, it can then be used
along with the brake control simulator for airplane sensitivity studies to arrive at the effective
Bwet for a given set of conditions as shown in Figure 7. This information could then be
transmitted to the pilot or the flight engineer or used in a fashion as deemed necessary.
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Table 8 —-Summary of Percentage Errors

Predicted (7)) Using

Surface| Velocity Actual | Percent Deviation
Type Knets Eq. (52)] Eq. (55)| Eq. (58) (my) From Actual Value
A 25 .2496 .2483 .2495 .2496 0 -.5
50 .2008 . 1654 .1364 . 1654 - 0
75 .1101 .1088 .1114 .1114 =la2il=2.3
100 .0736 .0754 .0720 .0720 2.2 1 4.7
Eq. (53)| Eq. (56)| Eq.(59)
C 25 .5510 .5512 .5509 5511 0 0
50 .4518 .3644 .2831 . 3644 - 0
75 .2379 .2374 2377 .2377 0 0
100 .0971 .0970 .0970 .0870 0 0
Eq. (54)| Eq. (57)| Eq. (60)
£ 29 .9730 .9340 9755 .9730 0 -4.0
50 .9258 .5856 .3743 .5856 - 0
75 .3707 s 99/l .3708 .3708 0] -3.7
100 .1053 . 1054 . 1056 . 1054 0 0
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SECTION V
TEST PROGRAM RECOMMENDATIONS

As explained in Sections 11l and 1V, the available tire test data is non-uniform. Data on
aircraft tire, automotive tire, peak mu, locked wheel mu, yawed tire, braked rolling and

many other conditions had to be mixed together to create data sets. Data gathering tech-
niques are only partially defined or completely missing from most reports. Numerical

values for parameters that were invariable during the experiments are quite often missing or
defined qualitatively e.g. damp; smooth concrete etc. It is therefore imperative that a uniform
set of data be generated under fully controlled conditions to validate the prediction model.
With this in mind a test program has been outlined as follows.

1. PURPOSE OF TEST:

® To conduct tire testing under fully controlled conditions i.e. being able to vary one
parameter at a time while holding all other parameters at fixed values.

® Investiage Type VII aircraft tires under various loads, inflation pressures, water depths,
runway textures, tread depths, aspect ratios, forward speeds and at peak conditions of
operation.

®  Use this experimental data to validate and improve the tire correlation model.
2. TEST SPECIMEN AND RELATED EQUIPMENT:

The recommended list of tire sizes, design, and needed equipment has been prepared to be
compatible with the need to cover most applicable ranges of aircraft operations. Restrictions
on maximum tire size have been imposed by the capabilities of existing facilities as explained
later. However, all but two aircraft tire sizes (B-52, and DC-10-30) in use today are covered
by this range. The need for various equipment is obviously related to the test procedure
dictated by dimensional analysis and desired accuracy for the model validation.

A list of Recommended Test Specimen and Related Equipment follows.

4 sizes of tires: 20, 30, 40 and 50 in. O.D. (for example)

Tires to have 4 or S circumferential grooves

Means of maintaining small water depths from .01” to .10”
Means of preparing and maintaining different textures
Means of monitoring tread groove depths

Means of hunting for peak friction

Means of inducing brake cycling e.g. @ 10 to 20% slip-ratio

Tires of identical O.D. but different aspect ratio
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3. TEST CONDITIONS

Table 9 shows the number of conditions needed to be run for each tire specimen and each
type of surface for a meaningful validation of the tire model. Some other aspects of
recommended testing are as follows:

®  Range of loads: may be extracted from applicable aircraft (using that particular
tire) operations manual.

® No. of runs: ldeally all possible combinations of interrelated variables (7 terms) should
be run. This would amount to several thousand test runs. The test program has been
outlined such that it would satisfy the absolutely necessary data requirements for veri- .
fication of the model with minimum cost.

e It isrealized that tires have maximum inflation pressure ratings and maximum load
ratings. Thus not all tires can be inflated to 300 psi. Two alternatives are available. .
The tire manufacturers recommended range could be divided into five equal segments
thus keeping the number of runs constant, or the number of runs could be reduced by
just running the tire in 50 psi increments up to its maximum limit.

® Depending on the available length of test strips, more than one surface could be tested
in the same run e.g. ref. NASA TN D-4323. Thus if 3 surfaces were tested in each run,
the number of runs could be reduced by 50%.

®  Aspect Ratio Variation: This aspect of the program might be somewhat tricky or even
difficult to achieve i.e., to vary the AR on a constant diameter tire. One precedent
is the Type VII and LXX tires tested for the B737 program. (See refs. 53 and 54.)
One solution might be to run these two tires again (for the A. R. testing at least) ana
have another pair of tires of identical diameter but of different size than 737 tires. This
i : would at least give trends if not a conclusive result about the effect of the A. R. on

——

K wet.
Table 9.—Test Conditions
% Tire size d d in. | AR iy Veloci
4 - r o .R. PR. ty ~~knots No. of runs
: psi
% 20" A NEW| .02 .65 300 | 126 100 75 50 25 5
i 0.D. 80%
(TIRE 1) 60%
) 40%
20%
3 60% | .04
.06
4 .08 .
10
.06 .75
.80
.85
.95 .
.80 260
200
160
100
L ] 85 conditions to be repeated for tires |1, |11, IV each
L J 86 x 4 conditions to be repeated for surfaces B, C, D, E each
® Total no. of conditionstoberun = 85 x4x6 = 1700
! ® Total no. of runs needed if 3 surfaces in one run = 680
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4. DATA ANALYSIS:

The data collected from the test program should be analyzed in a manner identical to that
used in handling the existing tire test data. The data is to be used to conduct the two validity
tests for model formulation with 7x terms. Effort should be made to eliminate or combine
some of the  terms to reduce the complexity of the model. This will depend upon the
degree of influence of each term on the dependent variable “m1”. More precise curve fitting
techniques should be used to arrive at component equations. This will assure better accuracy
in the calculation of exponents and constants which in turn would yield a more accurate
prediction equation. Efforts should also be made to convert the prediction equation solution
into a graphical solution form; a nomograph or a carpet plot, e.g., figure 8, to give a better
understanding of in practice use of the model. If this multifaceted analysis indicates need

for additional tire testing, that would simplify the model for instance, or help better under-
stand the interface phenomena, recommendations should accordingly be made.

5. TEST FACILITY EVALUATION

As part of the contract requirements, the recommended tire test program was to be consid-
ered for existing test facilities and still be in line with the philosophy emerging for tire cor-
relation. The tire test facilities at NASA Langley Loads Track, Hampton, Virginia and the
Naval Air Test Facility, Lakehurst, New Jersey were visited for this purpose. The two facil-
ities were evaluated for their test capabilities and compatibility with the desired test condi-
tions. The facilities are described in some detail in Appendix H. A comparative evaluation
is depicted in Table 10. Basically both facilities can be used with minor modifications for
the intended testing. In addition, the following observations are thought to be relevant:

NASA LANGLEY LOADS TRACK

The test surface preparation work has to be subcontracted as in the past. The test personnel
are experienced in conducting the recommended testing and fully understand Project
“Combat Traction”. It takes about 30 to 40 minutes to pump the water out after each run.
Instrumentation will have to be installed for induced cyclic braking. The test carriage doesn’t
carry any extra dead weight and thus its inertia cannot be manipulated. Masking effects

have proven to be a major concern in past testing and some corrective measures would be
needed to obtain meaningful data.

NATF, LAKEHURST

An acceleration test track has recently been modified for the purpose of tire testing. The test
surface is presently only 200 feet long, but sufficient space is available to expand it to a
1000 feet. A series of 30" wide slabs constitute the test bed and can be turned around or
upside down. This can help reduce the masking effect problem if a transverse travel mech-
anism for tires could be designed. Slabs are poured (and prepared) at the test site and any
desired texture can be obtained but no surface wetting system has yet been installed. Speeds
of up to 200 knots can be achieved and a typical velocity decay of 2 knots has been measured
on the test site. Up to 18 runs per day have been made in the past. The facility requires
~ about twice as many people for operation as the NASA Langley Loads Track. Tires up to
50" O.D. can be accomodated. The facility is available for governmental agencies and
industry use.
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Table 10.—Existing Tire Testing Facilities Compariscn

Evaluation criteria

NASA Langley, VA

NATF, Lakehurst, N.J.

Test strip

Possible extension
Texture

Max speed

Velocity decay/run
Estimated no. of runs/day
Tire 0.D. (max)

Masking effect

Instrumentation

1100' x 15"

No

200 to 300’ strips
105 knots

8 knots

8

50"

Yes

Self contained

200" x 30"
Yes, 1000’
Slabs 10’ x 30"
200 knots

2.5 knots

16

50"

Yes

Telemetry

31




SECTION VI
SPECIFICATION OF FRICTION PREDICTION SUBSYSTEM

An overall picture of a Friction Prediction Subsystem (FPSS) concept is shown in Figure 9.
The tire correlation concept was presented in Figure 2 while the ground vehicle development
criteria are depicted in Figure 10. As details of the tire model development have been
covered in Section 111, the scope and requirements for a ground vehicle as a part of the FPSS
are discussed in this section.

1. SCOPE:

This specification covers the general requirements for a Friction Prediction Subsystem
(FPSS). The specification lists the basic ingredients of the design and the mode of operation
of the subsystem. The specification has been developed based on reference 1 results (the
airplane sensitivity analysis) and the tire correlation concept developed under Task la. of
the persent contract.

The system covered by this specification is intended only for use in evaluation of tire-runway
friction forces and to provide guidelines in determination and correlation of coefficients of
friction on various airport surfaces.

The method utilizes a measurement representing the steady state friction force on a rolling
test wheel as it is braked over a wetted pavement surface under constant load and at a con-
stant/variable speed while its major plane is parallel to its direction of motion and perpen-
dicular to the pavement.

2. GROUND RULES

1. Development must be consistent with the approach used in Combat Traction II,
Sensitivity Analysis.

(]

Only a measurement of the peak Mu is meaningful as it will be used in the prediction
equation.

3. Sufficient difference exists in the construction of automotive and aircraft tires, that
only an aircraft tire should be used on the ground vehicle.

4. The selected tire should be exposed to the static load it is designed to carry at the 2
recommended inflation pressure and deflection.
5. Tire operation on the ground vehicle must duplicate dynamic conditions of aircraft .

tires. This dictates the use of an antiskid system or similar device for operation near
peak friction.

32




1d89U0D) SSd4~—6 8.nb14

walsAsqns uondipasd uoNdUY4  :SS44 A
walsAsqns uonipasd buiyesg  :SS49 sanbul
, waisAs uoaoipasd Buiesq (€101 :S48) padojaaap Eoﬁaﬁ
i v .M 2 Em.wﬂ.? aimxa) Aq
Isn
213 G o (3/0/2/8/v)
~ S uoredlyisse;d
a Aemuny g s "
3
|
3dueuajuiew
papaau Jo/pue
uonedijisse
ay3) bunepdn
puswwod3s i asedwo)
bunsay
Aemuni Aq
i . uoniepijea |apoyy
_ A
10308y
uonea.1109 vie uonenba Juswdojanap
sdgl an esone 2] b uonaipasd 3dIyaA
pue ain Jle 3j91yaA punoig punoig
3121yan punoig a
3
A
vI|E uonenba 1dadsuo)
a W uonaipasd uonejasn)
1apow an b
SSd48 M =
3 #
bunsay ain
jesose Aq
~_uotiepijea |apoyy
o
.il.llllllll*.!“'«l .‘I

33




uonendjes
1U3i21§§900
UOoHIDLY

SSdA 404 €143114) 82143\ punos9— Q| ainbiy

pue
uonenba
uondIPaLyg

SisAjeue
|euoisuawip
pue
sisAjeue
AlAnisuag

UONEDIY1IBA
pue
uonejnwIs

uoneodde axeuq ie
Al12013A pue aaueisip
buiddoss ainseaws
11531 Aemuny

jo11u0d
a%eiq ajo1yap

aiempuey
W3isAs |01UOD
ayeiq pue
siajawesed
3]21yaA punoig

wiaysAs |0u0d
ayeuq
JO uonenjeas

s apIyap

SRR e

-

pue
1531 321y

uadwdojaaaq PN

walsAs

BuipAd buryesq
pue

am esse
yum

a|21yan punoig

AN N N el B i

34

v -




3. TIRE

The manufacturers recommended loading condition of the tire will dictate the weight and
size of the vehicle. A large tire will demand a prohibitivly large weight in simulating the
proper loading condition. Therefore, small aircraft tires are recommended. With the
development of a tire correlation model the evaluation results of a small tire can be scaled
to any tire size. A suitable candidate appears to be for example the 16 x 4.4 - 4PR type VII
tire used on the Aero Commander rated at 1100 lbs and 55 psi inflation pressure.

4. FRICTION PREDICTION SUBSYSTEM REQUIREMENTS

The Friction Prediction Subsystem (FPSS) consists of a runway evaluation trailer and a
towing vehicle.

1. The trailer shall be supported by one aircraft tire and two automotive tires.

2. The aircraft tire shall be used for friction evaluation of the runway and carry a nominal
load of no less than 1000 lbs.

3. The aircraft tire shall be fitted with a suitable wheel and brake.

4. The brake on the aircraft tire shall be capable of generating a locked wheel condition
under all anticipated operational conditions.

S.  The brake shall be actuated by hydraulic power and shall be controlled by an antiskid
system.

6. The antiskid system shall be capable of maintaining a stopping efficiency of 85% or
better over all operating conditions.

7. The suspension system of the evaluation tire shall maintain normal tire ground contact
when operating on a prepared runway at all FPSS operating speeds.

8. The trailer shall be equipped with an instrumentation and recording system capable of
measuring the following:

a.  True vehicle velocity
b. Distance traveled during trailer braking
¢. Towing force between trailer and tow vehicle

9.  The instrumentation and recording system shall have an accuracy of at least +2%.
Internal calibration shall be provided.

10. All systems on the trailer shall be self-contained and shall be powered by the tow
vehicle’s electrical supply.

35




11. The towing vehicle shall be capable of attaining a speed of 70 MPH when pulling the
unbraked trailer on a level runway.

12. The towing vehicle shall be capable of accelerating the unbraked trailed to 70 MPH in
a distance of less than 1000 ft.

13. The towing vehicle shall be a conventional automobile or truck equipped with a
control panel to permit the start and stop of the recording equipment, and the initi-
ation of the trailer braking. A display panel shall indicate the brake application speed
and the braking distance. A display of towing force as a function of vehicle speed shall
also be recorded and used later for monitoring of runway friction condition.

14. In operation the vehicle and trailer shall be accelerated to 70 MPH as quickly as possible
on the test runway. Then the clutch of the towing vehicle shall be used to disengage
the engine. Once this is accomplished, full braking with the evaluation trailer shall
commence and continue until a full stop is reached. The vehicle speed and towing
force shall be recorded continuously during braking. The vehicle shall maintain a
straight path down the runway during the braking run.

15. A braking prediction equation shall be developed by computer simulation, vehicle tests,
and dimensional analysis for the calculation of stopping distance. This equation shall
be based on the measured brake application speed, friction coefficient, and other param-
eters unique to the vehicle. In order to prove the validity of the ground vehicle, simi-
larity to the airplane prediction equations must exist.

L e e e e

5. FRICTION PREDICTION SUBSYSTEM APPLICATION

The FPSS will be used to measure and monitor runway friction. In applying the friction
coefficient to the airplane prediciton equation a tire correlation factor must be used to
modify the friction value. This is necessitated by the difference in tire size and speed range
between the ground vehicle and airplane. The concept for correlating tire friction data has
been developed but must still be proven by extensive testing. The application of the FPSS
and the tire correlation factor to the total braking prediction system is shown in Figure 11.
The Mu value used in the airplane brake distance prediction equation must be developed
with the brake control simulator for a wet runway. This value is developed by using a
velocity-dependent Mu (wet) and comparing the resulting braking distance to that computed
with a constant Mu. Each velocity depenacnt Mu curve will represent a particular runway
under particular enviror.mental conditions and state of wear and tear and will have an
“equivalent” velocity independent Mu for each airplane. Such data can be developed on a
matrix basis for a scries of airplanes and measured runway conditions.

S SN IRt

R
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SECTION VI
REVIEW OF VEHICLES AND MODIFICATIONS

The requirements for the Friction Prediction Subsystem (FPSS) developed in Section VI
are compared to the operational conditions and designs of several existing ground vehicles
such as:

Diagonally Braked Vehicle (DBV)
ASTM Skid Trailer (Test Method)
French Stradographe

French LPC Trailer

British Miles Trailer

British Mu-Meter

Swedish Skiddometer

James Brake Decelerometer (JBD)
British Tapley Meter

Evaluation of the vehilces includes a consideration of the basic design, the operational
aspects and the type of data presently developed during a typical test run. Possible modi-
fications to the existing measuring systems to meet the recommended requirements for
the FPSS are also discussed.

Detailed description of each vehicle’s design, operation and type of data developed is given
in Appendix I. A comparison summary of important differences among various vehicles is
shown in Table 11. A general evaluation of all vehicles has been made and various points

of view of different segments of the industry are presented first. This is followed by another
evaluation of the vehicles by the criteria established under this study, Section VI.

1. RESULTS OF THE ICAO STUDY (REF. 56)

The objective of the program was “to define the degree of correlation that exists between
various types of equipment used in the measuring of runway braking action.”

The speed/friction curves show some variation between equipment when the results are
compared between types of surfaces. The high reading of the skiddometer may be due to
the use of patterned tires. In general the LPC - trailer gave the lowest values and different
by a considerable amount from the Miles-trailer which is of similar construction. The Mu-
Meter and Stradographe tended to be fairly close in their readings at 40 mph. The Miles-
trailer tended to be insensitive to water depth. For example, the reading changed from .44
to .38 at 40 mph on polished concrete for a water depth increase from .011 inches to .067
inches respectively (the latter coming in the flooded range). On fine textured asphalt the
Miles-trailer at 40 mph gave hardly any change of reading when the water depth increased
from .015 inches to .032 inches.

The DBV ratios showed very little change for variation in water depth on the Crowthorne
surfaces or on the French surfaces e.g. (a) on fine textured asphalt the SDR “wet-to-dry”
Stopping Distance Ratio increased from 1.44 to 1.62 for an increase in water depth from
013 inches to .067 inches, respectively (b) on polished concrete the SDR became smaller
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when the water depth increased from .011 inches to .067 inches, (¢) on Chateauroux
brushed concrete the SDR increased from 1.56 to 1.72 when the water depth increased
from .013 inches to .056 inches, respectively.

| The report concluded that a great lack of precision is evident among the measuring devices
tested. Even greater lack of precision is evident at the lower test speeds (under 40 mph)
and on the lower friction surfaces.

2. FAA EVALUATION TEST (REF. 57)

Figure 12 shows FAA’s reported water depth data and NASA-DBV measured SDR values. A
The measured data as reported in FAA concorde special condition test report (ref. 57),
clearly points out to the inability of DBV to correlate with measured water depth data.

3. VARIOUS POINTS OF VIEW:

ALPA’s POINT OF VIEW: (REF. 62)

Strenuous efforts over many years have gone into the development of specialized vehicles
which would provide accurate indications of runway slipperiness. Vehicles which have been
developed for this purpose include the Tapley Meter, the James Brake Decelerometer used
by the United States Air Force in determining runway condition readings (RCR), the
Swedish Skiddometer, and the Miles Single-Wheel Braking Trailer. Most of these vehicles
attempt, by means of one clever technique or another, to measure values of pure u. How-
} ever, some measure at only one speed whereas others measure over a range of speeds; some
measure values of sliding u; others measure peak u; some measure a combination of rolling
resistance and side force; and many provide dramatic differences in their readings even on
the same surface. The task has proved to be enormous and very complex, but most dis-
couraging of all, results almost always have poor correlation with airplane performance.

FAA’S POINT OF VIEW (REF. 63) GROUND VEHICLE FRICTION MEASURING DEVICES.

What progress has been made to resolve the controversy over an acceptable method for
measuring runway surface friction, and to derive a meaningful relationship of this measure-
ment to aircraft stopping performance? A great deal of research and investigation has been
conducted over the past ten years to establish a technology base that considers all aspects of
runway surface friction characteristics and associated measuring devices. The two most fre-
quently mentioned ground measuring vehicles in this country are the DBV, and the British
developed Mu-Meter. Several other devices have been developed; however, these two appear
to have the best potential for acceptance in the United States. Their operational mode of
measurement and physical profiles are different, which has been the dominant factor in the
current controversy over this subject.

Untortunately, test results on all friction measuring devices have shown minimal relationship
for the purpose of predicting aircraft stopping distances. Notwithstanding the Mu-Meter’s
limitations, it does provide an effective engineering and maintenance tool for the airport
4 owner’s use in determining the condition of his runways. The [narginal surface areas can

{ then be treated so as to improve their antiskid properties to an acceptable level.
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Ref: Rep. # FAA-FS-160-74-2

TABLE Vil Ground Vehicle Correlation Test

Roswell, N. M,

Runway 03, Oct. 22, 1973
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Figure 12.—DBYV Correlation with Water Depth
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U. K. CAA’S POINT OF VIEW (Reference 62)

The United Kingdom Civil Aviation Authority (CAA) observers were present at the B-727
and DC-9 tests (joint NASA, USAF, FAA tests, Combat Traction 1I, Phase 1), and have
examined a new method of analysis of the tests results relating to the test aircraft and the
DBV/Mu-Meter. Their report provides details of a method for predicting aircraft stopping
distance based on the calculated friction coefficient (aircraft mu), calculated aircraft decel-
eration and the Mu-Meter reading. In addition, a method is proposed for using the DBV
deceleration related to the aircraft deceleration instead of the wet/dry stopping distance
ratio and the aircraft energy/dry distance relationship. The British (CAA) theory promul-
gates that the determination of the coefficient of friction experienced by the aircraft and
also the calculation of the deceleration values appear to show a better correlation with the
Mu-Meter/DBV than the direct comparison with stopping distance or the wet/dry stopping
distance ratio. Furthermore, in using these terms (mu/deceleration), the test results show
that the types of runway surfaces, type of contaminant, and the use of new tires on the
aircraft can have an effect on the correlation.

4. TIRE HYDROPLANING & GROUND VEHICLES

Horne and Joyner (ref. 64) give the following empirical equation for the velocity at which
the hydroplaning begins:

V mph = 10.35Yp; (psi) (62)

(p; = inflation pressure) but the authors stress that this equation holds only for smooth or
close-patterned tires, and for ribbed tires when the water depth exceeds the grove depth.
Allbert (ref. 41) has shown, however, that the minimum hydroplaning speed of a radial
tire on an indoor drum increases with increasing inflation pressure only as long as the tire
deflection is kept constant; at constant load, hydroplaning speed decreases with increasing
inflation pressure. Allbert also cites (ref. 41) instances of hydroplaning of worn truck tires
on certain road surfaces at half the velocity predicted by eq. 62.

Figure 13 taken from reference 65 compares the results obtained for a smooth or worn tire
with Horne’s equation. It can be seen that even when total spin-down was compared to the
equation, the hydroplaning inception speeds were far below those predicted. The study
concluded that it is extremely difficult, if not impossible, to derive an equation for hydro-
planing velocity that would fit all tires under varying conditions. Incidently, the data shown
in Figure 13 is for a tire size 7.75 x 14 (smooth) whereas the tire size used on the DBV is
7.50 x 14 (smooth).

Thus the claims made by proponents of the DBV and the Mu-Meter that the tires used on
these vehicles are capable of indicating hydroplaning (see description, Appendix 1) situa-
tions on the runway are questionable.

5. ASTM SKID TRAILERS

Application of complex empirical test methods usually results in problems of test data
reproductibility; application of ASTM E274 has proven to be no exception. Meyer et al
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Tire pressure (psi)

Tire no. 8, 7.75-14 bias ply (smooth)
Water depth - 0.40 in.
Wheel load - 800 Ibs.
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Hydroplaning inception ground speed (mph)
Figure 13.—Comparison of Experimental Results to NASA Equation
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(ref. 66) made a comprehensive study to determine how reproducibility under ASTM E274
might be improved. Among other things they concluded that “Because skid testers operate
at relatively high speeds, the ultimate calibration should be a dynamic one using surfaces of
known and invariable friction properties.”

The skid number of a particular pavement is not a constant but varies with a number of
factors. The major factors are vehicle speed, surface moisture conditions, and polishing of
the pavement under traffic conditions. The locked-wheel skid number at a speed of 40 mph
determined by ASTM trailers has been widely used as indicative of available friction. For
most pavements it is actually indicative of available friction in the locked-wheel mode at
that particular time at a trailer speed of 40 mph. For many pavements the skid number is
highly dependent on the testing speed, and at higher speeds the ASTM trailer skid tester may
actually give misleading results because the trailer’s internal watering system does not ade-
quately wet the surface before the test tire encounters it. For this reason, much of the skid
number data determined at high speeds (more than 40 mph) may be biased. That is, skid
numbers determined at 60 mph by using the ASTM trailer internal watering system may be
higher than the skid number determined by using an external watering system. One example
of an external system is a tank truck depositing water on the pavement in advance of the
skid tester. Another example is rain.

6. ACCELEROMETER METHODS (JBD/TAPLEY METER)

a.  The braking qualities of a runway can be obtained by measuring the deceleration force
resulting from the application of brakes to a moving vehicle. One technique is to install
an accelerometer in a truck. The truck is then driven at a certain speed, full brakes are
applied, and the maximum reading of the accelerometer is noted during the skid. If the
instrument is set to record the maximum value, the value so recorded will be that which
occurs just as the brakes are applied before the wheels start to skid. If the damping
characteristics of the instrument are suitable this will be a measure of [ I—

b.  Tests have also been conducted with the accelerometer free to indicate instantaneous
values, i.e. not set to record the maximum deceleration force; however, this procedure
requires considerable skill on the part of the test personnel to get correct readings.
(See Figure 1-19, Appendix I).

¢.  The accelerometer test method gives usable results but has some disadvantages, which
can be summarized as follows:

a) The actual operations test has to be carried out at a sufficient number of
points on the runway to give an overall picture of the braking qualities of the
runway as a whole. The time required for the complete test using the acceler-
ometer mounted in a truck is some 34 times that required using the trailer
method. A mean value for a runway has to be numerically computed, which
requires some time.

b) Training of the test personnel is necessary. Tests of type (b) are difficult to do
correctly and therefore only (a) can be considered practical.
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¢)  The truck will be exposed to high wear by the repeated locking of the wheels
followed by acceleration to test braking speed.

d.  The main advantage of the test method is that the equipment cost, other than that of
a truck which will usually be available for other purposes, will be small, being of the
order of $100.

7. FRENCH VEHICLES (STRADOGRAPHE/LPC TRAILER)

Not enough data or a documented description of either vehicle is available. Efforts to trans-
late available pamphlets from French to English did not help much as it mostly turned out
to be sales oriented material. However, the limited description indicates that the Strado-
graphe might have more merit than other vehicles in that it is better instrumented, test wheel
is isolated from the wagon and has variable slip mechanism. More detailed study as well as
comparison with some aircraft test data is necessary before any conclusions can be reached.

8. DBV & MU-METER EVALUATION

Certain specification criteria were developed for friction measuring vehicles as a result of
reference 1 study. Using these criteria both the DBV and Mu-Meter were evaluated. It was
found that both performed their respective functions for which they were designed but
failed to meet the vehicle criteria and thus data generated by these vehicles were of quali-
tative value only. In addition, model laws (based on pi terms developed for BPSS) were also
applied to both vehicles and showed that one is a distorted model while the other a dissimilar
one, both needing additional analytical and experimental work before they could be made
suitable friction measuring devices. )

9. MILES TRAILER

The Miles-trailer is used by the British and the American manufacturers for wet runway
certification of aircraft to comply with British CAA regulations. It is not used at airports

to obtain day to day measurements of runway braking action. The vehicle has been included
here as it was used during an FAA evaluation of Proposed Landing Certification Rules,
reference 57 study, and might be considered for further development.

10. SKIDDOMETER

The ICAO Study (ref. 56) data shows that the skiddometer and the Mu-meter have a strong
correlation but the skiddometer indicates slightly higher values of friction probably because
it uses a treaded tire. Thus the Skiddometer behaves much the same way as the Mu-meter.

11. EVALUATION OF VEHICLES BY THE FPSS SPECIFICATION

The FPSS specification developed in Section VI showed that the principal requirement re-
mains to dynamically simulate the tire-runway interface by using a ground vehicle equipped
with an aircraft type VII tire and use of an antiskid system (or similar device to induce brake
cycling) to insure peak mu operation. When this criteria is applied to the vehicles under con-

sideration it is clear that none of the vehicles meets this criteria and both principal requirements

remain to be met.
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12. POSSIBLE MODIFICATIONS

As pointed out in reference 1 study, proper distortion and prediction factors need to be
applied when using distorted or dissimilar models. In addition, various ground rules laid out

in Section VI tor the vehicle development must be met to generate meaningful data. One
simple approach to this ettect is shown in Figure 14,

Modify existing vehicles
to include aircraft

type tire and induced
brake cycling

Test under conditions
for which aircraft

test data has been
collected before

. Establish
Exislir\t vehicles R
Mu Meter .

: 2 with A/C data
gﬂﬁ;ﬁ;ﬁe and compare with
Skiddometer Ay pre\fuous :

DBV 3 vehicle - aircraft
ASTM Method Jcorrelation

Figure 14.—Minimum Risk Validity Test For FPSS Concept
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SECTION VIII
CONCLUSIONS AND RECOMMENDATIONS

It is to be noted that despite considerable progress in recent years, the tire traction litera-
ture still lacks a common focus or conclusion. Thus, at present there seem to be no generally
applicable formulas that can be used reliably to design tires to obtain satisfactory operation
under all conditions. Further, at best, the basic understanding of friction and wear and

their control seems to be empirical.

For many years the tire-pavement interface studies have been undertaken by the tire engineer,
tire chemist and pavement engineer mainly in isolation. The tire maker for example wants to
know how to build a tire to last long, ride smoothly and above all not blow out. More cooper-
ation between tire and pavement designers is a must.

The vast amount of data available in the literature has aided in the better understanding of
the complex problem of tire-pavement interactions; however, the data have been primarily
derived from different sources employing different methods. There is no comprehensible
means of analyzing and comparing all the available data due to incompatibility of test condi-
tions, measuring techniques, and the presence of numerous unspecified variables influencing
the relative values of data obtained from different test programs.

Available tire test data is non-uniform. Data on aircraft tire, automotive tire, locked wheel
K, peak u, yawed tire, braked rolling and many other conditions had to be mixed together
for want of better data. Data gathering techniques are only partially defined or completely
missing from most reports. Numerical values for parameters that were invariable during the
experiments are quite often missing or defined qualitatively as wet, damp, flooded, smooth
concrete etc.

There exists need for more effort towards standarized calibration and watering tech-
niques, and a need for studying the effect of suspension geometry and the dynamics
of the vehicle involved.

A good number of small and portable test devices have been developed. Some have
been developed to aid in the studies of the resistance of road materials to polishing.
Other devices were developed out of the conviction that adequate simulation of real
tire-road behavior must be possible if a tester is designed from first principles.

Skid trailers show a reasonably good agreement in their ability to measure pavement
slipperiness. Differences are observed between the vehicles in their relative surface
rating ability under wet conditions. More divergence is observed among the trailer
results at higher speeds.

Variation in results also occurs or is observed due to different test rubber/tire used,
its size, amount of wetting etc.

A much greater confidence in the skid results from different test techniques is needed,

however. if these are to be used for routine testing and for maintaining a prescribed
antiskid level for improved runway safety.
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The principal of dimensional analysis can be used to define the runway-tire interface
problem and to predict available friction.

The prediction equation approach seems to be workable within reasonable tolerances
but more conclusive statements can only be made when more data becomes available
and the model is tested for validity.

Tire test data must be collected under fully controlled conditions. Therefore, the
recommended test program under Section V must be carried out.

In order for the FPSS concept to be operationally meaningful, the following areas of
work have to be resolved in addition to carrying out the tire test work:

®  (lassification of Runways
®  Runway Monitoring System Standarization
®  Ground Vehicle Development and Test

® Enacting and Enforcing Regulations Regarding Proper Maintenance of Runway
Friction Levels

®  Method of Measuring/Indicating Rainfall Intensity/Water Depth
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APPENDIX A
SURVEY OF TYPE VII AIRCRAFT TIRES

The tire survey applies to the tollowing:

1) Type VIl or equivalent (new design, type VIII etc.) tires.
2) Airplanes with skid control systems only.

3) Main gear tire characteristics only.

| 4) Rated values for load, inflation pr. and speed are listed. The operational values
are different (data not readily available)

5) All major airplanes in military and commercial use have been listed.

The information contained in Tables Al through A3 was compiled from references 29
through 34.

49

Jr—-




L . N "
| ;
|
1504
4 " 111w 1A ¥ vor9y 061 $22/002 ve 10E L1 6y puewo) 002-¢9L] 8/ve-3 Buy 82
" LI 1A ¥ 0081y o1z $22/062 % ez 9t x 9y Sovmy| 00€ ~£04] vi-3 buy %]
" 1w LIA s 00cL2 ot $22/002 % usz vt x op|  ssuiess|  002-EL L bujaog| 92
{ (o~ 1w 1A ¥ 00STE 062 w07 ) us2 xo 3008|  AueLibIN v VNN
1 dojung aai10epy US1I14g 5 a b " ¢ £1-6°L % 00°92 %2033y FETPwLTY VB -AY Aa|appLs Jaymey 1 24
- 111w 1A % 05991 se2 £t 68 uxz 06 %82 ¥oe1y| 11 410540 8wy A €2
| " e 1A s 00968 ot $22/002 ve uR {1 % op| 340dsueay :.gn:a ¥s) paayr0 z
H 1IN 1 1A ¥ 0096€ ot $22/002 w u9e L1 % 69| 340dsueay -03043§ SET-O buyaog 12
- L 1A ) 0081y oz | szz/00 8 usz 9 X ov] wodsueay = UELN buioa| 02
*ipuag A ¥4 00w8E 002 /581 522/002 08 uez 91 ¥ yp| 3uodsuesy| 433jt1aes w1 [ R 61
N 11 1A ¥ 00LL2 ot s22 9 U2 §1 X 340dsuRd | ~ V62 5@|6n0g- | | JUuOGIK 8l
i - 119R 118 ¥ 00091 §32 002 88 Ut 9'9 ¥ jJ0dsued) Jeysyaf vor1d Paayxd0) 0
: i 3
| H aw 1A W 000%¢ sie 052 88" 8¢ 91 x 4aquog -.Esw:m H'9'4 ‘258 6uy0g 9t Y
H iW 1A - - - - 88" u% 91 x 9 Jaquog| 3af03ea3s U buiaog st
y - 1A ¥y 009%5 stz sz e % 81 - 81 ¥ ¢ 4aquog - vitres SOUweuAg [eJaudm ”
H 11w ox u 00520 002 744 - - 12-91 X §° o 43quog 1-8 uedsawy wison! g1 o
avds - 111A - - - - €9’ oy | 81 - 05LT X Jaquog | anakyiep vorsx uedLidey widon | 21 w :
9 - 111A Y By 00501 082 see (9 9t A - L daquog | J31aSMH v8s-8 $21weukg _:!-i 1 :
9 . 1A 8 00LEY 1731 S22 18" uoe 81 - 8l X ¢ ANy - vItl-4 SIlmeukg (P4 o 1
x1puag ; ax s 0021¢ sv2 081 16° 182 91 - 05°11 X (€]  4dubiy JeJw0 wwi-3 (L) 6 :
]
9 1A w8 000%2 €2 052/091 €8 ur2 10 x 9¢|  4aaubiy uc...swé S04 A3 1K u:ﬁ:.:_ 8
H 11D - - - - - 58" U2 | 81 - SLT6 X ST¥E|  JaubLy - si-4 s#16n0g- { | uuogm ¢
Ll 11%m 111A d) ¥ 00052 (374 s 99° UPZ S vl - 06711 ¥ 0f|  4:ubiy| 1] wojueyd (o 7} se bnag- | |auuogiy L)
B - 1A u¥ 00012 562 082 8 nz2 88 X 0|  433ybLj | auqes sadng 00t -4 e L sduy uI40N s
H 1A 4wy 00182 9t whe 9% 192 08 ¥ 0f] 433ubiy | ] wojulugy avs SeL0Nag- | |duuogy 1
H 1A 9y o018t (14 002 st u vl - 0°6 % 82 asbey | 11 :.ti av A 3
9 1HA ¥y oot see sL2 L ust ol - 08 X 92| 43ubiy |4aubijueg) 9r014 PadRIY 4
(Alaea) 9
r0 ‘0
9 . 1A 9 W 00501 00¢ s " ust SL°9 x 52| amubiy [4awbyaes) 8y Ce0L4l PO ! 1
¥31ddNS | 3dAL PdAl 3BIT| ge AR T it TIIVE [N 715 3 ] 5 ¥
, . Sl i | | T SR iin| wiie| o | wdsiovioe, - _
mrwﬁn Vo4 RO TS (AN 993u NIVW) SOTLSINILOVEVH) bl e 3

dnos9 uonaunyg Aq paisry sailL |IA 9dAL yim yesny Aenjiy S N—1-v 21q9eL

Ty -

R e AT 25 S N 2 G e NGBS 1




ssad
- I 1A L] 0009 Ste 082 88’ nse 9 % 95 43quog ...33&: H'9'4 .NL buiaog | 82
“ 19 1A & 3 A s 88" 1% 91 x 95 Jaquog | 33(03e43G v buiaog | 2
1504
H 111 1A wy 00v9Y o6t | s2z/002 e 110€ X 6y putum0) ..s_eﬁzz /-3 bujaog | 92
H TN 1NN 1A '] 0096€ o1 §22/002 8" e L1 X op | 340dsuedy -0jed3g SEL-0N buisog | <2
H 110w 1A ¥ 0096€ ot | sez/002 e’ 19 L1 % 6p | 3400suRsy Axey ey v$d paaud0l | 92
i 9 = 1A uy 00995 s1z 052 8 19 81 - 81 X (v 43quog - viti8d SJjweukq |esaudg | €2
Y - 11A uy ooEy 741 522 18 110€ 81 - 81 x (¥ 4aub1y = viit-4 soweukg (eadudg | 22
H 110N 1A W 0081% o1z | s2c/002 08 18z 91 X 9y SIVMY 00€ - £04] vE-3 buraog | 12
- 1D 11A ] 0081Y e1z | sec/002 08 182 91 x 9y | 340dsues) - JLETIA buiaog | 02
H 1114w oN wy 0052 002 sz £ - 12-91 X §°99) J3quog - 1-8 ued iy yaaoN | 61
x1pudg * 1A ¥y 00v8€ 002/581 | S2&/002 08" usz 91 x pp | 3400surdy | 43y Lanag) i) paayn01 | 81
Qvds - 111A - - - - €9 10y | 81 - 0S°L1 X OF 4aquog arahnep VoL 8X ued iy waon | (1
H 11D 1A ¥ 002 o1 | sei/002 98" uvz vl X Oy duies) 00Z-LEL vEy-1 buiaog | 91
H 11w HA Y 00L42 ot S22 9% U vl X Op | 3J0dsued) - v6d Se|bnog- | (auuogow | ST
xipuag - oN ¥ 0021€ 174 0ot Bl usZ | 91 - 0S°IL X L€ aa3ubLy 100u0 | wpl-4 uewwnig | 91
Y ” 1A /Y 00092 S€2 | 05e/091 £8° uee 1 x 9 423ubLy parydspuny | So14 J3LLLH PLIWSLRS | ET
H L] A ¥ 0051€ 062 002 €8 us2 nx % 3004 | Auebip 58 ueddawy WJoN | 21 g
H EE™ - . - - - N U2 [81 - SL°6 X S 4aubiy - S1-4° se(bnog- | |auuogdw | 11
L 1w d) wy 00052 (374 or2 99" 2 s pl- 0511 % 0E 4334b1y | 1] wojuRyg (i 71 Se[bnog- | |auuondw | 01
L uy 00012 562 082 e e 88 X (€ 433y |a4qes Jaang 001-4 uedaduy yldon | 6
H 110w 4 W 00192 we P74 %" 9z 08 x € 4aubiy | 11 wojueyq 7] se|Bnog-|uwegw | §
H 110w quy 00181 582 002 St uzz vl - 06 X 82 4934bty | 11 41esa0) oy Vel B
L Rt L] 05991 s€2 €L 68" nez 0°6 X 82 A9bLy | 1] 4tess0)| 8wy M| 9
9 A Y 0oLt S€2 stz St U9t vl - 08 xR 4nubLy [anuwyang 9p013 paayx01 | 5
_fu>.‘no_c=o aALidepy us13idg - - - - 8" - €1-SL°¢ X 00°9R ey FEIVELY v8-AY A3 |3ppLS Jagmey '3
W 1w 1A 1 00001 S22 002 88’ Ut 99 x gz | 3400%uesy aeisyap vovid paauwd0l | ¢
ﬁ»—gsuv 9
: ‘00 ‘rg*)
9 - 1A 82 000€ 1 00t [ 724 s uet SL°9 X §2 43461y |4W01a0518'Y “90L4 paw0Y | ¢
9 s 3T 9 W 00501 082 se2 L9 U9t A - x 4aquog ELTRELT] eS8 SOIWPUAQ (Radudo | |
e P ugwmmm aes | 08 | MUR ] TSP T ] o] b | v "
W3LSAS T0¥IKCD QINS (AINO ¥V39 NIVE) SIIISI¥3LIVEVHD 3ull INV IRV

59215 9111 Bulpuaasy ul paisr saill [IA 90AL yum 1jesoay Al 'S’ N—Z-V 3Iqel

A —




" P ™) 1A ¥ 00012 562 052 €8 E ST - 6 X 0¢ . S8t W L-M0
H 111 W 1 N 0056 £ o2t 8" ot 21 - 00°s1
H 111 W 11 qt 00€9 113 (1744 £06° 8 21 -0011 . [49330 uimy 9- (wpeuw)) puwiijaey 36| .6
H 1D . 00¥* L€ 061 523 w usz| 8L~ o0'SLX LY u NH066
H 1D N ¥ 00982 ot 00, /g uzz| 8L -0'SLX Ly " 066
H N . ¥ 009%2 s9L §22/00 98" ez €1 X 6E » Woes
H £l L] " 00821l st 3 98" sl £1 X 6E " 00942 412Au0) 6
X1pueg 5 1IA L 00492 061 081 8 uz Z2Lx oy " - wn 4yepeue) s
H 11D | 1A 00 9% o6l $22/00 8" W of L1 X 6y 5 9. /002- (%L
H I | 5 008¥® 522 523 08" ot 9 x % . . L7
H 11D | 1A wy 0081¥ 012 $22/007 08" s 9L X 9 = e 001-(9L
H S8R ™ ¥ 00952 st 522 89" uzz|  12- o'l X 0¥
H 11IXK 1 ¥y 002 ot $22/002 98" U2 bl X OF < 002-1£L
A9 H 111%W 1A uy 00052 sst s22/002} 98" ue2 v X Op 4 et 001-LEL
H IReTY aN o 0028¢ SEL ooz} S uwe 02~ 0°02 x US v 002-12L
H ST 2 ¥ 002¢ % 08l 522/002 8" s L1 X 6% . b0/2002 (2t
H 11w - 'l 0096€ oL 522/002 8" 192 L1 X 6Y % L oau/eet
W W . w 00442 ozl 522 98" uee vl X Oy : 8024 /02t
H 1AW % T 0081 otz s22/002 08 182 - % 2026-£0L
W TDW . ¥ 00£8€ s81 $22/002 w8 192 . & €02€-20¢
H ¥R 4 ¥ 0045¢ oLt oug, 08’ U2 91 X 9 " (oL 021-L0L buia0g L
3J40dsuedy
A9 Liw 1A ¥¥IDO012/00581 051/0€ 1 0UZ/081 s 8L/ UYL 20 x Oy 11A1) LL1-2v8 | 00y~ *002- 3RU04Ly USIALag 9
A9 - oN Tl 0045 081 081 ty uot| 2t -sisxaz - s o
A9 - “ %] 00001 /6098 s22/581 002] 88" VAT 9°9 x 92 | ssauisng | 42uy (3uqes 09 “0p |L13MX00; uedLaduy Wlaon s
A9 =4 1A (q:y) ¥ 00001 s22 002 8 Ul 99 ¥ 92| ssauisng seis39p 8- '9- padyYI07 r
(841004
k) " ‘a9 1w 1A 47 ¥4| 0009/050€ or1/501 002/081 8 UL/ 18 §°5 X 81 | ssauisng 1afaean | <2 *p2'e2 ava) £
, (uby 530 1
29 - MIN) ON | Culdy QLY 005°S1 SSi 002 86’ U9t 91 - 9276 X ¥t ssauLsng | weaslsy |ng = 33P0y uluwnaD z
49
(4eakpoog) 9 - - s 0028 SEL 00 26’ uvi L xw SS3ULSNE [Pueumn0) 330 12y 4pueu0) Ou4dy 1
#3144 | ELI 3dAl 3wy ovinl Qv01  J1S4-3unss Rk Olivd ONIive EITFS I INVN 1300w CELIVSTFE A on
I._|| (EICT] 03345 12345V Ad Q321440 ¥V 1Nd0d S
WI1545 I08INDD 0175 !
_ (AIN0 W39 NIVW) SU1LSIBILOVHVHD 3811 v Tanly
J81njoeynuepy

Aq Ajeanaqeydyy paisiq sairL [IA SGAL yim (Aselifip pue (erdiaunio)) ey Joley s plIoM—¢E-Y jqel




1A
" 1w o ¥ 00529 s6l $22/002 98" U0E | 91 - S°9L X STpy 4 wuwwam.x
" THw L] 0005 Y 572 sz 08" w2 9L X oy - 29/€9-8-20
" L] ¥y 0Lty o1 5221002 08" 10€ 9L X vy " 29-19-8-20
- Thiw L] ¥ " 08" sz 9L X by » 405-8-20
" Tk ¥ 00%8E 002/581 522/002 08" 182 9L X vy . AHB-20
H ¥ 1IN L oSSt <8l 002 08 192 9L X oy ¥y 8- 8- se(6nog- | (duuogom | (L
9 ! 2 3 s 58" - |9t - w8 x 260t 1A VSNVH 026 -84 (Auewuas) gaW | 91
9 H ¥ 008ES u6l S22 St 1z 02- 0°02 X 0§ » t-11ot-1
N Thw 2 ] 0058 ott 002 06" ure 02 - 0°0Z x 9§ " & 328¢
" 1w _ ™ L] . = = o6’ ez | 02 - 0°0Z X 9% . 98¢ P01 | §L
e 2 - 00081 s51 002 06" vl | 81 - 00701 X 9€ . - 86'32°31
i g - 00691 sl 002 6" It 81 - 0576 X ¥€ a JuPLa k11
vk e + - 00021 08 02t 58" 20| vl SCULX bE . 0uAY 8¥e Aa|appis-dawmey | pL
4 -~
9 2 _, g . 00021 08 021 58" { 2L} oS 4 PioJdH - abeg Aajpuen | €1
9 ; . ooyl 16 002 98" 1wl vl X O . = (o14)82-4
9 1A - o5 L oL o2 98" vl €1 X 6€ ' - 82-4 aamyoy | 21
vdS » - iy ? G2- 91 X 9 $7Q4 1y 800EY WNL3405u0) URIdOUN] i
i - - (vl - - | - 9l x 9r i aanduan -
9 g " . €€l - - A S1'6 X 5762 1A wod (e 4 190 uey
9 = - 552 0£tL ¢ ITH s AL-SsUsxa . uod ey ot
9 . 0069 051 By 1101t 09°9 x 92 uod|ey 89-1
Y 5 - 0069 051 i 'R | uoL 09°9 x 92 uod ey ozt
m 154w
» 0069 0st $22/002 88 oL 099 x % 1m0 uod(®y |02 34335hw anesseq | 0L
83174d0S idal idal 3911 <81 154 San
N91530 avol NS5 384 03348 014V N1 VY 3215 MWL ¥ IWVN 13008 HIWNLIV ANV N
ov3ul DER L] 17345V Ad jo3zinin W N0 s
WIL5AS 0WINDD Q1nS
AINO ¥Y39 NIVW) SITIST¥ILOVyYH) 3yl INVINTY

(panunuoy) sa1nidenuew
Aq Ajeanaqeydyyy paisi] saulL [IA 90AL yim (Aedijiy pue [erdssuiuio)) 14eso.ry Joley S PLIOM—E-Y 8/qeL

33




ﬁ i
{ . . '
(0 6y asad -
! H » ¥y 0099y 061 §22/002 8 110€ puRu0) 002- Lyl a/vy-3
i H 1 AW " 8 w8ty oty]  szz/ooz 08 183 91 x 9y sovmy|  GOE-L0L ve-3
H ISRl ¥y 00cL2 oLt §22/002 98" 112 ¥l X 0P, Jauied 002-LeL vEv-L
! i 1] 0081L¥ 02| see/002 ul us 91 X 9y v - UELIN
} B IR T ¥ 0096t o/l s2e/v0z 8° 192 (L x 61 R0 SET-
$Se4
H 14 ¥ 0009¢ SIE us2 98 184 9L x 99 g-404030435] w9t 4258
y d Tin| 1A 5 = » . 88 1194 91 x 99 4 eloredis ive buiaog 02
|
aurey - = 00S0% st se? v8 93 8L x 0§ w | D1=0A 490ng -
RERLILM - - - 00¥9E ort 002 8" v3 8L X (§ . 0t-2A -
9 - - - - - - v’ 11vd LL X 68 . paenbue 256
L - ysiiiag 3dwig 00491 09t 6 U9y 9t - SL°0L x 9€ . 2ie
Y - - & & > = 16 2y %91 - SLUuL X 9 i 1unoosy see/amt S43M4p 61
Qvds -| duabendy 0019 U6l 0sZ oL’ 1193 22 - SLUSL X L ” #p405u0 -
; 9 = & 1] 00€91 (73 002 S6° u9 (L= 00°6 X S " X o
®130d504ay)
{ 9 - ysiatig ¥y 00E9L ol 002 56° 1y L1 - 00°6 X SE LIAL] 3| |aneae VIA seyus 8l
9 - 3 ¥y 00055 s91 Se2 w U934 €2 - 502 x 2§ " j0€/02 01-2Q M
!
. 9 2 i o 00855 061 S22 SL° uzg 02 - 0°02 x 09} “ 0=  01-01-%
i (uotIe3o| 4)
) 111w : - o ® - (8 ued 9t -GSt x 2y . 6-20
H 1880 1] N 5 = 3 “ 8" 1103 91 - 0°SL x 2v|
2 (1) (€€)
H 111w N ¥ 00982 (748 074 o uzg BL - 0°SL X (¥ " 0f 6-2C
(2€)
" 111w " » 00242 ol1 S22 9% U vl X O 0f 6-0
(1g)
i [T ‘ ¥ 00052 ssi|  s2e/wwe 98" e vl X Ov) . 0€ 6-2C
(st
-pL-21-11)
H 11w . uy 00€22 €L (741 98" 1102 vLx Op . clL 6-20
(340dsueay )
% 17900 —_ 9" sl vl X OF 1AL 6-30] 01-6-20 TSB SPLbnog-| (JuUoQdN| (|
¥3174dNS 34aL [3dal 3w NOIS30 | S81-OV01 |ISd3uNSS3Ivd HdW 0l1ivy ON] LYY 318 3wl S InVN 1300w ¥IUNLIV SNV N
ovial a3lve @34 1234S% Al 03217110 | ¥ ING0d s
WILSAS 108LINOD OIS (AINO Y35 NIVW) SOILSTHILOVEVHD 3diL INVidEly
(panunuo) \ J81mae nuepy

Aq Ajjeanaqeyd)yy paisr] saiif [IA AL Ylim (A1edljiy pue [e1didwwo)) 1jesry ioley s pliomM—g-v 8/qel

: B 3 e T B A SR S




—

r..:.:.. 04LNOD QIS

9 = 111A 4w 00001 (]t 052 v 191 t- 58 x22 Aaeapiim A 8161 |(Auewidg) Jaxyoy mia 62
H - 1A w 00012 S62 0se 8" 12 8°8 X 0t 4V} 34qeg ..oaj 001-3
Ovas ¥ 1A % s = = €9 08| ©1 - 0521 X 0 “ d1hy e vo/8x'
H 11 11A Y 00S1E 062 002 £8" 182 Lt X 9¢ " Aue| 16y 5V, URdLaduy YI40N 82
H _:i - 3 - i a 58° 123 81 - SL6 X ST9E . = St-4
N 110 .. d) ¥y 00052 174 ove 99° Uvg S°vl - 05711 X OF " " v
H :j 11IA 4 0 00052 13 24 ({124 99" UeF S 9L - 0S°LL X OF e TR - w4
H 110 - d) W 001w2 09¢ 8v2 98" 1193 0°8 x 0t Anenq || wojueyd a4
H 114 { -} 0022 ozl S22 9" 192 vl X Op 4 - v6d se|6nog- | |JuuoQIK ?
H 119 “ ] 0096€ oLt §22/002 ve" 1192 L1 X 6y . ::L ¥$)
xLpuag - i .1} 00t8E | 002/581 §22/002 08’ s 9L X v¥ w | 493311ae3g) v
N 0 11A ¥ 00001 sez 002 8’ vt 9°9 X 92 & ae3s3apy vopiLd
9 = 1TIA L1} 002t Se€2 SL2 SL° 1491 ¥l - 08 X 92 " - 99014
(Kpaee)
9 = g uy 000¢€ L 0ot sz vy’ usi1 SL°9 X S2 £ | - 9013
9 : : LT 000€ L 00¢ St v ust SL'9 X 82 . ‘re*d m“:
9 & 1A 0] 000E L 00¢ st o It SL'9 X SZ|  Auaeiiiw|43IubLiaeas| g v “pOLd P01 92
H TLINK 111A qy 00181 982 002 St uze vl - 06 X 82 “ . ay
H I1DIW 1A ] 05991 stZ (¥4 68" e U'b X 82 AneN| || stesu0) 8 ‘wy ALY £ 74
9 S 1A L} 000wt 0si 091 9y’ uwl 0°6 X b A3t in = £2-4 Lyesemey »”
¥(puag : o L1 00Z1€ 1174 Ul 16° | 91 - 05Ul X & 10Jwoy vel-4 ueunIY €@
9 s 1A u 009vS stz 08¢ 18" 19€ 8L - BL X (¥ = - viLISY
9 E 11A ¥ 00s€y sl se2 18" 10¢ 8L - 8L X A - vitl-4
9 P 1A 9wy 00501 082 st 9 U9 T i O ] . 431Asny ¥8S-9 SoLweuhg |eaduag 2
9 g 1A ¥u/y 00092 174 0Se/091 €8’ us2 1LX 9 Aaedtpim|  -sdpunyg SO14 ALK PLIUdALRy 2
_ s - A 2L gw_cwﬁ o :ﬁzmwwwu S.u.u.m. &HM" u.:”“u iy S::N.ﬂ Sd_ﬂﬂ“ (O e eu
i
(AINO ¥Y3Y KIVR) SILSTNILIVHWHD 3d1L INYIGNY

Aq Ajjeanaqeydyy paisr] saiif |IA 0AL yum (Asedljiy pue [erdseuww

(papnjauo)) 131n32einuepy
00) yesuny soley s plOM—E-v 3jqeL

55




APPENDIX B
SURVEY OF MILITARY AND COMMERCIAL RUNWAYS

Runway/Airport Survey Applies as Follows:

1)
2)
3)
4)
5)
6)

7)

Top 100 U. S. Commercial Airports Only.

All USAF Active AFB’s Listed (including Europe and Pacific)

All Naval Facilities Included.

All AAF’s Facilities Included.

Only the Longest Runway for Each Airport Listed.

Texture Depth (When Included) Measured by Grease/Sand Patch Method.

LCN Values for Commercial Airports Only. Others not Available.

The information contained in Tables Bl through B4 was compiled from references 23 and 35
through 40.
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. _____—M'— et b — ——— s
AIRPORTS AND RUNWAYS-NOMENCLATURE
ABBREVIATION STANDS FOR ABBREVIATION STANDS FOR
AL Alabama MO Missouri
AK Alaska MT Montana
AZ Arizona NE Nebraska
AR Arkansas NV Nevada
CA California NH New Hampshire
CczZ Canal Zone : NJ New Jersey
% CO Colorado NM New Mexico
CT Connecticut NY New York
DE Delaware NC North Carolina
DC District of ND North Dakota
: Columbia OH Ohio
EL Florida OK Oklahoma
GA Georgia OR Oregon
GU Guam ‘ PA Pennsylvania
HI Hawaii RI Rhode Island
ID Idaho SC South Carolina
IL Illinois SD South Dakota
IN Indiana TN Tennessee
IA lowa TX Texas
KS Kansas uT Utah
i ‘ KY Kentucky VT Vermont
LA Louisiana VA Virginia
ME Maine WA Washington
| MD Maryland wV West Virginia
' MA Massachusetts Wi Wisconsin
MI Michigan wY Wyoming
MN Minnesota
MS Mississippi
ABBREVIATION STANDS FOR
AAF Army Air Field
i AFB Air Force Base
| ANGB Air National Guard Base
i 2 ASP Asphalt, bitumen or tar macadam (black top surface)
| CON Concrete or Cement (white surface)
| MCAS Marine Corps Air Station
. NAF Naval Air Facility
NAS Naval Air Station
| S Single Wheel
: T Twin Wheel
; TT Twin Tandem
| T Twin Dual Tandem
LCN Load Classification Number
|
57
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(5 RO S i, g

Single Twin Tandem Twin Tandem

Triple

Dual Twin Dual Twin Tandem

¢

Twin Tricycle

Tri-Twin Tandem Tri-Tandem

1. The X marked on a wheel indicates the critical wheel used in the summation of principal movements.

2. The angular orientation is that required for maximum block count and can be used for positioning similar
gear types.

Figure B-1.—Landing Gear Configurations
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APPENDIX C
PHENOMENOLOGY OF FRICTION

This section deals with the frictional and retarding forces that can be developed when air-
craft tires are operated on prepared, hard runway surfaces. ’he mechanisms whereby such
forces are generated at the tire-ground contact area are briefly described. Particular
consideration is then given to the effects on braking force of changes in tire, runway surface
and aircraft design and operational factors. Reference 17“material has been freely used in
this section and frequently quoted as suck.

FRICTIONAL AND RETARDING FORCES ACTING ON A TIRE

The forces which can act on a tire and decelerate its forwarding motion are rolling resis-
tance, braking friction, yawed rolling and braking forces (if considered), and fluid drag
force (see Figures C1 and C2). For unyawed tires, the resultant tangential force, G, on the
tire is the component G, acting, parallel to the directiog of forward motion, i.e.

GX=G=GR+GB+GF=Z# (C-1)
COEFFICIENT OF FRICTION DURING BRAKING

The frictional force developed in the tire-grohnd,con"t'éct area and the coefficient of friction
vary greatly with changes in braking slip ratio, as is shown schematically in Figure C3.

BRAKING ON DRY SURFACES

P The development of braking force on dry surfaces may be illustrated by reference to Figure
C4 which shows the passage of a single tread element through the tire-ground contact area.
In Figure C4, when the tread element first makes contact with the ground, it is practically
undeflected and stationary relative to the surface. As it progresses toward the rear of the
contact area the longitudinal deflecton of, and the tangential force on, the element increases
and at some point sliding commences (initially the sliding speed relative to the surface is very
low).

R

FRICTIONAL FORCE ON A TREAD ELEMENT
In the tire-ground contact area, the frictional force on each tread element is the product of:

(i) the normal load on the element (which is itself governed by the distribution of
bearing pressure in the contact area), and

R R Y A

(ii) the local coefficient of friction between the tread material in the element and the runway
surface.

|

RESULTANT BRAKING FORCE ON TIRE

The braking force developed by a tire is the sum of the components of the frictional forces
on all tread elements in the ground contact area acting parallel to the direction of forward
motion.
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Figure C1.—Cross Section of a Typical Aircraft Tire
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Figure C2.—Tire Forces and Moments
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At low braking slip ratios, sliding is detectable only at the rear of the tire-ground contact area.
If the brake torque, and hence slip ratio, is increased, sliding occurs at higher values of V and
may be observed at points nearer to the front of the contact area. It is hypothesized that this
process can continue until further changes in local sliding speeds and temperatures produce
no net increase in the total frictional force on the tire. The braking force is then the max-
imum possible in that situation, G hax- and the tire-runway coefficient of friction is Boa o-
Further increase in “‘s, braking slip ratio”produces a net decrease in the total frictional force.
Tire longitudinal deflections in the contact area cannot then be maintained and rapid increases
in local sliding speeds and tire slip ratio occur. When s = 1.0, the entire contact area is sliding
at speed V and the braking force developed is the locked-wheel or full-skid value, Ggkid- The
tire-runway coefficient of friction is then Kskid-

BRAKING ON WET SURFACES

The presence of a fluid, which is usually water, on a runway decreases the available tire-
ground coefficient of friction. The effects of fluid such as slush, oil, fuel, foam, etc. are
basically similar to those of water. Some differences in the available coefficient of friction
are to be expected as a result of variations in fluid viscosity and density.

The tire-ground contact area in wet conditions can be divided into three zones as illustrated
in Figure C5.

Zone 1 is the region where impact of the tire with the surface fluid generates sufficient
pressure to overcome the inertia of the fluid. Much of the fluid is either ejected as spray
or forced beneath the tire into the tread grooves (if present) or into the drainage paths
provided by the surface texture. Throughout Zone | a continuous, relatively thick fluid
layer exists between the tire and the runway surface and the only retarding force developed
is that due to fluid drag.

Zone 2 is a transition region. After the bulk of the fluid is displaced, a thin film remains
between the tire and the surface. At the rear of Zone 1, and in Zone 2, a rapid outflow of
fluid is prevented, and fluid pressures are maintained, by viscous effects. The thin film first
breaks down at points where the local bearing pressure is high, e.g. at sharp surfaces asperities.
In the presence ot a lubricant such as water, the coefficient of friction of rubber on hard
surfaces is greatly reduced from the dry surface value and varies little with changes in sliding
speed and temperature. Thus, in general, very little frictional force is generated wherever

a thin film of fluid persists.

Zone 3 is the region of predominantly dry contact and, although obviously smaller than the
contact area in dry conditions, it is here that most of the braking force is generated. The
tendency for tread elements towards the rear of the contact area to slide may be increased
by the presence of fluid at the edges of the contact area.

In wet conditions, the tire-ground coefficient of friction depends on the relative sizes of
Zones 1, 2 and 3. These are determined by the surface texture, the depth, density and vis-
cosity of the fluid, the tread pattern and inflation pressure of the tire and the time, t, for a
tread element to pass through the contact area, given by

¢ = length of contact area _ 2h
tire peripheral speed w X rolling radius of tire
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Figure C5.—Effect of Forward Speed on the Tire-Ground Contact Area in Wet Condition
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where rolling radius of tire is the ratio(horlzontal rolling vetlocxty).
wheel angular velocity
Figure CS also shows the effect of increased forward speed on the relative sizes of Zones 1, 2
and 3. In Figure CSb the tire forward speed is higher than in Figure CSa so that Zone 1
extends farther back into the contact area and Zones 2 and 3 occupy a horsehoe-shaped region
at the rear. In Figure CSc, at a still higher speed, contact with the ground is all but lost. In
this condition the tire develops very little braking force. Finally, in Figure C5d, the tire is
moving at a speed such that Zone 1 extends throughout the contact area. (When dry contact
with the ground ceases, the tire is said to be “planing™.)

FACTORS AFFECTING THE AVAILABLE TIRE-GROUND COEFFICIENT
OF FRICTION DURING BRAKING

TIRE DESIGN AND CONSTRUCTION

Tire design factors, e.g. size, aspect ratio, strength (ply rating), type of construction, materials
and tread pattern, influence the coefficient of friction in so far as they determine the distri-
bution and average value of bearing pressure in the tire-ground contact area. The direct effects
of these design factors on the available coefficient of friction are discussed below.

There is no evidence that tire diameter directly affects the coefficient of friction available
on wet or dry surfaces.

On wet surfaces, at a given forward speed, the time available for the removal of fluid is deter-
mined by the length of the contact area. Conventional tires, of low aspect ratio, have propor-
tionately shorter contact lengths under given loading conditions than tires of high aspect
ratio. Thus, on wet surfaces at high speed, tires of relatively low aspect ratio (also known as
“low profile tires”) may give reduced values of braking coefficient of friction. See figures C7
and C8.

Tire size and section shape are not independent parameters; they are related to the design loads
and construction of the tire. At present, all aircraft tires in general usage are of cross-ply con-
struction. Tests with car tires suggest that the use of radial-ply construction may provide a
small increase in braking force on wet surfaces. See figure C9.

TIRE TREAD MATERIAL

The treads of most aircraft tires are made with compounds based on natural rubber polymers.
The frictional properties of rubber compounds depend on the particular polymer and upon
the quantities of filler and extender oil used to produce a practical tread material.

Car (ref. 44) and trailer (ref. 46) tests show that some tread compounds (usually, but not
necessarily, based on synthetic rubber polymers) can give significantly higher coefficients of
friction on surfaces of large macro-texture depth. This effect when present, usually increases
with increase in forward speed and is particularly beneficial in wet conditions. See figure C10.
However, such compounds are at present considered unsuited to most aircraft applications,
since their physical characteristics do not provide an optimum solution to the many demands
placed on a tread material.
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TIRE TREAD PATTERN

The primary function of a tread pattern is to improve the tire frictional properties on wet
surfaces. Two distinct types of tread design features are widely used to achieve this. Firstly,
circumferential grooves in the tire remove bulk quantities of fluid from the contact area. This
is of greatest benefit on surfaces such as 11l and IV in figure C6. Secondly, the wiping action
at sharp edges of, for example, cuts, slots and grooves, assists in breaking down the thin fluid
film in Zone 2 of the contact area.

The available coetficient of friction appears to increase with increasing number of circum-
ferential grooves. However, detailed experimental work (refs. 43 and 45) involving closer

control of the geometrical properties of the test tire treads, shows that further increase in

 is unlikely when the number of grooves is increased beyond four or five. See figures C11
and C12. Such tests also show that u increases with:

(i) Increase in tread groove width (within the range of practical groove widths), See figure
Cl13.

(ii) Increase in the ratio groove width/rib width (up to a limit of about 0.4),

(iii) Decrease in the “mean flow distance”, i.e. the mean distance that a fluid must travel
laterally in the contact area before reaching a groove, slot etc.; See figure C14.

The tread patterns on most current aircraft-type tires consist solely of circumferential ribs
and grooves. Grove depth has a considerable effect on the ability of the tread pattern to re-
move rapidly large quantities of fluid from the tire-ground contact area. References 41, 49
and 25 show that in wet conditions the available coefficient of friction decreases with de-
crease in tread groove depth, the effect being particularly severe on smooth surfaces such as
11 and IV in Figure C6. :

INFLATION PRESSURE

Inflation pressure is an adequate approximation to the average tire-ground bearing pressure,
although carcass stiffness and tread effects produce some differences. Since it is a more con-
venient parameter to work with, inflation pressure is used here in preference to bearing pres-
sure.

On wet surfaces, a change in inflation pressure results in two primary effects.

(i) In general, the coefficient of friction decreases with increase in inflation pressure (refs.
22 and 46). See Figure C15.

(ii) In deep water, Zone 1 of the tire-ground contact area can be large compared with Zones
2 and 3 and at high speeds it may become so great that contact between the tire and the
runway is lost. It is found that increasing inflation pressure (provided the static tire-
ground contact area is kept constant) tends to offset this effect. Consequently, under
these conditions, the higher inflation pressure at which the tire is designed to operate,
the greater the speed can be before this loss of contact occurs.
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Figure C11.—Results of Braking Tests on Tires with Four, Five and Six Equal Width
Circumferential Grooves
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Figure C12.—Experiment 1 Results on Rounded Gravel! Carpet
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Figure C13.—Effects of Change in Groove Width on Peak Braking Force
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RUNWAY SURFACE FACTORS
Surface Material, Texture

The effect of surface material on the tire-ground coefficient of friction arises principally from
differences in surface texture (ref. 7, 21, 41, and 43). Figure C6 shows four idealized surfaces
that illustrate combinations of two scales of texture.

(i) Large or macro-scale texture - this depends on the sizes and relative quantities of the
aggregates used. This scale of texture may be judged approximately by the eye. A
measure of surface macro-texture depth can be obtained by working a known volume
of grease or sand (ref. 25) into the surface voids until a smooth finish is obtained. The
average texture depth is the ratio of the volume of grease (ref. 21) or sand used to the
surface area covered. When measured in this way, runway surface macro-texture depths

usually lie in the range 0.004 to 0.1 in (0.1 to 3mm). The dimensions of individual
stones can be much greater than this (up to about 0.75 in, 20 mm). See figure C16.

(ii) Small or micro scale texture - this is the texture of the individual stones of which the
runway is constructed and depends on the shape of the stones and how they wear
(ref. 7). It may not, in general, be judged by the eye but differences may be apparent
to the touch. Experimental work (refs. 7 and 47) suggests that asperity heights as
small as 40 x 1070 in. (10-3 mm) play an important role in the friction process, partic-
ularly on wet surfaces where they serve to break down thin fluid films. See Figures C17
and C18 and Table C1.

While, in practice, runways vary considerably in texture, the four surfaces shown in Figure C6
provide a useful means of characterizing the extremes that can be met.

For wet conditions, the effects of variations in surface texture on umax are illustrated and
described in figure C6. This figure indicates the close relationship that exists between the
effect of surface texture, tire tread pattern and fluid depth. The curves in figure C6 are drawn
for a smooth tread tire; the effect of using a rib tread tire is to reduce the fall of umax with
speed for surfaces I11 and 1V but not to affect appreciably the curves for surfaces I and II.

Fluid Depth on Runway

In this report, the terms “damp”, “wet’ and “flooded” are defined in terms of surface appear-
ance and the circumstances in which each occurs.

Damp: surface appears discolored compared to the dry condition but no standing water is
present, e.g. dew, very light rain and in the final stages of the drying process after rain.

Flooded: large areas with standing water above the tops of the surface asperities. The rain
required to produce flooding depends very much on the macro-texture depth, the camber or
cross-fall of the runway surface, the available paths and the wind direction and strength. It is
rare for a runway to be completely flooded, but flooded conditions often occur where a run-
way follows the original ground contours through a hollow or depression or at, for example,
runway intersections.
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Figure C18.—Micro-Roughness Requirements for Different Asperity Shapes
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Wet: an average condition between flooded and damp. Overall, water may be present up to the
the tops of the surface asperities with scattered puddles of greater depth.

In damp conditions, with the exception of surfaces such as I in figure C6, the coefficient of
friction is noticeably reduced from the dry surface value, the effect becoming most marked on
surfaces such as 1V in figure C6.

In wet conditions, the effect on u of changes in tire tread pattern and surface texture are as
described earlier. See figure C19 (ref. 48).

In flooded conditions, the removal of bulk quantities of fluid from the tire-ground contact
area by means of, for example, large aggregate surfaces, grooved surfaces, porous surfaces and
tread grooves is essential if satisfactory braking is to be obtained at high speed. When surfaces
such as 111 and 1V in figure C6 become flooded, a significant proportion of the retarding force
that can be generated at high speeds results from fluid drag on the tire (ref. 50).

Surface Deposits

Surface deposits commonly met on runways (sand, grit, dust, rubber deposits, hardened smears
of asphalt binder and paint) reduce the macro-texture depth and, in some cases, can affect the
surface micro-texture depth. However, due to lack of available data and involved complexity
these are cutside the scope of present work.

AIRCRAFT DESIGN AND OPERATIONAL FACTORS

Forward Speed

In general, umax and ugkid decrease with increase in forward speed. The only significant excep-
tion to this pertains to the use of synthetic rubber compounds on large macro-texture depth

surfaces.

The additional effects that arise when forward speed is increased in wet conditions are described
under braking on wet surfaces (three zone concept).

Wheel Arrangement

Where wheels are arranged in multiple units, interference effects may occur on wet srufaces if
the passage of one tire either removes fluid from, or places it in the path of, a following tire.
However, wheel arrangement has a greater relevance to fluid drag forces and spray patterns than
to braking force.

Tire Wear:

For a typical aircraft-type, rib-tread tire, when groove depths have been reduced to about 20 per

cent or less of the unworn value, the remaining tread may be “flattened out” under load and the
tire may behave as it smooth (ref. 21). See figures C20 and C21.
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Figure C19.—Effect of Water Depth on the Locked
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A Radial Ply Patterned Tire (Ref. 48)
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Anti-locked wheel braking force coefficient at 64Km/h (40 mile/.h)
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(Ref. 25)

Figure C20.—Effect of Tread Wear on Braking Performance-Surface Wet
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Normal Load on Tire

The effect of normal load changes on u for dry or wet surfaces is negligible (ref. 22), since
the tire acts as an elastic body and the contact area increases uniformly with load with little
change in average bearing pressure. The effect of the rise in inflation pressure, which occurs
as the tire deflects under increasing normal load, is small. For example, the pressure rise due
to loading a tire from zero to its rated deflection, i.e. at rated load (ref. 34), is 3 to 4 percent
of the rated inflation pressure.

Pavement Temperature and Climate Effect

Skid resistance tends to decrease with increase in temperature. The magnitude of the loss
depends on the texture of the surface as well as the viscosity of the surface material, see figure
C22.FFreezing of pavement occurs at ambient temperatures several degrees below 32°F. The
presence of ice has an important effect in modifying the surface texture. The friction coeffi-
cient ranges from 0.15 on hard ice to almost zero on wet frozen surface. The change in skid
resistance with time of year is a function of the climatic conditions affecting the weathering
of the aggregate topography, coupled with the action of traffic accelerating the break-up of
the topography weakened by the weathering action. A study has been made on a by-pass
(7,000 vehicles per day) using a vehicle and a Skid Resistance Tester to measure wet skid
resistance, and taking samples from the pavement surfaces for examination in the scanning
electron microscope. The change in skid resistance throughout the year is shown in Fig. C23
for a braking area.

Traffic Density

Loss of friction is usually most severe during the first 2 years after construction, see Figure
C24. Thereafter, the rate of polishing decreases and eventually reaches a stable level of
smoothness.
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APPENDIX D
DIMENSIONAL ANALYSIS TECHNIQUE

DETERMINATION OF Pi TERMS (REFS. 1, 27 & 51)

The easiest and most orderly procedure for developing pi terms from a list of variables is as
follows (ref. S1). The ten parameters needed to define the problem are summarized in Table
D-1, where their fundamental dimensions are also presented in the mass (M), length (L), and
time (T) system. The list of parameters can be reduced from ten to nine by writing, by inspec-
ticn, one pi term that is already a nondimensional quantity.

1|’]=H

Next we arrange the remaining nine quantities in a matrix with their fundamental dimensions.
Across the top of the array we write the variables, and down the left side we write the funda-
mental dimensions, in this case M, L, and T. Under each variable, we write the powers to
which each dimension is raised in each variable.

C c, Cy Cq Cg, Ce c, Cg Gy

v P dir D w z dir h P
M 0 1 0 0 0 1 0 0 1
L 1 1 1 1 1 1 1 1 3
: 3 -1 2 0 0 0 2 0 0 0

We now apply the matrix algebra theorem, which states that “from a matrix there will be a
number of independent equations equal to the rank of the matrix”’; the rank of the matrix
is defined to be the order of the highest-order determinant of the matrix that differs from
zero. Because in dimensional analysis there always exists more columns than rows, and
because a determinant is a matrix with equal number of rows and columns, we can select
numerous combinations of different columns from the matrix and combine them into deter-
minants. Some of the determinants from our matrix are: '

(a) (b) (c)

The order of a determinant is the number of columns or rows in the determinant. The first
three determinants are third-order determinants, and the last three are second-order deter-
minants. Although the determinants of (a) equals zero, the determinant of (b) equals - 1.0
and is, therefore, not zero. This observation means that the rank of our matrix is 3 and that
the total number of dimensionless products in a complete set is equal to the total number of
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Table D-1.—Parameters for Tire Correlation Model

FUNDAMENTAL
PARAMETER SYMBOL DIMENS ION
Peak Available Mu I :
Forward ground speed v L1l
Tire inflation pressure p m1 T -2
Tire tread depth dtr L
Tire nominal diameter D L
Tire section width W L
Tire vertical load 2 MLT 2
Runway macro-texture depth dtx L
Fluid depth h L
 Fluid density p M3
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1

variables minus the rank of their dimensional product or minus the number of independent
equations. Thus we have 9-3, or 6 more 7 terms. Our three equations can be written by
inspection from the preceding matrix as:

C,+Cg+Cg = 0 (D-1a)
Cl-C2+C3+(‘4+C5+C6+C7+C8-3C9 =90 (D-1b)
Cl+2C2+2C6 =0 (D-1¢)

Solving in terms of Cy4, Cg, and Cg we get

C4=él+2C2-C3-C5-C7-C8 (D-2a)
€l .c

(5+%) (D-2b)

Co = %C; (D-2¢)

Substitution for C4, Cg, and Cg in a statement of dimensional homogeneity gives:

€ ©2 . C3 _ JCI+£302-C3-C5-C7-08 Cl -
{(V) (P)  (dyp) ) SE el Ll 2]

C7  C8 %CI
W) () (o) =M°L°T°}

Collection of exponents with the same coefficient gives:

(VDQ/@ o & G 5w c o Cg = MLT
z D D’ ‘D B

D oy
These six nondimensional quantities are the additional pi terms. In dimensional analysis, pi
terms can be multiplied to form new groups of pi terms. They can be inverted; they can be
squared, or their square roots can be taken. Such manipulations are proper and are usually
performed to create a more convenient ratio of physical phenomena. Thus:

{ Yl 2 A
vP.2 _ .pVD pD 1 _7=
(VD\/%)Z-(_Z—)and[(__Z_)] x ( / )..( )

The term ( ) is defined, by some authors, as ge tire aspect ratio. However, the aircraft tire
’manufactuR:rs define the tire aspect ratio as ( Iw where d is the rim or wheel diameter. Since
this parameter is readily available (in the numeric form) in tire data tables, (w/D) pi term was
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also modified to be (931).. Rearrangement of the six pi terms obtained algebraically, together
with the one pi term written by inspection, gives:

(m)) = ()
(m3) = (diy/p)

(m3) = (dyy/p)

(m4) = (h/D)

f (mg) = (D-d/zw)

; (mg) = (Z/ppv wp)
¥

() = (0V2D%/2)

This result yields the functional relationship that:

£ () = F (dyy/p, Yt/D, WD, Ddlay, Z/ypswp, pv2D2z)  (D-3)
: (1[]) = F (1!2, 1l’3, 1f4, 1!5, s 77) . (D-3a)
98
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APPENDIX E
RAW DATA AND CALCULATION OF PI TERMS

Table E-1 and Figures E-1 through E-8C show the raw data taken from references 18, 21, 50,
52,53, and 54. Tables E-2 through E-7 show the actual data points transcribed from Figures
E-1 through E-8C as well as their conversion to nondimensional terms. The calculation for m
through m are straightforward. The following array shows the interrelationship of various

figures, references and tables.

Taken from Converted to Shows data

Figure No. reference No. table no. variation between
E-1 21 E-2 T, My

E-2,-3 50 E-3 Ty, M3

plus Table E-1

E-4 52 E4 Ty, Mg

E-5,-6 53,54 E-5 ., g

é-7, 8a, 8b, 8c 18 E-6 T4 Mg

E-7, 8a, 8b, 8c 18 E-7 . Ty
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Figure E-2—Effects of Nonuniform Tread Wear on Wet-Runway Braking Effectiveness at Selected

Figure E-3.—Effects of Uniform Tread Wear on Wet-Runway Braking Effectiveness at Selected

Velocities for Tire I1.- Tire Pressure, 150 psi. (Ref. 50)
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Figure E4.—Effect of Surface and Water Depth 'on Locked Wheel Braking Force Coefficient
(Ref. 52)
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Figure E-6.—Effect of Ground Speed on g, py, and T, at 10° Yaw Angle on
Dry, Damp, and Flooded Surfaces. Brake Torque = 0. (Ref. 54)
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Figure E-8.—Dependence of Friction on Velocity and Inflation Pressure
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Table E-4.—Water Depth on Runway vs u Data (T4 vs my)

WATER | h uor (my) @ VELOCITY IN KNOTS SURFACE BASIC
A BB TYPE DATA
25 50 75 100%+
mm or ‘1’4)
0.2 .008 52 437 | .4 .390 New
1 .039 .45 363 | .18 .166 Patterned
Tires
2 .079 44 262 | .15 .110 Smooth A.R. = .90
4 .157 .42 .175 .12 .08 Concrete Z = 7900 Ibs,
6 .236 : : .10 2 dix = .005
in.| D =?
10 .394 .39 125 | .08 : (A)
.2 .008 .60 .50 .46 .480
Rolled New
1 .039 54 .43 .38 .230 RS
2 .079 g% | %3 |.33 .165 d, =013 | Tires
X in. | A.R. = .90
4 157 .50 .30 .22 .120 (C) pii i
6 .236 . . .10 .100 D=2
7 .276 45 .26 7 =
.2 .008 ‘ 538 | .60 .56
2 .079 57 438 | .36 21 Quartzite
4 .157 .55 400 | .25 | .15 Macadam "
6 236 61 | .312 | .8 .135 e
9 .354 .45 250 | .112 111 (E)

- Locked wheel; automotive tire test data
** Extrapolated data
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APPENDIX F
FORMULATION OF COMPONENT EQUATIONS

1. ARRANGEMENT OF Pl TERMS

The experimental data converted to nondimensional pi terms must be arranged so that all of
the pi terms containing independent variables, except one, remain constant. The remaining
term is then varied to establish a relationship between it and 71, the term containing the
dependent variable. This procedure is repeated for each of the independently variable pi
terms in the function. Table F-1 shows the arrangement for each of the six data sets. Each
page is a complete data set with four sets per page to show the data at 25, 50, 75 and 100
knots.

2. COMPONENT EQUATIONS

When the observed data had been arranged as described above, relationships between m), the
term containing the dependent variable, and 72, 73, m4, 75, 76, and 7 in turn, the terms
with independent variables, were obtained using statistical curve fitting programs. The rela-
tionship between 7| and other individual 7 terms are called component equations.

Plots were prepared of 7 vs Ty, W VS W3, M| VS Ty, M| VS5, | Vs g and my vs wy for all
conditions using data tfrom Table F-1. These plots are shown in Figures F-1 through

F-6. This helped determine the general form of relationship that could exist between

7y and 7y, my and w3 and 50 on; e.g. if the mvs 5 data plotted as a straight line on

the log-log paper, tiie relationship shoula be of the form

y = AXB (F-1)
where A is a constant and B a polynomial. Logarithms of both sides in Eq. (F-1) give:
In(y) = A+B Inx

or In(my) = ln(A)+Bln(1rz)

which is the equation for a straight line. Thus with 7| and m, as inputs and the desired
output in the form of Eq. (F-1), two computations would be necessary, namely a log
transformation and a determination of the constants, the latter requiring simple regression.

Simple regression is a statistical method to help fit the ‘best’ line to a given set of data using
the least square principle. Given that y is a linear function of an independent variable x, the
most probable position of a liney = A + Bx is such that the sum of squares of deviations of all
points (x, y) from the line is a minimum; the deviations being measured in the direction of the
y-axis.

Even though the plots shown in Figures F-1 through F-6 were not always linear; they were

assumed so to keep the model (concept) simple. Better relationships such as multiple linear
regression or polynomial regression etc. could be used to define these relationships when actual
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test data becomes available. All component equations were thus obtained using simple regres-
sion. A flow chart depicting the formulation of component equations is illustrated in Figure
F-7. The curve fitting computer programs were used from reference 55. The component
equations when plotted make the raw data (Figures F-1 to F-6) look like Figure F-8 to F-13.
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Figure F-2.—Plots of my vs m3 (Raw Data)
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