
Transportation Research Record g36

conventional sav¿-cut groovesi a potential of costingas low as half as much as conventíÃaf saw_cutgrooves at l_.25-in spacing exists.

ACKNOWLEDGMENT

This-research was requested by the Office of AirportStandards, Fl\A. The Airport Development Division ofthe systems Research and Developnlnt service pro_vided the program direction. - 
Herman D,Aulerioplovided helpful suggestions and critical_ reviewsthroughout thè conduct of the research.

REFERENCES

1. Method for the Design, Construction, and Mainte_nance of Skid Resistant Airport pavement Sur_faces. Federal Aviation AdìinistraLion, U.s.Department of Transportation, Advisory CircularI5O/5320-I2, June 30, 1975.

55

2. s.K. Agrawal and H. Daiutolo. The Braking per_formance of ân -Aircraft rire ãn îroo.rea pccSurfaces. Federal Aviation a¿ri.,J"tåtlonr U.S.Department of Transportation, Atlantic City, NJ,
^ Interim Rept. FAÀ_RD_80_78, Jan. 1gel.3. w.B. Horne and c.w. Brooks. nun"uf c.ooving forfncreasing Traction__The Current erogram and anAssessment of AvaiLabLe Results. papá. pre""nteOat the 20th Annual_ Internationai'oi, SafetySeminar, Williamsburg, VA, Dec. 4_7, :f967.4. S.K. Agra!.ral and H. n'Au1erio. nngi.,u"ring andDevelopnent program plan__Airport Rr;;.y surfaceTraction. Federal Aviation administrat,ion, U.S.Department of Transportation, Rept. FAA_ED_0g_7,May l9BI.

htblication of this pøper sponsored by c.ommittee on sulÍace properties_
Vehicle Interaction.

Effects of Groove spacing on Braking performance of
An Air craft Tire
SATISH K. AGRAWAL AND HECTOR DAIUTOLO

The braking and cornering performance of an aircraft during operat¡ons onwater-covered runways is improved by the introduct¡on oii'r.nrr"rr" groou",on rhe runways. The Federat Avíarion Adminisar",¡àif,ãi i.lorr.na"a0.2$in wide x 0.2$in deep saw-cut grooves spaced at 1.2s in, to be instailedon runways where the potential ofhydroplaning exists. Hã*""år, 
" 

f"rg. nulnb",of runways h.ave nor been grooved. rne majo. ieasãnlo.üì. ì, ,n" r,igt 
"or, 

orgroove installation and the availabil¡ty of only limited ev¡¿"i." uOout tt 
" "t-fectiveness of rhe grooved surfaces at rhe ,"rlr,J.*irpåäTäf modern air_craft. The research reported here indica-tes thar, ú, ¡"ä*.ri"g,l,e spacings ofdre conventìonar saw-cut gÌooves up to 3 in, tt" 

".rt 
oìáiåiå instailation canbe reduced !v un to 25 percent compared with the ¡nrt"íl"tioi cost of g¡oovesspaced at 1.2b in. The ¡esutrs furthei sho* t r"t fri"ii;;ì;;;;; avaitabte onúrese grooves under wet operarins con¿¡t¡on; are ".i ir"irìäåia¡v below rhoseatta¡ned on grooves spaced ar 1.2s in. rn..",.ruit 

"rJ"iiiãio, op.r"tingspeeds up to iS0 knots,

The braking perforrnance of an aÍrcraft during land_ings on h'ater-covered runvrays depends on tte l.rrelof frictíon developed in tÃe 
"o.,tu"i.le. uetw.enthe aircraft tire and the runway 

"uifu.". Thefriction level deveJ.oped in the å"ntu"a area isaffecLed by aircraft speed, aesign oi the tiretread, runway fin!.sh and drainage .upu.ity, charac_teristics of the braking system, un¿ fnl amount ofwater on the runway. Under flooded runway condi_
li:n:: aircraft may hydroplane Ou".ur.- rr"ry l-owfriction level-s are avail_ab1e and the Lraking ca_pability is reduced significantly. io""-in brakingcapabiJ-ity can be considerable .u"n i¡ runways arecovered with only a thin fil-¡n of water.
. During hydroplaningr the physicaL contact betweenthe tire and the runway is lãst and the tires aresupported on the intervening layer of Ì./ater. Hydro_planing occurs as a resuLt of rapid buildup ofhydrodynamic and viscous pressures in the tire_run_way contact area. Dynamic or viscous hyalroplaningis identified according to *t.tiã.- iíertiaf orviscous forces, respectivety, ur" pr"aorìnunt. Inall cases of hydroplaning, hãwever, l"ir,-årt."ts are

present to some degree. Dynamic hydroplaning can beminimÍzed by a rapid removal oi 
-*-.'J", 

from thet.ire-runway contact _areai runway grooves acconplishthis very effectivety Uy proviáln!- 
"""up" channelsfor water forced out of the contaci area during tirepassage over the grooves. Viscous hydroplaning canbe alleviated by providing adequate íi"rot"*tu." inthe runway surface.

The Federal Àviation Administration (FAA) hasrecommended (f) 0.25-in wide x 0.25_in deep groovesspaced at I.25 in between centers and has encouragealairport mênagers, operators, and owners to grooverunways wherê potential of hydroplaning or overrunsexists. Hor.¿ever, many runways have not beengrooved. The major deterrents to tt¡e use of runway
?::"":" are the high cost of grooving by rhe conven_Eronal saw-cutting method and the avãilability ofonly Iimited evidence about the effectiveness ofgrooved surfaces ât the touchdor.rn speeds of jet
a i rcraft.

The objective of the research described in thispaper is to determine a cost_effective groove con_figuration for porÈIand cement concrete (pcc) sur_faces.

SCOPE OF IWESTIGATION

A cost-effective groove configuration was deterninedby ínvestigating whether an increase in groovespacing beyond the FAA recorunended value of 1.25 incan lower the total cost of grooving without ad_versel-y affecting the braking perfo-rrnrn"e of anaircraft tire on these grooves under wet and floodedsurface conditions.
Low grooving cost and acceptable braking perfor_mance are the two key factors used in the determina_tion of a cost-effective .""figui"ti"n for thesar^r-cut grooves. The term acceptabÌe braking per_formance is subjective and is deflned as fol-lows for
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Figure 1, Grooving mach¡ne used for cutting 0.2$in x 0.25-in deep grooves af

various p¡tches ¡n test sect¡ons.

Table 1. Test parameters used in program.

Parameter Descriptlon

Tire
Ve¡tical load
Inflation pressure
Tread design
Size and type

Pavement
Type of surface
Macrotexture
Type of grooves
Groove spacing

Environmental
Water depth

Operational
Wheel operation
Brake pressure
Speed

35 000 rb
140lblin2
Worn and fully treaded, six grooves
49x17 ,26-ply, type '7

PCC
0,02 I in nongrooved, grease smear measure
Conventional saw-cut grooyes, 0.25 x 0.25 in
1.25, 1.50, 2,2.50,3,and 4in

Under 0.02 in wet, 0.02-0. I 6 in puddled,
0.17-0.32 in flooded

Rolling to Iocked
300-l 800 lbi in2
70-l 5 0 knots

the purposes of this study: The avãilãble friction
IeveI on water-covered surfaces that have grooves
installed at spacings in excess of.1.25 in is sig-
nificantly higher Èhan on nongrooved surfaces and is
not signíficantly lower than grooves spaced at
currently reco¡nnended values.

The groove spacing was chosen as lhe only vari-
able to be included in the test progra¡n after an
investigation (2) shoh'ed that increases in the
groove spacing has significantly more potential for
cost saving than changes in the groove size. This
investigation was conducted by sampling the grooving
costs in the northeastern, midwestern, and south-
we6tern united States and included both the PCC and
the asphaltic concrete surfaces. This paper ¿le-

scribes the results on PCC surfaces only. The
saw-cut grooves were installed by a machine (Figure
1) developed by the U.S. Navy.

EXPERI¡4ENTAL PROGRAM

The experimental program was conducted a! the Naval
Air Engíneering Center, Lakehurst' New Jersey. Test
track I at this facility was ¡nodified to accomplish
the objective of the research. The descriptions of
the test facility and equiprnent, test sections, and
the tesÈ procedure are given elsewhere (l) and also
in our other paper in this Record.
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Test Paråmeters

Four types of parameters etere investigated in the
test program: tire para¡neters' pavement parameters'
environ¡nental parameters, and operational param-
eters. The primary criterion was to choose a value
for a given parameter such that it represented a

value widely used by airlines and aircraft.
Table I summarizes the test pararneters included

in the program.

Data Collection and AnaLysis

Data were collecÈed on osciltographs. Typical data
collected in a test included horizontal force at the
tire-pavement interface, vertical load on the tire'
coefficient of friction developed at the interface,
and wheel revolutions. Water depth and brake pres-
sure were recorded manually' and the test speed was
computed from the dÍstance-time trace on the oscil-
J-ograph.

Tables 2 and 3 show the test results. The values
of the coefficient of friction in these tables
represent the maximum available under each set of
operating conditions. A least-square fit was ob-
taÍned between speed and coefficient of friction.

DISCUSSION OF RESULTS

Test results on Èhe conventional saw-cut grooves are
shown in Figures 2-4. The basic characteristics of
the friction-speed relation in these figures indi-
cate a drop in friction coefficient with increasing
speed--a well-documented trend (4). These resul-ts
verify the validity of the experimental procedures
of this research and complement the findings of past
research.

Wet runway surfaces are normally encountered
during or after a light or moderate rain; these
surfaces may be saturaLed with water but would not
have measurable water depth. À worn tire operating
on a wet, nongrooved surface represents a situation
where predominantly viscous hydroplaning may occur.
Even when hydroplaning does not occur, the viscous
pressures in the contact area are high and renain
high at a relativeJ-y low speed. The result is low
levels of available friction. The broken-line curve
in rigure 4a shows the friction levels obtained
under these conditions.

when a new tire is operated on wet, nongrooved
surfaces, a more complex phenomenon takes place
under the tire. The viscous pressure under the tire
grooves is smalter than under the ríbs. This re-
sults in a lor.¡er integrated pressure under the tire
and provides more contact between the tire and the
concrete surface. The friction levels avaifable are
íncreased significantly (over those obtained with a
worn tire), as shown by the broken-Iine curve ín
Figure 4b.

When the surfaces are grooved, the perfornance of
a lrorn tire under v¡et conditions inproves signifi-
cantly, vrhen compared with nongrooved surfaces, as
shown in Figure 4at the performance of a new tire Ís
also improved under sinilar conditions. However,
the introduction of grooves on the surfaces renders
the performance of a worn tire comparable to that of
a new tire, as shown by the solid-line curves in
Figures 4a and b.

The data scatter around the solid-line curves in
Figure 4 is not indicative of the effect of groove
pitch or shape on Èhe available friction levels.
Rather, it shows the sensitivity of the coefficient
of friction to changes in the waÈer deptht it is
relativel-y more difficult to control small water
depths (0.0-0.02 in) precisely; therefore' it j.s

likely that the water depths are varying from these
1 imíts.
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fhe puddled surfaces are representative of condi_tions that can be expected right after heavy rainsof short durations. puddles cãn also be forned onpoorly drained runwâys or where targe variations intemperature produce undulations in itre 
-run"uy 

"ur_face. rn any event, the water_filleã iuoales aregenerally not conti.nuous in either the iongitudinãlor the lateral direction. The flooded ,u-n"uy condi_tions can be expected as a result-oi-continuous,
heavy rainfall. Braking p.rforrun."" on sroorr"a urranongrooved surfaces when puddled and flooaed condi_tíons are encountered are shown in Figure 5.
-_Comparison of Figures 5a and b shows that, fora1l groove spacings, the braking f".ior*un"" on

Table 2. Test Ìesults on pCC surfac€s w¡th worn t¡re,
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puddLed surfaces is improved by the use of a nev,tire rather than a worn tire. - 
tfris improvement isavail-able over the entire ,.ng" oi op"ruii"g speeds.on the other hand, h,hen floodea'.oiãltion. arepresent, the new tire provídes gradually improvingbraking performances as operati;9 speeås are re_duced. Tire wear is thus un irpo.ÉunJ;;"a", duringlow-speed operations on grooved, flooded surfaces.The braking performance on nongrooved surfaces ispoor under puddled and fl-ooded conOitions, and theprobability t,hat hydroplaning may occui is alwayshigh. The results on nongrooved surfaces undèrpuddled and flooded conditions with the use of aworn tire are shown in Figures 5a and c. A coeffi_
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¡s ooó r¡ ,""ii!¿iä"ï^irî rff,l|;p'r,*;å-""r',:'"-,*tr = o.or-0.r6 in, puddled; a¡d c = 0.1?-0.32 in, flooded.

Table 3. Test results on pCC surfaces with new tire.

Coefficient of F¡iction x I OO

Nongrooved
Surface,
Broomed

Grooved Spacings

1.25 in 1.50 in
Test
Speed
(knots)

2in 2.50 in 4in3in
C c C

41 30 20
28 24
24

70 39 32
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24
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t40
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8
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28
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30 29
19
31
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9
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8
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14 12
l2
1l
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cient of friction of only 0.05 is available when

operating speeds vfere below I00 knots; above 100-
knot operating speeds, the wheel was locked at all
of the braking pressures. A friction coefficient of
0.05 is generally accepted as a leveI that repre-
sents hydroplaning. The friction force that cor-
responds to a coefficient of friction of 0.05 is 5

percent of the vertical load on the tire. The
introduction of grooves on the surface has increased
the available friction from 0.05 to a maxirnum of
0.29; the s¡nalLest increase occurs for the worn tire
in operation on flooded surface; the largest in-
crease occurs for a new tire in oPeration on puddled
s ur face.

Although the use of newer tires and grooveil
runr¡¡ays wiIl shift the onset of hydroplaning to a

higher speed, they cannot, in all cases, completely
eliminate it. As the operating speeds increase' the
ti¡ne available for the fluid particles to escape
fron the tire-runway contact area decreases. Any

increase in number of escape paths, either by pro-

Figure 2. Coeffic¡ent of fr¡ct¡on as funct¡on of speed under puddled and

flooded surface cond¡tions on saw'cut grooves for 1'25'and 1.50'in pitch'

w0ßt IRt

tìo
(d)
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viding patterns in the tire trea¿l or grooves in the
runway surface, cannot totalty conPensate for the
reduction in availabl-e time brought about by higher
operating speeds. Closer spacings between the
grooves, however, wiJ-1 provide more discharge out-
Iets to the water entrapped in the contact area.
Although the nunber of discharge outlets will be
increased¡ the reduction in time available for a

fluid particle to go fron onê discharge outlet to
another when the groove spacing is reduced from' for
example, 3 in down to 1.25 in will be 0.000 87 s at
Io0-knots operating speed. The question, therefore,
arises as to whether the entrapPêd mass of water'
because of its inertia, can respond fasÈ enough to
show any significant changes in braking perfornance
on the two spacings used in the above exanple.
ClearIy, much larger spacings wiIl have adverse
effects on the braking perfornance; Figure 5 seems

to support this argunent. It shows a large drop in
coefficient of friction for 4-in groove spacing over
1.25-in groove spacing. Hor¡¡ever, no consistent
trend is identifiable regarding the direction in
which the friction force is changing when the entire
specÈrun of groove-spacings is considered.

Figure 3. Coeff¡cient of fr¡ction as funct¡on of speed under puddled and sur-

face conditions on saw-cut grooves for 3- and 4-¡n p¡tch.
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Figure 5. Comparison of relative
braking performance of worn and
new tires-
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Figure 6. comparison of atta¡nabre speed for constant friction rever on saw-cufgfooves.
Figure 7' Braking performance and est¡mated grooving cost as funct¡on ofgroove spacing.
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l-evel of 0.15 decreases.
smaller with a new tire.

The rate of decrease is

The effect of groove spacing on the braking
performance of a worn or a new tire on pudilled and
fÌooded surfaces can also be evaluated from Figure
7. This figure shows the data from Figure 5 re-
plotted in an alternate manneri the effect of groove
spacing is compared in terms of maximum available
coefficient of fricÈion under various other test
con¿litions.

rn all cases, the friction coefficient decreases
as the speed increases for aI1 the groove spacings.
The friction Ievels attainable on nongrooved sur-
faces approach the hydroplaning level- (u = 0.05)
at operating speeds of 100 knots or less; the intro-
duction of grooves increases both the level of
friction available and attainable speeds; the lower
the operating speeds, the higher the available level
of friction.

I{hen comparing the effects of increased groove
spacings under constant operating conditions' note
that, although the overalL effect is a decrease in
friction level with increased spacings, the decreãse
cannot be classifÍed as significant. If the opera-
tion wÍth new tires is considered, by increasing the
spacing f.tom 2 to 3 in, the friction force remains
unchanged at 150 knots. In fact, the decrease in
friction force, when the groove spacing is increased
from the current standard value of 1.25 to 2 or 3

in, is a maximum of 0.06 with new tires operated on
puddled or fl-oo¿led surfaces. A slightly higher
decrease occurs with a worn tire under símilar
operating conditions.

Cost Analysis

The total cost of grooving is a function of many
variables; groove spacing is one of them. The
investigation by a Washington, D.C., fir¡n concluded
that fixed and variable construction costs for
grooving runways are 60 and 40 percent, respec-
tively, of total cost and that the variable cost
savings increase nonlinearly with groove spacing.
For example, by cutting grooves at 2-in spacingr the
cost savings over 1.25-in groove spacing are l-5
percent (out of the total available of 40 percent).
The cost saving for 3- and 4-in spacings over I.25-
in spacing are 25 and 28 percent, respectively
(Figure 7).

Cost-Ef fective croove Conf iguration

As pointed out earlier in this paper, the cost-ef-
fective groove configuration must meet certain
criteria. Ì{e showed in Fígure 5 that the overal-I
effect of an increase in the groove spacings is a

decrease in available friction. However, the de-
crease is noÈ significant. Tn addition, the braking
performance on all the grooved surfaces tested is
signÍficantly higher than on nongrooved surfaces;
friction leveIs that represent hydroplaning condi-
tion were observed on both puddled and flooded,
nongrooved surfaces (Figures 5a and c). If perfor-
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mance alone were a factor for selecting a groove
configuration, 1.25-in spaced grooved runways wiII
provide maximum friction levels under all operating
conditions included in this study. However, in the
najority of cases, both the cost and performance are
considered to be imporÈant vrhen installing grooves
on runways. In these cases the groove spacings of 2

or 3 in will provide sufficient braking to allow a
gradual reduction in the speed of an aircraft and
thus develop further brakÍng. In addition, savings
of up to 25 percent in the cost of groove installa-
tion (co¡npared with installation cost of 1.25-in
spaced grooves) are available.

CONCLUSTONS

The following conclusions are drawn from the find-
ings of this research and are valid for Pcc surfaces.

1. The conventional sãw-cut grooves spaced at 3

in or less will provide acceptable braking perfor-
mance to an aircraft, on etater-covered surfaces.
Installation cost of these grooves is up to 25
percent less than that of the grooves spaced at 1.25
in.

2. conventional- saw-cut grooves spaced at I.25 in
provide maximum friction levels under all operating
conditions included in this study.
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