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DISCLAIMER

Tﬁe' contents of vthi,s report reflect t_:hé views of the authors who are
_reépo’tiéibl'e for the facts and the accuracy of the data presénted _ﬁe’rein.'
The -Eoﬁt‘én’t’s jc\id’not ﬁéééééérily refiect the‘ official views or policies of
the Federal High&éy Administration. This reporf dpes}h°£ constitute a

standatd, specification or regulation.

ididi




_ ABSTRACT

A study of the wet weather characterlstlcs of four dlfferent pavements
and eight different tires is presented. The pavements studied were a
portland cement concrete, a bltuminous surface treatment, a hot mix asphalt
and a jennite surface. The tlres studied were several b1as ply t1res W1th
different tread depths, a wide tire and a test standard tire. In this
study, wheel spin-ddwn was used as the criterion and the variableleOnsidered
were'tire't:ead'depth, tire inflation pressure, water depth, and wheeib
load. A‘sloping trdugh SOQ ft. lcng, 30 in. wide, and 4 in. deeﬁ was used
in obtaining the'deta. The results indicaterthat the bituminous surface
treetment requires avconsiderably higher ground speed to cahse‘spinfdewn
than do the cther pavements tested. It was also‘obServed'that no single
critical"speed,rnecessery'for wheel spin-down to occur, eXists’fbfvthe‘range
of variables selected, but it’is recommended that there be a rednction of‘speed
to 50 mph fdrvany section of highway on which water'can accumulate to 0.1 inch

or more during wet weather periods.

Key Words: highways, pavements, hydroplaning, spin4down; surface. texture,

'water depth, tire inflation pressure, tire tread depth.
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SUMMARY

Vehiclesvepe:ating on wet pavements suffer impairmeﬁt,ofetheir'steering
and braking capabiiities. Tests have shown that this cohditipn wOrsens as the
vehicie speed-incfeases and at a eritiCal groﬁnd speed the vehiéulaf wheel is
,separated from the pavement by a layer of fluid and is sald to be hydroplaning
When this occurs the steering ability of the vehicle is completely lost and
the braking capablllty is greatly diminished.

The spin—dbwn (reduction in wheel speed) ofva wheel is an indication
of a loss in the ﬁire—ground ffictionaliforce and is eegarded by researchers
ae.armanifestatien of hydreplaning. Spin-down occurs when the hydrodynamic
.lift effects combine to cause a moment which oppeSes the normalrrolling action:
of the tire caused'by the drag forces. “As grouh& speed ihcreases, the tire
footprint becomes detached from the- pavement Whlch decreases the ground
frietion on the tire. This report uses wheel spln—down as a criteriomn for
eValuating the.wet weather properties of several pavements and considers
the effects of water depth, tire infletion pressure, tire tread depth.and
wheel load on the speed to cause spin-down. The study was performed by con-
dﬁcting full—scale tests in a hydroplaning trough 800 ft. long, 30 in. wide,
~and 4 in. deep. Water depths up to 0.8 in. can.be maintained in the trough.

The most significant findings baeed on the criterion that spin—-down
gfeaterfthan 10% eeuses a sufficient reduction in thevfrictional coefficient
so that veﬁicle stebility is affected may be stated as follows:

1. >A high macrotexture pavement which allows water to escape from

under the tire requires a considerably higher ground speed to cause spin-—

down than a low macrotexture pavement.




N.B.:

2._7Decreasing'the eire inflation pressure normally has the effect
of lowering the ground speed et'wﬁichva‘certain ameunt of spin~down
occurs. |

3. Increasing the width of a tire causes a decrease in the groun&
speed required to produce sp1n—down

4. An increase in the water depth causee a decrease in the epeed'at

which spin-down takes place.

.It should be emphas¢zed that the conaZuszons are based upon only
one of the mamfestatwns of‘ hydroplamng, mz., wheel spzn—down.
"Ih ordér to détermtne a total hydropZanmng condition more prectsely,

some of the other indications of hydroplanzng such as Zoss in brakzng |

#tractzon and dwrecttonsl stabzlzty shouZd be consgidered.
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IMPLEMENTATION

The speed et_Which an automobile tire hydroplaﬁee, as defined by the

spin-down criterion,-is_higher when the macrotexture Qf the pavement is

greater. The use of pavements with larger macrotexture and p0551bly internally
draining surfaces w111 help to reduce the tendency to hydroplane
In determ1n1ng safe wet weather gpeed limlts; many factors are involved.

Information from this study will be helpful as to what 1nfluence texture and-

'water depth have relative to speeds at Whlch hydroplanlng should or should not

occur.
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INTRODUCTION

As a vehicie travels_along therhighway, the friction.reqaired to
perfotm maneuvers 1s developed at the tlre—pavement 1nterface. The
frlctlcn developed will depend on such thlngs as the pavement texture,
tire configuratlon,’area of the contact zone, tread: des1gn, speed and
—tlre pressure. If this area is contamlnated herfrlctlon deVeloped
at the interface will bevdecreased. If the contaminaht-is water, the
pOSSihdlity of hydtoplaning exists.

Hydroplaniﬁg is caused by'the build up of fluid pressﬁres within the
contaet zene between the tire and‘the-pavement._ These‘fofces can increase
to the peint wherevthe hydrodynamic upiift eqaals the doWﬁward‘force exerted
- on.the wheel, At thls p01nt the tire is hydroplaning or completely supported
by the water layer. When in this condltlon the tire’ has lost all contact
with the pavement ‘surface and thus has lost all the traCtive force necessary
to perform normalhor‘emergency driving maneuters.

This study hasdehoseh'to use wheel spin-down as the indicator of
tire hydroplaning. Spih;down is a term describing the loss of angular
velocity of a wheel traveling over a flooded pa&ement as the epeed of the
vehicle.remains eonstant or increases. Wheel spiﬁédbwnpis‘caused by the
build'up of hydrodynamic pressure in the forward portion of the tire-
pavement contact area, This force acts to oppose the normal rotating
action of the tireAand can build up to a point to cause the tire to stop
rotating completely. It has been assumed that once spln-down has been
inltlated some loss of tlre—pavement contact has occurred. Once a portion

of the contact is lost, the friction developed between the tire and the

pavement is decreased and a potentially dangerous situation exists.




The factors being considered in this study are water depth, pa&ement '
texture (primafily ﬁaCrotexture)Q vehicle speed, wheel load, tire inflation
pressure, tire configuration, and tiré treéd depth. By adjﬁstihg each of
tﬁe variables, the effect each has on the speed at whiéh:é:certain amount
6f.spin—down occurs can be observed.

Up to this time most research in this aréé has been doné by ﬁher
aircraft industry, due to the high spee&s involved with take-off and touch~v
“down., Because of this, the reseérch has been done uéing éircraf; firés
whiéh have very different characteristics from automobile tires. ‘It ié
the objective of this study‘tqvobserve what ocecurs ét lower speéds, wheel

loads, and tire inflation pressures.
REVIEW OF THE LITERATURE

Tﬁeéreﬁical and experiﬁéntalrstudies,have been made by a numbe:
of researchers. The works more néarly associated with the reééarch
investigatién presented in this report and fefiewed during the course
of the étudy are,listed in referencés 1-52. o

Saal (41) initially studied the prqblem in 1935 and deQeloped é
médel based on two planes approachiﬁg_eé;h‘otﬁer in a flui&. ﬁe
assuﬁed the'ﬁire contact area to be elliptical and used Reynold's
equation to obtain his results. Moore (39) used squeeze film tﬁeory
to analyze the problem and coﬁcluded that the molecular mechanism of
vistsity that would be encpu;tered between tire and wet pavement requires
further study. Also, he feels that the Reynolds-Stefan equation is
inadeqﬁaté to describe this phenomenon. |

‘Horne-and:Dreher (26) derived an edqation to predict the critical

speed at which total hydroplaning begins. This equation assumes the
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‘load on the tire to be in equilibrium with the dynamic presSure in front
of the tire and neglects the effeets of fluid depth. For an experlmentally

determined 1ift coeff1c1ent of 0.7, Horne deVelops the equatlbn

Vep = 1035 | N (1)
where .
: Vér = total hydrbplaning,Speed in statute mph, and -
p = tire inflation pressure in psi.

This equatlon is limited to smooth tires or commerc1ally treaded tlres
whose tread depth is less than the water film thlckness. Reference 26
1ndicates that the results predlcted by Eq. l are in reasonableyagreement
with experlmental data obtained for a variety of tires subjected to
different loads andrinflation pressures,

Geﬁgenbsch (19) developed an empirical eQuation-which:includes the
thickness of the water fllm and his correlatlon w1th test results showed
that the total hydroplaning speed was 31gn1f1cantly affected by the water
£ilm thlckness. ' This contradicted the equation developed by Horne (26).
éehgenbech's equation, like Horne‘s (26) assumed that the Qheel load and
dynamic pressure were in equilibrium but used theherQSS.seetieh'Of the
water £ilm under the tire contact patch perpendiculer to the surface
Qeiecity_as the aree for the force ealculatien.r The area was multiplied
Vhy a,iift coefficient and the equation to predict the totai hydroplaning

speed.was derived as

=508 /3 - .

Bt CL



.his work, tire desigﬁs with mainly.circumfefential grooves achieVed C

where

V.= tqtal hydroplaningVSpeed in km/hour,

.Q = wheel ‘load in KP(lKP = 2,2 1b.),

B = maximum Width’of cdntact patch in mm,

t =\-thickrtjless'o_fAv.«ratér film in mﬁ,.and

CL= liftrcoefficientvdetermined empirieailyvfor a,particﬁlar tire.

Gengenbach concludes that grooving of the tires considerably reduces the
lift coefficient an& thus increases the critical hydroplaning'speed. In
L
reductlons of nearly 50% whereas de31gns with grooves prlmarlly orierited
in the lateral dlrection achleved reductlons down to 25% of the smooth tires.
Martln (34) explalns ‘the tire hydroplanlng phenomenon from the stand-
point of theoretlcal hydrodynamics and then compares theoretlcal and-
experlmental results. From the study it .is concluded that for moderate
water &epths ana grooved tires,. the lift coefficient for incipient
hydroplaﬁing does not vary appreciably. Also, an inviscid £1uid may be
assemed except for the case of smooth tires and/or thin films of water.
Dugoff and Ehrlich‘(lé) studied the hydroplaﬂing'prOblem through scale
model 1aborat0ry experiments and employed dimensional analysis principles
to interpret their results. The tests were conducted for smooth tires of
rectangular cross-section at various loads and water depths. * The authors
interpret Eq. 1 presented in ref. 26 in terms of dimensional analysis
principles and indicate that neither fluid gravity forces nor viscosity
forces ﬁad an appretiable influence on .the full-scale tests that were

used in the comparison of Eq. 1 and presented in ref. 26. Further, the

~ authors of ref, (13) recommend that the effects of configurational and




treadrchanges to tires and the partlal hydroplaning problems be studled

Wray and Jurkat (48) derlved an empirical equation relating crltical
hydroplaning,speed, water film thlckness and nominal contact patch,bearing
pressure for 8" diameter polyurethane model tires hav1ng four different
‘widths and a smooth—surface. The results obtained u31ng ‘their. equation
were compared to those obtalned by Horne's equation (Eq. l) They noted
that Horne's equation was bracketed by lines of constant water f11m thickness
-hav1ng nearly the same slope.' This 1mp11es that by selecting a certaln uater
depth, Horne's NASA equatlon can be duplicated with experimental data from
the model wheel

A vast amount of research concerning frlction characterlstlcs and
effects of the pavement texture and material has been conducted by Britlsh
researchers (1,2,4, 17 18 22 23 35) Allbert (1) discusses the effects of
tire design parameters on hydroplanlng and concludes that the most 1mportant
is the geometric design of the tread pattern. Allbert WalkEr and Maycock (2),
after 1nvest1gating varlous tires and pavement surfaces, conclude that the
coefficient of fr1ct10n for a slipping tire is significantIY'decreased with
an increase in speed on fine~textured surfaces, and to a lesser extent on
coarse-textured surfaces. Further the tread pattern did not play as
significant a role on the coarSe—textures surfaces. This implies that
tread wear would have a minor‘effect'on a surface of this;type, Gough
and Badger (22) discuss the effect of tread design onvvarious surfaces
and the hydroplaning ofvheavy vehicles fitted with smooth tires whichrare
traveling on flooded road surfaces. ‘Their findinés on pavement surfaces
are similar to those presented in ref. 2. Martin'(35)»discusses’treatments
to eXisting concrete and asphalt surfaces in order.to improve their skidding

resistance. The materials and methods which may be used in'future construc-—




tion are also described and illustrated.

A large amount of research concerning the variables associsted with
A : .

hydroplaning and particularly pavement texture has also been conducted by

American investigators (5,11;14,27,29,32,33;42;49,50). Beaton, Zube and

Skog (5) conducted studiés on the effect of pavement gfoovihg’to reduce

Wet weather accidents. Their results indicate that pavement grooving{
parallel to the centerline enhances the wet weather behdvior of cohcréte
pévements and the friction value is raised. DeVinney'(ll)‘investigatéd

the effects of the tread design and compound, tire COnstruction; and road
suffaée on.the hjdroplaning problem., He concluded that the vehicie operating
speed is‘ﬁhe most significant singlé:factor affécting wef skidAfésistance.

Also, a coarse textured surface has the greatest effect. on decreasing the

significance of speed; tread design, tread compound, tire construction,

surface and temperature all play a role with the effects on skid resistance.
Horne (27) from his investigation of tires and ﬁavements concluded that
tires having smooth'or'bédly wdrn'treads, and pavements that are worn -

from heavy traffic or possess too little surface texture, are hazardous.
Yager (49) discusses the types .of tire traction losses on wet roaﬁs and

the effedts of pavement surface'contaminants, surface texture; tire tread

design and ground speed on pneumatic tire braking and steering capability.

_From his study, the author concludes that pavement grooving, both trans-

versély and longitudinally, is an effective means for reducing all known
phenomena associated with low tire-surface friction. In addition;
badly worn tires indicated a significant reduction in the vehicular
braking and steering characteristics when compared wifh new fﬁll tréad

tires.




SELECTION OF PARAMETERS -

Eavémenté
‘_Four different pa?emeﬁtélhéve béen Selectéd f&r this stuay, Thé_first'

pavement:studied was a buflap drég finish coﬁcretg'Surfécerwithfanfaverage
surface texture of 0.018 in.vas measured by the siliéoné puttybmethod. This
paveméﬁt wasrcthidered to be typical or similar to coﬁcréﬁé'pavéments 
pfesently in ﬁse. The second ﬁavement tested was‘a bituminéus éurface
treatment (seél coat) with roundédvriVer grabel, stone size between =5/8 in.
and +No, 4;Sieve~ﬁsed as cojer,stone. The average textﬁré of this surface
Waé 0.146 in. meésured by theAsilicone—putty'methéd. 'Thiérhigh texture
cbﬁposéd;of fairly loosély bound aggregate ié obviously impractical for

use on highiébéed"roadways but was chosen simply to shbw thé“effect of
'increasihé'thg macrdﬁexture; A hot mix asPhalthaébuéed as the third
vpéﬁémeﬁt.>uAn avérage texture of 0.033 in. was meésuredAby the silicone
3pﬁtt§'méthbd. 'Tﬁis pavement was chosen as one that'wés similar to those
presently in use. The final pavement tested was a clay'fiiled coal-tar
emulsion surface (Jemnite). This surface had é,texgufe 6f’0;020 in, as
ﬁeasuredvﬁy the gilicone putty ﬁethod. This surface WAé chosen because

it was felt that iﬁ was -similar to a bleeding asphélt pavement or a worn
‘wheel rﬁt;‘

: It-sﬁoﬁ}d be noted that ﬂy measuring the texture by ;se of the silicone

pﬁtty méthod'only»the macro-texture is indicated.’rlt is impossible to

show the magnitude of the micro-texture when using this method. This is
shoWnbby‘the fact”that pavement ﬁhree, the jennite surfacé has a higher
texture than the concrete pavement,'surface one, The concrefe pavemenﬁ

has a very gritty feeling texture while the jennite is smooth. It is felt



that microtexture plays an important part in the reduction:ofVhydfoplaning
but no quaﬁtitatiVe measure of its effect was made'in this study, - It is

possible however to make'inferences from the data obtained.

Water ﬁepths

| Variousrwater'depthé were considered ahd Qalﬁes Were selected so that
the,infieence of this variable could be evaluated.rlThe Water.depths eﬁﬁdied
oe tﬁe concrete sufface varied from 0.12 in. t010;70 in. :This is:a very -
wide range, with the upbef limit being rather impractical, but studied to
see jﬁs;vhow much effect the water depth had on Spinédown'andeif_ehere was
a.point past which it had no effect. The depths selected for the_bitumieous
sﬁrfece treatment (seal coat) varied from 0.25_in. to 0.76 in. This range
was considered because when using water depths below 0,25vin1 on this
.particular‘surface it was extremely difficult'td obtain' any data,>the
ﬁaiﬁ.reasen beiﬁg-thai'the speeds necessary to Cause:epianown:at tﬁe“ . L
lower Watet'depfhs were not achievable with ﬁhe'test Vehicie. On the.
third and fourth surfaces the water depth was varied from 0.12 t6 0,40 in.
It was found that this is a more realistic'range of water depths aﬁd that_

there were ample data produced using these values.

Tire Inflation Pressures

Tire inflation pressures varying from‘lB psi‘to'36 psi in 6 psi
increments were selected for evaluetion on all four pavemeﬁts.v It was
felt that this range of vaiees was not only representative of pressures
found in the tires of most ground vehiclee, but‘wouid also ﬁrovide an
adequate variatioﬁ_or raﬁge for studying the effect of the variable; .

Pressures higher than 36 psi were not selected because the tow vehicle




was unable to attain speeds high enough to prodﬁce meaningful data.

Wheel Load

Wheel loads of 800 lb and 1,085 1b. were selected for evaluatlon
on the concrete pavement. Tbe load Qf»l,OSS:lb,_wasrused.as thevbasic
test»weight,_-Thls wasgdone>because of its specificetioﬁeas the ASfM skid
trailer staﬁdard The 800 1b. 1oad was used on the last two tires tested
on the concrete surface. Thls welght was chosen because it was felt that
it representedja reallstlc wheel load and also_because it provided enough
veriatien to QbServe the effeCt of this paremeter. Only the 1 085 1b. load .
‘was used when testing the other three surfaces 51nce no appreciable variation
in the results was observed in the. evaluatlon of the concrete pavement when

. the 800 1b load was used

Tires

ilEight—tires were selected for the study, They tncluded:

1.__Meeufacturer A" ’ 7.75j14 Biss Ply - Full Ttead Depth
1 2, Manufecturer A ‘ 7.75—14 Biss Ply - 1/2 Ireaerepth
3. Manufacturer A , - .7.75-14 Bias Ply - Smooth
_4; »nangfecturer B - Wide Tire F70-14 _7 = Full Tread bepth
5. ‘Manufacturer C | '_ 7.75-14 Bias Ply - Full Tread Depth
6. ASTM:Ef17 Traction Standard  7.50-14 - - Full Tread Depth
7. Manufacturer D - 7.75~14 Bias ?ly_— Full Tread Depth
8. Manufacturer D - : 7.75—14 Bias Ply - Smooth

It was felt that this wide range of tires would provide an adequate

evaluatidn of the effects of tire geometry, stiffness and tread depth,



. EXPERIMENTATION

' The tests Qere.cohducted inra sloped trough,(0.88f/100f) 800 ft. léng,
‘30.in, wide, and 4 in.rdéep_and is shown in Figure 1. Tﬁé éonstruction
'procedures and specifications fér this faeility cén 5é found:in reference 51,
Because éf its configuration and water supﬁly, theré-wasrnd‘difficulty
encountered in-obtainingIWater depths of 0.7 in., above the pavement
asperities. Even:though a perfectly level surface was desired, vafiations
in the trough_existed. Therefore, in order to better iﬁterpret the data,
water depths were taken at several points in the trough, asvéhowﬁ in
Figuré 2, The variétion of water depths was most pronounced for the
: bituminbus.surfaée treatment. | |

It ié difficult to obtain:constant coﬁditibns when,pérforming tests
in the open. Thefefére, ﬁhe-data contain the influenpé of temperature
and varyihg winds. Experimentation was halted whenéver wind sﬁeed was .
greater than 15 mph; It was felt that this would cause Variatiéns in the
water depth tﬁat would'éffect the data. It has been 6béeryed'that wind
speed'belbwvthis point did not affect the data in any.wéy,'

The tow vehiclé and instrumented test'trailer are shown in'Figﬁre 3
aﬁd é‘photograph‘of a“fypical test is shown in Figure 4. As can be seen
frbmvthese phbtographs, the tow vehicle is‘positioned so as to straddle
fhe trough, while ﬁhe tést trailer is offset so that the left tire»of the
tréiler ié positioned in the trough., The ground speed froﬁ the fifth
wheel and the speed of the test wheel in the trough are seﬁsed,By identical
tachométer generators. The'output from the generators is fed into a
Hewlett—Packard 320 recorder ‘which contains its own;amplifiEr circuits.

The two wheel speeds are Simultaneously recorded as analog traces on a

10




strip chart. From this chart the two ground speeds can be compared and the
percent spin—down calculated. The fifth wheel or vehicle speed is also

Hisplayed to theidriVer'on_a digital‘voipmeter,
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Figure 1.

Figure 2,

Texas Transportation Institute's
Hydroplaning Trough

Typical Water Depth Reading Taken
Before Test on Hydroplaning Trough
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Figure 3.

Figure 4.

Tow Truck and Instrumented Test Trailer

Typical Test Run on Hydroplaning Trough

i3




DISCUSSION OF RESULTS

‘As defined by Horne (26); the critical hydrOplanlng speed is- that
speed at which the hydrodynamic uplift force is in equillbrium w1th the
load carried by the tire., At this Speed the. tire is being supported
completely by the layer of water. However,.thls is not the speed at which-
spin-down is inltlated | In fact, spin—down can be 1n1t1ated at speeds
con31derably below the critical hydroplanlng speed. Accordlng to Reference 26,
in tests run on tandem wheels, spin~down was 1nit1ated at speeds that were
70%. the value of the predicted hydroplaning speed In a later report (12),
Horne restates this conclusion and also states that total spin-down (wheel
stops rotating) Can'take'place between 80% and 120% of the,predicted
hydroplaning Spéeds These‘datavwere obtained from tests run on aircraft tires.
However, it is dangerous to use Spin—down as the only criterion for
the determlnation of hydroplaning. As pointed out by Horne (12), as speed
is increased above the critical hydroplaning speed, there is less tire~fluid
exposure time due to’ 1ncreased speed and a more uniform hydrodynamic pressure
rexists 1n the contact zone. Rather than hav1ng the center of force in the
forward portlon of the contact zone, it has moved toward ‘the center of the.
zone, thus shortenlng the’ moment arm and reduc1ng the amount of sPin-down
A similar 51tuat10n ex1sts for the water skier. As he is being pulled in
the water, the force is being exerted more near the. t1ps of the skis, however,
as he comes to a plane the uplift force is pos1tioned more toward the middle
of,the'skis. ‘Therefore one should not be trapped into the fallacy that if
there is no spin-down there is no hydroplaning. Spin-down is only one
indication of the hydroplaning phenomenon, - Other thingS'such*as coefficient

of friction and,appearance or disappearance of the bow wave should also be

14




considered when determining the hydroplaning speed.

o Fofrthe experime@tatibﬁ coﬁdu;tedAon the Texas Tranép&rﬁationmlnstitute's
hydfoplaning trough,‘whgel éﬁiﬁ;down was the only criteridn used td indicate
loss of ti:e-pavement contact, Because of this, it'wés decided to evaluate

the pavements studied and diséuss the effects of the variables on the basis of
- pércent spin=down. By the term percent spin-down, it is ﬁeant the'amouht the
test wheel relative ground speed has slowed down in relation to the vehicle spéa

Atfempts wefeAmade tp”best present the data. It was fiﬁally decided
that the most effectivé method would be as a plot of vehi;le ground
SPééd vs percent spin—dbwn,jéhbwing the plots pf-the‘varibus tire inflation
pressures tested. Alsd,'wﬁén further comparisdns were desired, it was
‘easy to obtaiﬁ,the neéeésary’information from these plots.

Figures 5 thru 18 are'examplés of these plots. These figures diéplay
wheel spin-down éﬁéracteristiCS for various tirés,'surfaces,'tiré.prESsures,
water depths, tréadrdepfhs, and vehicle speéds.: One of the most notable
trénds is the effect of tire inflétidn pressufé. ‘As the inflation pressure
is increased,.ﬁhé speed required to cause a certain amountrofrspin—down'is
éléo increased. Figure 5, for example, shows fhat by increasing the
inflétion pressure By 6 péi; the‘SPeéd'required to‘cause 10Z.Spin—down is
increased by about 4 mph., However, decreasing the tire pressure not
always decreases the speed at which a given amount of spin-down will occur.

As can be seen in Figure 5 and séveral others, there was no spin-down
obtained at 18 psi for speeds up to 64 mph. It must be remembered, however,
that wheel'spin-down'is'only an indicatiop-of hydroplaning or tire—ﬁaﬁement
contact loss. One explanation for the lack of spin-down is thét as the
inflation pressure is decreased, the contact area is enlarged. With this

enlarged zone, the pressure profile is less uniform and the spin-down
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torque ié’deCreaSEdAto the;point where‘partiéi hydr0p15hing.éan oécur Wiﬁh5Ut gpin4,
dowﬁ; Also, once the tire is completély supbdr;ed by the water iéyér,7the
pressure profile ié;ﬁore»uniform thch-causesra decrease or.&isépﬁéafénée
_pf_spin-ddwﬁ. 'Therhenomenoh-of decreasing épin-down Qith'incréasingispeed
is shown ileigures‘lQ and 17. This wasvnOrmally Qbservéd fdr an inflafioﬁ
pressure of 18 psi; but waé Aléo noticed occasionally at a pressure pfvzﬁvpsi- ' oo
It is therefore unjustifiea to assumé that'if'a-tire has not épuﬁédGWn it
has nét losat paveﬁent’contact, in thé lower range of inflatidn préésures.
In SQch-cases, it ﬁéy be heipful-to'perfofm'skid tests at varying épéeds
“to determiﬁé at what speed the coéffiéieﬁt”of friction'réacheé'minimuﬁ
value. AAt'this speea, the tiré'is”hydroplaﬂing. |

Figures 5 thru 18 exhibit another iﬁteresting point. It 5h6uid‘bé,
noticed that each family of.curﬁeé'fof § certain tire and water depth are
éppfokimately’paréilél. This was true in all instances.f In fact,'fhe"'h'
curves for the same tire, even as the water depth was varied, showed a
similar sloﬁe.  This would indicate that each tire has itsrbwn‘"hydfobléning
characteristics", TFor example, the steeper the curves the less sensitive
the tife is to iﬁcreases in speed. The closer grouped thé curves the less
sensitive thé tire is to tire inflation pressure changes.

Figures l9ithru 30 are plofs'of.tire inflation pressure vs. ground
speeds at 102, 32%Z and 60% spin-down. These plots are compared to the
equation for critical hydrbplaﬁiﬁg Velocity'presented by Horne in reference 26
(i.e. VCR=.10'35 YP ) where P = tire inflafion pressure in psi. Figures
19, 21, 22, and 25 thru 30 show comparisons of tires with full tread depths
with Horne's Equation. In all_caseé the experimental plots:are pérallél
with each other, but not necessarily parallel with plots of other tires.

This again indicates the possibility that the tires may possess individual
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Vcharacteristics’whigh may affect thg‘spgeds at which_they hydroplane.
 These full tread depth tires requirevcomparativelf high speed to cause spin-
. dowg; Therefore, simply becuase arplot isAﬁo the rightjof the NASA equation
‘does not mean that the tire is defipitely h_ydro_planing- ItAs.imply means
't‘hatb the speed required to cause a éer_tain amount of spin-down is higher
~du;ertvq the tir‘g's eonstruction énd that t_;,hrerre has been at least a partial
’logé_ of pavement contact, | '
>Figure§ 20 and 23 compare the results thained~for a siooth or worn

tire with Horne's equgtion, For thgse plots, even when total spin—&own
ﬁas gompéred to the equation, the speeds were far'belogrthose pfediCted.
it’should also be noticed that the slopes differ from that of the NASA
equgtiog, Also, it has been observea that the sldﬁes are affected by the
test surfaces. However, the slopes of these ploté do not seem to be
affected by the water depths at which the tests were run. The water
dépﬁh‘did effect the pCSitiohing of fhése ploté, that is, it affected

the speed at which a certain>amounf of séin—dbwn would take place. But,
as:stétedrbf Horne (26), the speeds for even 10% spin~down are within 70%
of the speeds predicted by the equation.

"'As can be seen from the above 6bservations it would bé extremely

difficult, it not impossible, to derive an equation for h&drbplaﬁiug
velocity that would fit all tires uﬁder varying conditions. Horne has done

an exceptionél job; even though, as he admits, his equation if very 1imited

But the agreement of the data presented with his equation is quite encouraging.

Figﬁres 31 thru 42 are plots of water depth vs. ground speed at which

10% spin-down will occur and are also used to make various -comparisons.
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Figures 31 andr32 show the effect of varying the whéei load from
800 1bs. to 1085 1lbs. The results for the smboth tire-are pldttedAon
- Figure 31 and,indiéaté';hét inereases in the whgel load increases the
speed necessary'té,caUSé'loz spin-down. ~ However, the results fof a tire
with a full tread dépﬁh, piotted,in Figure 32, indidate the reverse takéé
ﬁlace. These data would]indicéte that the H&dropléﬁiﬁg ébeédvis lésé’ o
.dépendént on wheel 1oad than bther variablés. The wéight was ﬁeld coﬁsgant
at 1085 1bs. on'all other suffacés-tested,_

Figure 33,shows,aﬂcomparisqn of,tifevNo; 4, the F70}14 wide tire, with
cire Nb.'7,ré 775*14ﬁbiés piy; As can be seen:the bias fi& tiréa:equired
ﬁigher speéds to qéuse thé'éaﬁé'amouﬁt of spiﬁ—ddwn'obféined With‘fhebwide
tire. This:treﬁd‘whsAobéerved on all Surfaceé_tested.: Thése reéuité are
in agreemeht'with'the findings'of other reseércheré which‘ihdiéate tha£
the hydroplaning speed decreases as the tire width increaéés}A In ot£ér1:'

~ words, the wideruthe'ti;e}7the lower the'speed to cause a giQen amoﬁﬁt

of spin-down, all other things being‘equai. This is'a fairly ébvioué
conclusioh. Returning to the water skier, it is much easier to come to

"a plane using gh aquaplane thaﬁ twblskis, or using two skis théﬁ a singlé”
ski. The more:sdrface'afealavailéble, or the larger the contact area,
 the easier it is”tpjhydrOplane;' This same trend was observed on all
pavements teéted; |

Figure'34 clearly dembnstrétes:the effect of tire tread depth on:sbin—

down. The data shown aré for biaé ply tires similar in allvaspects'bqt'that
of tread depth.'.Aé'cén be seen, the speéds to cause spin-down for the worn
tire are considerably lower than for thg fully treaded tire. In some cases,

the difference Was:as great as ll.mph._ Since the tire tread acts as a channel
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for escape of-the water trap?ed'beneath.the tire,.this'is a very impcrtént
variable., When the tread is ﬁorn smootﬁ, there is no drainage but through
_rthe'voids in.the pavement surface. This type of drainage can prove to be
inéffectivé at high épeeds which increases the importance of tread deﬁth.

A compafisﬁn of the pavémeﬁts'teéted is showh'iﬁ'Figures 38 thru 40,
" As stated previously, the textures for the four pavemeﬁts tested wetre
0.018 in., 0,146 in.,0.033 in,, and 0.020 in, respectively as measured by
thévsiliconé putty méthod.‘ Asrcan be seen from Figﬁre 38, the speeds to.
cause spin-down on the bituminoﬁs surface treatment (No. 2)Aare much highér
than fér-th§ concrete éurfacé.(Nb..l). In fact véfy scant data were obtained
at dépths bélow 0.70 in. for all tires tested on the bituminous surféce; The
sﬁeeds at which spin*déwn occurred on the concrete pavements are well'Below those
travélled'on‘high speed roadways. The data‘preséﬁtédiére thoée obtained from
a bias plybtife with a ﬁuli treéd'depth. Fig@rev39'is a similar comparison
using the data obtained from the F70-14 wide tire with a full tread depth.
Agéin, the speeds to cause spin-down oﬁ the'bitumihous surface were higher.
Even the spéeds to cause spin-down at 0.70 in, on the bituminous surface
were higher.than,thdse to cause spin-down at 0.4071#. on the concrete
surface. Thése comparisons effectively emphasize the importance of fexture.

- Figure 40 is a comparison 6f'surfaée 1 (concrete) with surface 3 (hot
mix asphalt). Even though the asphalt paveménﬁ'was shown to have a higher
ﬁékture than the concrete (0.033 in. as opposed to 0.018 in.), the speeds
necessary to cause sPin—doﬁn are lower on the asphalt pavement. The reason
for this could bé the fact that the asphaltic pavement is a rolled surface.
Because of this, the texture is comprised of voids in the surface rather
than asperities projecting aﬁove therplane éf the surface. Also because

these voids are possibly not inter-connected, they provide no real escape
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-paﬁhs for ﬁhe.water trapped bengath:the‘tiref-

By comparing surface 3 and 4 ghéwn in Figure 41, it can Be seen that
the speeds to cause spin~down are higher for the asphalt:éprface,{ $his>
;fesult is ﬁd be expecfed.» Ihe_Jenpife éuffécg,is a'smoothione wifh very
“little ﬁextufe exposed. It is a roﬁndéd surface withbliﬁtle of no'grittipess
and offers poor dréinage for:trapﬁed water. This surféce‘wdul&“b; similar
to a wheel rut - or a blégding asphalt'pavemént. It‘waérobservéd,.however,
that the speeds tobcaﬁse Spin-doﬁn on the Jennite Surface_wéfe higher than
éxpeqted in some. cases. it is boésible.that the fest tire was actudlly
hydrpplaning, tﬁus'mékiﬁg thé pressure ﬁrbfile more uniform and decrgésihg
the amount of S§in;dqwﬁ‘obéervéd. -Fﬁrthef testing would hévelto be;per—
formed in order to détermiﬁe the cause. | |

“" In deriving hisﬂequétién, Horne neglected the effect Of.Water depth
on hydroplaning speed. In fhisjway he.implied that as lOng‘as the ,
'asperi}ies are covéfed,_hydropléning Will occur at a ce;tain'Speéd depehd?
ing'oﬂ the tire pressure. From the data collected here it'séemsvthat the
effect of water depth is motre prbnounced for some surfaces and_tifes than
for others. Figﬁre 37 shows that increasing the water depth on surface 4
(Jénnite) has little effect on therspeed atJWﬁich spihédéwn‘occufs. |
Incfeasing the.water.&épﬁh on sufface 3‘(hot mix asphalt) has the‘effect
of decreasing the speed at 10% spin-down as much as 9 mph. (Figure 36)

. When comparing surfaces 1 and 3 (Figure.40)rit can be seen that the water
 dépth has about the same effect on both surfaces when the_higher‘inflation |
pressures are concerned. But as the inflation pressures are decreased,

the apparent effect of the water depth is decreased. There is no real

consistency in this change however.
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- Pigure 42 shows a comparisqﬁ_ofrthe bias piy tires tested on surface
,.&; ihé speeds shown in EhESe,figures are fé; 10% spin—&oﬁn, and are p1o£ted
agdinst wdatetr depth. As can be seeﬁ,.theré is. little aérEémént among the
tires as Wafér depth én& tire_preséurg dre var_i‘ed;.. From the datda presented,
N it appears that tire Né, 7 y.ielded thé»besvt results in te'rinsi of sp‘eedi 'at‘a
."g‘iééﬁ .é‘md‘ﬁﬁif of spin-&'dwri. Simiiar results were obta>in¢'d on the _ovtherr o
_éuifacég tested. - From thesg results it can be ééen thét even similar
tiréé‘pogééss individual spir~down or hydroplaning characteristics. Since
.thébcbnfiguration an& compositibn-of the tires should be basically the
same, the &iffeféﬁce could pbssibly be caused by the'tread;design. Both -
.tirésrl and 7 have a basic 4 groove tread design. Tiré 1 ﬁas a small,
Straight groove around the centéfiof the tread pattern and a pattefn of
unbbnﬁéétéd saw tooth cuts in the'tread. Thisafact-séemé-fo be the big
difference. Tire 7 also has a 4igr06Ve tréad'pattern but has a more
‘extensive pattern of cuts which afe &eeper, wider'andzintechbnnected.

Not only ig there a continuous paftern.of cuts, but it‘is also connectéd‘to
gthe m;in gfoove design which allows exit of watef'framrthe'tieads into the
CutsA&hiéh’has thé effect of'easiﬁg thé pressure buildvup béheath the tire.
vTire 5, on the other hand; is a 6 groove fread deéign buf has‘no cuts in
’thé treads and only limited siping. |

The speed to cause a given amount of spin-down was dependent on a
‘number of variables. The amount each of these variables affected the
SPeéd varied with different test conditions. Altﬁouéh there is no set
amount that each variable éffected the data, a general trend was observed.
In general, the degreé of influence of the Variablés testéd on the

speed to cause spin-down, from most to least, is as follows: tread depth
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tire ihflation preésure, texture and water depth. it must'Be remembered-
that this is simply a general trend and is subject io chahgevdepénding on
the tire 'tesfed . |

From the electronic instruﬁentatioh &ata, it was observed théf whéei
lépin—dowg began as SOOﬁ‘as the tire‘caﬁe’in contact with the Water:infthé_
hydroplaning trough; The distance the ﬁrailer traveledgbeféreAépin—down;
reached equiiibrium varied as the speed of the véﬁicle varied. Thié‘is
- due to the time factor involved. In order for the spin—den.ﬁo reédh'ifs
maximum value, it_is necessary for the spin-down moment to oVercoﬁé the‘
inertia of the rollihé tire which takésAa certain length of time. Tﬁis
time period is indicated as distance as the véhicle travels through the
trough; For example, considering the bituminous surface treatmént and
using tire No. 4 with an inflation préSsure of 24 psi and aAﬁétéf dé@fhzof
0.7 in. (see Figure l0) it took approximately 86 ft. to reach a épiﬁ—a6wﬁ-of
20% when entering the trough at 48 mph. However, when entry speed was
increased to 58'mph it took 240 ft. of travei before a spin-down of 78%
was attained; aftér 80 ft. the tachometer generator traces indicatedva
wheél spin-down of approximately 20%Z. The iﬁ;ortadt point here is that
thé tire is influenced imﬁediately when it comes in contact with the»watéf.

Therefore, it can be concluded that partial lossiof pavement contact
or loss of traction occurs as soon as the tire'comes in contact with a.
flooded pavement. If the flooded portion of pavement is not long énd the
vehicle is not subjected to ébnormal maneﬁvers, the tractive force’céﬁ
probably be regainéd without a hazardous éondition existing. For a given
véhicuiar ground speed that is high enough to cause wheel spin-down, it can
be said that the possibility of a hazardous condition existing increases

with increasing length of ‘flooded pavement.
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APPLICABILITY TO :
SAFE WET WEATHER SPEEDS

‘In recent legislative actlon, Section 167 of Senate Bill Wo. 183,
62nd Legislature, the State of Texas hds given authorlty to the- Highway
Commlssion to. set wet weather speed llmits at agpecific places on Texas
highways. Although by no means encompassing all the factors which should
be considered in determining safe speeds, the- current: data on hydroplanlng
- give indlcatlons of the speeds which result in a potentlally marglnal '
condition with regard to vehicle control. Hydroplaning is only 232
of the many factors which ﬁust beICOnsidefed in determiningvsafe speeds.
It is limlted to the case when a 51gnif1cant depth of water is encountered
"~ on the roadway due to an exceptlonally hlgh 1nten51ty raln or to poor drain-
age, puddles, wheel ruts, low cross slope, ete.

In'thefdiscuSSion'preSented'in this section,pit'is assumed that a 10%
spin-down of a freeifolling automobile.wheel signifies the'approach of a
control problem, due to either a loss of stopping capability or lgss in
d1rect10nal control In this section the 10% sPin—down speed will be called
the "critical speed". |

'Figures 43, 44 and 45 show approximate curves which represent the data
developed at this time. The effects of pavement texture, tire pressure and
tire type or condition are shown by these'cﬁrves, Several tires are used

“to illustrate the various effects.

Tires 7 and 8 represent full tread depth and smooth bias ply respectively.

Tire No. 4 is a full tread depth with a w1de ‘tire conflguration. Wheel load

in all cases is 1085 1bs.
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Therinfluence of pavement texture on partisl hydroplaniﬁg speed (as
indicated by 10% spin;down) is sighificant, Anrinérease in critical speed
of 13 mph, from 47 to 60 mph, is indicated at a water‘depthrbf 1/4 -inch
when thévmacrotexturé is increased from 0.018 in. to 0.143 in; -This
différence*aﬁparently décreaées slightly as water depth’inéfé5569; These
’ﬁacrdtextures are average'values'determined\by fhe silicone pﬁtty method.

The effect of tifé pressure is illustrated by Figufe 44. The tire
pressures of 24 psi to 36.psi shown in this figure account.fdf approximately -
70% of the range of tire pressures observed in a study of 501 wet pavement
accidents in Texas (52);' | | | |

Figure 44 shows that at a water depth of 0.1 inch, the cfitiéal'speed
increases by aﬁpfoximafely 10 mph (from 48 to 58 mpﬁ) as tire pressure in-
creases from 24 to 36 psi.ruThis §ifference becomes much smaller at gre;tef
water dépths.

The effect of three different tires on‘critical:SPeed is shown in o o
Figure 45. Unlike the effeéts of texture and pressure, the differences
between these tires increase as the water layer becomes thiéker.A At a
water depth of 1/2 inch the critical speed variés:frOm 43 to 51 -mph. It
is notable that the full tread depth wide tire falls between the bias ply
smOOth and bias ply full tread depth ‘as relaﬁéd to critical speed.

‘Figure 46 shows the consolidation of individual Whéel tire pressure
graphs as reported in referenée (52).  Although it is obvious from the
curves presented that there is no one critical speed that is appropriate -
for the range of paﬁement,'preSSure3and tire parameters investigated, it
is obvious that partial hydroplaning, and thus some.loss of control, results

at speeds significantly below.the usual speed limit on major rural high-
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.Qays in%TeXas. No criticai Speeds.below.40 mph were found and a speed
.b.of 50 mph seems to be the roughly approx1mated median value for all
parameters inves tlgated '

It is therefore suggesteg that a reductlon of speed to 50 mph be
:‘een31dered on any sectlon of hlghway where water can accumulate to depths'
of 0.1 1nch or more durlng wet perlods. Further 1mprovements in the
‘safety of these sectlons can be made if a hlgh macrotexture surface can be

produced and mamta;ined-,
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CONCLUSIONS

Thé foilowihg general COnclusibns are bésed upon the déﬁa obtained from
the’tests performed at the Texas ifanspo;tatidﬁ.Institute's Research Annex
and the assumpti§ﬂ tha; 10%.spin—down cauéesAa sufficient reduction in the
frictidnal coefficient-so-that ?ehiélé stabilityvis affected. |

1. Wheel spin-down ié nofmaily initiated af a ground speed that
falls Qithin 70% of the critical hydroplaning speed;predicted .
by Horne's NASA equation. '

'2.' As the tire tread becomes worn, the drainage provided by the

~ tread becomes less éfficient and the speed to cause a given
amguntrbf spin-down is deciéased. 'Spéédé to cause spin~down
on worn tires is éohsiderabl&,léés ﬁhan for tifes with a-fu11 
tread depth. | |

3. Decreasing the tire inflétion-pressure has the effect of _ ' ' .
increasing the area of the contact zone. The larger the

_areé of the contact zone, the lower the speed to cause spin-down
in most cases.

4, Incréasing the tiré’Width-has.the effect of'decréasing the speedbto
cause a given amount of spin—dbwn.

5.. Incréésing the wheel ioad'while maintaining the same inflation
pressure for a smoothvtire‘increases the grounﬁ speed at which
spin-down is initiated. The reverse takes place for a full tread
depth tire.

6. An increase in water deﬁfh generally has the effect of decreasing

the speed at which wheel spin~down is initiated.
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© 7. ‘An increase in the macrotextufévof the pavement increaseé the
R spéad at which spin-~down is initiated. By increasing the
Vmaérotexture, thevnumbér of drainage channels is increased
which makéé the drainége of trappéd wat;er more effective. |

‘8, An inergasé'iﬁ treéd-depth also has tﬁe effect»oflincfeasing'
éhé ef‘fectiveness of drainage of v&atéf from beneath the tire
aéd ;hus increases the‘speed at which sbin—down is initiated.

9, TOtai spiﬁ—down (wheel stops rotating) may occur at speeds
'iowerrthan those predicted by Horne's NASA equation.

10, _EVéﬁ‘thodgh a tire may not have reéched the té;al hydroplaning
épééd as predicted by Horne's equatién,_a hazardous condition
may exist when the wheel has spun down and its frictionéi

: (charactéristics have been impaired.

ll."Mahyvfactoré hust be considered in détérmining safe‘wetvweather
épéeds. From a hydroplgning standpoint, it is suggegted that
a reduction of speed to 50 mph be considered on any section of

‘highway where water can accumulate to depths of 0.1 inch,
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FIGURE 35. EFFECT OF WATER DEPTH ON SPEED TO CAUSE 10% SPIN-DOWN - ASPHALT PAVEMENT,
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FIGURE 36. EFFECT OF WATER DEPTH ON SPEED TO CAUSE 107 SPIN-DOWN - ASPHALT PAVEMENT.
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FIGURE 37. EFFECT OF WATER DEPTH ON SPEED TO CAUSE 10% SPIN-DOWN - JENNITE PAVEMENT.
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FIGURE 38.COMPARISON OF CONCRETE AND BITUMINOUS SURFACE TREATMENT.
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FIGURE 39. COMPARISON OF CONCRETE AND BITUMINOUS SURFACE TREATMENT.
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FIGURE 40. COMPARISON OF CONCRETE AND ASPHALT PAVEMENTS.
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FIGURE 41. COMPARISON OF ASPHALT AND JENNITE PAVEMENTS,
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FIGURE 42. COMPARISON OF BIAS PLY TIRES TESTED (1, 5, 7).
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FIGURE 43. EFFECT OF TEXTURE ON HYDROPLANING .
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FIGURE 44. EFFECT OF PRESSURE ON HYDROPLANING.
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FIGURE 45. EFPECT OF TIRE ON HYDROPLANING.
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FIGURE 46, COMPARISON OF TIRE PRESSURES - ACCIDENT SAMPLE, .







