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ABSTRACT

It is recogniéed that SPéed is a vital contributing factor
in many wet weather skidding gécidents. ‘Since the potential for
skidding.is so speed—sensitive; establishment of wet weather sﬁeed
"limits represents one apprﬁach to relieving thé immediate problem
inrpriority locations,

" This report includes sn assimilation of findings Erom

various related skid research efforts fo form a Basis for equating
the available frictiom at a site.(pavemenf skid resistance) to the
expected friction demand for selected maﬁeuvers. |

Friction normally decreases with increased speed. S;ﬁbe
the speeds in guestion ére usually:in excess of 40 mph, the séé;ﬁ
at which skid numbers are normally determined, the change in aﬁé&lablé
friction with respect to speed must be conéidered.. Nomogfaphs‘é;d
curves are'presented in the report to accomplish this. The fgﬁé?tf
' preseﬁts curves to determine the critical speed for hydropianiég;;
stopping maneuvers, cornering maneuvers., paSSing maneuvers;'éﬁéﬁéency
path-correction ﬁaneuveré, and chbinéd maneuvers. ;

A process is recommended by which_wet wéathér.speédgiéaing
may be impleﬁented at selected sites., A design proéeés'to eStgﬁiiSh_
.the wet weather speed limit“is discussed and exdmples are pféééﬁted

to illustrate the use of the curves in the report,

‘:Kéy'WOrds: Speed Zoning, Wet Weather Speed, Vehicle Maneuvers,

Skid Resistance, Friction Demand



 FOREWORD

The Texas Law govérning-the speed of vehicles gives the
State Highway Commission the power and. authority to alter the generél
' speed limits on.highways uﬁder_ifs jurisdiction sﬁbject_to.a finding
of need by aﬁ engineering and traffic investigation. Altering the
.general state-wide speed limits to fit existing traffic and physical
conditions of the highway édnstitutes the'basic principle of sﬁeed
:zoning.

It is'recognized-that.speed is a wvital contributing factor
in many wet weather skidding accidents. Since the potehntial for
skidding is so spééd;Sensitive, eétabliShmenf:of Wetlweafher sﬁééd
.iimits fépresenﬁsfoné aﬁproacﬁ towaga‘atfackihg.thézweﬁ ﬁeéthef“;-
”skidding préblem.‘ dther corrective méasﬁ;esséucﬁ as géométric
improvementé and‘iﬁténsive driver édugation'éré obviously waffanféd
in méﬁy cases. Howevér; these measurésirePfésent‘iong%terﬁ-dbjectives
in.fhé tota1 skid reduction prdgraﬁ; whe#eas wet weéther speed zoning
offers the possibility éf relieving the immediate problem in priority
iocations. | -

The enactment of Texas Sénafe Bill No. 183; Section 167 has
placed.upoﬁ the State.Highﬁay Cémmissiﬁn the authofity'énd responsibility
;t0 estaﬁ1iéh ;easonable and'safe_speed'limits when conditionéfcaﬁsed by
ﬁet 6r'inc1eﬁen£ weéthér'reqﬁire'such action. This rép&ft pfésenté
- a méthoa, Eased on the assimilation of available informatioﬁ-frqm
.;;Qariqué SRidfrelated”reéearch, by whiéh‘wet weather speed'zoﬁing may

' be implemented in Texas.. '
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SUMARY

RedUCing the human and economic losses due to wet-weather
skidding accidents is é high priority goal of the Téxas1Highway
Depattment aﬁd the Fedefal_ﬁighway Administratioﬁ. Although ﬁhe
highﬁéy surfacelié only one part of the problem,.pavement Sliﬁpefiness
seéms to be tﬁe.dnly factor receiving attention in some sectors. In
order to'épplyrfhe:available information afpropriately, the various
iﬁfluencing factors must be kept in proper perspective. This is the
goal of Study 1—8—70—135,7thg'coordinating study in the program
‘_shown by Figure S-1. As a specific task within Study 135, the "Wet
Weéther Speed Zbﬁing" fepbrt has'maée_use of informatiqn froﬁ'tﬁe
individuai’studiés in this compréhénsiﬁe'ﬁrograﬁ to form a Bésis for
Iimﬁlémentiné wet-weéthef spéed.zoning at selécted sites in_Texéé in
feéponse'to_Senate Bill 133, Section 167.

':Spéed is a significant factor in many wet weather
accidents. Practically évefy driﬁé; realizes that he must ;educe_his
speed when the roadway is wet if he is to maintain vehicle control
combaiabfe to dry pavemeht éonditibns. .Unfortﬁnately, the.dggree.of
épeed reduction necesséry for safe operation may not be readily.
appargn;.'-
| | ~ Since the”potential for skidding is éo speed-sensitive,
establishment of wét weather speed limits repreéents one approach
“toward attacking the Wet_wéather Skiddiﬁg problem. Other corrective
measures suéﬁ as geometrie and surface improvements and intensive

driver education are obviously warranted in many cases. However,
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these measures represent long—term objectives in the total skid
V'reductlon program, whereas wet weather speed zoning offers the
possibility of relieving the 1mmed1ate problem in. priority 1ocations
FRICTION AVAILABILITY VS. FR_ICTI_ON DEMAND

The per£0rmance of desired maneuvers is dependent upon the

exi tence of tire/r“‘d frictlon It is well known that the friction

R

“required &demandi by a vehlcle to perfo glven maneuver 1ncreases
with speed. On the other hand, the friction available to the vehicle
(skid resistance) at the tire—pavementcinterface'normally.decreases

_ with‘inCreased‘speed. Loss;of control usually occurs.When‘the .
3friction demand exceeds the friction available. -The friction at the
'point where availability and demand are equal is defined ag "crztzcal
frtctton,? and the speed at which this occurs is termed the "@rztzaal
speed. The critical friction concept is used throughout this report _
’ as'a‘hasis for_evaluating the indlvldual-factors thateinfluence'

friction demand.i

' AVAILABLE FRICTION

The skid number (SN) determined by the 1ocked Wheel skid
trailer at 40 mph is a widely accepted measure of pavement friction
‘ Friction measurement by this method however, is usually obtained at :
:the one speed 40 mph and as mentioned previously, friction decreases
_es vehicle-speed'increases.i Since the speeds in question here are_.i
ususlly in excess of 40 mph- the change in available frlction with

‘respect to- speed must be considered. Nomographs and,curves are
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presented in the report to accomplish this.

DEMAND FRICTION

Having deferminéd the relationship of évailablé friction
with speed, the other part of thé problem involves equéting the
demand friction for tfaffic maneuvers to thié from &high_the critical
speed may be detefmined.

Demand friction relationships are provided for the following
maneuvers: N

Stopping Maneuvers (page 17)
Cornering Maneuvers (page 19)
Passing Maneuvers (page 24)
'Emergencf Path Correction Maneuvers (page 29)
. Hydroélanigg (page 3b) | :
'  COmbinéd.Maﬁeuvers (éage.39)
WET WEATHER SPEED ZONING DESIGN PROCESS

The design process invoives'equating the available frictioﬁ
at the selected sitg to thg friction demand for traffic operational
maneuvers expected at that site. To.do tﬁis, certain engineering:
éharacteristics of the sitermust be known frpm which the available
friction may be determined._ Simiiarly, certain traffic oberating
characteristics mustlﬁe determined. Engineering and traffic -
characteristics neceséary for site'evaluation are discussed in
Section III.

_1A critical speed is:detérminéd‘fof each expectéd maneuver.,

The wet weather.s?eed limit will bé governed by the.éxpected maneuver
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prpducing.therlowest critical speed. Examples are presented in
Section III 'to_illus'trate the design procedure for selecting the

wet weathef,Speed limit.
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- INPLEMENTATION

The wet weather-speed ﬂesign process developed in this
sﬁudy-represents one method of attacking the skidding aécideﬁ;
problem at selected sites. Much of the research on which the
friction demand curves are based has been substantiated by fuli—
scale controlled vehicle tests or by measurement of vehicle
characteristics under actual highway operéting conditions. Some
of the concepts, sucﬁ as the émergency path-correction friction
demand curves are based on engineering judgment without.the
benefit of field verification.

A survéy'af high;frequency skiddiﬁg aééident sites
ﬁhroughout fhe.state is:beiﬁg conducted as_this st#dy ﬁéptiﬁhes.
Based on this surﬁey; several sites will Bé:recommendéd.that_are
suitable for wet weather spéed éoning; “The ﬁrocedures outlinéd.
in this repoft provide a baéis for selécting sites and setting
appropriate wet weather speed.limits. The ﬁrocedures will be
evaluated from data obtained duriﬁg the field studiés_of the

selected sites.




 TABLE OF CONTENTS

| ABSTRACT. . . . .
FOREWORD. « « « v v v v e e e e e
IMPLEMENTATION. - . o o\ vove it e e e e s

To INTRODUCTION. « + v o v v e oo e

Objectives. . v v v v v v v 4 h e e e e e e e e e e e

iI- FACTORS AFFECTING VEHICLE SKIDS . . . . . . . . .. ..

| Relationship of Friction Availability and Demand. . . .
Avﬁilable Friction. . . ; .. ; R | |
Stopping Maneuvers, . . . . . . &
Cornering Maneuvers . . . . 4. v + & o & & & & &« « 4 «

':Passing Maneuvers . . . . 4 4 e ke 4w e

-Emgrgency Path-Correction Maneuvers . . . « « « . . .
Hydroplaning. . . . . . . . . . .. L ... e e e e
Combined Maneuvers. . . . . . « « « « - .

Example 1: Critical Speed for Combined Maneuvers.

HI. WET WEATHER SPEED ZONING. . . . . . . . . C e e e e
| Implementation Process. . . . « « « « v o o v o0
Site Selectiéu Criteria. . .
Epgineering Characteristics of Site . . . . . . .
rTf;ffic Operating'Characteristigs s e e e e
Design Process.fo Détermiﬁé Wet Weather Speed Liﬁit .

Examples of Wet Weather Speed Determination . . .

REFERENCES. « + v v v v v v e e e e o et e e e e e e e

Cxi

R

iv

ix

17
19
24
29
30
39

39

44
45
47
49
49
52
55

59




LIST OF FIGURES
Relationship Between Friction Demand_and Pavement Skid
,Resiétance. ' ... R ... - ... e e e e s e
The Determination of Available Friction.(General
“ Nomograph) . ; R I S N TP ... .« .
The ﬁetermination_of'Water Depth on Pavemeﬁt Surfaces
(Genéral-Nomograph) D
The Determination of Water Depth on Pavement Suffaces
(Average 85th PercentilglRainfall Intenéity). .
Available Friction as Prediéted by Skid Number . . . ;'.
Critiéal Speedlfor Emergeﬁcy Stﬁp Imposed bf Sight‘:'
Diéfanée‘and Available Frictiom . . . . . . . . .
dfitiéal'Speéd.on Horizontal Curvéé (éﬁboth.Trénsition,
| Zero Supérélevétion). e e e e e e e e e e

Critiéai Spééd on Horizontal Cufves'(Abrupt Transition,

10.

11-

12,

13,

Zero Superelevation). . + . v « v b 4 4 4 . .

Critiéailspeéd:

Critical Speed

(Two-Lane

Critical Spéed_

- (Two-Lane

Critical Speéd

(Two-Lane

for Passiﬁg Maneuvers . . . . . .+ .

‘for EmergéncﬁsPafh'Corteétions '

Highway, No Paved Shoulders). .

for Emergency Path_Corréétions

Highway,fl—ﬁ ft. Paved Shouldefs) .

_for Eﬁergency Path Corrections

Highway, 6-10 ft. Paved Shoulders).

Effect of Pavement Texture on Hydroplaning . . . .

*ii

25

28

31

32

33

35




14.

15.-

16.. .

.17,

LIST OF FIGURES (coNT'D)

Effect of Tire Inflaﬁion Pressure on Hydroplaning.'
Effec# of_ii;e Tread on Hydroplaning.i e e e e
Critical Hydroplaning Spéed imposed by Water Depth
| and Pavement Téxture; e e e e e ; ..
Proéess-Scheddle to Implemenk Wet Weaﬁher Speed

"aning-at Selected SIiteS. « 4 « + o o o « & &

xiii

37

38

40

46







I.  INTRODUCTION

.'The.proportionally greater number of skidding.aécidents
occurring under wét weather conditions comﬁared to those during
dry weather has béén well documented. From this, it is recognized
ﬁhat speed is a vital coﬁtributing factor in many wet weathetr
accidents. Practically every driver realizes that he must reduce
his speed when the roadway is wet if he is to maintain vehicle
céntrol comparable t§ dry ?évement conditions. Unfortunately, the
degfee of speed redﬁction may not be readily apﬁarent.

Since the potential for skidding is so speed-sensitive,
establishment of wet weather speed limits represents one procedure
ﬁith‘whiéh to éttack the_wet weather skidﬁing problem. Other
.correctiVé meaéﬁréé such as'geometric improvémehts and intensive
&fiyefhe&;cation are ob#iouéiy wafranted iﬁ many cases. waever,
these measures represent long-term objectiﬁes in the total skid
Ireduétion program, whereas wet weather speed zoning offers the
possibility of reliéving fhe‘immediate ﬁroblem in priority locatioms.

lBroadly stated, skiddiﬁg accidénts result from the dynamic
interaction of four basic elements: the vehiclé, the roadway, the
drivet,_and the'envirOnmént. Although siﬁply stéted, the problems
posed bf skidding accidents are complex. VMany individual factoré
affect skid potemtial, thus.the.problem is compounded greatly by

the combined factors acting as a total system or sequence of events,




Considerable research has been conducted on isolated
factors to determine the influence of each on skid.botential.
Friction or skid resistance characteristics of paﬁements have been
‘investigated both in the field and.under_coﬁtrol;ed coﬁditions.
Projects have been comﬁleted recently to investigate the rélationship
of highway.geometfics to vehicle skidding (1, 2, g). The hydrqplaﬁing
_phenomenon haé received conéiderable attention by NASA and other
agencies, and research is being conducted cﬁrrently té studf its
relation to the vehicle skidding problem (4).

| .The effects of vehiclé tire condition, épéed,'pavement
téxtﬁre, and.ﬁévéﬁént ski& humBers have been stﬁdied at accident
siﬁeé. ‘ExtenSive‘fest.havé'feeﬁ condﬁcted to investigate the
' combined iﬁfluence of water deﬁtﬁ;-tire condition, skid:humbéf,
-pavemenﬁ texfufe, aﬁd speéd (é).. Vehicle suspension and steeriﬁg
'éharacteristicé'are a rélaﬁively néw target for reséarcheré in an
attempt to further define the interaction of.vehicles'and.ﬁaﬁements.
Recent étudies by theuHSRI (é)'havg shown éignificant différenéés
in handling and Stéﬁiiitjidf cdntemporary ﬁasSenger vehicles. A
most COmprehensive sfudy of.thé influence of the tire on skidding
ﬁaé condugtéd for the National Bﬁreéu of Standar&s (7) and further
work is contiﬁﬁing. The studﬁes meﬂtioned‘hefe_répresent only-a |
few of the many interielated projécts that comprise the state-of-
the—aft and knowledge‘ccncerﬁihg'vehicle skidding. ’Althoﬁgh the

solution to the problem cannot be considered complete, much |




information exists, and a significant portion of it is implementable
~at this time. |

As a preliminary step towar& reducing the toll of skidding -
-accidents, thé Texas Legislature has placed upon the State Highway
Commission the authority and responsibility to establish reasonable
and safe speed limits when conditions caused by wet or inclement
.'ﬁeather require;such actibn. This was accomplished through the
enactment of 5. B, No. 183, Section 167, pertinent statements of which

‘are presented below:

Section 167. (a) Whenever the State Highway
Commission shall determine upon the basis of an
engineering and traffic investigation that any prima
facie maximum speed limit hereinbefore set forth is
greater or less than is reasonable or safe under
the conditions found to exist at any intersection
or other place or upon any part of the highway
system, taking into consideration the width and
condition of the pavement and other circumstances on
such portion of said highway as well as the usual
traffic thereon, said State Highway Commission may
determine and declare a reasconable and safe prima
facie maximum speed limit thereat or thereon, and
another reasonable and safe speed when conditions
caused by wet or inclement weather require it, by
proper order of the Commission entered on its
minutes, which limits, when appropriate signs giving
notice thereof are erected, shall be effective at
such intersection or other place or part of the
highway system at all times or during hours of
daylight or darkness, or at such other times as may
be determined; provided, however, that said State.
Highway Commission shall not have the authority to
modify or alter the rules established in Paragraph
(b) of Section 166, nor to establish a speed limit
higher than seventy (70) miles per hour; and provided
further that the speed limits for vehicles described
in Paragraphs a, b, and ¢ of Subdivision 5 of
Subsection (a) of Section 166 shall not be increased.




By wet or inclement weather is meant conditions
of the pavement or roadway caused by precipitation,
water, ice ot snow which make driving thereon umsafe
and hazardous.

- OBJECTIVES
' The establishment of wet weather speed limits is based on

it

"...én engineering and traffic investigation." The primary

objective of this stidy was
various skid-related research eiforts to provide an objective basis
on which potential wet weather accident sites can be analyzed and

hence, safe wet weather speed limits may: be determined.




11, FACTORS AFFECTING VEHICLE SKIDS

RELATIONSHIP OF FRICTION AVAILABILITY AND DEMAND

The performance of desired manegvers is dependent upon
:the existence of tire-road surface friction. .It is well known that
rﬁhe fricéion fequired.(demand) bf a vehicle to perform a given
‘maneuver increases with speed. Oﬁ'the other hand, the frictiom
available to the vehicle'(skid resistance) at the tire-pavement
interface normally decreases with increased sPéed. The relatibnéhip
.between friction demand and friction-availability is shﬁwn sdhematically
in Figure 1. Loss of control uéuall& occurs when the ffiétion demand
ékceeds fhe friction availaﬁle} Thé friction at the point whete
_ .availability and demand are'eQuél is defined in this report as
"cfitical f?iction;” It should be ﬁotedtﬁhat the critical friétion
'fbf'a inen maneuwver occurs at a eritical speed. Fof speeds less
‘than the critical speed, éufficieﬁt friction exists to perform the
maneuﬁer.l

‘The critical friction concept is used throughout this
'repoft aé a basis for evaluating the indiVidual-factors'ﬁhat influence
friction availability and the vehicle maneuversfthat‘affect the
friction demand. Relationships between speed and mgasured skid
.nﬁmbef (an indicafipn of'availablé friction), énd.bétween speed and
friction deﬁand fﬁf several maneuvers héve béen developed in related
research studies.. These'reiationships-form the basis for equating the

‘available friction at a site to the expedted'fridtion demand.
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Figure 1




AVAILABLE FRICTION

A widely accepted measure of pavement friction is the skid

. number (SN) determined by the locked-wheel skid trailer at 40 mph

using.an internal trailer watering syétem (ASTM E 274-70). In this
report, SN (including the effect of speed) is assumed equivalent to

available friction. Other studies (3, 8, 9) have shown this

'assumption to be reasconably valid for relatively steady state

cornering and stopping. Although it is well documented that

individual tires can develop significantly higher frictiom forces in

a braking or side-slipping condition, these maximum values can rarely

be realized simultaneously by all four wheels on a vehicle.

Consequently, the SN is assumed to provide a reasonable approximation

of the'averdge_friction availablé to the vehicle,

. In the past, friction measurement by'fhiscmethod has usually
been obtained ét.only one speed,_40 ﬁph., To reiterate, ﬁriction..
déCfeaSes with increased speed. Since the speeds in question here
are usually in excess of 40 mph, the change iﬁ_availéble friction
With résﬁect to speed must be considered. The available friction,
inélﬁdiné the effects’of'speed'may be approximéted'by three methods
_desCribed belpw:

(1) The speed variation of SN.méy be determined
by conducting standard skid trailer
measurements at 20, 40 and 60 mph. —The

'reiatioqship of speed to SR.can then be

determined graphically.




- (2) The 20, 40, and 60—ﬁph measuréments may be
obtained with a skidftréiler test.but ﬁsing an
‘external trailer wétering system. (3)  A1though.
this may impose a comsiderable traffic contfol
-ﬁrobiem,,it allows observation of such factors
as puddling, rutting, and drainage.
(3) The pavement friction as indicated by SN may
be méasﬁred-a£ 40-mph and . then thé applicable
SN ét_othér.speeds may be determined from
Eigure 5. Tﬁé dévelopmént of'figu:e{s is
‘diséﬁssed‘beioﬁ; |
Using the input faqt6fé of'paﬁemént éurface texture, water
depth,‘vehicle.sﬁeed;‘aﬁdhtire?treaégﬂeptﬁ:from éalléwaﬁ's‘gé, 14)
studies, the Texhé'Highwéy_Depéftment (ié) &eveloped tﬁe:foliowing
equation to predict the”availéﬁlé:fricfiénfbn wet pavemenf.

' 1.03081 40 .0.34903
F=0.7483 (MO """ Qe —ceem(Bqn 1)

when _
FM = [(1.1907 - 0.0089775 vel) (sN, )] +

[(29) - (1,416 + 60 Vel) (Text)][WD]

vehicle speed, mph

Vel =
-'Sﬁgo = baSib fri;ﬁion_valﬁé, skid_ﬁumber pbtéiﬁed in a
”sfanda:d test.with iptérnal watering system
:Tféad.= tire tread dépth; incﬂés (use vaiue:l;O for a smooth

tire or 2.0 for a tire with full tread depth)




Text pavement surface texture, cu. in. per sq. in.

(putty impression method)
WD = water depth on pavement surface, inches above

textutre asperities

The data used in developing the above equation-were
obtained'from ASTM skid trailer measurements on 5 skid pads witﬁ
water depth being a variable test condition. The correlation
coéfficient was 92 with a standard error of estimate of 1.2 skid
numbers indiéating'that the predicted available friction could vary
from the measured availablé friction by *2.4 skid pumbers with é
95 peréent‘confidence level.

| Figure 2 is a gFaphical solution of Equation 1 and
represents the general case for determination of available friction
.at'some sﬁeed other ﬁhan 40 mph.givén a particular'speed,'pavement

texture, water depth and the SN, . value. An example solution is

40
shown in Figure 2 to illustrate its use (smooth tire, 2/32 inch or
.IéSs tread).

"Callaway (2) developed an equation to determine water

depth on the'paVement as a function of texture, drainage length,

rai fall intensity, and cross—slope:

d = [3.38 x 107 (%‘—)“0'11 (L)O'Z'_?’ (x)%->° (%)0'4_2] - T
————— {(Eqn 2)
where}
d = water depth above top of texture (in.)
T = average texture depth (in.) (putty impression method)

9
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L = drainage path length (£t)
I = rainfall intensity (in./hr)
§ = cross-slope (ft/ft)

‘Equation 2 may be solved graphically throﬁgh use of the
nomograph in Figure 3 using as input, measured values of cross-slope,
drainage length, texture, and rainfall intensity. An.example.
solutioﬁ to determine water depth is shown in Figure 3 to illustrate
its'usé. Figure 3 rePresénts a genera; solution for water depﬁh
déterminatipn fdr va;iouslrainfall inténsities and pavement-characteristiés.

| Thé déterﬂihafiaﬁ of avaiiablé friction may be éreatly
7':Simplifiéd if certain assumétiéﬁs'are made for values of E:ead depth,
texture, and rainfall intensit&._ Assuming the 85th pércentile.rainfall
intensity in‘Tékas, water depth-on the‘éavemént may:be déﬁéfminéa-from
'Figufé 4 fdrrvéridus crogs—élopes, drainége.léngths,'an& pavement
fextﬁre. Figufe 4, therefofe, representé a gréphicél solution of
'thatioﬁ'Z with the.raiﬁfail intenéity_term, I, beihg the éverage 85th
pércéntile valué for Texas as aiscussed below;
Table i pfeseﬁts hourly’ rainfall iﬁtensity'data collected

for 18 cities in Texas fér a period?bf one yéaf; The 85£ﬁ percentile
‘intensity was selected for study. The averége 85th peréentile rainfall
intensity_was 0.14 inches per hour. There appééféd to be nb-relationship
: bEtween rainfail-intenéity and total annual raiﬁfall, however, variation
in intensity appeared to be related to the.nﬁmbet of_individual raiﬁs.
Therefore, a sufficient sample_is-requiréd to determiﬁe thé'diStribution

of rainfall intensity for a particular location.
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TABLE 1 -

85th PERCENTILE RAINFALL INTENSITY
FOR 18 LOCATIONS IN TEXAS

85th Percentile

, Intensity - = Annual Rainfall
Location (in./hr) ' (in.)
Abilene 0.15 36.84
Amarillo 0.13 22.55
Austin 0.20 33.59
_Brownsville - 0,13 27.35
Corpus Christi - 0.11 - 23.57
Dallas --0.13 " 38.55
~Del Rio 0.13 33.22
Fort Worth 0.13 - 35.69
Galveston 0.17 41.79
Lubbock - .0.15 29.19
Midland +0.107 " 16.94
 Texarkana 0.15 43.87
- Victoria . .0.18 44,64
Wichita Falls ©.0.13 31.61
ELl Paso ~.0.05 4,34 -
Port Arthur 170.16- 48.44
San Angelo 0.13 - 30.04
Waco " 0.13 © 31.50
Notes:

(1) Range of 85th percentile rainfall 1ntenslt1es 0.05 to
© 70420 in./hr
(2) Average 85th percentile rainfall intemsity: 0. 137 in./hr
(3) Source: Weather Bureau hourly records, Jan. 1, 1969 to
December 31 1969 :
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The determinh#ion of évailablé friction by Equation 1 may
be further siﬁplifigd By1se1ecting representative values for tire
‘tread deﬁth and paveﬁént texture, In a sampliﬁg (10) of passengex
‘vehicle tire tread deptﬁs} it waé found that 857percent of the tire
tread depths measured were 2/32 incﬁ or more, It was also found that up
to 50 percent of certain_skidding accidents ocﬁurred when tire tréad
depth was 2/32 inch or less. The minimum allowable tread depth for
_anﬁual'vehicle séfety inspection approﬁal in Texas is 2/32 inch. A
lggally conservative assumption for tire tread depth for use in
Equation.i'is 2/32 inch. |

. The ffiction:geﬁerated by a 2/32—inch:tread depth or less is

.iﬁfluenced:significaﬁtly by spéed.and SN4O‘va;ue§, but not significantly
 by_ﬁater depth and texture if'tﬁe surface texture is Q}050 in@hés or
less and ndE inundétéd. 'USiﬁg the assumptiOns'discuésed,_water depths
-de?eloped at the 0.l4—inch—per¥hour raiﬁfall.intensity are very small
and f&rély inundate £he surface texture beaké. "It has been estimated
(lg) that 87 @ercent of the surface textﬁres on Texas Highways‘are 0.050
in., or less. | |

The detérmiﬁation of availablé friction is:greafly simplifigd.
if variations in water depth and textufe.are considered insignificant}
Théieforé,'it is suggested that only SN;O values and vehicle speed be
considéred in the dete;mination of availéble friction. Under these
cdnditions, and aséﬁming a texture of 0;056 inches, a £ire treaa. .
depth of 2/32 inch, and the.85th percentile rainféll intensifj_of 0.14
inches/hour, ﬁhe available friction at vafious speeds ﬁay be_éStimated

from standard_SN40 measurements using Figure 5.
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It should be noted that in Figure 5, the iﬁtersectibn of a
VEitical line at 40 mph with the_SN40 = 40 mph curve does not yield
a'skid number of.40 when projected horizpntally to the available
friction ordinate. Although this, at first, may appear questionable,
the.reaSOn lies in the fact that the curves were developed from
skid data obtained under external watering conditions (rain machinéjr
rather than the standard ASTM internal.trailér Watéring system.
The_cu;ves in Figure 5 more closely reflect pé%emgnt'gharacteristics-

under actual wet weather conditions.

 STOPPING MANELVERS
The ability to see the roadway ahead is ﬁital.tp.the safe

and efficient Qée;aﬁioﬁ of a vehiélé. Aithough_it is desifable'té"‘
prqvide;ample sight distance for practically unlimited'passing
'opportunity, compromises must be made and the roadway.must be designed
to lgss:thaﬁ this dptimﬁm. Generai pracEiCe has been (11) that the-
minimgm acce?tabie design will providé af,least'sqfficient Sight
-distanqe_to.allow a driver to safely stop his vehicle before hifting
'.an obstacle in his paﬁhg | |

::'Minimum'stopping sight distance is the sum of two distances:
fhe distance traveled from the instant the driver sights_an object
. for ﬁhich’é’stop is necessar§,5to the instanf the brakes are applied;
and'the-distance réqui;ed to brake the vehicle. to stop. (11) The
former is primarilj a'fqnction_of‘speed‘and reaction time, the latter

a function. of speed and frictiomal resistance between the pavement
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‘surface and tires, The total distance may be approximated by the '

eQuation: (11)

V2 - _ L . _ o .
d = 397 T 1.47 Vt  I e -ff—-Eqn, 3
-where:
| d =_miﬁimuﬁ stopping sight distaﬁce, ft
V= &ehicle speéd, mph:. |
f = coefficient éf fricfion between fires and foadway
.t\#_QercEpfion—réactipn time;”éec.‘ |

Réarranging Equation 3, the demand friction in stopping a
~ ¥ehicle within festridtgd‘sight distance becomes:
2

o v _ - . f *;;#._ |
t= 30(d-1.47Vt) - _ : - Eqn. &

Using a 2.5 second perception-reaction time currently recommended (11),
the demand friction for stopping maneuvers may be related to speed by:
5

FNS N .0--_3(d_f3.6_?V_) : . B Eqn 5

where:
 FNd = friction_demand.ﬁumber for stopping within
| 7 available sight &istancé
v =-vehi61§'speed; mph
d = availéble sight distance, ft

18




Figure 6 illusfrates the relationship of available friction
and fricﬁion.démand for stopping maneuvers under sight distanceé

' ranginglfrom'éoo to 1000 feét. The friction demand curves in
.Eigure 6_a;e computed frém Equation 5 forwselected sight.distances
and spéed. The avaiiable fricfion curves superimposed were developed

as previously discussed for.Figure-S.

CORNERING MANEUVERS

| Lateral friction during a cornering maneuver must be
sufficient. to genefate the lateral fdrées_hecessary fo traverse a
. giﬁen cﬁrve. Findiﬁgs in a recegtly completed.research study:(é)
ghbwé&_that the skid number predicted by an ASTM locked-wheel trailer
apﬁréximated ﬁhe average lateral friction availab1e-&gring a gornering
_maneuver.prbvided that the ski@.qumbg; Wgsrcongidgrgd a functi§n of |
vehiéle speedf .Ihus, a rgliﬁbla egtimate of critical speéd-may be

obtained from the standard centripetal force equation,

v . : . o . '—---—_--Eqn. 6 .‘

e+ £ = 158

ﬁhere: N
e = sqperelevation rate, ft per ft
£ = coefficient of friction -
k  V = veﬁicle speed, mph |

R = curve radius, ft

provided friction, £, is approximated by skid number and considered
Speed dependent. The friction demand for COrnering,.FNc, may then
be described by:

i9 -
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Figﬁre 7:sh6ws the lateral friction demaqd during traversal
of nbn-supérelévated highway curves for degreeé of curﬁatﬁre-from 0.5
to 20 degrees.:'The vériatioﬁ of SN with speed is superimposed. The
critical speed ié established by the intersection of the applicab1e
SN-curve and the degree of curvéture.curve. For exatiple, the critical
' speed undei coﬁditiohs of a.hOn¥supételevated 15;degréé curve and
SN#O of'éﬁ would be 42 mph és shown.

Rather than developing a series of cufves for selected

degrees of superelevétion; thé curves in Figure 7 are develeoped on
a zero—sﬁpéfélévgtibn basis to which gppropriate-corréﬁtion factqfs.
ﬁay-bé.eaéily apgiied'fbf a désired.sﬁperelevation raté. 'The_effect
of sﬂpéréieﬁatioﬁ is.linear as shown by Equatibﬁ'?.'VTo'includé the
effect-gf Supérelevation, the given demand éufve; FNC; is tranéiéted
_ vértically by the amount of the superelevation éxpreSséd in'percent;.
As an ekaﬁple, if a lS-degree.curve contained 0;05 positive sﬁperglevation,
the 15-degree curve would be lawered 5 units of FN as éhown.by the dashed
curve ip Figure'7; Similarly,‘the'éurve‘would be trénslated.hpward an
equal amount if'the'supereieVation were negative. |

it should be noted that the ecritical speéds determined from
Figufe 7 repreéenﬁ alioﬁable speéds.providéd the'véhicie smoothly
traﬁérées'the ﬁighway curve. Therefore; Figure 7 should.be:ﬁSed‘for

spiraled transitions or at locations-withiﬁ'a curve.
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Pﬁotographic studies of vehicle maneuvers on highway curves
.QL) indicafed;that mnst_vehicle7éaths, regardléss of speed, exceed the
. _degrée of highway“curve at some poinf throuéhout the curve. .For
éxample, Qﬁ a 3—degree:curve, 10 percent of the=veﬁiclés can be expected
to exceed.4;3 deérees. Randdmly selected vehiclés were photograﬁhed
throughout unsbiraled highway curves ranging from 2 to 7 degrees.
Lateral placement and speed were determined at 20-ft. intervals by
analyzing Ehe movie £ilm from'which an instantaneous ra&ius at each
point was estimatéd by calculating the radius of the circular curve
through thfee successive points. | | | “

.To determine the critical friction requirément, the 10th
- percentile péﬁh fadius, RV;_Was selected and_substitutéd:in the
_cgnﬁfipetﬁl force‘equation. The 10th percentile relationship (dﬁly
iO pértent of the.vehicles would travel élbng.a lbwe;.path.radius

at any particular speed) is: (8)

R, = 0.524R +268.0 © ————Eqn. 8
where:
Rv = wehicle path radius, ft
= highway curve radiué, ft

"R

A large percentage of the observed vehicles negotiated the
minimum path radius at the ends of the curve near the transition
between tangent and curve, Since the friction demand at these

locations appears to be more Stringént,'critical speed should be
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determined on'the oaSis:of'Ehrs minimun redius. =Similarliy,'
superelevation should be determined at'this criticel'point.onxthe
‘curve., Often superelevatlon at this p01nt is 1ess than maxlmum due
.to superelevatlon runoff | |

‘When R& is_substitntedlin.Equation 6, the following_equation
resulrs:. | : |

g2 -
&+t = 7800 S T Eqn. 9

From this, the friction demand, FNc;wbecomes:_

- = v - S R _
e ~ oTo7serzo.z 0% o TrRane 10

.:Figure 8 presénts speed—friétion relationshinslfor various
‘degreses ofrcurvature. These curves contaln no margin of safety, but
they are develoPed on the basis of Glennon and Weaver s research (1)
.and, therefore, consider the éffects-of the ‘more severe radins
traveled. 1£ is.soééeerea.thet these curves be used forldeterninetion
.of‘criricel epeeds on cnrves having abruot transition regions at
either end (situetions normally found_when spiral or compound.cnrve

transitions are not. provided).

PASSING MANEUVERS -

The nassing n&nenvers\may be one'of.the most critical non-
emergency maneuvers performed on a two-lane hlghway. Several
characterlstlcs comblne during the passing maneuver to 1nfluence the

demand for friction:- the maneuver_is performed at relatively_high
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speeds; the passing vehicle executes both pull-out and return maneuvers

' against negative superelevation due to normal crown; and finally, the

manéuver_involves cdmbinations of forward and lateral acceletatiom.

A recent study (;g) investigatéd thé passipg'charadteristics
under high-speed operationion two~lane highways. Appfbximately'SOO
complete passing maneuvers:at speeds from 50 to 65'mph were photographed
and an&lfied. qum this_analySis'vehicle acceleration, lateral placement,
speed and distance traveled were determined. Frictional requirements

(2) were determined for the critical portion of the maneuver based on

- maximum lateral friction demand.

The p01nt where vehicle speed and radlus produced maximum

lateral friction ( - e) was determlned for each pull—out and return

15R
maneuver. These poiats, for most samples, coincided with either’ the

_point of-miniﬁum pathlradiﬁs or the poinf-of-maximum speed, Vor'both.

To determlne the crltlcal 51de friction requlrement the )

‘ 10th percentlle path radius was selectedy that is, only 10 percent

of the vehicles would have a Shorter'pAth radius during pull-out or

return. Under this criteria, the critical vehicle path radii were

p1470 feet for the pull-out maneuver and 1640 feet for the return

maneuﬁer. ASSUmiﬁg an e-value of -0.02 to represent the adverse

pave@gnt cross-slope and subStitpting'in the'centripeﬁal'forcé

eéﬁatipn, yields the fdliowing relatiopéhip-ﬁor lateral friptioﬁ_

demand during the paésing maneqverp(pull—out_maneuver): (8) |
, . 3

: v _ , .- : . _ _ ”-._
£ ='E§636'*'0f02 _ _ _ : . -—ﬁ—Eqn. i1 o
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2

ﬁ - v _ _ . _
OI‘,- N FNP = 350 + 2 | ) | | —-——-FEqn, 12
where:

FNP = friction demand number for passing

o
il

vehicle speed, mph

The total friction demand can be expressed as thé.vector
sﬁm of the forward_and laterél acceleratioﬁs. Based on Kummer and
'nger's_(ié) relationship between forward friction demand and speled
for fuli-throttlé acceleration of an American "Standard" automobile,
- Glennon (g) assumed the instantaneous forward acceleration of the
- péssing vehicle to vary linearly from 40 to 60 éercent full-throttle
at 40 and 80 mph respectively. This correspénds to 6.4 ft/seé2 and
5.0 ft/sec2 acceleration at 40 and 80 mph respectively for a 4000-pound
ﬁehicle. Glennon then developed a’éritical demand fricfionaspeed
rélationship using the vector sum of forward and léteral acceleration
demand. This relationship is shown in Figure_9 with superimposed SN
cﬁrves. 'The ‘demand curve in Figure 9 does'nbt_includé a safety mafgin.
Thevéxitical-épeedris determined by the iﬁtersection of the
Iappliéable SN~curve and the demand curve, The ékamples fdiscussed
latér in this réport) shown in.Figure 9.depict a eritical speed of 51
mph for a pasSing:maneuver performed on a pavement'having.an SN40 of |

40, and 45 mph for a skid number of 35.
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EMERGENCY PATH-CORRECTION MANEUVERS

Drivgrs are occasionally required to perform. corrective
maneuvers to avoid leaving the roadway. Although it is not:feasible
to Satisfy.the.ﬁore severe frictional requirements such as might be
imposed in attempts to regain control after a vioclent swerve, the
' demand.fricfion to corréct.minor encroachment paths should be
: ;onsideréd, particulariy on tangent sections.

| Glennon (8) calculated frictional requirements for emergency
path—correétioﬁs under several conditions, He concluded that the
frigtion demand:was highly sensitive to the enchachment-angle and
. the initial distance fibm the edge of the paved roadway. Assuming
:a.—O.OZIErdés—slope, Gléﬁnon”devélﬁped the following friction demand
fdripétﬁ?corréCtiéh: |
- Vz (lfcbs 8)
15 (W-1.47Vsin 6)

+0.02 - - . - . = —-—Eqn. 13

where:
V = vehicle speed, mph -
L f'engroachment'angle,ldegrees_
ﬁ.;/distance from_edge of paved roédway to vehiclg.
} ‘ ;right-£ront corner at the point where the

correction is perceived, feet

The distance W is a function of the paved shoulder width.
Glennon examined frictional requirements for three shoulder widths:

zero, six, and ten feet. Considering that vehicle placement was
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‘closer to the roadway centerline for narrower shoulderé, the
fespective distances, W,.for'thése condi;ions were 5, 10, aﬁd 13
fedt réspéctively. Encroachment anélés agsumed for the respective -
shoulder widths wére 3, 4,.and'5 degrees.

Figureéllo,'ll, and 12'Show thé relationship between épeed
and friction demand for pafh—correctioﬁ‘méneﬁﬁers on two-lané
highways with sgVeral widths of shoulder. The curves are developed
.frdm Equation 13 with the above aséumptions for wehicle pl@cement

and encroachment angle.

 HYDROPLANING -

L When'bperﬁting on wet pavements, Vehicle_steeripg'agd_:
btaking.capabilitigs are definitely impaired. Asﬁthe dep#h'of
water on a pavémﬁnt‘becomes sufficient,that,the vghidle Whégl R
becomes physically separatéd from. the pavement sutface,_the vehicle

_ is_sgid to be hydr0§1aning, The hydroplaning phenomenon is‘ap
.extremgly.comPIEX'one. ~Although it becomes significant only when .
qn appreciab1g dePﬁh of water is present on the pavement surface,

this condition can be encountered during an exceptidnally high—_
Linteﬁéitf ;ain oL on pavemeﬁts with pobr dfainage'characteristics.
Shallow depressions or ﬁheei ruts in the surface éontribute t¢ 
puddling;.and hence provide the poteﬁtiai fbr.hydrdplaning.

Wheel spin-down (reduéfion in wheel speed) is.wideiy
'use&.és an.inaiéafioh of'hydrbplaning. Sﬁin—down iﬁdicaﬁes a -

reduction of tire-pavement frictidn'and’isicaused when the-
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hydrodynamic lift‘effects combine to create a-momeﬁt-which opposes
the normal rolling action of the tire ;aﬁsed by the drag forcés (4).

The critical or "tqtal" hydroplaning speed is the speédz.-
‘at which the force caused by hydtédynamic pfessure‘is in eqqilibrium
with the ldad carried.by the tire, ﬁoﬁever, this épeed is nﬁt
.ﬁecessérily the speed at which wheel spin-down is:initia;ed—_wheel_
spin-ddwn can initiate at ground speeds considerably less than the
critical hydroplaning speed (4). Thus, sPin—down should be regarded
as a manifestation of'hydroplaning, aﬁd not as the qnly criterion to
'detéfmine.the critical.hydfoplaning speed (4). |

Numerous factors inflﬁence the hydfoPlaning potential, the
mofe significant Béing'ﬁaﬁement_texfuré; sPeéd, water depth, tite
iﬁflation pressure and tread ﬂepth, and ﬁhéel loéé.."Martinezlet_ai._
(ﬁ) conéidered fhese.iﬁfluencing factors. on a'portidnd”cemeﬁt concréte
and a Bitumiﬁous paﬁemént. The sigﬁificént.findings até'summarized
here. |

Pévemeﬁt "tiexf_:ui:é si_gnificantly iﬁfluences. partial hy&réi)_laning
s@eéd'(aé indicated by 10 percent spin-down) as shown in Figure' 13.
Maffinez found fhat a high macrotexture (bituminous surface treafmeﬁt
with roundéd rivér.grave1) pavément'reqﬁired'a considerably higher
.ground_speed to cause spin-down than a iow'macrotextﬁré paveméﬁt
(cbﬂcréte, burlgp'drag).-IA l3¥mph increase in ;fitidal spee& was
indicated'using'axsmooth bias—ply tire at a water depth of 0,25 inches
When'the mécrdtextﬁre'was inéreased from 0.018 t0 0.l45 inch
_tSilicone putty texture.determinatiOn). This difference apparentl&

decreases as water depth increases, according to Martinez.
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The effect.of sire pressure on hyéroplaning speed is
illustrated by Figure 14. The range of tire.pressures from 24 to
36 psi comprise appfoxima;elj 70 pefeent of the range observed in
a study of ever 300 wet paveeeﬁs‘accidents in Texas. (10) Figure 14
-reveals that the ¢hange in critical speed is decreased as water depth
.increeses above about 0.2 inch, and that tire pressure exerts less
1nf1uence on the hydroplanlng speed as the water depth increases.
Martinez (4) reported that decreasing the tlre 1nflatlon pressure
normally lowered the ground speed at which a certain amount of spin-
down occurred, figure 14 shows that at'a water depth of 0.1 inch the
cr1tica1 speed was decreased approxzmately 10 mph as the tire préssure
was decreased from 36 to 24 psi. This dlfference becomes much smaller
at greater water depths. J
| Figure 15 1llustrates the effect of three dlfferent tires'

on. critical speed ‘The’ dlfferences in crltlcal speed between the
tires increase as water depth ifncteasés, This is in contrast fe'
tﬁe:effects‘of:tire pressure'and.pevemenﬁ-textere. It is notable that
the:feil—treed eide tire'cﬁrve lies between the-pias—ply smooth and
biasuply'fﬁil tresd tire. | |

| ‘In regard to wheel load, Martlnez concluded that the’ ground
speed at which splnmdown is 1n1t1ated is- ralsed by 1ncreasing the
wheel load vehicle maintaining the same tire inflation pressure for a
smooth tire. iThe reverse eecurs.for-a.full—tread depth tire,

| Alth6Ugh eo Siﬁgle'critical speee is epprdpriate for the

range of pavement, tire pressure, and tire parameters ipvestigated,
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it is Obvioﬁs.that partial hydroplaning and thus some loss of vehicle
control fesults at speeds significantly_below the speed limit on
':Texas ﬁajof rural highways. No critical speeds less than 40 mph were
'féﬁﬁd. 'The_approximate median.value for all parameteré investigated
resulﬁed~in a 50-mph critical speed. This épeed could Be increased by
providing a high surface.mécrotexture. It.is éuggested that critical

wet weather speed be determined from Figure 16,

COMBINED MANEUVERS

| Many éommpn manepvers inclu&e some combination of
'agcele?ation, braking, énd cofnering. Thg total friction demand may
be determined byrvector,summation of the friction demand for the
ipdividuﬁljmﬁneuﬁers. The following example illustrates fhe manner in

'whiCh_;he”critical speed may be determined for a combination maneuver.

:Exampléhlz Critical Speed forICombined Maﬁéuvérs
| This éxample illustrates the procedure to determine the
critical speed for a maneuver involving combined braking and cornmering
such as might be exyerieﬁced_at an exit ramp to a stop-controlled
service road} | |
Giveq: %Engineering studies.reﬁealéd the following sitg charéqteristics:
1. Available frictiom, FN = 30.
2.-{Avéilable stbpping sight.distance,.SD = 400 ft.
3. Raﬁp contains spiral transition curve to a 20—degree

maximum curvature with no superelevation,
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Procedure:

.1'

Make an initial assumption of critical speed.

VO = 30 mph.

From Figure 7 (Use Figure 8 for an abrupt

transition.) and the friction demand curves,

determiné’the friction number demand for

‘cornering, FNc’ using the assumed speed, Vo.
- As shown by the dashed line in Figure 7,
"FN_ = 22,

c L _ o
‘From'Figurefﬁ,_determine the friction number
_deménd fo: stopping,'FNs, using the assumed

‘speéd;rvoé . As shown by the dashed line in

Figureiﬁ, FNS_=‘10.

" Compute the total friction number demand‘for

the combined maneuver, FN_. The total
friction demand is the vector sum of the

éorﬁering‘demand, FNC, and the stopping

- demand,-FNS.

PN, = VFN2+FN 2
R < s
‘/- 2% + 10)°

= 24,2
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Since Fﬁc, FNS, and hence,-FNt, are dependent

on the assumed speed, the resultant interaction

point (point having coordinates Vv, FN) must

be located in Figure 5. If the point lies

above the_available frictjon curve applicable
té the site (in this case, the SN, g = 30 curve),
a:;owef'in;tial_sﬁeed, VO,'must be ASsumed, and
the above process (Stéps 1 through 4) repeated.

Similarly, if the point lies below the applicable

" available friétioﬂ:curvé, a higher speeéd, Vs

ﬁﬂsthbe.aééumed; and thé:prdceés repeated. The
cfiticai sféed'(the Sbéed:ét which the point
falls on the aﬁpiiCabie Sﬁ—versus—speed curve)
mﬁy be clogely.épﬁrOXiméteﬁ”iﬁ two or three :
trials. - | |
Plottiﬁg'the_inteféétion'poiﬁt-haVing
coordinates V_ = 30 and FN_= 24.2 on Figure 5

reveals that the point lies slightly below the

applicable SN, = 30 curve (Point A, Figuré 5).

Thérefore,;a higher speed, V0“= 35 mph Was.assumed,
aﬁd:thé'proéeSSJtépeated._ For V_ = 35 mi:h,-'FNc =
30 (Figure'7),'st = 15 (Figure 6), and FNt =

33.5. The interaction point (coordinates 35,

33.5) is plotted as Point B in Figure 5 which

= 30 curve. A

lies slightly abovg'the:SN40
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~straight line between.Points A and B
indicates a critical speed for the
combination maneuver of approximately

32 mph.(speed ét Point C).
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[11. WET WEATHER SPEED ZONING

In manyriqétances, the safe wét'weather speed must be less -
than the existing.ZO—mph state-wide posted-speeﬁ whére the.available
frictioh.simﬁly does not provide the capability of berforming certain
maneuvers at 70 méh. Thus, if speed reductibn is the singleé criterion,
the problem is one of establishing, at these points, a reasonable wet
weather speed that is compatible with available friction. |

Wet Wéafher speed limits may be'iﬁplemeﬁted by two means:
by introductioniof a étate—wide wet weather speed limit, or thrpugh
speed zoning at selécted éites._ Although introduction of a state—wide
wet weather spéed limi# would'probébly:répféseﬁt the most?éxpe&ienf
attempt to feduéé traffic operating s?eed.duriﬁg inclement Weathet,“it
offers one diétinétadiéédvanﬁége: the'speed limit on all highways'would
bé diététe&'by tﬁé safe.wet &éathef séeed on the ldwer:quélity'highways.
Tﬁus; under blanket speed'control, the iévél of-sérvi¢e and vehicle
Speéd'Would be reduced ﬁhnécéssérily on many of the ﬁgwer ﬁighways that
provide surféces and geometrics less suséeﬁﬁiblé'to skidding.

l;The primafy:advéhtage of wet weather épeed ébning at

selected'sites is'fhat it offers a meth0d to élleviate the most
hazardous locatibns (those ﬁhich eXhibitua history of skid-related
accidents) on a priority Bésis. Alsé, although allowable speeds capi‘
be predictgd ﬁith some confidence for sevgral individual sitﬁations;
additional'field'éxpérience must be obtaiﬁed to pgrmif‘cbnfidénf

estimates of safe wet weather speeds when all contributing factors
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~act together, Use of wet weather speed zoning at selected sites on

an "experimental" basis will permit evaluation of the designated safe

_speed and also the effect upon and acceptance by_the driving ﬁublic

~as well as an evaluation of the proposed method.

The Texas Law: governing the speed of vehicles gives the

~ State Highway Commission the power and authority to alter the general

'Speed limits on highways under its jurisdiction. This power is

granted subject to a finding of need by an engineéring and traffic

investigation., Altering the general state-wide speed limits to fit

‘existing tréffic_and:physical Cbnditions of the highway constitutes

the 5asic.principle of speed zoning, ' In this reépect, establishment

of wet weatﬁer speed limits at selected sites would become a logical

" extension of the current speed zoning principles.

IMPLEMENTATION PROCESS

Figure 17 outlines a sequence of events that is considered
necessary to initiate wet weather speed zoning at selected sites in

Texas.. The events shown involve both pre-control and post-control

investigations, but it is believed that this full-cycle effort is

indi;ated for the first sites so controlled. The sequence is
subdivided into two phases. - Phase I includes the engineering aspects

concerning site selection, determination of traffic and engineering

characteristics, and hence, the safe wet weather speed limit. This

report deals primarily with this phase. Phase II includes the

administrative procedure by which the program may be implemented and
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|
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also evalﬁatidn of the effectiveness of the proposed.method. It is
-anticipated that ﬁhe program will be implemented through accepted
speed zoning.pracﬁices by the Texas Highway Depaitment. Evaluation
procedureé wiil bé estéblished in cboperation with the Texas Highway
Department. Phase II is not discussged in detail in this report.

The process outlined in this report for determination of
the safé wet weather speed limit involves equating the available
friction at the selected sitg to friction demand for traffic operational
maneuvers expected at that site. Therefore, certain engineering
characteristics of thé site must be known from which the available
£riction may be determined. Similarly, certain traffic operating
éharacteriétics must be deﬁermined.' A critical speed is_detefmined
'fbr each'expected maneﬁ#er; The speed limit will be governed by the

expected maneuver producing the lowest critical speed.

SITE SELECTION CRITERIA

The success of the initial phase of wet Weathér speed
zonipg, from ﬁhe aspect of engineering evaluation, depends to a iargé
degree on the particular sites selected. Texaé iSffortunaté'in that
a cqntinuing.skid resistance evéluation'progrém has been in progress
for several years, resulting in an extensive history of pavement
friction characteristics throughout the state. Potentially slick.
-péVemént.sections have been observed.and in most cases ﬁéve received
a.deSlicking treatment.- In addition, extensive aécident reéords are
saiﬁtainéd. Tﬁése'factors will greéatly assist site selection for

wet weather speed zoning. With the current emphasis toward improving
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. frictional capébility, there is an increasing awareness. of areas
needing improvement throughout the districts, In many cases, sites
are known but sufficiEﬁt fundS are not available.'.Signing_should'hélp

in these areas:

The following criteria are suggested for site selection:
1. Any Control-Section exhibiting two or ieés'
wet weather accidents annually should not
‘be considered, | |
2. All.antrol—Sections exhibiting 20 or more
':wét wéather'accidents.énnually should
Be ﬁonsidéfed..
3. FQrIControlQSectioné having 3 to 19 wet "
| weather accidents annually, the Control-
” Seéfion or sites within the”Cbﬁtr@l—Section

should be considered if:

Daily Vehicle Miles
%+ Wo. of Wet Weather Accidents < 3,000

.E;:Tﬁe Coﬁtrpl+Section length'is 0.30emile
or more. | | .
The aﬁpve criteria are based on studies of excessive Hgg_weather-.
accident rates, but the éritefia are intended only.as a guide, |
Locations exist where no single criterié is satisfied but where
exceptional symptoms. of Skid—ﬁelated problems exist. 'For exa@ple, a
newly constructed‘faciiity or'a'reéently modified.sectién may exhibit

an unusual number of skidding accidents, yet the changed conditions
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have not been in existence long enough to warrant installation of

ﬁet weather speed limits under the other criteria. Special locations,
- many having unreported accidents, can often be identified'by.Texas
Higﬁway.bepartment'and Department of Public Safety personnel who have
a daily working knowledge of the highways in their Disﬁrict and are

'aware of proposed geometric improvements.

ENGINEERING CHARACTERISTICS OF SITE

" The engineering characteristics that are of primary
'impcrtance to the_selection of.éppropriate speeds forx a given site
are dirégtly dépendent on the manéuveré which_vghicles qa& be expected
'-to_execute while traveling in the site locale, the basi; maneuvers
being.acceleration,.brakiqg, and cornering. Thg performance of
desired maneuvers is dependeﬁt upoﬁ‘the existence of tire-road
surface friction. Therefore, the primary engineeriﬁg characteristics
that must be considered.are thosé that determine the available
friction ‘and those that ihfluence the demand for friction. The
éngineering characteristics and ways by which they may be determined

are summarized in Table 2.

TRAFFIC OPERATING CHARACTERISTICS

| A_knowledge of traffic behavior through the'site_locale is
7féquired under dry and wet cpnditions, énd before and after tﬁe

” introducfion of speed control of oﬁher cﬁrrective measures. _The
‘nature of the maﬁeuvérs.and the speeds at which tﬁéy aré performéd

under'the two envirommental conditions dictate the friction demand
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TABLE 2

ENGINEERING CHARACTERISTICS OF SITE

CHARACTERTSTIC |

A. Pavement Characteristics

1. Texture measurements

2. 8N Values

(including differential

SN walues between normal _

pavement surface and

wheel pathé, ifraﬁY}:. -

3. . Presence of Rutting

4. Puddling

5. Drainage Length
{water drainage distance
measured along drainage
path between outer edges

of pavement surface)
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METHOD OF ATTAINMENT

On-site determination

(é) sand patch method _
(b) silicone putty method
(c) profilograph '

On-site deteérmination
(a) skid trailer measurements at
varied speeds and develop

friction-speed relationships

On-site determinatidﬁ

(a) observation

- (b) string-line measurement

(c) width and location of wheel

path ruts should be determined

On-site detérmination

‘(a) flood pavement surface and

',observe
(b) observation during or immediately

after rain

'(c) observe pattern (isolated areas

on pavement, repeated depressions

‘:-along surface, etc.)

On-site determination




TABLE 2 (CONTINUED)
ENGINEERING CHARACTERISTICS OF SITE

CHARACTERISTIC

Cross—Section Characteristies.

1.

2‘

Pavement. Cross Slope

Superelevation

Number and Width of

Traffic Lanes

Shoulder_Type:and Width

" Alignment and Sight Distance -

1.

2.

Degree of Horizontal Curve
..ﬁertical Curve Geometry

. Transition of P.C. and

and P.T;

Available Sight Distance

Proximity of Intersections
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METHOD OF ATTAINMENT

On-site investigation suppleﬁented
by construction plans

On~site investigation supplemented
by constructioh plans

On-site investigation supplemented
by construction plans | J

On-site investigation supplemented

by construction plans

On-site investigation supplemented

by construction plans

On-site investigation supplemented

by construction plans

Onwsite'investigation'supplemented-

by construction plans
On-site 1nvestigat10n _
On-site investigation supplemented

by construction plans




at the.tire;pavement interface, and musf be used as input in
establishing the critical safe speed for the available frictiom.
The effectiveness of.the corrective action taken at the locale can
be assessed only by evaluation of traffic behavior observed aftér
installation. |

Certain.measures of traffic behavier are fundaménfal to
evaluation of the vehicle-roadway needs. The meésures-required and

methods by which they may be obtained are presented in Table 3.

DESIGN PROCESS TOADETERMINE-WET.WEATHER SPEED LIMIT
 -The1design process may be accomplished bj the following
prpcedure; | |
1. Determine engineering characteristics of
the site (Reference Table 2).
© . 2, 1Identify the expected traffic operating
characteristics and éxpectéd maneuvers
- (Reference Table 3).
3. Determine the available friction at the
'  site, The available ffiétibn, inéluding'
the effects of speed, may be approximated by
the meﬁhods listed:
a. by conducting standard skid trailer
measurements at 40 mph and determining
the'rglationship of SN and speed from

Figure 5.
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TABLE 3

TRAFFIC OPERATING CHARACTERISTICS

CHARACTERISTIC

A. Dry Pavement Characteristics

1. Speed throughout site
2, Speed transitién upstream

frbm sité

3. Spéed transition downstream

frqm site .
4, Maneuvers performed
5. - Point at which braking

' or other maneuver occurs

Wet Pavément Characteristics

- Same characteristics as above.
Changes in speed, point of .
maneuver initiation, transition

points, etc., can be determined

by ¢omparison of dry and wet

- characteristics.
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METHOD OF ATTAINMENT

" Radar spot speed samplihg

- Radar spot speéd sampling

" Radar 5pot'speed sampling

On-site observation
On-zite observation (brake

-~ light study)’

' Same as- above




b. by conducting tests.with a skid
trailer at 20, 40 and 60 mph.using
' an external watering.sysﬁem such as
‘é Wéter.ffﬁck-and deéeipping frictidn— '
éPeed.relatioﬁships.
Determine the critical speed for the expecfed
maneuvers from the applicable épeed—friction

relationships shown in Figures 5 through 16.

‘a. stbpping maneuvers (Eigure 6)

- b. cbrnéfing maneuvers (Figure 7 or 8)

¢. passing maneuver (Figure 9)
a. eﬁefgenﬁy paﬁh correction maneuvers
. (Figures 10 through 12)

e. hydroplaning tFigﬁfe'lﬁ)

1f combination maneuvers are expected at a

si;e, déterﬁiﬁe the'critiqal'speed-for the
combined maneuver by thezproéédure &iscﬁéséd
previouély in this repogt."

select the lowest Critiéél ébeed'détermined
from StepS'A or 5. The wet weathex 3p¢ed
limit is established as this value. The
posted.speed would be the wet weather speed

rounded to the nearest 5-mph increment.
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EXAMPLES OF WET WEATHER SPEED DETERMINATION

. Several examples are presented to illustrate the design
 process for establishing the'wet weather speed limits at sites

exhibiting differeﬁt engineering and expected traffic 6petating

" characteristics.

Examplée 2: Wet Weather Speed Limit on Tangent Section

Procedure:

1.

- maneuvers would include:

- The following site characteristics are assumed for
illustrative purposes:

SN, = 40.

T 40 _ _
Sight distamce, SD = 700 ft.

Level tangent highway section having no

paved shoulders.

' Pavemeént texture = 0,05.

Pavement exhibits good drainage with no

evidence of rutting or ponding.

-identify the traffic manéuvers that would

_'bé.expeéted at the site. The expected

kY

~a. stopping maneuvers

b. passing maneuvers
¢, emergency correction maneuvers
Since the site is a level tangent section,

cornering or combinatiofi maneuvers would not
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be expected, Therefore, critical speeds
for these maneuvérs would not be applicable

. at this site. Similarly; since there ié no’
e?i&énce of rﬁtting or'ponding, and good
drainage 1is provided, critical_speed-to
produce ﬁydroPIaning is not applicable at.
this site.

3. From Figure 6, the critical spée& for a
stopping maneuver (SNAO = 40, SD = 700 ft)
_is 59 mph. | | |

4. FfomTFigure 9;-thé'criticalfspeedIEOI a

'passing maneuver (SNQO'% 40) is 51 mph,

5. From'Figure 10, the criticai'épeedufor an
émergency path correction (8N, =.40, no
paved shoulders) is 52 m’ph} |

6. The lowest critical speed from Stéps 3
through 5 is 51 mph, governed_by friction
'démand for a paséing maneugér.

7. Rbuhding'off to the neérest 5-mph increment,

the wét weather SPeed limit would be 50 mph.

Example 3: Wet Weather Speed Limit on Horizontal Curve

The following site characteristics are assumed for

-illustrative-purposes:_
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7.

" Procedure:

1.

- BN, ~» = 35,

40

Horizontal curvature = 3 degrees with an abrupt

'transitiOn.from tangent section to the circular
 curve (that is, no sniral was used at the
‘_ttansition).

_ Superelevatien, e, =-0.05 percent.

.Seal course pavement surface is sllghtly flushed

in the wheel paths, The texture in the wheeal

paths is 0.020 as compared to 0.065 at other

:locationSQ The flushed wheel path is con51derably

wider throughout the curve than on the tangent

approach.

The pavement grade is 0.4 percent.

_ The pavement surface is slightly rutted in

transition area from mormal crown to superelevated

section. Based on stringline measurements of rut

depth, bbservation of a flat area in the superelevation

'transitlon, and ‘the dlfferentlal texture between the

'wheel path and surroundlng surface, expected water_

depth is approximately 0.160 inches.

Sight distance, SD, is in excess of 1000 ft.

.Identify the traffic maneuvers that would be

expected at the site. These would include:
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a. passing maneuvers
b, cornering maneuvers

Sincezappreciablé Water.dépths are expected

. and rutting'is evident, the critical speed -

~ for hydroplaning‘should be determined.

Since adequate sight distance is available,

- stopping maneuvers are not critical.

From'Figure 8, the critiéal.speed for
cornering (SN, = 35, D = 3°, e = 0.05),
is 68 mph. o
From'Figﬁfe 16; the.criﬁical Speed for
hydroPlaning (texture % 0102, waterrdépth =
0.160 in.) is 40 mh. o

From Figure 9, the critical SPeed for a

'passing'ﬁanéuvefr(SN4O % 35) is 45 mph.

The lowest crifical sﬁeé& determihed in
SEeps 4 thfoﬁgh 6 above is 4é'mph, governed

by hydroplaning.

_ The wet &eather_speed limit would be 40 mph.
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