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FOREWORD

This report is one phese of Research Study No. 2-8—68~134 entitled
"An,Examinetion of the Basic Design Criteria as They Relate’ts Safe
Operetion on Modern High Speed Hfghways,"' Other active phases of this
research‘ere; (1) a field study of the passing sight distance require-’
ments of high speed passing drivers, (2) a field study of the degree of
path teken in high-speed passiﬁg maneuvers, and (3) an evaluation of
vehicle paths as a basis for wet weather speed limit values.

This is the fifth project report. ‘Previously prepared reports are;

Research Report 134-1, '"The Passing Maneuver as it Relates
to Passing Sight Distance Standards"

Research Report 134-2, "Re-Evaluatlon of Truck Cllmblng
Characteristics for Use in Geometric Design

Research Report l34~3 "Evaluation of Stopping Slght
Distance Design Crlterla

Research Report 134-4, "State-of-the-Art Related to
Safety Criteria for Highway Curve Design"

DISCLAIMER

The opinions, findings, and conclusions expressed or implied in
this report are those of the authors and not necessarily those

of the Texas Highway Department or the Federal Highway Administration.
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ABSTRACT

1

, Current deéign practice for horizontal curves assumes thatA7
vehicles follow the path 6f‘the highway curve with geometric‘exactness.
To examine the adequécy of ghis gssumptibn, phdtographiélfield studies
were conducted of vehicle mgheﬁvérs on highway curves.

Results of the field studies'indiéate that most vehicle paths,
régardless of speed, exceed the degreeipf highway curve at some péint
on the curve. For example, on a 3—deéree highway curVe,‘lo percent
of the vehicles can be expected to exceed 4.3 degrees.

A new design approach is proposed. This approach is dependent
upon selecting: (1) an appropriate vehicle path percentile relation,
(2) a reasonable safety margin to account for unexplained variables
that may either raise the lateral force demand or 1oWef the available
.skid resistancé, and (3) a minimum skid resistance versus speed

relationship that the highway department will provide on all pavements.
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SUMMARY

This research was conducted to obtain objective data for evaluating
the adequacy of current geomettric design standarde for highway curves.
An earlier study report* indicated that current standards may not

provide an adequate factor of safety for modern highway operationms.

VEHICLE PATHS

Current deeign practice assume§ that vehicles fdllew the path of
the highway curvekwith geometric exactness. The major emphasis of
this research was to empirically relate vehicle paths to highway curve
paths to test this assumption. | |

A movie camera mounted in an observation box on the bed of a
pickup truck was used to photograph the path traveled by sample
vehicles. The observation truek would begin following a sample
vehicle about one mile upstream from the highway curve site. When
the curve site was reached, the Vehicie maneuver was filmed from a
position headway of 60 to 100 feet.

Five unspiraled highway curves, ranging in curvature from two to
seven degrees, were studied. About 100 vehicles were sampled for each
site, Each sample was an unimpeded vehicle of randoﬁly:selected speed.
The speed distribution of sampled vehicles was representative of the
overall speed distribution for eacﬁ site. Eacb curve site was marked

with two-foot stripes at twenty-foot intervals along the centerline.

*Glennon, John C., "State of the Art Related to Safety Criteria for

Highway Curve Design," Texas Transportation Institute, Research
Report 134-4, November, 1969.
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‘This reference system allowed the deterﬁination of thé laterai placement
and speed of the vehicle at 20-foot intervals by analyzing the movie
film on a Vanguard Motion Analyzer. From the lateral placement data,
-an instantaneous radius at each point was eétimated'by calculating fhe
radius of the circular curve through three successive lateral placemenf
points. (Actually a 160—foot anaiysis interval was used to reduce the
sensitivity to‘analysis errors.) ksince a circular arc is the minimum
curved ﬁath through three points, the radius sb calculated was a
conservative estimate of the smallest'ins;antaneous vehicle‘pagh radius
over the intérval. |

To relate critical vehicle pathbradius to highway curve radius,

the point where vehicle speed and radius gave the maximuﬁ‘lateral
2 - ’ ’

s s v
friction demapd (lSR

relationship between vehicle speed and radius for these points
, . , _

~ e) was taken for each sample. Plotting the

indicated no correlation between thése two variablés for any of the
five highway curves., Therefore,’it was surmised that the measured’
distribution of c;itical vehicle path radii éould be expected at any
speed on that highway cuive. This fact allowed' the development of
relationships between highway curve radius and various percentiles of
critical vehicle path radius. Figure 19 on page 32 of the reéort
shows this relationship for various percentiles. This figure indicates
that most vehicles will have a path radius that is less than the highway
curve radius at some point on the curve. |
Figure 19 has a direct appliéatidn to design. If a particular
percentile of vehicle path can be selected as thercritical level, then
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the design equatién can be modified to account for path radii smallet
than the highway curve fadius. Fpr example, if the_lOth percenﬁile
is selected as the critical.level (oﬁly 10'percént of the vehicles‘->
would have a more severe péth), the appropriate design equation (in

which R is the highway curve radius) would.be:

e + £ = V%/7.86 R + 4,030

LATERAL SKID RESISTANCE

Current design practice also aésumes that;-(i) the centripetal
force equation, e + f = Vz/lSR (where R is the vehicle path radius and
f is the lateral skid resistance available at speed V) predicts thé
impending skid condition, and (2) thé‘lateral‘skid reSistance can be
measured with‘a standard loéked—wﬁeel‘sk;d trailer test. These gwo
assumptions were tested on another'project at the Texas Transportétion
Institute. |

Full-scale vehicle cornering skid tests were conducted on several
surfaces. ASTM skid trailer tests wére also run at 20, 40 and 60 mph
on these surfaces using the standard internal watering system for one
test and an external watering source for another test. Results of
these tests indicate that; (1) the centripetal force equation does
yield a reasonably good predictioulof impending skid, (2) the skid
nuﬁbers measured wiﬁh the standard ASTM skid test give good estimates
of lateral skid resistance for speeds up to 40 mph, and (3) the standard
skid numbers measured at speeds above 40 mph were somewhat high (averagé
of 4 units).
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SUPERELEVATION

Because of the need for superelevation runoff, full superelevation
is not available near the beginning and end of the highway curve.
Depending on design practice for superelevation rupoff, the superelevation
at the tangent-to-curve points may be from 50 to 80 percent of full
supereleVation. Because the data from this study show that most vehicles
experience their critical path'ﬁaﬁeuvers near the beginning or end of

the curve, the design equation should reflect this reduced superelevation.

IMPLEMENTATION

With all the considerations previoﬁsly discussed, it is possible
to modify the design equation into»a comprehensive_tool. If thg 10th
percentile vehiclg path radius ié stated iﬁ terms of highway curve A '
radius, if the reduced superelevation'at the beginning -and end of the
curve is_approximated by 0.7 e, and if f is expre&sed by the skid
number, SNV, dividéd by 100, minus a safety margin, then the following

eéquation results:

2
) : ,
R= M+ 58 S ¥ 7.86 (0.01 SN, - M)
where R = design radius, in feet

V = design speed, in mph
e = design superelevation, in feet per foot
M_ = safety margin

SN, = standard skid number at the design speed
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It is not possible to use fhis equation for'design unless, first a
safety margin is selected and second a "typical" skid resistance versus
speed relation is seledted. The latter precludes recommending specific
minimum design sfandards. Essentially, the skid resistaﬁce versus Speed
relationship used for design depends on the minimum level of skid
resistance provi&ed by the highwaj department.

Aksafety margin is required because of sevefal uﬁaccountéd
variables that may either increase‘thé lateral force demand or decrease
available lateral skid resistance. On wet pavements, vehicle speed is
the most significant variable, ﬁot only because lateral force demand
increases with the square of the speed, but also because lateral skid
‘resistance décreases‘with'speed. These two phenomena, of course, are.
already accounted for iﬁvthe design pfocedure. Aiso, with design
equation modified»to account for statistical values of vehicle path,
the effects of driver steering judgment aﬁd faulty vehicle dynamics
are probably taken care of. ’Thérefore, factors of safety are only
needed to give some margin of error for variables such as vehicle
acceleration and braking, e#cessivé water on the pavement, pavement
bumps, faulty tires, and wind gusts.

Because these other variables have not been explicitly evaluated,
it is difficult to determine representative factors of safety. It
seems clear, however, since critical vehicle paths can ﬁow be considered
in the design equation, that lower factors of safety can be used. 1In
addition, there may be a low probability of the unaccounted variables
combining to produce a much more unstable condition than alrea&y

accounted for by the critical vehicle path and speed.
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Beéausé skid resistance variesvby pavement, a safety margin is a
' better tool than a factor of safety. A constaﬁtvsafety margin also
provides an increasing faétor of safety as design speed is increased.b
Although there is no sﬁpporting data, a safety margin in thé‘fange:of'
0.08 to 0.12 should reasonaﬁiy allow‘for the unaccountéd vériables,

including the deviation between actual and measured skid resistance.
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INTRODUCTION

Slippery paVementglhavé existed;for man? years. . But the causes df.
slipperiness, its measuremeﬁt; aﬁd iﬁ; efféCt‘on traffic saféty were
“not of great concern beforebl950.' Aithough réliable skidding accident
data are hard to find, those inzexisﬁeﬁce sugges£ thét tﬁé’skidding
accident rate is inqreasing aﬁd has:reacﬁed proportions that may no
longer be ignored. This treﬁ& may be partly &ue tb iﬁpfqved éécidént
“reporting, buﬁ is also undoubtedly a reflection of increased vehicle
speeds and traffié volumes. @=* |

More rapid accelerations, higher travel speeds, and faster
decelerations made possible by modern highway and vehiclebdesignvhave
raised the frictional demands Qn'tﬁe_tire—pavément interface. Larger
forces are required ﬁo keep the vehicle on ité intended path. On the
other hand, for wet pavements, the frictional capability of the tire-
ﬁaﬁement interface decreases with increasing speed. In addition, higherb
traffic_vélumes and speeds promote a faster degradation in the
frictional capability of the péﬁement. Figure 1 shows how these
parameters.interact to produce a higher loss of control potential.

From the technologicai Standpqint, the s}ipperiness problem appears
amenabie to solutions that either reduce thé'friCtional dgmand (improved
geometric design, and lowef speed limits for wet‘conditions) or increase
the frictional capability (impfbved pavement surfaée design, improved

tire design, and improved vehicle inspection procedures). This research

*Denotes number in List of References



HIGHER HIGHER DEGREE

ACCELERATION OF VEHICLE
OR BRAKING CORNERING

HIGHER VEHICLE

SPEED

WATER IN THE HIGHER TRAFFIC
| TIRE — PAVEMENT JVOLUMES, SPEEDS 8
" CONTACT AREA - |CORNERING REQMTS

HIGHER FRICTION
DEMAND

HIGHER

FASTER PAVEMENT
WEAR

LOWER FRICTION
AVAILABLE

LOSS-OF-CONTROL
POTENTIAL

Figure 1. Circumstances Leading to
Higher Loss of Control
Potential,



study'is coﬁcerned with the adgquacy.of geométric design standards fof
horizontal curves. e |

A preVioﬁs study report (2) indicated that current standards‘(é)
. for miﬁimu@‘horizontal curve design may ﬂdt give an adequate factor
of safety fér modern highway operations.' Evaluation of the étaté-of—
the-art revealed several uncertain features of‘the design basis. The
adequacy of the followihg four assumptions was questioned:

(1) that vehicles follow the path of a highway curve
with geometric exactness,

(2) that the point-mass equatién, e+ f = V2/15R, defines
- the impending skid condition, :

(3) that lateral skid resistance can be measured W1th a
' locked-wheel skid trailer, and :

(4) that levels of lateral acceleration that produce -
impending driver discomfort can be used for design
values to insure an adequate factor of safety against
lateral skidding.

The goal of this current research was to perform field studies,
simulation studies, and éontrolled experiments to test the first three
assumptions listed above. With objective data on the first three
assumptions, the adequacy of the»foﬁrth assumption canithen be evaluated.

The simulation studies and'controlled experiments to test assumptions
(2) and (3) were done on another project; condﬁcted at the Texas
Transportation Institute (4). The major'emphasis.ofvthé research reported
here, therefbre, was to empiriéally relate vehicle pathé to highway curve
paths to test assumpﬁion (1). Then, by evaluating the data generated_by‘

the two research studies, revised curve design standards could be proposed,

if appropriate.



FIELD PROCEDURES

The general procedure was to récord vehicle pathé on movie film
using a following vehicle to houée the camera..’This,recordingivéhiéle,
stationed beéidé £he highway»ébouﬁ 6ne miié upstfeam from a highway
curve site, was driven onto the highway behind a subjec; vehicle as
it passed. The recording vehicie was then_accélerated to close the
position headway so the subjétt vehicle was within 60 to 100 feet asv’
it approached the curve site. The vehiclé path was filmed continuously

from about 150 feet upstream to 150 feet downstream of the highway curve.

STUDY SITES

Five highway curve sites, ranging in curﬁature from‘twé to seven
degrees, were sélecﬁed within a 30-mi1é rgdius of Texas A&M Uhive:sity.
All curve sites were in rural areas anﬂ hadvesséntially level vértical
curvature. None of ﬁhe curve sites had spiral trénsitions; that‘is,
;hey were all joined'by'tangént alignment at both ends of the circular
curve, |

Phbtographs:and descriptive site daia are presen;ed;for each of  the

curve sites in Figures 2 through 6.

EQUIPMENT

A 1970 Ford half-ton pickup truck was used as the recording vehicle.
So subject drivers would be unaware of being photographed, the camera and
operator were concealed in a box mounted on the truck bed. The box,

resembling a tool shed, was directly behind the truck cab, standing



Location: State Highway 30, 8 miles east of College
Station.

Description: 7° curve, 0.4 superelevation, 1,060 feet
long, 22-foot pavement, no shoulders,
ADT = 850, 45-mph advisory speed, 70-mph
speed zone. , .

Figure 2 - Curve Site 1



Location: FM Road 60, just west of Brazos River,
milepost 16.

Description: 4° curve, .08 superelevation, 900 feet
long, 24~foot pavement, no shoulders,
. ADT = 900, 60-mph speed zone.

Figure 3 - Curve Site 2



Location: State Highway 21, 2 miles east of
North Zulch, milepost 8.

Description: 5° curve, .07 superelevation, 840
feet long, 26-foot pavement, 6-foot
earth shoulders, ADT = 1500, 70-mph
speed zone. ‘

Figure 4 -~ Curve Site 3



Location: State Highway 21, west of Brazos River,
milepost 20.

Description:’ 2° curve, .06 superelevation, 810 feet
long, 24-~foot pavement, no shoulders,
ADT = 2,000, 70-mph speed zone.

.

Figure 5 - Curve Site 4



Location: State Highway 36, 4 miles south of Caldwell,
milepost 15, ' '

Description: 2.5° curve, .06 superelevation, 1,340 feet

long, 24~foot pavement, 8-foot paved
shoulders, ADT = 2,000, 70-mph speed zone.

Figure 6 - Curve Site 5



24 inches above the cab roofline. The truck and observation‘box are
shown in Figure 7. |

Subject vehicles were photographed through a small window oﬁer
the left side of the cab. It is doubtful that subject drivers were
aware of being ﬁhotographed because the window was the only‘opening,
therefore, making the box appear dark and unoccupied;

An ArriflexAlé—mm camera was used to ﬁhotograph curve maneuvers.
Power was supplied by an 8-volt battery through a governor controlled
motor to produce a constant 24 frame—per—second film advance. The
film was black and white Plus-X reversal (Kodak, ASA 50) on 400-foot
reels. |

Subject vehicles were photographed with a zoom lens (17.5-mm to
70.0-mm) so the cameraman could maintain field of view and, at the same
. time, obtain the largest possible view of the left—réar tire of the
vehicle. The camera was mounted on a ball-head rigid base attached to

a shelf. The camera and mourting configuration are shown in Figure 8.

GEOMETRIC REFERENCE MARKS

The plan was to measure the 1atéral‘placement of the sgbject
veﬁicle's left-rear tire at intervals along the highway chrVE‘using
the geometric centerline of the highway curve as a base reference.
Two-foot lengths of six-inch wide temporary‘traffic line pavement
markings were placed perpendicular to, and centered on, the centerline
at 20~foot intervals throughout each study site. The 2-foot markers

gave a length calibration that was always pictured on the film frame
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Figure 7 - Recording Vehicle and Observation Box
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Figure 8 - Study Camera and Mounting
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where lateral placement measurements were taken. The 20-foot interval

gave a reference system for speed and radius calculatioms.

SAMPLING PROCEDURES
About 100 yehicles were Sampléd for éacthurvé,site.i This number
has no statisfical basis but was set by the time and monetary constraints
for déta collection and film analysis. About ohe—haif of the saﬁples'
‘were taken for each directioﬁ of traffic at each curve site. Sémples
were limited to passenger cars and pickup trucks.

After éach'photographié‘sample was taken, the recoraing'vehicle
returned to its roadside ﬁqsition at‘the starting station, about one
mile upstream from the cu:ve_site. The next sample was the first free-—

‘flowing vehicle to pass the starting station that hadvehough clear
distance go the rear to allow tHe recording vehiclg to move in behind.
This procédure allowed for an essentially randbm selection of sample
speeds. |

A comparison of the overall speed distribution for the site and
the speed distribution forvthe sample population is sﬁoWn for each
curve si;e in Figu?es 9 through 13. Theséydistributions represeﬁt the
spot speed on the tangent alignment just before the curve. ’Thé
overall speed distributions for the sites were compiled from speed
surveys of 200 vehicles in each direction at each site. The sample
speed distributions were compiled from the £ilm analysis.

The sample speed distributions are fairly representétive of theb

speed range at each site. Only the extremely high speeds are not
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included because high-speed samples were aborted. It was not possible
‘to close the position headway on high-speed subject vehicles without

endangering the»studyApersonnel.
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FILH ANALYSIS

The film was analyzed with a Vanguard Motion Analyzer, pictﬁfed '
»in Figure 14. This"deviqe‘is a portable.film'reader fcr measuring
displacements on photographic projections. It consists of‘a projection
head, projection case, and measurement screen.

The 16-mm projection head permits forward and reverse motion of
film,onvédo-fdot reels. A variable-speed mechanism_mo&es the image
across the projection screen at from zero to 30 frémes—per-geéond.' A
counter on the‘prbjection head displays frame numbers. If the,Caﬁéra
'speed is known, then by noting elapsed frames,,dispiacgﬁent over time:
(speed) can be calculated.

The measurement screen has én X-Y crosshair system that measures
displécement in 0.001-inch increments on the projected image. Rotation
of_ﬁhe measurement screen permits angular aiignment of the cross;héirs
with the projected image. Two counters display the nnmeriéal positidns‘
of the movable’cross-hairs. Conversion of image measuréménts to real
measurements requires a calibration mark of‘known lengﬁh in the plane‘
of the ph&tographed object. In ofher‘words, the two-foo£ markers used
. at the study sites were measured in machine units on thevfilm imﬁge'to;
give a calibration‘for converting image léngth to real length.

To analyze the vehicle path of the samples, the lateral vehicle
position reference was always the left edge of the left-rear tire.
Lateral placement at each reference marker was measured from the frame

where the left-rear tire was nearest the marker. After recording

18



Figure 14 - Vanguard Motion Analyzer

19



calibration readings on the left and rightbedgebof the refereﬁce marker,v'
the'positidn reading of left-rear tire was recorded. These readings,
along with the two-foot known length, gaﬁe the data necessary for cal=-
cuiating the actual iateral placement. An example df these readings

and calculations is shown in Figure 15,

20



1 | LEFT REAR TIRE

CALIBRATION
MARKER
- 2ft. | —>
1915 | 2980 5485 |
| | VANGUARD READINGS
CALIBRATION = 2 = L 1L

2980-1915 ~ 532 unif

LATERAL PLACEMENT : L = 5482»52980- +1= 5.71 ft.

Figure 15 - Example Vanguard Readings and Lateral Placement
Galculations
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MATHEMATICAL ANALYSIS

The Vanguard data was used in a computer program to calculate’
vehicle speed, left-rear tire lateral placement, vehicle path radius,
and lateral friction demand (f). These estimates were calculated for

each sample at each reference marker.

VEHICLE SPEED

The estimate of‘&ghicle speed af,each referencejmarker Wasaobtainéd
as the average speed over a distancebinterval. Selectidn>of tbé interval
was dependent on the error sensitivit§ frqm two sources. The smaller
the interval, the smaller the error due to sudden Speed-changes and the’
gteater the errof due to integer frame-count estimateé (number of frames
elapsed as vehicle traveled the twenty»feet between‘sucessive markers).
Since the éamples did-not’exhibit‘large speeé changes over short
intervals; the accuracy of the instantaneous speed was ﬁost sensitive
to the frame-count estimate. | |

Because the frame-count estimate was to the nearest in;eger}'the
. greatest frame-~count error at a point was Qnefhalf framef For‘an’
analysis length, the greafest error‘iﬁ frame-count diffefence was bney'
frame (one-half frame at each end). Figure 16 shows the sensitivity
of the speed estimate to fféme—counf_diffefencésﬁfof’éevéral'analysis.
intervals. To reasonably diminish this error source the speed estimate
analysis interval was chosen at 160 feet. Therefore, the speed estimate
at each reference marker was the average speed overAthé 160-foot .

interval centered on that marker.
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VEHICLE RADIUS

The computer program caiculated’the lateral placemeﬁt of'the left
edge of'thé'left~rear tire at each reference marker. The instantaneous
vehicle path radius was then estimated by computing the radiusbof'the
circular cﬁrve through three sdccessive tire'positions, thé center
position being atvthe reference mdrker undervconsideration; Since a
circular arc is the minimum curved path through three points, the
radius so calculated‘is a conservative estimate of the sﬁallest
instantaneous radius over the intérval,

Figure 17 shows the geometric description of the vehicle radius
calculation. Points A, B,'and'C:represent left—réar tire pOsitioqé
at equal intervals along the highway curve. The estimated ve’hi’Ac]'.e‘
path radius, R_, is the»radius‘of the: circular afc Fha;ydircumscribes3
triangle ABC. The follbwing calculations were perfofmgd’to obtain
this tadius: |

from the law of COsines,'lines AB, BC, and AC‘are (in,feet);

Bl

I 2 2 N
\j(R+dA) + (Rkdy)® - 2(RHd,) (Ridy) cose

5C - \(R+dB)2 + (R+d)? - 2(RH) (RH,) cosg

AC = \(R+dA)2 + (R-i-dC)2 - 2(R+d,) (R+dc) cos 2g

where,

dA’ dB’ and dC

lateral displacements from the. centerline

at points A, B, and C, in feet
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Figure 17 - Geometric Description of Vehicle Radius Calculation
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radius of the highway curve, in feet

=
I

[s>]
]

central angle subtended by arc length of
one-half the analysis interval

from the law of sines,

R
[

sin”t [(r+d,)(sin @) / AB ]

™
[

sin”! [(R+d) (sin ©) / BC ]

the radius of the vehicle path, Rv’ that circumscribes triangle

ABC is then calculated by;
Rv = AC/2 sin (=+B)

As with the speed estimate, it‘is necessary to look’at the error
sensitivity of the tadius estimate for various analysis intervals. Any
error in the radius estimate would, of coufse, come from -an error in |
the lateralvplaéement estimate. Although study control was exerted,
small errors were possible from several sources, including: (1) lateral
discrepancy in placing the reference marker, (2) length discrepancy of.
the reference marker, (3) film parallax, (4) sampling error due to‘taking
lateral placement readings up to one-half frame away from the reference
marker, (5) equipment error, and (6) human error in reading and recérding
latefal placement measurements.

Estimating the distributioﬁ of error values for lateral placement
estimates was not possible. Since all the error sources could be

either positive or negative, however, some error cancelation normally
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would’be expected. In addition, all effor sources would not be expected
to reach maximum in the saﬁe direction at the same time.

An error of 0.10 feet in the lateral placeﬁent estimate was
assumed to check the error sensitivity of the radius estimate for
various analysis intervals. For‘this‘analyéis, the correct path was
:assuﬁed to be the path of the highway curve. Therefdre? the error
has the effect of changing the middle ordinate, M, of the ¢ircular
arc. The middle ordinéte,'M, of the correct circular arc and the
middle ordinate, Me’ of the circular arc in error are as follows
(ip feet):

C DC

M=7 tan 750 .
C DBC
Me =M+ 0.10= E'tan~~66
where,
C = chord 1ength (approximately by arc length over short
intervals) of both curves, in feet
D = degree of correct path
De = degree of path in érror

if "d" is the absolute error in curve degree then,

Solving for D and Dé in the first two equations, the equation

for "d" becomes,

d = 400 tan™ 20M + .10) - 400 tan ' 2M

C c c c
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or,

if E is the percent error of the vehicle path degree estimate
(and likewise the percent error of the radius estimate), then,

\ -1
400 1
( C tan ,EE
D

E = 100

Figure 18 shows the percen;-erfor‘of thé radius estimate forvan
absolute lateral placement error of 0.10 feet. The éercentverror ié 
plotted against the length of analysis interval for thevrange in highway
. curves studied. The figure shows that the error sensitivity is greatly
reduced as the‘analysis»interval is increased.

For calculating insténtaneous radius estimates, the analysis
interval was chosen at 160 feet; a greater interval would increase the
chance of grossly overestimating the smallest instantaneous radius by

diluting the true path deviations at the 20-foot intervals.

LATERAL ACCELERATION

‘The lateral friction demand at the tire-pavement interface was

estimated at each reference marker for each sample by using the

V2

- 15R

vehicle skidding tests (4) on several pavements indicated that this

centripetal force equation, f = - e. The results of full-scale

equation is a reasonably good predictive tool.,
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ANALYSIS RESULTS

The result of the comﬁutef application was thevprinting deSOAto
80 data sets of lateral placement, speed, instantanéous radius, and
lateral f;iétion demand’fo;'each vehicle sampied. Tb represent the
-critical point of each‘sample;‘the point of maximum lateral fricﬁidn
demand was selecte&. Thié point, for a gréat numbér'of»sémpiés,
coincided with either the point of maximum speéd.or the point of
ﬁinimum path radius,'br Both. Tables A—1 through A-5, in thé Appendix
A, give a sﬁmmary of data ﬁor each sample. Appendix B shows some'
sample plots of lateraliélacement méésurementé..

When using the designweqﬁation? etf = V2/15R (in which R is*the:
vehicle path radius), the highWay,curve radius has been assumed equal
to the vehicle éath radius. .Th;‘data in the Appendix Shows this
assumption to be‘invalid..'The problemﬁfor dgsign then is to write the
eqﬁationvnot in terms of vehicle path radius, but in terms of highway
curve radius. Thus, a_representative form of the vehiple path radius
in terms of the highway cuse radius is called for. |

The original research plan was to generate a>relationship between
vehicle path radius and véhicle'Speed at the point of maximum lateral
friction demand, for e;ch highway curve. With,this iﬁfogmation, an’
acceptable highway curve radius could be designed'for any combinatioh
of design speed, V, design léﬁerai friction demand, f, and superelevation
rate, e,

Plotting scatter diagrams of speed’versus radius did not indicate

any relationship between the two parameters. This fact was verified
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by conducting simple.linearvregression analysis on the data. Fbr the
five highﬁay.curves studies, fhe vehicle Speedvnever gxpléined more
than 11.47% (rz = 0.114) of the variation in the vehicle path rédius;
ip fact,:fqr three of. the study sites, this percéntage was beléw 4.7%.

Actuélly, the lack of correlation between vehicle radius‘and speed
v, simplified thé analysis. The iack 6f correlation indicated that the
distribution of vehicle path radii (at maximum 1atefal friction demand)
found for each site could bé exﬁecte@ at aﬁy speed within the‘épeed
range sﬁudiéd. Therefore, percentiles of vehiéle path radius couid
be plqtted-for each highway curve radius.

Figuré 19 shows simple linear fegression fits for different -
pexcenfiles of vehicle patﬁ xadius‘versus ﬁighway‘curve radius,

Figure 20 shows a similar relatioﬁship'in terms of degrees of curve.
For these two graphs, the equations of the lineévand‘their goodness
of fit:are presented in Table 1. What these relationships show, for
e#amplé; is that on a three—degreelhighway'curv§5~10% of the vehicles
will exceed a 4.3—dégreé path méne§ver.

To arrive at the design’relationship for highway curve radius, a
percentiléxlevel is needed which ;ssures that very few vehicles will
approaéh instability. - The 10% level appears to be a relatively good
choice. Usihg this level for design ﬁould say that only 10% of the
‘vehicles traveling at design speed will exceed a given vehicle path
radius. This level wouldkchangé the design equation, in terms of

highway curve radius, R, to read:
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TABLE 1

PERCENTILES OF VEHICLE PATH
VERSUS HIGHWAY CURVE PATH

Percent of Vehicle Equatioh of Vehicle Path

Path Degree Greater Degree, D,_, in Terms of ' Goodness of ,
Than va | | Highway‘Cere Degree, D | Lipgar Fit, r2
0 D, = 2.427 + 1.057 D - 0.930
5 Dv = 0.984 + 1.165 D 0.985 |
10 | D, =1.014+1.128D 0.984
15 D, = 0.894 + 1.124 D : .0.983
50 D, =0.79 + 1.030 D o 0.991
100 Dv = 0.474 + 0.919 D 0.986
Percent of Vehicle Equation of Veﬁicie Path -
‘Path Radii Lower Radius, R , in Terms of - Goodness of
Thgn RV Highway'CHrve Radius, R Linear Fit, r2
0 R.v = 225.1 + 0.416 R ‘ 0.990
5 | R, = 266.0 + 0.510 R | 0.953
10 | R, = 268.0 + 0.524 R 0.951
15 R, = 271.1 + 0.538 R 0.956
50 R, = 267.5 + 0.611 R , 0.971
100 | R, = 276.7 + 0.751 R | 0.987
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v2/7.86R + 4,030

M

+

Hh
1]

or,

e+ f=(D+0.9) v2/76,100

It is interesting to analyze these equations tp see what percent'éf
vehicles might exceed the design f. For exampie, if we design a curve
for 60 mph with .06 superelevatioﬁ and a design f = 0.13, what percentage
of vehicles will excéed the design £? For the given design parameters,
using the modified design eQuations gives R = 1890' and D = 3.1°.

Using the equations of Table 1, it can be found that nome of the
vehicles will exceed the design f at 53 mph, 10% at 60 mph, 50% at

64 mph, and 100%Z at 70 mph.
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DESIGN APPLICATION

With the developments of the previous section we now have the

more explicit design equation:
e+ f = V2/7.86R + 4,030

‘But the questions of what skid resistance level to deéign for and what

factor of safety to use have not yet been resolved.

LATERAL SKID RESISTANCE

The results of full-scale vehicle skidding tests (4) indicate
that skid numbers measured with an ASTM iogked—wheel skid trailer give .
good estimates of lateral skid resistance for spéeds up to 40 mph.
With trailer speeds above 40 mph, measured skid numbers are biased
upward, because of inherent difficulties with the trailer's watering
system. Water is sprayed, ejected, or splashed on the pavemeﬁt
- directly in advance of the test wheel, just before and during lockup.
At higher speeds, the watering system does not adequately wet the
pavement due to the small time difference between whén water contacts
the pavement and when the tire is skidded over the wetted segment.

By comparing standard skid trailer tests with tests made with an
external watering source, for a speed range of 20 mph to 60 mph, it
was found that measurements at speeds above 40 mph gave lower skid
resistance values for the external wate:ing tests. In addition, using
the skid number versus speed relationship for external watering in the

centripetal force equation more closely explained the results of full-
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scale spin%out tests conducted on the project.

Other reséarch (5) using 15 pavement surfaces showed similar
compérisons of the skid number versus speed relationship for internal
and external watering tests. The measured differences, however, weré
" not too substantiai, amounting to an average of 4 units at 60 mph.
Since this difference varies between pavements, it is difficult to
predict. Perhaps the difference c;n best be accounted for in the
design process by providing an adeqdate safety margin between predicted

friction demand and measured skid number.

SPIRAL TRANSITIONS

Although no specific research was done to study spiral transitions
fof highWay curves (all sites had tangent to circular curve transitions),
the data does indicate that spiral transitions may be desirable. By
observing the data in the Appendix, it is clear that many drivers have
trouble transitioning their vehicle path from tangent to circular curve
and from circular curve to tangent., This fact is shown by the majority
of samples that had their highest lateral friction demand either in

the first quarter or the last quarter of the highway curve.

SUPERELEVATION

A previous report (2) has shown that the higher the superelevation
the more the problem in driving through thé area of superelevation
runoff for unspiraled highway curves that curve to the left. As the
vehicle approaches the curve, it is presented firsﬁ with an area where

the cross-slope is less than 0.01. Because of this siight cross-slope,
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‘the pavement does not drain well; thus, éreating a high potential
hydroplaning section. The vehicle no sooner gets throﬁgh this first
problem area when it'is presented with a second problém aréa. In the
second érea,‘the driver may experience some steering difficulty because,
while still on the tangent section, the superelevated cross-slope
requires him to steer opposite tﬁe direction of the approaching curve.
When the vehicie gets to the point of tangency, the driver must reverse
his steering to follow the highway curve. In this third problem area,

. if he attempts to precisely steer the higﬁway curve path, the lateral
friction demand will exceed (at design speed) the design.Valué because
this area lacks full superelevation.

At design speed, for most currentyhighwéy curve designs, the
vehicle proceeds through this "compound dilemma area" in about three
seconds. It is questionable that the‘drivér can adequatély react to
these demands oh his perception in the time required. A partial
solution to this problem is to keep the maximum allowable superelevation
to a minimum. This practice will reduce the sevérity and length of the
superelevation runoff area.

The other problem with superelevation, previously ﬁentioned, is
that the full superelevation is not available near the beginning and
end of‘the highway curve. Depending on the design practice for super-
elevation runoff, (which varies from state to state) the superelevation
at the tangent-to—éurve pointé may be from 50% to 80% of full superelevation.
Because the data from this study shows that most drivers have steering
trouble at the beginning and end of the curve, the design equation should

reflect this reduced superelevation.
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SAFETY MARGIN

Currenﬁ design practice (3) uses the criterion that the &esign f
should cdrre3pond to "that point at which side force- causes the driver
to recognize a feeling of discomfort and act instinctiveiy to avoid
" higher spéed." Based on several studies of this phenomenon, design
values rangihg linearly from 0.16 at 30 ﬁph to 0.11 ét 86 mph are
used. These values are assumed (3) to give an adequate factor of
safety againstllateral skidding.

Actually, these design f values have no objéctive relation to
avéilable ékid resistance. In addition, they give smaller factors of
safety as‘deéign speed is ingreased. Required is é more realistic
féléﬁionship between thé design f and available skid resistance.

Many variables, as their magnitudes increase, lead to é higher
loss—of~contfol poteﬁtiél‘forvthe cornering vghicle. Some of these
variables ére:

1. Vehicle speed

 2. Driver steering judgment

3. Faulty vehicle dynamics

4, Micro verfical curvature (pavement bumps and dips)
5. Vehicle acceleration and braking

6. Steering reversal rate

7. Water depthv

‘8. Tire temperature

9. Tire wear

10. Wind gusts

39



On wet.pavements, vehicle spegd is the most significant variable, not
onlybbecause the lateral frictipn demand increases_with tthsqﬁare of
the speed, but also because skid resisfaﬁcé deCreaées with speed.
These two pheﬁomena, of course, are alréady acéountedlfof i# the &esign
proCedﬁre.v Alsp, with thé design équatioh modified to account for
statistical values of vehicle patﬁ,’the’effétts of driving Steering
judgment and faulty vehicle dynamics are probably taken care of.
Therefore, factors of séfety-are only ﬁeéded to give some mérgin or
error for the remaining variabies._ 

Because these other variables have not been explicitly'evaluated,v
it is difficult to determine representative factors of safety. It
‘seems clear, however, sincevvehiclé.paﬁhs ar§ now explicit in the design
equation, tﬁat lower factofsvof~saféty can be used. In additibn; ;heré
may be a low.probability’of these Sthér.variablés causing a considerably
greater lateral friction demandithan already accounted for in thé
modified design equation.

Because skid resiétance varies by pgvement,'a safety margin is a
better tool than a factor of safety. A cogStaﬁt safety margin also
has the advantage of giving a higher factor of safety as design speed
ié increased. Although there is nq.éupporting data, a safety margin
in the range of 0.08 to'0.12 should reasonably allow for the unaccounted
variables, including the deviation between actual and measured ékid

resistance.
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DESIGN EQUATION

With all the considerations previously discussed, it is possible
to modify the design equation into a comprehensiVe tool, Starting"

with original eqﬁation,
‘ v 5
e+ £ = V/ISR,
if the derived expression for the 10th percentile RV in terms of the
highway curve radius, R, is substituted, the following equation results:
e + £ = V2/7.86R + 4,030

If the reduced superelevation at the beginning and end of the curve is
approximatéd by 0.7e, and if f is expressed by the skid number, SNV’
divided by 100, minus a saféty margin, Ms’ the fbllowing equation results:

SN

0.7 + Y - M= v?/7.86R + 4,030
100 s
or sblving for R,
2
R = -514 + v

548 F 7.86 (0.0l 8N - M)
v S

It is not possible, of course, to use this equation for design unless,
first, a safety margin is selected and, second, a "typical"bskid
resistance versus speed relation is selected. The latter makes it
difficult to give specific récommendations for design standards.
Essentially, the skid resistance versus speed relationship used for
design depends on the minimum level of skid resistance provided by

the highway departmentf
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HYPOTHETICAL DESIGN USE

Although specifié design standards Cannotfbebrecommended, itkis
important to look at the sensiti&ities,of,the suggested design
equation. Figure 20, a percentile'distribugioh of’skid number in éne
state, is used for illustration (6). The twovcurves'héving skid numbers
of 35 and 25 at 40 mph are used as ﬁypothe;icai miﬁimum skid resistance
rgquirements; The value of 35 has been widely reéomﬁended.

Selecting a safety margin of 0.10 and a design e of 0.06, thev
solutiohs of the design équation for these two "typiéal" pévements
are as shoﬁn in‘Tablé_Z. The design values belowv2° are somewhat
questionable because of the limits of the field daté. It can bé shown,
though, that a 2° curve will not satisfy the éelected safety ﬁargin

for these higher design speeds.
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Table 2

HYPOTHETICAL SOLUTION OF PROPOSED DESIGN EQUATION .
(Using e = 0.06 and Ms =0,10)

Design Design . Design

Speed Radius (ft.) - Degree
ASNﬁO = 35 as Typical Pavément,
50 640 . 9.0°
60 1,270 4us°
70 . 2,080 . 2.8
80 3,000 | 1.9°

SN40 = 25 as Typical Pavement

40 | 560 10.2°

50 1,400 | 4,10
60 2,500 | 2.3
70 3,900 A‘71.5°
80 5,700 1.0°
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APPENDIX A

- SAMPLE DATA FOR EACH MANEUVER
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TABLE A-1

DATA FOR CURVE SITE 1 (7o CURVE)

Left

Sample or

Initial Maximum Minimum

Data At Point of Maximum £

Quarter
of

No. Right Velocity Velocity Radius Curve Velocity Radius f
1L 46 48 722 1 44 722 147
2 R 44 44 673 4 43 683 .130

3 L 47 49 739 4 48 . 767 .169
4 R 48 52 718 4 49 718 177
5. R 51 53 645 4 53 768 .198
6 L 56 57 688 1 54 688 .253
9 R 52 53 669 4 53 669  .234

10 L 43 45 687 3 44 687 . .156

11 R 47 51 690 4 51 700 .201

12 L 53 53 700 1 51 760 .196

13 L 56 56 749 1 52 866 .176

15 L 46 46 751 1 44 783 .127

16 L 52 52 701 1 49 701 .197

17 R 48 48 645 4 48 645 .193

18 L 55 55. 714 1 53 757 .216

19 R 53 57 665 4 56 665 .261

20 L 46 46 670 1 44 729 1,139

21 L 53 53 679 4 49 679 .205

22 L 60 60 647 1 56 647 .285

23 R 49 50 716 4 48 716 .169

24 L 52 52 717 2 51 763 .195

25 R 48 52 680 4 52 680 .219

26 R 53 53 693 4 51 703 .200

27. L 48 48 750 1 45 750 .146

28 R 57 57 612 4 53 612 .261

29 R 49 50 661 4 48 661 .187

30 L 60 64 710 4 62 768 .302

31 R 40 42 611 4 42 696 .121

32 L 49 50 773 4 50 810 174
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TABLE A-1 (Continued)

. _ Data At Point of Maximum £
Left Quarter

Sample or Initial Magimum' Minimum or

No. Right Velocity Velocity Radius Curve Velocity Radius £
33 L 48 48 705 1 46 746 154
34 R 57 61 730 4 60 730 273
35 L 61 62 784 1 61 784 - .280
36 L 57 57 739 1 55 740 ©.233
37 R 53 .57 681 4 56 712 .240
38 L 48 48 629 2 45 629 .181
39 L 46 46 707 1 45 789 .137
40 L 58 58 713 4 57 732 .260
44 R 57 58 698 4 58 752 .250
42 L 58 58 708 3 55 - 708 .245
43 R 48 48 652 4 48 672 .183
A L 56 56 720 1 56 720 .252

45 R 52 52 683 1 48 685 .179
46 L 53 53 698 3 51 698  .217
47 R 57 58 660 4 58 660 .292
48 L 43 43 - 656 4 40 663 .123
50 L 61 61 721 1 58 749 266
51 R 57 . 58 - 657 4 58 668 .288
53 R 60 61 678 1 57 744 .240
54 L 55 55 725 1 51 736 . 204
55 R 53 56 638 4 56 639 274
56 L 46 46 715 1 b4 742 142
57 R 45 48 700 4 48 736 .163
58 L 61 61 737 1 58 750 .266
59 R 47 48 646 2 47 646 +  .175
60 L 48 48 730 1 46 768 .148
61 R 46 48 679 4 47 705 .157
63 R 55 55 689 4 53 701 .222
64 L 55 55 720 1 53 746 .220
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TABLE A-1l (Continued)

Data At Point of Maximum f

Left v A 'Quarter

Sample or Initial Maximum Minimum of L ‘
No. Right Velocity Velocity Radius Curve  Velocity Radius £
65 R 48 48 628 4 42 681 125
66 L 55 55 712 1 52 779 .200
67 R 51 51 679 4 4k 709 .142
68 R 61 61 704 1 58 723 .262

69 L 57 57 658 1 53 688  .242
70 L 50 50 722 3 49 744 184
71 R 50 50 644 4 47 644,176
72 L 57 57 699 4 53 736 .223
73 R 55 58 648 4 57 648 .283
%L 48 48 690 1 46 717 .16l
75 R 51 52 693 4 52 . 696 .213
76 L 48 48 709 1 46 709 .163
77 R 58 58 641 4 52 641 - .235
78 L 47 48 638 1 46 638 .186
79 L 58 62 670 4 62 670 .352
80 L 55 - 55 741 2 52 744 .211
82 L 61 61 701 1 58 731 .274
83 R 48 48 620 4 48 620 .203
84 L 60 = 61 806 2 58 811  .243
85 R 46 46 662 1 46 684 .156
86 L 50 50 702 1 48 720 .183
87 R 48 48 621 4 48 621 .193
88 L 60 60 705 1 60 705 .300
89 R 53 58 721 4 58 721 .263
90 L 47 48 620 2 46 620 .192
91 R 42 42 718 1 41 735 .102
92 L 51 51 757 1 49 757 .180
93 R 56 57 725 4 57 725 .248
94 L 58 60 695 4

57 696 +275
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TABLE A-1 (Continued) -

Data At Point of Maximum £

Left ' | R Quarter
Sample or Initial Maximum Minimum of E o
No. Right Velocity Velocity Radius " Curve Velocity - Radius - £
95 R 42 42 608 4 42 608  .146
96 L 61 61. 732 2 61 732 - .303
97 R 40 40 685 1 40 685  .103
98 R 57 57 717 2 51 717 - .195
99 L . 53 53 677 3 48 677 .196
100 R 53 58 659 4 58 659  .292
101 L 57 57 727 1 53 727 .227
103 L 60 60 724 1 57 750 .253
104 R 45 45 587 1 43 587  .159
105 L 61 69 732 4 67 769 .356
106 R 53 55 668 4 55 668 247
108 L 1

45 45 717 43 718 .136
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DATA FOR CURVE SITE 2 (4° CURVE)

TABLE A-2

Left

Data:At Point of Maximum f

Quarter
Sample or Initial Maximum Minimum of : E _
No. Right Velocity Velocity Radius Curve Velocity Radius £
1 R 71 73 1099 3 71 1099 .219
2 L 69 71 1075 1 70 1075 .219
3 R 82 82 1052 '3 67 1052 .201
4 L 58 61 1150 1 58 1150~ .121
5 L - 57 58 967 1 58 967 .158
6 R 49 49 1134 2 49 1134 .058
7 L 57 57 1146 3 57 1153  .112
8 R 51 52 1063 4 50 1063  .074
9 L 64 64 1044 4 62 1050 .184
10 R 77 79 1099 4 79 1126 .288
11 L 45 45 1239 2 44 1239 .031
12 R 65 65 958 4 65 958  .213
13 L 49 50 1166 1 50 1181  .068
14 R 49 49 1080 - 4 48 1080 .060
15 L 55 55 1045 1 55 1045  .115
16 R 58 58 1086 1 58 11086 .123
17 L 53 53 1181 1 53 1181 .086
18 R 57 57 1063 4 56 1063 110
19 L 57 58 1115 1 56 1115 - .111
20 R 64 64 1092 4 62 1092 .152
21 L 65 69 1067 4 69 1067 .222
22 R 62 64 1009 4 64 1009 .184
23 L 56 58 1128 1 57 1128 117
24 L 56 57 1135 1 57 1149 .113
25 R 64 65 1241 3 64 1241 .134
26 L 69 71 1235 3 69 1235 .181
27 R 45 46 1217 1 46 1235 .029
28 L 64 65 1020 3 65 1054 .196
29 R 71 71 941 4 64 941 . .204
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TABLE A-2 (Continued)

Data At Point of Maximum f

Left - | Quarter
Sample or Initial Maximum Minimum of : o

No. Right Velocity Velocity.Radius - Curve Velogity Radius f

30 L 61 61 1070 1 60 1078 144
31 R 57 57 1103 2 53 1191 .075
32 L 65 67 1078 4 65 1078 .190
33 R 65 65 1033 2 62 1171 .136
34 L 61 61 1126 1 52 1166 .082
35 R 60 61 1064 1 61 1064 .147
36 L 61 67 1151 4 65 1151 .173
37 R 41 41 1239 4 40 1239  .002
38 L 57 57 1225 4 56 1225 .094
39 R 64 65 - 1146 1 65 1179  .157
41 R 57 57 1156 4 52 1156 .073
43 L 57 - 58 1035 3 58 1055 .139
A R B2 62 1160 3 62 1160 &4  .138
45 L 56 56 1148 2 53 1148 .091
47 L 64 64 1116 3 64 1116 .169
48 R 60 60 1165 2 58 1165  .109
49 L 71 71 1102 2 69 1102 212
50 R 71 71 1055 4 69 1077 209
52 L 62 62 1144 1 62 1145 151"
53 R 65 65 997 1 64 1022 .181
54 L 58 58 1979 1 57 979 146
55 R 55 55 983 2 55 983 117
56 L 60 61 1150 2 60 1150 .130
57 R 48 48 1127 1 48 1127 .054
58 L 41 53 806 4 52 . 1080 .094
59 L 62 64 1098 1 64 1132 .165
60 R 60 60 1113 2 58 1169 .108
61 R 62 62 983 4 57 983 .135
62 L 1 65 1023 .204

65 65 1023
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TABLE A-2 (Continued)

Data At Point of Maximum f'

Left _ v Quarter
Sample or Initial Maximum Minimum of o »
No. Right Velocity Velocity Radius Curve Velocity  Radius £
63 R 62 64 1179 3 64 - 1205  .141
65 65 65 1096 4 62 1096 = .151
66 L 69 71 1125 1 67 1125  .192
67 R 64 64 1078 1 62 1138 .143
68 L 61 61 1107 3 58 1107 .129
69 R 56 56 1080 4 56 1080 .107
70 L 49 52 1135 4 52 1137 .086
77 R 7171 971 4 69 970 .04l
72 L 39 39 1142 2 39 1142~ .012
73 R 69 71 980 4 69 - 980 .238
74 L 53 56 1172 4 56 1217 .095
75 R 75 77 1034 1 75 1034 .276
76 L 56 59 1129 4 58 1129 .125
77 R 47 47 1085 1 45 1277 .021
78 L 62 64 1044 1 64 1044 .185
79 L 58 64 1267 4 64 1354 .126
80 R 69 75 967 4 71 967 . 260
81 R 71 73 1077 4 71 1077 .225
82 L 62 65 993 2 62 993 .186
83 R 67 69 1075 2 67 1182 .169
84 R 64 64 1072 4 62 1072 .156
85 L 48 51 1167 4 51 1234 .067
86 R 51 51 1045 1 50 1045 .077
87 L 52 52 | 1 52 1202 .077
89 L 54 61 750 3 56 787 .188
90 R 65 67 1044 4 64 1044 .175
91 L 60 61 1146 1 60 1163  .128
92 L 60 61 1116 1 . 60 1116 .136
L 67 69 1156 1 67 .183

93

1165
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TABLE A-2 (Continued)

Data At Point of Maximum f

Left : ‘ Quarter
- Sample or Initial Maximum Minimum of

No. Right Velocity Velocity Radius Curve Velocity Radius f

94 R 62 62 1028 4 61 1028 .155

95 L 62 64 980 1 63 980  .202

96 R 50 50 1084 1 49 1084 .065

98 L 57 62 1112 1 57 1112 .119

99 R 42 42 1214 2 41 1214 .007
100 L 64 69 1009 1 64 1009 .194
101 R 77 77 1003 4 75 1042 .295
102 L 62 62 1159 1 62 1162 .148
103 R 55 55 1091 4 51 1091 .076
104 L 61 61 1023 3 60 1023 .156
105 R 65 65 913 4 65 913 .228
106 L 61 62 1655 1 61 1155 .139
107 R 49 51 1048 4 51 1060 .087
108 L 60 61 1206 4 60 1206 .121
109" R 58 61 986 4 60 986 .154
110 L 56 56 1024 1 55 1100 .105
111 L 57 57 1207 1 55 1220 .088
112 R 58 62 1168 3 61 1168 .127
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TABLE A-3

DATA FOR CURVE SITE 3 (5° CURVE)

Data At Point of Maximum f

Left ' . Quarter
Sample or  Initial Maximum Minimum of ,

No. Right Velocity Velocity Radius Curve Velocity Radius  f
1L 50 50 921 1 49 994 .14
2 R 62 62 994 1 62 1064 .213
3 L 67 67 1056 1 64 1056 .207
4 R 64 64 979 4 62 1075  .191
5 L 71 71 938 1 69 1072 .275
6 R 48 49 980 1 48 1143 .107
7 L 52 53 901 4 52 901 .153
8 R 58 59 902 1 57 1087 .169
9 L 71 71 974 4 71 974 .293

10 R 64 65 1018 1 64 1112 .215

11 L 58 58 1062 1 58 1103 .185

12 R 67 67 874 3 61 874  .213

13 L 65 65 988 1 64 1135 .219

14 R 73 73 977 2 71 977 .271

15 L 73 73 934 4 71 934  .297

16 L 61 61 972 1 61 973 .214

17 L 69 69 1023 1 69 1043 .264

18 R 73 75 976 4 69 998  .267

19 L 62 62 983 4 62 983 .213

20 L 71 71 1022 1 69 1080  .233

23 R 65 65 938 4 65 938 .254

24 L 56 56 968 4 55 969 .145

25 R 56 56 995 1 55 1205 .135

26 L 67 67 1012 1 67 = 1165 .238

27 R 67 67 955 1 65 1043 . 244

28 L 65 67 996 3 67 996 .232

29 R 52 52 962 3 52 963 .120

30 L 65 69 996 1

69 ‘1087 .271
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TABLE A=3 (Continued)

Data At Point of Maximum f

Left- Quarter

Sample or Initial Maximum Minimum of A '

No. Right Velocity Velocity Radius Curve Velocity Radius £

31 L 64 67 982 4 67 982 .266
33 R 73 73 985 1 73 1118 .285
34 R 69 71 998 1 71 1015 .299
35 R 48 48 926 1 47 944 .104
3 R 64 65 957 2 65 996 217
37 L 75 75 909 1 75 909 .340
39 R 64 64 922 1 61~ 1081 .196
40 L 61 61 996 1 60 1052  .184
42 R 69 . 69 978 1 65 978 .232
43 L 58 59 993 1 58 1150 .176
44 R 57 .57 988 4 55 988 .14l
45 L 53 53 945 4 50 957 .126
46 R 69 71 1003 1 69 1034 .276
47 L 58 65 982 4 65 1102 .209
48 R 64 65 935 4 64 970 .230
49 L 42 43 1000 1 43 1044 .098
50 R 71 71 981 1 71 1109 .271
5. L 60 61 1012 1 60 1093 .196
52 R 69 73 964 4 73 990 .306
53 L 56 57 780 4 55 . 780 .184
5 R 7 77 1047 1 77 1101 .329
55 L 65 73 1015 4 73 1015 .297
56 R 62 67 957 4 67 1079 .228
57 L 75 77 1030 4 73 1030 .292
58 R 64 67 973 1 67 1113 . 240
60 R 57 57 845 3 54 845 .165
61 L 67 69 881 1 69 1046 .283
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| TABLE A-3 (Continued)

Data At Point of Maximﬁm f

Left ; ’ ’ Quarter‘

Sample or  Initial Maximum Minimum of . ' L
No. Right Velocity Velocity Radius Curve Velocity Radius. ~ f
63 L 69 69 1029 4 65 1072  .227
64 R 64 64 972 2 60 972  .,173

65 L 51 51 1001 1 51 1001 - .115
66 R 58 60 952 1 58 1016 .192

68 R 48 50 953 1 50 1008 .18

69 R 61 62 1013 2 61 1013 .174 -
70 L 60 61 988 1 61 988 .200
71 R 67 67 - 939 1 67 1065  .252
73 R 52 52 891 1 49 891 .133
75 R 61" 61 871 4 60 900 = -.212
76 L 56 56 984 4 50 1111 .112
7 R 67 71 967 3 69 999 .247
79 R 52 53 1029 1 53 1133 .138
80 L 61 61 953 4 57 953 .177
81 L . 64 64 1026 1 62 1105 214
82 R 71 71 937 4 67 938 .250
83 L 61 65 964 1 64 1027 .215
84 R 65 67 999 1 65 - 1035  .226
85 L 71 71 948 o4 71 1050 .278
86 R 69 69 926 4 69 961  .279
87 L 65 65 986 1 65 994 .227
88 R 64 64 949 1 64 1012 .238
90 R 58 60 886 2 56 906 .158
91 L 71 7 1018 1 67 1091 .255
92 R 64 65 1017 1 65 1174 .213
93 L 65 67 910 1 65 1910 .254
95 L 67 67 941 3 65 941" .233
96 R 64 65 966 1 64 1007 .210
97 L | 4

75 75 918 69 918 .285
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TABLE A-3 (Continued)

Left

Sample or

Initial Maximum Minimum

. Data At Point of Maximum f

Quarter
of

No. Right Velocity Velocity Radius Curve Velocity Radius f

98 R 61 62 915 4 62 937 .206
99 L 69 73 1001 4 73 1062 .292
100 R 73 73 995 1 73 1129 .282
101 L 64 64 966 1 61 1038 178
102 R 65 65 961 1 64 1062 .226
106 R 53 53 935 1 52 984 .136
105 R 71 73 1011 4 73 1080 .276
106 L 71 73 1024 4 71 1024~ .276
107 R 71 1018 4 67 1018 .225

69
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TABLE A-4

DATA FOR CURVE SITE 4 (2° CURVE)

Data At Point of Maximum f

Left ) Qﬁarter
Sample or  Initial Maximum Minimum of : Co

No. Right Velocity Velocity Radius Curve Velocity Radius f

1 53 57 1843 4 55 1843 .078
3L 56 56 2192 3 56 2193 .064

4 R 75 77 2004 4 75 2067 .160

5 L 62 62 2123 1 62 2123 .072

7 L 67 71 2030 3 69 2030 .126

8 R 75 84 2123 3 79 2130 .167

9 L 61 61 2150 4 61 2280 .078
10 R 64 64 . 1917 e 58 1917 .098
11 L 47 48 2067 4 48 2288 .036
12 L 61 64 1988 3. 62 2022 .098
13 R 71 73 1930 3 73 1930 .143
14 L 67 69 1896 ‘ 67 1896 .128
15 R 71 75 1657 3 73 1657 173
16 L 48 48 2053 3 48 2053 .044
17 R 61 61 1861 3 60 1861 .097
20 R 53 58 1866 4 56 2189 074
21 L 52 53 1990 4 53 1990 .066
22 R 67 67 1812 3 64 1905 . .113
23 L 56 56 1686 4 50 1686 .070
24 R 60 60 1495 1 57 1495 .084
25 L 67 67 1945 4 67 2136 111
26 R 69 75. 2190 4 73 2197 141
27 L 62 64 1725 4 64 1725 .128
28 R 55 57 2130 4 57 2349 .072
30 R 61 61 2014 4 58 2014 .092
31 L 50 53 1650 4 52 1650 .08l
32 L 53 58 1806 4 55 1806 - .080
33 R 62 64 1711 3 60 1711 .098

59



TABLE A-4 (Continued)

Data At Point of Maximum f

Left ‘ Quarter
Sample or Initial Maximum Minimum =~ = of

No. Right Velocity Velocity Radius Curve Velocity Radius f

34 L 67 69 2135 4 69 2190 114
35 R 62 62 1886 3 60 1886 .085
36 L 62 62 2102 A 62 2250 .085
38 . R 69 71 1965 4 71 1965 .150
39 L 67 67 1895 3 65 1895 121
40 L 4t 44 1536 4 38 1536 .032"
41 R 73 75 1874 4 75 2109 .157
42 L 64 71 1940 3 67 2006 .128
43 L 53 60 1892 4 56 2081 .069
44 R 56 58 1654 3 56 1654 .085
46 R 69 73 1836 3 71 1836 142
48 R 62 65 2081 4 65 2081 .117
49 L 69 73 1869 4 71 1869 .149
50 L 67 67 1953 4 64 2093 .100
51 R 61 62 1932 4 61 1951 .107
52 R 67 67 1865 3 65 1865 .113
53 L 57 57 1965 3 55 1965 .071
54 R 60 61 1951 4 60 1978 .099
55 L 65 65 1855 A 65 1855  .124
58 R 67 69 1806 3 67 1806 .126
60 R 69 71 1605 3 69 1605 .157
61 L 60 60 1999 4 58 2057 .080
62 R 67 67 1904 4 66 2046 .120
63 L 61 61 1778 4 56 1868 .081
64 L . 65 67 1835 4 65 1835 .126
65 R 62 62 1830 4 62 1830 .122
66 L 65 67 1833 3 67 1834 .134
67 L 64 67 1653 2 65 1653 114
68 R 64 64 1775 3 64 1775 .113
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| TABLE A-4 (Continued)

Data At Point of Maximum f

Left ‘ Quarter

Sample or = Initial Maximum Minimum of :
No. Right Velocity Velocity Radius - Curve Velocity Radius f
69 L 61 - 62 - 1804 4 62 2072 .095
70 L 65 65 1874 3 64 2087 .100
71 L 65 67 1758 4 65 1758 .133
73 L 64 64 2117 3 62 2365 .080
74 L 61 61 1954 4 61 2174 .084
75 R 49 49 1550 4 49 1550 .085
76 L '62' 65 2022 3 64 2045 .103
77 R 61 65 2040 4 65 2356 .101
78 L 62 64 1741 4 64 1741 .126
82 R 73 73 1662 4. 71 1917 .154
83 L 58 58 1711 1 58 1711 .082
84 R 75 78 2220 4 75 2220 .148
85 L 62 62 1759 4 62 1759 117
86 R 67 67 1770 3 65 1862  .123
87 L 49 50 - 1832 4 50 1878 .060
88 R 75 75 - 1785 1 73 1785 .138
89 L 62 62 1641 2 61 1641 .101
90 L 55 57 2225 4 57 2343 .072
91 L 67 67 1984 4 67 1984 .121
92 R 69 69 2084 4 69 2084  .132
93 R 71 71 1851 3 67 1851 .122
9% L 75 75 2046 3 73 2145 .134
98 L 67 67 1821 4 65 1821 127
99 R 73 75 1694 3 75 1715 .177
100 L 65 71 2000 3 69 2257 .110
101 R 67 71 1679 3 71 1679 .149
102 L 67 67 1948 4 62 1961 .102
103 R 71 73 1858 3 73 1858 .150
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TABLE A-4 (Continued)

- Data At Point of Maximum f

Left ’ Quarter

Sample or Initial Maximum Minimum of = = A '

~ No. Right Velocity Velocity Radius Curve Velocity Radius £
104 L 67 69 1698 4 69 1698 156
105 R 65 69 2001 4 69 2175 .126
106 L 64 64 1911 4 62 2105 .093
107 R 52 52 2079 4 52 2079 .068
108 L 67 67 1900 4 64 1925 111
110 L 56 58 1708 4 58 1882 .090
112 R 67 67 1996 4 67 2064 .126
113 R 60 63 1973 4 61 1973

.105
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DATA FOR CURVE SITE 5 (2.5° CURVE)

TABLE A-5

Sample or Initial Maximum Minimum

Left

Data At Point of Maximum f

Qﬁarter
of

No. Right Velocity Velocity Radius Curve Velocity Radius £
1. L 71 73 1689 1 71 1689  .148
2 R 69 75 1873 4. 75 1951 .131
3 L 67 69 1821 4 69 1821  .124

4L 75 77 1879 2 77 1879 .160
5 R 64 65 1459 1 62 1459 - .118

6. L 64 64 1716 3 62 1765 .097
7 R 69 71 1662 2 69 1662 - .130
8 L 73 75 1870 & 75 1955 141
9 R 69 71 1826 4 71 1874  .118

10 L 64 65 1858 3 65 1897 .101

1 L 64 65 1613 3 64 1613 119

4 R 69 71 1625 4 71 1625 .145

15 L 60 60 1587 3 60 1587 .099

16 R 65 71 1598 1 65 1598 119

17 L 73 75 1810 3 73 1810 .145

18 R 69 69 1022 4 61 1022 .182

19 L 79 79 1802 1 79 1825 .180

20 R 75 82 1849 3 77 1849 .154

21 L 62 64 1593 3 62 1593 .113

22 R 64 67 1741 4 65 1741 .104

23 L 75 79 1818 3 75 1818 .155

24 R 71 75 1814 2 73 1814 134

25 L 77 77 - 1842 2 75 1842 .153

26 R 57 57 1743 4 56 1795 .055

27 R 73 73 1569 4 71 1569 .153

28 L 56 57 1798 3 57 1798 .070

29 R 61 62 1757 1 62 1757  .087

30 L 71 73 1696 4 71 1696 147

31 R 79 82 1920 4 79 1920 .159
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TABLE A-5 (Con_t'inued)'

‘Data At Point of Maximum f

Left Quarter ,

Sample or Initial Maximum Minimum of : »
No. Right Velocity Velocity Radius Curve Velocity Radius f
32 1 48 51 1628 4 50 1628 .054
33 R 67 69 1745 4 67 1745 112
34 L 67 67 1894 4 65 1894 .101
335 R 71 73 1617 1 71 1617 .146
36 L 62 65 1685 4 64 1685 111
37 R 73 75 1729 1 73 1729 144
38 L 73 75 2000 3 75 2010 .136
39 R 73 73 1703 1 71 1703 .136
40 L 71 71 1757 3 69 1757 .130
41 R 75 75 1700 1 75 1717 .157

42 L 73 75 1910 1 75 1937 143
43 L 67 69 1834 3 67 1834 114
4t R 71 75 1742 4 75 1770 ,151
45 L 57 57 1819 2 57 1857 .066
46 R 77 77 1698 4 73 1698 .148
47 L 71 71 1798 1 69 1798 .126
48 R 75 75 1820 3 75 1820 .145
49 R 58 64 1776 4 62 1859 .079
50 L 60 60 1617 4 58 - 1617 .090
51 R 53 57 1607 1 56 1657 .065
52 L 67 71 1957 3 71 2035 114
53 R 75 79 1831 4 79 1872 .164
54 L 75 77 1768 4 77 1966 .151
55 R 71 73 1808 3 71 1808 .125
56 L 75 75 1638 1 73 1638 .165
57 R 67 73 1913 1 71 1913 114
58 L 61 61 1663 1 60 1663 .092
59 R 69 71 1696 4 71 1696 .137
60 L 55 58 1772 4 57 1772 .072
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TABLE A-5 (Continued)

Data At Point of Maximum f

Left : , Quarter

Sample or Initial Maximum Minimum - of ‘
No. Right Velocity Velocity Radius .  Curve Velocity Radius f

61 L 56 58 1886 2 57 1886  .064
62 R 77 77 1706 2 7 1706 .136
63 R 75 79 . 1786 2 75 - 1786 .149
64 L 71 73 1792 4 71 1792 .136
66 L 64 71 1879 3 69 1956 .112
67 R 75 79 1523 3 77 1604 .186
68 L 69 69 1823 1 69 1908 .116
70 L 55 56 1678 2 55 . 1678 .068
71 R 64 - 64 1517 4 64 1574 113
72 R 75 79 1725 4 77 1813 .158
73 L 56 58 1453 3 56 1453 .092
74 R, 75 77 1671 2 -75 1671 .163
75 L 73 75 . 1582 3 75 1582 .186
76 R 62 64 1684 1 62 1684 .094
77 L. 51 52 1905 1 51 1905 .042
78 R 61 65 1797 3 65 1797 .099
79 L 73 73 1780 1. 73 1780 .148
81 L 60 61 1644 2 57 1644 .081
82 L 69 71 1778 3 67 1778 .119
83 R 75 77 1830 3 77 1917 .146
84 L 73 79 1687 3 77 1687 .184
85 R 75 75 1714 4 75 1714 .158
86 L 56 57 1708 1 56 1708 .071
87 R 69 77 1869 1 75 1869 .140
88 R 73 75 1638 1 73 1662  .152
89 R~ 62 69 1884 2 64 1885  .084
90 L 69 71 1768 . 1 67 1768 .120
91 L 73 73 1893 1 71 1949 121
92 R 67 75 1668 K

75 1963 .130
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TABLE A-5 (Continued)

Data At Point of Maximum f

Left ' | ‘ Quarter
Sample or Initial Maximum Minimum of ’
No. Right Velocity Velocity Radius - Curve Velocity Radius f
93 L 60 60 1778 3 58 1802 .075
94 R 75 77 1859 2 75 1859 .141
95 L 73 73 1844 4 73 1844 .141
96 R 69 71 1969 3 69 1969 .101
97 L 62 64 1974 4 64 2045 ~ .083
98 R 46 49 1499 4 48 1499 .041
101 L 58 61 1673 4 61 - 1673 .098
102 L 55 56 1743 2 56 1744 .069
103 R 75 75 1693 1 73 1715 .146
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APPENDIX B

EXAMPLE PLOTS OF LATERAL PLACEMENT MEASUREMENTS
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