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ABSTRACT 

In 1940 R. A. Moyer and D. S. Berry established ball-banking limiting 

values (and side friction factors) for use in determining the maximum 

recommended speed of horizontal curves on roads (the value shown on advisory 

speed plates). This speed is also referred to as the "advisory speed," "safe 

speed," or the "comfortable speed" of the curve. This speed is distinguished 

from the "critical curve speed," the speed value at which loss of control is 

imminent. 

Literature review showed some concern for the criteria for the 

installation of curve warning signs but no recent concern for the goodness of 

the limiting values. Ritchie et. al. has provided updated research on lateral 

acceleration values. Their research, plus results of this study, show that the 

1940 values are outdated. 

This work concludes with recommended modern ball-banking limiting 

values, side friction factors, and lateral acceleration values. 

Recommendations regarding further research are stated. 
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I. INTRODUCTION 

Traffic engineers are responsible for the installation and maintenance of 

those traffic control devices which guide, regulate, and warn motorists using the 

highways, roads, and streets of our nation. A particular document, Manual on 

Uniform Traffic Control Devices for Streets and Highways, (MUTCD)( 1) sets forth 

standards and guidelines regarding these devices. 

Included in the MUTCD are criteria for the installation of "turn" and 

"curve" warning signs and "advisory speed" plates. Turn warning signs are war

ranted when the recommended speed is 30 miles per hour or less and this speed is 

equal to or less than the regulatory speed limit. Curve warning signs are warranted 

when the recommended speed is between 30 and 60 miles per hour and equal to or 

less than the speed limit. Advisory speed plates are supplementary warning signs 

setting forth the value of the maximum recommended speed as determined by ac

cepted traffic engineering procedures. 

The "maximum recommended speed" is the highest speed at which 

motorists may negotiate a horizontal curve without experiencing undue discomfort 

or alarm. This value is also referred to as the "advisory speed," "safe speed," or the 

"comfortable speed" of the curve. 

This value is not the "critical speed" of a curve. Critical speed of a curve is 

that value at which loss of control is imminent. Maximum recommended speed is 
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substantially lower. Passengers do not express apprehension and books do not slide 

across the seat at maximum recommended speed values. Passengers express alarm 

and books slide as speeds near critical speed. 

Currently the Traffic Control Devices Handbook (TCDH)(2) sets forth three 

methodologies which can be used to determine the advisory speed of horizontal cur

ves. These three methods are: 

a) by computation using the standard curve equation: 

V2 = 15R(e + f) 

where V = speed in miles per hour, 

R = radius of curve in feet, 

e = superelevation rate in feet per foot, and 

f = side friction factor 

b) graphical solution reading from curves based on the curve equation, and 

c) by the use of a ball-bank indicator, as described later. 

Use of any one of these three methods is acceptable and all three methods 

normally produce the same result. Often in regard to new facilities initial values to 

be posted are ascertained by method a) or b) using construction plan data and then 

confirmed by method c) in the field after the facility has been opened to traffic. Dis

crepancies in the results between the methods typically result from the "as-built" 

condition not conforming totally to the initial construction plan. 



Surveys of the states by this author in 1986 and by David R. Merritt(3) in 

1987-88 show use of the ball-bank indicator as an accepted practice by many of the 

states, although there is variance in the limiting values of the degree readings. 

These three methodologies result in many curves being posted at values sig

nificantly less than the speeds at which drivers actually negotiate such curves. This 

phenomena appears to contribute to a lack of belief in and respect for advisory 

speed plates. 

An examination of ball-banking and its current limiting values is therefore in 

order. It may be appropriate to modernize the practice or limiting values. The 

values in use today were established in the 1930's and need to be validated for cur

rent vehicles, drivers, and roads. The objective of this study is to determine those 

ball-banking limiting values which reflect the speeds at which drivers actually 

negotiate horizontal curves—that is to say, to determine the ball-bank values 

(lateral accelerations) acceptable to motorists. 

The scope of this work ranges from a literature review through a survey of 

current practice, field studies, analysis of data, analysis of results, and conclusions. 

The literature review examines the pertinent references from the origin of 

ball-banking in the late 1930's through establishment of a new driver characterizing 

function, the "g-g" diagram, in the 1970's. 

A survey of the practices of all the state transportation departments in the 

country was conducted to determine the current "state of the art." 



Field studies in this project consisted of determining geometric properties of 

horizontal curves, recommended speeds, average, and 85th percentile speeds and 

ball-banking degree readings at those speeds over a wide range of different types of 

curves. Side friction factors generated were also calculated based upon measured 

curve properties and observed speed values. Additionally a "g-analyst" was used to 

measure lateral acceleration values achieved in the curves at particular speeds, the 

average and 85th percentile speeds. 

Examination and analysis of the data coupled with results of the literature 

review allow certain conclusions to be reached. 

This work is restricted by the limited number of curves of varying radii, par

ticularly small radii, from which to select study curves. In numerous instances the 

sample size used to determine average and 85th percentile speeds was less than 

desirable because the average daily traffic at that location was so low. Additionally 

for individual curves, lack of consistent geometry through the length of the curve 

(either radius or superelevation) may have had an adverse influence on results. 
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H. LITERATURE REVIEW 

Previous to 1971 the MUTCD, 1948(4) and 1961(5), set forth in the MUTCD 

itself ball-banking as an accepted methodology to establish which curves warranted 

signing. Direct reference in the MUTCD to ball-banking per se was first deleted in 

the 1971 MUTCD{6); that deletion was continued in the 1978 MUTCD(7) and the 

1988 MUTCD(1). Over time application practices information has intentionally 

been moved from the MUTCD to the TCDH. 

The 1984 edition (and previous editions) of A Policy on Geometric Design of 

Highways and Streets(8) and the 1983 TCDH(2) set forth ball-banking as accepted 

methodology for determining safe speed of curves: 

The ball-bank indicator is a curved level which is used to deter
mine the safe speed around a curve as indicated by trial speed runs. 
The trial speed runs involve the use of the vehicle and ball-bank in
dicator to show the combined effect of the body roll angle, the 
centrifugal force, and the superelevation angle. 

Physically the ball-bank indicator, pictured in Figure 1, consists of a metal 

ball in a sealed, transparent tube mounted in a frame about nine inches wide and 

three inches high. The indicator is graduated in degrees of a full circle.(3) The 

reading is referred to in degree units and is typically annotated "D." 
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FIGURE 1 

Ball-Bank Indicator® 

aU. S. Department of Transportation, Traffic Control Devices Handbook, Federal Highway Ad
ministration, Washington, D. C., 1983, page 2-24. 

The unit is normally mounted on the dash of the observer's vehicle as close 

as possible to the longitudinal centerline of the vehicle and as plumb as possible. In 

use two people are normally required: one to drive the vehicle and the second to 

read the indicator. On a level surface the indicator is zeroed with the occupants in 

the vehicle with tires at correct air inflation pressure. Sitting at rest on a banked 

curve, the indicator then reads the result of the superelevation of the curve and 

body roll angle. When travelling a curve at equilibrium speed (no side forces), the 

indicator reads zero; and when negotiating a curve at speeds higher than equi

librium speed, the ball-bank indicator reads the combined effect of centrifugal 
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force, superelevation, and vehicle body roll. Mathematically the ball bank angle 

equals the centrifugal force angle minus the superelevation angle plus the body roll 

angle(9). 

Examination of the literature reveals that the ball-banking methodology, pro

cedures, and limiting values evolved in the late 1930's and the guidelines in use 

today were set forth in the notable work of R. A. Moyer and D. S. Berry(9). Moyer 

and Berry decided that at the arbitrary ball-bank angle of 10 degrees discomfort is 

felt and the hazard of skidding off the curve is apparent. Their work concluded: 

Allowable 
Speed (mph) Ball-Bank Angle 

35 and higher 10 degrees 
25 and 30 12 degrees 
20 or less 14 degrees 

Moyer and Berry reached their conclusions after a cooperative research 

project the summer of 1940 involving the Committee on Curvature and Speed of 

the Highway Research Board, the Committee on Speed Regulation of the National 

Safety Council and the Highway Research Staff of the Iowa Engineering Experi

ment Station. They found that in 1937 the Missouri State Highway Department 

first used the airplane bank and turn indicator in establishing safe speeds of curves. 

The results of questionnaires Moyer and Berry sent to all the states the summer of 

1940 showed that: 
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a) 23 were not marking curves and only 5 were marking all routes; 

b) there was much concern about ability to determine safe speeds because of 

1) differences in driver skill 

2) makes, types, and speedometers of cars 

3) weather 

4) road surface, driving conditions 

5) day or night 

In the majority of those states using ball-banking a 10 degree reading was 

used to determine safe speed while other states used 14°, 15°, and even 20°. 

Some states were using the standard curve equation to determine safe speed 

with "f" values (side friction factor) ranging from .14 to .25 and some 13 states con

ducted speed observations with (typically) the eighty-fifth percentile speed being 

the indicator of the safe speed value. 

Under Moyer and Berry's research project, staff of the Iowa Engineering 

Equipment Station drove five curves in each direction observing ball-banking read

ings over a range of speeds from five to sixty depending upon the radius of the curve 

being driven. Working with General Motors Proving Ground personnel, they ex

plored the effect of body roll, pronouncing its effect on ball-banking essentially neg

ligible. Additionally they examined the effect of inaccurate speedometers and the 

effect of pavement surface conditions. 
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Moyer and Berry were exploring application of the curve equation: 

f = 
gR 

e. Carl F. Meyer set forth a straightforward derivation of this equation in 

his book Route Surveying(10): 

FIGURE 2 

Curve Equation Terms® 

W Wp 

' Possible directions 
of resu/tanf 

aCarl F. Meyer, Route Surveying, Second Edition, International Textbook Company, Scranton, 
Pennsylvania, 1957, page 168. 

When Wp * Fp, the magnitude of the tendency for the vehicle to 
move laterally may be denoted by the term/, which is the ratio of the 
lateral component of the resultant to its normal component. If all for
ces are assumed to have positive signs, the value off is 

Fp — Wp _ Fcos# —W sin^ 
Wn F sin 6 + W cos 6 

f=L£.-
J Fn + 
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Since the superelevation angles used in practice are small (0 is 
rarely permitted to exceed 7°), it is sufficiently accurate to assume 
that Fsin0 = 0, this term being very small in comparison with 
Wcos 0. Therefore,/ is approximately equal to 
Fcos0-Wsin0 F 4 , , 

r = 777 - tan 0, which reduces to 
W cos 6 W 

One should note that/is not a "coefficient of friction" as understood in 

dynamics. 

Moyer and Berry discussed the correlation between friction factor and ball-

bank readings, noting that the 10 degree reading correlates with a friction factor of 

about 0.14 to 0.15 and that "considerably higher friction values than 0.15 and higher 

speeds than that for a ball-bank reading of 10 degrees are possible and, in fact, per

missible under certain conditions and on certain curves."(9) The relationship be

tween side friction factor and ball-bank reading is: tan"1 f = D minus body roll 

angle.(10) 

The study by Moyer and Berry(9) reached certain conclusions which became 

standard practice since then: 

The following ball-bank angles to determine the safe speed are 
recommended: 14 degrees for speeds below 20 m.p.h., 12 degrees for 
speeds of 25 and 30 m.p.h., and 10 degrees for speeds of 35 m.p.h. and 
higher. 

The safe speed can be computed using the standard curve formula 
with a friction factor of f = 0.21 for speeds below 20 m.p.h., f = 0.18 
for speeds of 25 and 30 m.p.h., and f = 0.15 for speeds of 35 m.p.h. 
and higher. 
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These allowable friction factors are plotted in Figure 3 along with design 

values for comparison purposes. 

0 
t> 
uu 
1 
•5 •c Li-
Cl) •o 

CO 
© 
3 

§ 

FIGURE 3 

Speed vs Allowable Side Friction Factor 

Moyer & Berry s f 

30 

Speed (mph) 

+ AASHTO hi-speed f 
a Tire test wet spin 

AASHTO low-speed f 

Slight differences in text have arisen since then. The TCDH(2) text reads, 

"If a reading of 14° or greater occurs at 20 mph or less then the safe speed is below 

20 mph. The curve should be signed for that speed, i.e., 10 or 15 mph, at which a 

14° reading occurs. A reading of 12° at a trial speed of 20,25, and 30 mph is the 
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safe speed. A reading of 10° at speeds of 35 mph or greater indicates a safe speed 

of 35 mph or greater." 

The 1984 American Association of State Highway and Transportation Offi

cials (AASHTO) policy(8) reads, "In a series of definitive tests it was concluded 

that safe speeds on curves were indicated by ball-bank readings of 14° for speeds of 

20 mph or less, 12° for 25 and 30 mph, and 10° for speeds of 35 through 50 mph." 

In that policy the reference is Moyer and Berry's notable 1940 work. The AASHTO 

text states more precisely than the TCDH(2) text the original conclusions of Moyer 

and Berry. 

While the highway engineering profession has not conducted extensive 

recent research in this area since this early work, certain aspects of the general sub

ject matter have been touched upon from time to time. In 1982, Richard W. 

Lyles(ll) expressed concern about the installation of curve warning signs and the 

apparent overuse of advisory speed plates, hypothesizing that their proliferation 

"has lessened the average motorists respect for the message that they convey." He 

suggested review of the criteria for curve warning signs; results of the review could 

be revised guidelines for installation. 

In 1966 Georgy Bezkorovainy and Chih-Cheng Ku(12) reported the results 

of a study on the relationships between vehicle speeds and the types and values of 

advisory speed limits. Their study concluded that: there was no difference between 

two different types of advisory speed plates; there was a little difference between 



local and non-local drivers when driving flatter curves; males drive curves 3 to 4 

mph faster than females, and newer cars (1960 or newer) are driven faster than 

older cars (1959 or older). They report, "The factor causing this speed difference 

was the vehicle itself. The operating characteristics of the vehicle probably deter

mined the speed at which the driver was traveling." The implication here is that 

one might expect drivers to currently negotiate horizontal curves at higher comfort

able speeds than in the 1930's because of improvements in vehicle suspension sys

tems and tires. 

In a 1969 paper John C. Glennon(13) reviewed the state of the art for high

way curve design by addressing the design criteria set forth in A Policy on Geometric 

Design of Rural Highways; 1965 by AASHTO. His examination showed that the 

Policy "assumed that cornering capability and stopping capability are equivalent." 

The Policy "... employed the stopping friction curve for 'portland cement concrete-

smooth tires,'... as a typical cornering friction capability level, and extrapolated this 

curve for speeds higher than 40 mph." 

His review caused him concern; he stated "... it is not readily apparent how 

the cornering friction capability and stopping friction capability relate, if at all" and 

further makes the point there was no objective basis for the relationship between 

side friction design values and wet pavement cornering capabilities. He recom

mended research to develop a "critical friction demand model" and "a realistic 



method for measuring the cornering friction capability of a tire-pavement combina

tion." 

AASHTO(8) sets forth the current recommended values of side friction fac

tors for two sets of design conditions: a) rural highways and high-speed urban 

streets and b) low-speed urban streets. The design values for the "high-speed" con

ditions are related to the original work of Moyer and Berry and others from the 

time period 1936 through 1949. The values for the "low-speed" conditions are 

based upon "a tolerable degree of discomfort and provide a reasonable margin of 

safety against skidding under normal driving conditions in the urban environment." 

See Figure 3. Additionally shown in Figure 3 as a point of reference is the coor

dinate value of a side friction factor of .336 at a speed of 38 mph representing a 

vehicle spinning out on wet pavement in 1968 tire testing at Texas Transportation 

Institute(14). 

Ritchie, McCoy, and Welde(15) reported in 1968 the results of their re

search studying the lateral acceleration drivers experience rounding horizontal cur

ves. They had 25 male and 25 female drivers each drive the same car (an 

unmodified 1962 Buick Invicta station wagon) over a course in Ohio 110 miles long. 

While the drivers negotiated the 227 curves along this course (73 of which had ad

visory speed signs), their speed and lateral acceleration were recorded —10,290 ob

servations of speed vs. lateral acceleration were obtained. Results are shown 

verbatim in Table 1 and graphically in Figure 4. The lateral acceleration values are 
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expressed in gravitational units. The results show that lateral acceleration 

decreases as speed increases. These subjects experienced considerably higher 

lateral accelerations than the limiting values established by Moyer and Berry. 

TABLE 1 

Lateral Acceleration in Curves 
As a Function of Speed in a Curve8 

Data for 50 Subjects are Ranked by Overall Average Speed. The 
First Group Contains the 10 Fastest Drivers and the Last Group 
the 10 Slowest. 

Groups 
(in gravitational units) 

Speed 1 2 3 4 5 

Less than 20 .239 .243 .226 .242 .226 
20-25 mph .274 .258 .230 .227 .215 
25-30 mph .269 .225 .201 .197 .180 
30-35 mph .238 .204 .176 .191 .162 
35-40 mph .224 .210 .178 .176 .152 
40-45 mph .223 .187 .157 .146 .130 
45-50 mph .203 .170 .134 .132 .113 
50-55 mph .188 .146 .135 .115 .101 
55-60 mph .162 .139 .113 .107 .075 
Over 60 .135 .104 .078 .069 .043 

Mean Speed, mph 46.0 42.1 40.5 38.7 37.0 

aMalcolm L Ritchie, William K. McCoy, and William L Welde, "A Study of the Relation 
between Forward Velocity and Lateral Acceleration in Curves During Normal Driving," 
Human Factors, Volume 10, No. 3, June, 1968, p. 256. 
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FIGURE 4 

Speed vs. Lateral Acceleration 

Regression Output: 

35 

Speed (mph) 

Constant 
Standard Error of Y Estimate 
R Squared 
Number of Observations 
Degrees of Freedom 
X Coefficient 
Standard Error of Coefficient 

0.307904 
0.029139 
0.735971 

50 
48 

-0.00335 
0.000290 

Regression analysis of these data by this author using a microcomputer pro-

gram(16) produces the following expression of correlation between lateral accelera

tion (in gravitational units) and curve speed: 

g' = .308 - .00335V 



where g' = lateral acceleration in gravitational units, |^j 

an = lateral acceleration in feet per second squared, 

g = gravitational constant, and 

V = speed in miles per hour 

In 1978, Craus and Livneh(17), examining parameters required for the 

design of horizontal curves, reviewed Ritchie, McCoy, and Welde's 1968 work and 

incorporated into theirs the correlation they found: g = .262 - .00293V. This cor

relation cannot be directly compared to the previous regression equation of this 

author because Craus and Livneh "corrected" Ritchie, et. al.'s original lateral ac

celeration values for body roll before doing their derivation. 

In 1971 Malcolm L. Ritchie(18) reported additional results of his research to 

the (Seventh) Annual NASA—University Conference on Manual Control which 

was held at the University of Southern California, Los Angeles, June 2-4,1971. The 

proceedings of the conference reported that he presented the relationship: 

g = P - 0.0068 ' V - l  
20 

where g is the lateral acceleration in 

gravitational units, P is a constant for an individual but variable be

tween individuals (90 percent of the P values were between 0.33 and 

0.19 g) and V is the forward velocity in miles per hr between 20 and 

60. 

Ritchie commented that personal, vehicle, roadway, and environmental vari

ables impact upon a driver's choice of lateral acceleration experienced. Regarding 



choice of speed through curves posted with curve warning signs and advisory speed 

plates, he noted that "Our subjects drove faster than the signs reading below 40 but 

did not drive faster than advisories of 45 and 50." The inference here is that ball-

banking is conservative below 45 mph. 

In 1972 Ritchie(19) reported the results of additional analyses of the original 

data. From the original 227 curves 162 were selected which presented drivers with 

free choice of speed and also eliminated curves with curve speed exceeding 55, 

which were judged that speed choice would be influenced by the (then) speed limit 

of 60. 

The selected 162 curves consisted of 79 posted with curve warning signs, of 

which 68 had advisory speed signs. Eighty-three of the curves had no signs. The 

data were analyzed to determine lateral acceleration values in relationship to speed 

and type of signing. Presented in Figure 5 are the data points and regression 

analysis by this author of those points for three conditions: 

1) all 162 curves, 

2) those curves posted with curve warning signs and advisory speed signs, and 

3) those curves not posted. 

Figure 5 shows the positive effect that posting warning signs with advisories 

has on drivers—it improves their confidence to proceed. In effect it illustrates the 

purpose of this study which is to provide positive, accurate, meaningful information 

to motorists. 



FIGURE 5 

Lateral Acceleration Related to Speed 

/ 
All Curves 

Advisory Sign 

/ 

/ 
Without Sign 

15 25 35 

Speed (mph) 

• All Curves + Without Sign o Advisory Signs 

55 

Constant 
Standard Error of Y Estimate 
R Squared 
Number of Observations 
Degrees of Freedom 
X Coefficient 
Standard Error of Coefficient 

Regression Output 

Advisory Sign All Curves 

0.338712 
0.012647 
0.925215 

8 
6 

-0.00341 
0.000396 

0.343394 
0.010619 
0.961246 

8 
6 

-0.00406 
0.000333 

No Sign 

0.293720 
0.021041 
0.816889 

8 
6 

-0.00341 
0.000660 

Of particular interest to this study is the regression equation of the "with ad

visory speed" condition, that is, curves posted with curve warning signs plus ad

visory speed signs. The regression equation is: g' = .3387 - .00341V. 
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Ritchie's examination of the data with regard to the advisory speed sign 

values produced the data points shown on Table 2. Again the data shows the conser-

vativeness of ball-banking at speeds of 40 mph and below. 

Table 2 

Measured Forward Velocity as a Function of Advisory Sign Speed® 

Mean 
Advisory Speed Recorded Speed 

(mph) (mph) 

15 21.95 
20 30.46 
25 32.383 
30 37.9 
35 42.177 
40 42.109 
45 44.425 
50 49.633 

aMalcolm L Ritchie, "Choice of Speed in Driving Through Curves as a Function of 
Advisory Speed and Curve Signs, " Human Factors, Vol. 14, No. 6,1972, p. 536. 

2 The coefficients of determination (R ) of the linear regression analysis on 

Ritchie's data are very high. This appears to arise from grouping of the data 

(Table 1 and Figure 4) and the accuracy of the speed and lateral acceleration meas

urements. The correlations are further strengthened by selecting those curves 

which presented drivers with free choice of speed. Additional correlation was 



obtained by distinguishing curves posted with curve warning signs plus advisory 

speed signs from all curves. 

Continuing literature review produced several technical reports which bear 

upon a modern instrument, the "g-analyst," which may well replace the ball-bank in

dicator as the device used to determine comfortable speed of horizontal curves. In 

1970 Roy S. Rice and Donald A. Alianello(20) reported on a new approach to 

driver characterizing functions: "the g-g Diagram"The diagram, which is the 

locus of the longitudinal and lateral acceleration coordinates of the vehicle center 

of gravity, is merely a convenient way of illustrating total performance." 

Illustrations, such as Figure 6(21), show easily the relationships between 

vehicle capability, driver desire and driver limit in regard to acceleration, decelera

tion and cornering. 
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Figure 6 

Generalized g - g Diagrams® 

ACCELERATION 
0.35 g. 

.0.3 g. 

.0.2 g. 

0.7 g. 

CORNERING 

0.3 g. 

DRIVER DESIRE 

p.3 g. DRIVER LIMIT 

fflj^NfiFR-CAR 
CAPABILITY 

0.9 g. 

DECELERATION 

a"Dynamic Design for Safety"-Final Report, Institute of Traffic Engineers, 1972, Figure 4.7. 

Rice(22) presents a thorough explanation of the g-g diagram in his 1973 

paper to the Society of Automotive Engineers. He notes that the theoretical operat

ing envelope of the vehicle is always contained within the boundaries of its friction 



circle, where the friction circle is a circle with radius equal to sliding friction coeffi

cient. 

The theoretical operating envelope of the vehicle is produced by factors such 

as drive line limitations, load transfer effects and control responses restraining the 

vehicle's capability. Within the operating envelope of the vehicle is found the 

driver capability envelope and driver willingness limit. Another trace of particular 

interest is the "normal driving envelope." This trace is descriptive of how a driver 

normally operates his vehicle in a comfortable operating region along or near the 

axes emphasizing braking only or acceleration only or cornering only. The g-g 

diagram shrinks with increase in speed and Rice notes that "drivers rarely employ 

as much as 50% of the performance capability of their cars." 

The importance of the previously mentioned Rice papers is that they provide 

excellent background information to the understanding of "the g-analyst." The 

"g-analyst" is a compact, relatively inexpensive, electronic instrument which can be 

used to produce traces of "normal driving envelope," etc. Later in this study the 

"g-analyst" is used to determine the lateral acceleration values generated at par

ticular speeds through the subject horizontal curves. 
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m. SURVEY OF PRACTICE 

To determine current practices of the traffic engineering profession in deter

mining the recommended safe speed of horizontal turns and curves, letters of in

quiry (Appendix C) were sent to the "chief' traffic engineers of all the states 

(except Arizona and California) and to the Institute of Transportation Engineers as 

well as to the Federal Highway Administration. It was not necessary to write to 

Arizona and California because copies of their policies were in hand. The inquiry 

addressed "the appropriateness of the limiting values of ball-bank readings which 

appear to be current practices..." and asked for copies of the policies in use by the 

jurisdiction and solicited comments on the subject. 

Responses were received from 38 of the 48 states contacted, from the In

stitute of Transportation Engineers, and from the Traffic Control Systems Division 

of the Federal Highway Administration. 

Analysis of the forty state guidelines in hand revealed that a majority (23) 

are in substantial conformance with the guidelines set forth in the Traffic Control 

Devices Handbook and the 1984 AASHTO Policy on Geometric Design. As has been 

noted previously there are wording differences between these two references which 

create an element of confusion. The TCDH mistates Moyer and Berry's original 

conclusions slightly while the AASHTO policy correctly states those conclusions: at 

20 mph the allowable ball-bank reading is 14 degrees rather than 12 degrees. The 



guidelines of the 23 states are in greater conformance with the AASHTO policy 

rather than the Traffic Control Devices Handbook. 

Seventeen of the responding states express some difference with the 1984 

AASHTO policy: 

The limiting values of Alaska, California, and Idaho are: 

Ball-Bank Reading 
Safe Speed (mph) (degrees) 

0-20 15.0 
25-30 12.5 
35-60 10.0 

Friction factors used by Alaska and California to calculate safe speed are: 

Speed (mph) Friction Factor (f) 

15 .27 
20 .24 
25 .21 
30 .18 
35 .165 
40 .15 
45 .145 
50 .14 
60 .13 

These values are less conservative than the AASHTO policy. 

Delaware establishes advisory speeds at values approximately 5 mph less 

than the speed which is obtained at the AASHTO allowable ball-bank readings. 
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Georgia, Illinois, Louisiana, Mississippi, Missouri, New York, Utah, and Ver

mont use an allowable 10 degree reading across all speed values. Kentucky allows a 

12 degree reading at any speed. 

The State of Maine no longer uses the ball-banking procedure. In the past 

they did but currently do not find ball-banking conservative enough in relation to 

poor surface conditions such as frost heaving. Currently experienced personnel con

duct a number of trial runs using a "seat of the pants" approach. 

North Dakota specifies: 

Ball-Bank Limiting Value 
Safe Speed (mph) (degrees) 

15 14 
20 13 
25 12 
30 11 

35 through 55 10 

Oregon specifies 13 degrees allowable ball-bank reading for speeds of 30 

mph and below and 10 degrees for 35 mph and above. 

Pennsylvania's practice had been: 

Ball-Bank Reading 
Safe Speed (mph) (degrees) 

15 or less 14 
20 to 35 12 
40 or more 10 



(They are currently proposing revisions to this table to be in compliance with 

1984 AASHTO, A Policy on Geometric Design of Highways and Streets or, in other 

words, to meet the guidelines established in 1940 by Moyer and Berry.) 

A summary of the exceptions is that eight states use a 10° reading across all 

speed values, one uses 12° at any speed, four allow higher readings at speeds of 30 

and below, two have minor variations on the theme, one is 5 mph lower and one 

does not utilize ball-banking. The values used by the states which differ from 

AASHTO are set forth in the following Table 3 for comparison purposes. 



TABLE 3 

Allowable Ball-Bank Angles in Relationship to Advisory Speed 

Advisory Speed (mph) 

15 20 25 30 35 40 45 50 55 60 

Moyer and Berry 14 14 12 12 10 10 10 10 10 10 
AASHTO 14 14 12 12 10 10 10 10 10 10 
Traffic Control 

Devices Handbook 14 12 12 12 10 10 10 10 10 10 
3 States3 15 15 12.5 12.5 10 10 10 10 10 10 
North Dakota 14 13 12 11 10 10 10 10 10 10 
Pennsylvania13 14 12 12 12 12 10 10 10 10 10 
Oregon 13 13 13 13 10 10 10 10 10 10 
Kentucky 12 12 12 12 12 12 12 12 12 12 
8 States0 10 10 10 10 10 10 10 10 10 10 
Delaware (5 mph below current AASHTO standards) 
Maine (Does not use ball-banking) 

aAlaska, California, and Idaho 
bProposing revisions to comply with AASHTO 
cGeorgia, Illinois, Louisiana, Mississippi, New York, Utah, and Vermont 
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IV. FIELD STUDIES 

An empirical research effort was undertaken to explore current driver char

acteristics in the negotiation of horizontal curves. Of specific interest was a desire 

for increased knowledge of the value of side friction coefficients generated (ball-

bank angles). 

A set of horizontal curves was selected from existing roadways in Pima 

County, Arizona, to be studied. Certain traffic characteristics and physical charac

teristics of those curves were ascertained. Speed observance studies were con

ducted and then the curves were ball-banked at the mean and 85th percentile 

observed speed values. Based upon the inventory and speed studies data calcula

tions of side friction factors generated were made. Using a "g-analyst," field meas

urements of lateral acceleration values were also obtained. (See Appendix D for 

information regarding the "g-analyst.") Comparisons between the literature 

review, the research results and the current allowable limiting values then allowed 

conclusions to be drawn. 

Site Selection and Characteristics 

The study was designed based on the concept of selecting a set of curves 

posted with advisory warning signs ranging in 5 mph increments from 10 mph to 55 

mph in order to cover the full range of advisory speeds from the lowest to the cur

rent maximum regulatory speed limit (55 mph). Additionally to increase 



"representation" three curves of each 5 mph incremental value were desired; there

fore 30 was established as the desired number. 

From inventories of traffic signs (turn and curve warning signs, including in

dications of advisory speed plates and their values) a list of candidate locations was 

prepared. An on-site field inspection was then made and a specific list of curve 

study locations was created. The general criteria for curve selection were: 

a) fairly level grades, 

b) paved surfaces in reasonable condition and width, 

c) approach tangents allowing vehicles to approach at speeds at least equal to 

the regulatory speed limit, and 

d) no sight distance restrictions on the approaches to and through the curve. 

This was a formidable task which proved to be unattainable in some 

instances. 

After the curves were selected, a survey was made to ascertain certain physi

cal characteristics of each of the locations: centerline radius, width of each traffic 

lane, superelevation of each lane, and centerline grade. A letter convention was es

tablished to differentiate between the inside and outside lane of each curve. In all 

cases the letter "A" designates the outside lane (greater radius) and the letter "B" 

designates the inside lane (lesser radius) of each study curve. Appendix A contains 

a general description of the curve study locations setting forth regulatory speed 
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limit, advisoiy speed for each approach, superelevation for each direction, and 

centerline radius. 

While it was an initial goal to study three curves posted at each 5 mph incre

ment, that was not the final outcome. Only one turn posted with 10 mph advisory 

speed was to be found. 

All of the selected locations were ball-banked to assure the curves were 

posted according to the current 1984 AASHTO criteria; this check resulted in 

several advisory speed values being changed, either up or down 5 mph, but because 

the surveying was under way these curves were retained. The final distribution of 

advisory speed values over the thirty study locations was: 

1 10 mph turn 
3 15 mph turns 
1 15/20 mph turn 
3 20 mph turns 
2 25 mph turns 
3 30 mph turns 
1 30/35 mph location 
2 35 mph curves 
1 35/40 mph curve 
4 40 mph curves 
1 40/45 mph curve 
2 45 mph curves 
1 50 mph curve 
5 55 mph (and above) curves 

30 Study Locations 

The 55 mph curves are posted with curve warning signs and no advisory signs 

because they are situated on roads with regulatory speed limit 55 mph. Curve 



No. 6, Avra Valley Road at Trico Road, has a recommended speed of 65 mph and 

curve No. 20, Hughes Access at Alvernon, has a recommended speed of 70 mph. 

Technically curve warning signs are not "warranted" at these two curves because 

their recommended speed is above their regulatory speed limit. 

During the time period from September through December, 1986, traffic en

gineering technicians conducted extensive speed observations at the 30 curve study 

locations. A total of 4,309 individual spot speed determinations were made using a 

calibrated radar gun. The technicians tracked each vehicle through the curve with 

the radar gun and recorded the lowest speed observed for that vehicle as its speed. 

The observation vehicle with its radar was parked on the road shoulder, rather than 

being hidden from view. Appendix B shows a typical speed study form. 

The guidelines for sample size were: 100 vehicles for each direction of 

travel, but spend not more than two hours time at a curve, with a desirable mini

mum sample size of 32 vehicles for each direction of travel and an absolute mini

mum sample size of 30. Sample size requirements were determined by use of the 

equation: 

Field Speed Studies 

N = _ [Equation 6-2 from Reference 231 
2E 

where N = minimum sample size, 

S = estimated sample standard deviation, 

K= constant corresponding to the desired confidence level, 



U = constant corresponding to the desired speed statistic, and 

E = permitted error in the speed estimate. 

then with S assumed equal to 5.3 (from Table 6-1 of Reference 23) and 

K = 1.96 for 95 percent confidence level 

U = 1.04 when the statistic of interest is the 85th percentile, and 

E = 2.3 for permitted error. 

N (sample size) is calculated to be 31.43, which was rounded up to 32. Thirty 

was arbitrarily set as the absolute minimum sample size. 

Because of extremely low traffic volumes at some curve locations those cur

ves had to be visited more than once to obtain the minimum sample size. Tables 4 

and 5 set forth for the A direction and B direction, respectively, of each curve the 

recommended speed, mean speed, standard deviation, 85th percentile speed, 

highest speed, and sample size. 

After the speed observance studies had been tabulated and the mean and 

85th percentiles determined, the engineering technicians revisited all the curves 

and ball-banked them in each direction at the mean and 85th percentile speeds to 

determine the ball-bank angle attained at those values. A portable, calibrated, digi

tal display radar gun which can be programmed to display the speed of the moving 

vehicle in which it is mounted was used to assure accuracy of the desired vehicle 

speed for each ball-banking run. Tabulations of these data are presented in 

Tables 6 and 7. 



TABLE 4 

Speed Observations 
Direction A 

Curve Advisory Mean Standard 85th %ile Highest Sample 
No. Speed Speed Deviation Speed Speed Size 

1 35 39 4.47 44 52 72 
2 15 16 2.61 19 29 38 
3 20 22 2.99 25 29 47 
4 35 40 4.59 44 51 58 
5 55* 49 6.06 55 62 49 
6 65* 52 4.80 57 62 33 
7 55* 53 4.53 57 64 71 
8 55* 48 5.73 53 61 104 
9 10 7 2.70 7 20 30 

10 15 17 3.97 20 24 31 
11 20 22 4.26 26 29 32 
12 35 37 3.30 40 45 117 
13 40 44 3.55 47 54 101 
14 20 21 2.82 24 29 80 
15 25 35 5.48 41 48 102 
16 25 27 1.94 29 32 129 
17 30 36 3.13 39 45 142 
18 30 28 3.39 32 37 102 
19 40 26 3.27 29 37 101 
20 70* 51 6.20 56 69 117 
21 30 32 3.75 36 41 87 
22 20 21 3.36 25 30 81 
23 30 37 4.84 42 51 100 
24 45 42 4.84 48 52 91 
25 40 41 5.26 47 51 35 
26 40 38 5.03 41 47 32 
27 45 41 6.62 46 55 41 
28 50 42 6.32 49 55 38 
29 45 43 6.27 52 55 36 
30 15 15 3.63 19 25 33 

2130 

* Recommended speed not posted. 



TABLE 5 

Speed Observations 
Direction B 

Curve Advisory Mean Standard 85th %ile Highest Sample 
No. Speed Speed Deviation Speed Speed Size 

1 35 40 4.28 44 51 98 
2 15 15 2.76 17 34 31 
3 20 23 3.05 26 34 38 
4 40 41 5.04 46 54 73 
5 55* 50 5.90 55 60 45 
6 65* 51 5.04 57 60 31 
7 55* 52 5.78 57 68 100 
8 55* 45 5.73 51 59 116 
9 10 7 1.66 9 12 67 

10 15 16 2.71 19 21 30 
11 20 21 3.30 25 27 30 
12 35 36 4.02 40 46 114 
13 40 39 4.16 42 57 107 
14 20 21 2.99 24 28 88 
15 25 33 4.24 37 44 101 
16 25 26 3.21 29 37 128 
17 30 37 3.08 40 50 127 
18 30 28 3.61 31 42 101 
19 40 29 4.68 34 42 110 
20 70* 56 7.34 63 72 106 
21 30 32 3.66 36 40 123 
22 15 19 3.00 22 27 67 
23 35* 38 4.92 43 47 49 
24 45 41 4.85 47 52 100 
25 40 42 6.75 49 52 31 
26 40 38 4.88 44 47 32 
27 40 39 7.79 47 53 34 
28 50 40 5.29 44 52 35 
29 45 43 7.03 50 55 34 
30 15 13 2.95 18 19 33 

2179 

"Recommended speed not posted. 
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TABLE 6 

Speed Values vs. Ball-Bank Readings 
Direction A 

85th Percentile 
Mean Speed Degrees Speed Degrees 

39 11 44 14 
16 11 19 15 
22 13 25 17 
40 13 44 15 
49 8 55 10 
52 6 57 8 
53 8 57 10 
48 8 53 9 
7 10 7 10 

17 16 20 20 
22 15 26 18 
37 12 40 14 
44 12 47 15 
21 15 24 17 
35 21 41 27 
27 18 29 22 
36 16 39 19 
28 9 32 12 
26 5 29 6 
51 4 56 5 
32 13 36 17 
21 15 25 21 
37 13 42 16 
42 8 48 10 
41 8 47 12 
38 7 41 8 
41 7 46 9 
42 7 49 10 
43 9 52 14 
15 14 19 22 



TABLE 7 
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Speed Values vs. Ball-Bank Readings 
Direction B 

85th Percentile 
Curve No. Mean Speed Degrees Speed Degrees 

1 40 10 44 13 
2 15 12 17 15 
3 23 15 26 20 
4 41 12 46 14 
5 50 8 55 10 
6 51 6 57 7 
7 52 8 57 10 
8 45 7 51 8 
9 7 7 9 10 

10 16 14 19 18 
11 21 14 25 18 
12 36 12 40 15 
13 39 8 42 12 
14 21 14 24 16 
15 33 24 37 27 
16 26 20 29 25 
17 37 17 40 19 
18 28 10 31 12 
19 29 4 34 6 
20 56 5 63 7 
21 32 13 36 15 
22 19 19 22 22 
23 38 13 43 15 
24 41 7 47 11 
25 42 9 49 14 
26 38 8 44 11 
27 39 7 47 11 
28 40 5 44 6 
29 43 7 50 12 
30 13 7 18 14 



Calculations 

, By now knowing curve radii, superelevation of each curve (by lane, by direc

tion) and the mean and 85th percentile speed for each direction, the corresponding 

side friction factors generated were calculated by means of the curve formula: 

V2 

f " 15R 6 

where f = side friction factor, 

V = speed, mph, 

R = radius of curve, ft., and 

e = rate of roadway superelevation, feet per foot. 

From the original curve centerline radii, appropriate additions or subtrac

tions (plus or minus one-half of the lane widths) were made to calculate the radius 

of the center of each lane by direction to represent the radius of the center of 

gravity of the vehicles. Thus the calculations assume the vehicles are centered in 

their respective lanes as they round the curves. This assumption is certainly not 

true of all vehicles but is made of necessity. 

Tables 8 and 9 show the generated side friction factors for mean and 85th 

percentile speed by direction A and B respectively. 

These calculated side friction factors were cause for concern because their 

values are a function of curve radius, superelevation, and speed. Close examination 

of the survey information showed that many of the curves are not in fact simple cur

ves and superelevation through a curve was not always consistent. It appears these 



curves lack consistent centerline radius and superelevation because they were con

structed many years ago without plans and/or rigid construction inspection. 

At this point a "g-analyst" was obtained and all the curves were driven again 

in both directions at the mean and 85th percentile speeds to obtain lateral accelera

tion measurements. The same technicians and vehicle (1984 Chevrolet Citation) 

were used as performed the ball-banking measurement and the police radar was 

used to establish speed of the vehicle. Table 10 indicates the measured g' values for 

each of the horizontal curves in the study. These lateral acceleration values are 

measured in the plane of the road and do not include the effect of body roll of the 

vehicle. For this study the "g-analyst" was calibrated to subtract out the effect of 

average body-roll and pitch. 
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TABLE 8 

Generated Side Friction Factors 
Direction A 

Super Mean f at Mean 85th %ile f at 85th 
Curve No. Radius elevation Speed Speed Speed %ile Speed 

1 589 .020 39 .152 44 .199 
2 93 .025 16 .159 19 .234 
3 134 .058 22 .183 25 .253 
4 402 .019 40 .246 44 .302 
5 1096 .061 49 .085 55 .123 
6* 2171 .022 52 .061 57 .078 
7 1453 .027 53 .102 57 .122 
8 1546 .030 48 .069 53 .091 
9 61 -.015 7 .069 7 .069 

10 141 .018 17 .119 20 .171 
11 265 -.005 22 .127 26 .175 
12 382 .100 37 .139 40 „ .179 
13 541 .043 44 .196 47 .229 
14 154 .064 21 .127 24 .185 
15 215 .046 35 .334 41 .475 
16 160 .013 27 .291 29 .337 
17 386 .016 36 .208 39 .247 
18 335 .011 28 .145 32 .193 
19 445 .093 26 .008 29 .033 
20* 1781 .052 51 .045 56 .065 
21 305 .051 32 .173 36 .232 
22 105 .018 21 .262 25 .379 
23 505 .017 37 .164 42 .216 
24 843 .014 42 .126 48 .168 
25 528 .060 41 .152 47 .219 
26 463 .039 38 .169 41 .203 
27 800 .014 41 .126 46 .162 
28 848 .045 42 .094 49 .144 
29 749 .046 43 .119 52 .195 
30 87 .019 15 .153 19 .258 

*Curve warning signs not warranted. 
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TABLE 9 

Generated Side Friction Factors 
Direction B 

Super- Mean fat Mean 85th %ile fat 85th 
Curve No. Radius elevation Speed Speed Speed %ile Speed 

1 578 .039 40 .146 44 .184 
2 81 .058 15 .127 17 .180 
3 121 .071 23 .220 26 .301 
4 391 .046 41 .241 46 .315 
5 1078 .072 50 .083 55 .115 
6* 2153 .017 51 .064 57 .084 
7 1435 .039 52 .087 57 .112 
8 1526 .035 45 .053 51 .079 
9 49 .003 7 .064 9 .107 

10 129 .011 16 .121 19 .176 
11 253 .007 21 .109 25 .158 
12 371 .089 36 .144 40 .199 
13 530 .086 39 .105 42 .136 
14 144 .076 21 .128 24 .191 
15 204 .093 33 .263 37 .354 
16 148 .043 26 .262 29 .336 
17 374 .013 37 .231 40 .272 
18 323 .039 28 .123 31 .159 
19 433 .012 29 .117 34 .166 
20* 1769 .061 56 .057 63 .089 
21 295 .056 32 .175 36 .237 
22 91 .034 19 .230 22 .321 
23 494 .030 38 .165 43 .220 
24 831 .025 41 .110 47 .152 
25 516 .017 42 .211 49 .293 
26 631 .069 38 .084 44 .136 
27 788 .007 39 .122 47 .180 
28 837 .075 40 .052 44 .079 
29 737 .083 43 .084 50 .143 
30 72 .066 13 .090 18 .234 

*Curve warning signs not warranted. 
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TABLE 10 

Measured g' Values 

Direction A Direction B 

85th 85th 
Curve Mean %ile Mean %ile 
No. Speed g'* Speed g'* Speed g'* Speed g'* 

1 39 0.14 44 0.18 40 0.20 44 0.25 
2 16 0.17 19 0.23 15 0.21 17 0.26 
3 22 0.18 25 0.25 23 0.32 26 0.41 
4 40 0.17 44 0.21 41 0.20 46 0.26 
5 49 0.11 55 0.15 50 0.15 55 0.20 
6 52 0.08 57 0.10 51 0.05 57 0.15 
7 53 0.13 57 0.15 52 0.17 57 0.18 
8 48 0.12 53 0.14 45 0.12 51 0.13 
9 7 0.15 7 0.15 7 0.15 9 0.18 

10 17 0.23 20 0.28 16 0.26 19 0.31 
11 22 0.18 26 0.22 21 0.20 25 0.29 
12 37 0.18 40 0.20 36 0.20 40 0.21 
13 44 0.18 47 0.22 39 0.17 42 0.18 
14 21 0.15 24 0.26 21 0.16 24 0.20 
15 35 0.31 41 0.47 33 0.37 37 0.43 
16 27 0.20 29 0.27 26 0.32 29 0.38 
17 36 0.23 39 0.26 37 0.28 40 0.31 
18 28 0.13 32 0.19 28 0.15 31 0.22 
19 26 0.05 29 0.07 29 0.07 34 0.11 
20 51 0.05 56 0.06 56 0.12 63 0.13 
21 32 0.19 36 0.25 32 0.23 36 0.31 
22 21 0.25 25 0.39 19 0.33 22 0.43 
23 37 0.16 42 0.20 38 0.18 43 0.25 
24 42 0.13 48 0.16 41 0.13 47 0.20 
25 41 0.12 47 0.18 42 0.17 49 0.26 
26 38 0.12 41 0.14 38 0.11 44 0.13 
27 41 0.11 46 0.12 39 0.14 47 0.19 
28 42 0.90 49 0.15 40 0.10 44 0.13 
29 43 0.13 52 0.20 43 0.15 50 0.21 
30 15 0.25 19 0.35 13 0.14 18 0.26 

•Maximum recorded lateral acceleration value at indicated speed. 
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V. ANALYSIS AND RESULTS 

The purpose of the analysis was to compare observed speed values to the 

posted advisory speed values and to the results of other studies; to compare the 

study ball-bank readings versus speed with Moyer and Berry's limiting values; to 

compare calculated side friction factors and measured lateral acceleration values 

over a range of speed to the values of others and to derive a relationship between 

lateral acceleration values and ball-bank degree readings. 

Examination of the speed observations data in Tables 4 and 5 shows that for 

those curves posted with advisory speed signs generally both the mean speed and 

the 85th percentile speed are above the advisory speed value. Eighty-fifth percen

tile speeds showed a variance from 11 mph below the advisory speed value to 16 

mph above while the "highest speed" variance to an advisory speed value was 23 

mph. 

An analysis of mean speed and 85th percentile speed data vs. advisory speed 

was prepared by determining the average of all the mean speed values for each ad

visory value and the average of all the 85th percentile speed values for each ad

visory value and plotting them in Figure 7 for comparison with the expected speed 

curve. The expected speed curve would result if drivers observed the advisory 

speed values—their speed would equal the advisory speed values. Additionally in 

this figure are plotted the measured values from Table 2 which are the result of 
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Ritchie's 1972 work(19). The data shows that advisory speeds are exceeded up to 

an advisory speed of 40-45 mph. (The value for 10 mph advisory speed comes from 

only one curve and is questionable.) 

FIGURE 7 

Recorded Speed vs. Advisory Speed 

45 

Advisory Speed (mph) 
Expected Speed + Ritchie Mean o Study Mean & Study 85th%iles 

Recorded Speed vs. Advisory Speed 

Advisory Expected Ritchie Study Study 
Speed Speed Mean Mean 85th %ile 

10 10 7.0 8.0 
15 15 21.95 15.86 19.14 
20 20 30.46 21.57 25.0 
25 25 32.383 28.67 31.67 
30 30 37.9 32.86 36.57 
35 35 42.177 38.33 42.5 
40 40 42.109 36.43 40.47 
45 45 44.425 41.5 47.5 
50 50 49.633 
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The data points from Tables 6 and 7 for 85th percentile speed and ball-bank 

readings for each of the curves in each direction were plotted in Figure 8. 
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FIGURE 8 

Speed vs Observed Ball-Bank Readings 
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Regression Output: 

20 40 

Speed (mph) 

Constant 
Standard Error of Y Estimate 
R Squared 
Number of Observations 
Degrees of Freedom 
X Coefficient 
Standard Error of Coefficient 

60 

20.96781 
4.653609 
0.223020 

60 
58 

-0.18434 
0.45180 



Regression analysis on the data produced the regression equation: degree 

reading = 20.9678 - .18434V where V equals speed in mph. Degree readings 

along the regression equation line exceed the current allowable ball-bank readings 

at all speed values below 60 mph. The regression equation degree readings 

decrease linearly from 19 degrees at 10 mph to 10 degrees at 60 mph. 

Figure 9, Lateral Acceleration vs. Speed, is a plot of the data points of 85th 

percentile speeds for both directions of all curves vs. calculated side friction factors 

from Tables 8 and 9 and measured lateral acceleration g' values from Table 10. 

The curves for linear regression analysis on the side friction factors and on the g' 

values are also shown. The regression equations are: 

g' = .33648 - .0029V and 

f = .26159 - .0017V 

An explanation of the relationship between g' and "f" is in order: As a 

vehicle rounds a horizontal curve at a speed greater than equilibrium speed, the 

superelevation (e) of the curve combines with side friction factor (f) to balance the 

centripetal acceleration (an). Equilibrium speed is the speed at which centripetal 

acceleration is balanced by the roadway superelevation so that the value of the side 

friction factor is zero. 
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FIGURE 9 

Lateral Acceleration vs. Speed 
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Regression Output: 

f g' 
Constant: 0.26159 0.33648 
Standard Error of Y Estimate 0.08502 0.08124 
R Squared 0.07310 0.19703 
Number of Observations 60 60 
Degress of Freedom 58 58 
X Coefficient -0.0017 -0.0029 
Standard Error of Coefficient 0.00082 0.00078 

When the speed of a vehicle exceeds equilibrium speed: 

f = — - e [Equation 8-9 from Reference 10] 
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where f = side friction factor, 

v = speed in feet per second, 

g = gravitational constant, 32.16 feet per second squared, 

R = radius of the curve in feet, and 

e = superelevation rate in feet per foot 

_ v2 
and with an = ~ 

K. 

where an = lateral acceleration in feet per second squared, and 

— = lateral acceleration expressed in gravitational units 

e + f = 4 
gR 

i C 3n e + f = — 
g 

e + f = g' 

Therefore the difference between side friction factor and lateral acceleration 

(in g units) is superelevation. Theoretically then the regression line for g' should al

ways be above the regression line for side friction factor by the appropriate amount 

of superelevation. Examination of the regression equations and the curves of 

Figures 9 and 10 shows that the curves converge on each other at about 60 mph. A 

possible reason for the convergence is relative weakness in the calculated f values 

stemming from the original geometric inconsistencies in superelevation and curva

ture. The regression equation for lateral acceleration appears to be a stronger line 

based upon comparison of the "R squared" values of the respective lines. 



The values of the coefficients of determination for three regression lines on 

study data (D, g', and f) are disappointingly low, most particularly the R = .07 

value for "f." 

The low values of the coefficients of determination are the result of 

numerous factors. The individual horizontal curves in this study did not consist of 

uniform constant radius and superelevation. An attempt was made to determine 

the "most representative" radius and superelevation for each curve for use in the 

calculation of the generated side friction factor. The low R value indicates this at

tempt was not particularly successful. 

The selection of curves included in the study contributed greatly to the scat

ter of the data: Some curves were located on local streets, others were on collec

tors, and still others on arterial roads. Generally curves on local streets were driven 

more conservatively than curves on arterials, and a few curves on collector roads 

were especially "overdriven" by commuter traffic. 

It should be remembered that the g' values measured by the "g-analyst" in 

this study are lateral accelerations in the plane of the road. These values then differ 

from horizontal lateral acceleration values by a minute amount: lateral acceleration 

in the plane of the road equals horizontal lateral acceleration times the cosine of 

the superelevation angle. The greatest superelevation of any curve was determined 

to be .093, providing a superelevation angle of 5.313 degrees. The cosine of 5.313 



degrees is .995; therefore all lateral acceleration values are within 99.5 percent of 

horizontal lateral acceleration values. 

These equations can be compared to those reported in or derived from the 

data in other works which were examined in the literature review. 

Ritchie's 1971 work(18) reports the equation: g' = (P + .068) - .0034 V 

again where P is a constant for an individual and ranges from 0.33 to 0.19. 

Regression analysis of the data in Ritchie's 1972 report(19) produced the 

three following equations: 

g' = .3387 - .00341V for curves posted with warning signs plus advisory signs 

g' = .3434 - .00406V for all 162 curves in the study, and 

g' = .2937 - .00341V for the 83 curves in the study which were not posted 

with any sign. 

Figure 10 shows the curves for side friction factors and lateral acceleration 

resulting from this study. Additionally shown is the regression curve on Ritchie's 

data for curves posted with curve warning signs plus advisory speed plates. For fur

ther comparison purposes Moyer and Berry's values are also shown. 
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FIGURE 10 

Study Results 
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Figure 11, Lateral Acceleration vs. Ball-Banking, is a plot of the observed 

ball-bank reading vs. measured lateral acceleration experienced at each curve each 

direction at the 85th percentile speed. Regression analysis on the g' values 

produced the equation: 

g' = .002169 + .015844D, letting D equal ball-bank reading in degrees. 
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FIGURE 11 

Lateral Acceleration vs Ball-Banking 
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D vs. g' Regression Output: 

Constant 
Standard Error of Y Estimate 
R Squared 
Number of Observations 
Degrees of Freedom 
X Coefficient 
Standard Error of Coefficient 

0.002169 
0.034976 
0.851181 

60 
58 

0.15844 
0.000869 

•» 

The high R value of .85 for this equation would be expected because of the 

very similar methodologies used in determining the ball-bank reading or g' reading: 

driving the same curve at the same speed and recording the highest ball-bank or g' 

reading. 
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The following table, Table 11, has been prepared to compare Moyer and 

Berry's allowable ball-bank readings and side friction factors with the results of this 

study. The results of this study are that the ball-bank readings decrease linearly 

from 19 degrees at 10 mph to 10 degrees at 60 mph and lateral acceleration values 

also decrease linearly, from .31 at 10 mph to .16 at 60 mph and side friction factors 

decrease linearly from .24 at 10 mph to .16 at 60 mph. 



TABLE 11 

Comparison Analysis 

Study Results 

Moyer & Berry's Recommended 
Allowable Values 1a 2D 3C 4° 5e Values 

V D f D g' g' g' f D g' 

10 14 .21 19 .31 .30 .31 .24 19 .31 
15 14 .21 18 .29 .29 .29 .24 18 .29 
20 14 .21 17 .28 .27 .28 .23 17 .28 
25 12 .18 16 .26 .25 .26 .22 16 .26 
30 12 .18 15 .25 .24 .25 .21 15 .25 
35 10 .15 15 .23 .22 .23 .20 15 .23 
40 10 .15 14 .22 .20 .22 .19 14 .22 
45 10 .15 13 .21 .19 .20 .18 13 .21 
50 10 .15 12 .19 .17 .19 .18 12 .19 
55 10 .15 11 .18 .15 .17 .17 11 .18 
60 10 .15 10 .16 .13 .16 .16 10 .16 

Calculated from Figure 8 regression equation, D = 20.96781 - .18434V, then 
rounded to closest degree. 

bg' = .33648 - .0029V, rounded to two places 

cg' = .3387 - .00341V, rounded to two places 

dg' values derived from Figure 11: g' = .002169 + .015844D and using calcu
lated D values from D = 20.96781 - .18434V 

ef = .26159 - .0017V 
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VL CONCLUSIONS 

The purpose of this study was to determine if the ball-banking limiting 

values prescribed by Moyer and Berry in 1940 are still valid today. A comparative 

analysis was done by conducting a survey of practice, a literature search and current 

field studies. 

Survey of practice of the states shows that of forty respondents twenty-three 

are in substantial conformance while seventeen express some degree of difference 

from Moyer and Berry's limiting values. The states of Alaska and California use 

side friction factors much closer to the results of this work than Moyer and Berry's 

older limiting values. 

Literature search shows little questioning within the highway engineering 

profession of these limiting values. Examinations of the phenomena of the speeds at 

which vehicles round curves in relationship to advisory speed plates and lateral ac

celeration values has come mainly from the human factors area, particularly in the 

works of Malcolm L. Ritchie et. al. 

This study shows that most motorists drive curves at speed values greater 

than the advisory values until they are in the range of 40-45 mph. They generate 

higher ball-bank readings and side friction factors than currently accepted limiting 

values. The lateral acceleration values measured in this study are very strongly 



supported by previous work of Malcolm L. Ritchie. There is sufficient evidence 

that the current limiting values should be updated. 

Modern ball-banking limiting values for determining the maximum recom

mended speed of horizontal curves should be 19 degrees at 10 mph and decrease 

linearly to 10 degrees at 60 mph. In calculating the recommended speed of a 

horizontal curve, the limiting values for side friction factor should be .24 at 10 mph 

and decrease linearly to .16 at 60 mph. 

And if one were to use accelerometers, such as the "g-analyst," to determine 

the recommended speed, the limiting values for lateral acceleration (in the plane of 

the road) should be .31 at 10 mph and decrease linearly to .16 at 60 mph. 

The above values are shown in tabular form in Table 12. 



TABLE 12 

Modern Limiting Values 

V D f g' 

10 19 .24 .31 
15 18 .24 .29 
20 17 .23 .28 
25 16 .22 .26 
30 15 .21 .25 
35 15 .20 .23 
40 14 .19 .22 
45 13 .18 .21 
50 12 .18 .19 
55 11 .17 .18 
60 10 .16 .16 

D = 20.96781 - .18434V, rounded to the closest degree 

f = .26159 - .0017V, rounded to two places 

g' = .33648 - .0029V, rounded to two places 
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VH. RECOMMENDED FURTHER RESEARCH 

This work should be expanded upon by further field studies. The gathering 

of additional data could be used to confirm or dispute the results of this current ef

fort. Great care should be taken in the selection of the curves to be studied; road

way type (local, collector, or arterial) impacts the result. The best choice of 

roadway type appears to be "arterial" for researchers desiring the broadest applica

tion result. The individual curves chosen as study sites should be carefully selected 

in regard to their geometric properties: A constant radius and consistent super

elevation helps produce better results in calculating side friction factors and in ob

taining ball-banking and lateral acceleration measurements. 

The curves selected as study sites should be posted with curve (or turn) warn

ing signs accompanied by advisory speed plates, the values of which have been 

determined according to Moyer and Berry's current limiting values. Additionally 

the selected curves should be approached by roadway segments on which the 85th 

percentile speed is above the advisory speed of the curve. 

Study sample size in determining speed measurements needs careful con

sideration. Low volume roadways should be avoided if possible. A minimum daily 

traffic volume of 4,600 vehicles is suggested so that an observer can conduct a speed 

study with a sample size of 100 vehicles each direction within a reasonable period of 



time (about two hours). When conducting the speed study, vehicles that are not 

tracking through the curve in a reasonable path should be excluded from the sample. 

It appears the correlation between ball-bank readings and lateral accelera

tion readings while a vehicle negotiates a curve at a particular speed could be im

proved if those measurements were made simultaneously—with an observer 

reading the ball-bank indicator while the "g-analyst" records lateral acceleration 

values on one trip through the curve. It is difficult to maintain the same speed and 

path when making two separate trips through the curve. 

The results of research on this subject could have its broadest application if 

numerous curves scattered across the country would be subjected to scrutiny of this 

sort. 
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APPENDIX A 

General Description of Curve Study Locations 

For each curve study location the regulatory speed limit posted on the road 

is shown. The centerline radius is given. The advisory speed posted on each ap

proach to the curve is listed. Additionally the superelevation for vehicles approach

ing the curve from either direction is listed. For each curve, the letter "A" 

designates the outside of the curve and the letter "B" designates the inside of the 

curve. 



CURVE STUDY LOCATIONS 

Pima County, Arizona 

Direction A Direction B 

Regulatory Centerline Advisory Super- Advisory Super-
Speed Limit Radius Speed elevation Speed elevation 

No. Location (mph) (ft) (mph) (ft/ft) (mph) (ft/ft) 

1 Overton Road, just east 
of Verch Way 45 583.5 35 .020 35 .039 

Chapala at Northern 25 87.0 15 .025 15 .058 
First Avenue at 

Tangerine 50 127.7 20 .058 20 .071 
West Speedway, .256 

miles west of Indigo 45 396.5 35 .019 40 .046 
Trico-Marana Road, 1 

mile west of Luckett 55 1,087.0 (55)a .061 (55) .072 

aAny bracketed speed value means the advisory speed was not posted-the value is equal to or above the 
regulatory speed limit of that curve. 



CURVE STUDY LOCATIONS, Continued 

Direction A Direction B 

Regulatory Centerline Advisory Super Advisory Super 
Speed Limit Radius Speed elevation Speed elevatic 

No. Location (mph) (ft) (mph) (ft/ft) (mph) (ft/ft) 

6 Avra Valley Road at 
Trico Road 55 2,162.0 (65) .022 (65) .017 

7 Avra Valley Road at El 
Paso Gas Road 55 1,444.0 (55) .027 (55) .039 

8 Avra Valley Road, just 
east of Santa Cruz 
River (approx. .6 miles 
west of 1-10) 55 1,536.0 (55) .030 (55) .035 

9 Coiumbus at Hawser 25 55.0 10 -.015 20 .003 
10 Genematas Drive, begin

ning .06 miles south 
of Canyon View Drive 25 135.0 15 .018 15 .011 

11 Foothills Avenue, east of 
First Avenue 25 259.0 20 -.005 20 .007 

12 Campbell, first curve 
north of River Road 45 376.0 35 .010 35 .089 



CURVE STUDY LOCATIONS, Continued 

Direction A Direction B 

Regulatory Centerline Advisory Super- Advisory Super-
Speed Limit Radius Speed elevation Speed elevation 

No. Location (mph) (ft) (mph) (ft/ft) (mph) (ft/ft) 

13 Campbell, .084 miles 
south of Camino 
Miraval to .16 miles 
north of Camino 
Miraval 45 536.0 40 .043 40 .086 

14 Hacienda del Sol (house 
No. 5555) 35 149.0 20 .064 20 .076 

15 Hacienda del Sol at 
Country Club 35 210.0 25 .046 25 .093 

16 River Road at Allen 45 154.0 25 .013 25 .043 
17 River Road at Alvernon 35 380.0 30 .016 30 .013 
18 Pontatoc, just south of 

Valley View 35 329.0 30 .011 30 .039 
19 Sabino Canyon Road, 

south of Snyder Road 45 439.0 40 .093 40 .012 



CURVE STUDY LOCATIONS, Continued 

Direction A Direction B 

Regulatory Centerline Advisory Super- Advisory Super-
Speed Limit Radius Speed elevation Speed elevation 

No. Location (mph) (ft) (mph) (ft/ft) (mph) (ft/ft) 

20 Hughes Access at 
Alvernon 55 

21 Gates Pass Road at Via 
Roma 35 

22 Gates Pass Road, 2.2 + 
miles west of Via 
Roma 35 

23 Gates Pass Road, 
approx. .37 miles east 
of Kinney Road 35 

24 Sandario Road, .15 to 
.37 miles north of 
Picture Rocks Road 50 

25 Silverbell Road, just 
south of Cortaro Road 50 

1,775.0 

300.0 

98.0 

500.0 

837.0 

522.0 

(70) 

30 

20 

30 

45 

40 

.052 

.051 

.018 

.017 

.014 

.060 

(70) 

30 

15 

(35) 

45 

40 

.061 

.056 

.034 

.030 

.025 

.017 



CURVE STUDY LOCATIONS, Continued 

Direction A Direction B 

Regulatory Centerline Advisory Super Advisory Super
Speed Limit Radius Speed elevation Speed elevation 

No. Location (mph) (ft) (mph) (ft/ft) (mph) (ft/ft) 

26 El Camino del Cerro, 
.34 miles west of 
Tortolita Road 45 637.0 40 .039 40 .069 

27 Old Spanish Trail, from 
.149 to .293 miles 
south of Pistol Hill 
Road 50 794.0 45 .014 40 .007 

28 Mission Road, .37 miles 
north of Campus Drive 55 842.0 50 .045 50 .075 

29 Mission Road, .3 miles 
south of Pima Mine 
Road 50 743.0 45 .046 45 .083 

30 Drexel and Hopdown 40, 25* 79.0 15 .019 15 .066 

*Drexel speed limit = 40, Hopdown speed limit = 25. 
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APPENDIX B 

Speed Study Form 

SPEED STUDY 

HACIENDA DEL SOL 

0.104 MILES S. OF VIA ALCALDE 

H 
• 312 

CONDUCTED BY ERIC ULLMANN ON 9-29-86 FROM 10:15 A.M. TO 12:15 P.M. 
WEATHER-CLEAR/WARM SURrACE-A/C WDTH-22 PEET 

SPEED LIMIT 20 M.P.B. 

SPEED 
NORTH BOUND 

TOTAL SPEED 

0 10 
0 11 
0 12 
0 13 
0 14 

• * 2 15 
a • • • 4 16 

5 17 
• 1 18 

10 19 
12 20 
14 21 
14 22 
7 23 
6 24 

• • * 3 25 
• • • * 4 26 

5 27 
• 1 28 

0 29 
0 30 

SOUTH BOUND 
TOTAL 

10 
11 
12 
13 
14 
15 
16 
17 
ie 
19 
20 
21 
22 
23 
24 
2b 
26 
27 
28 
29 
30 

* • 
• * * 

0 
0 
0 
0 
1 
2 
1 
6 
5 
9 
14 
12 
14 
3 
4 
6 
1 
0 
1 
1 
0 

TOTAL VEHICLES 88 
5 * COMMERCIAL 

TOTAL VEHICLES 80 
7 % COMMERCIAL 

DIRECTION 85«LE 

ft NORTH BOUND Z 24 
z SOUTH BOUND | (W) 24 

AVERAGE 

21 

£ 10 M.P.H. PACE 

2-tf 
21 ill 

18 TO 27 
17 TO 26 

% 2N PACE 

86 
92 



APPENDIX C 

Letter to the States 

PIMA COUNTY 
TRANSPOBTATION AND FLOOD CONTROL DISTRICT 

1313 SOUTH MISSION ROAD 
TUCSON ARIZONA 65713-1396 

CHARiES MUCKELBERRY 

OCtObtr 3, 1»86 

Hr. Richard rittgtrald 
Traffic Btgr. Off let 
DOT, Janaa K. Polk Bldg., Buita 1100 
SOS Daadarick Strttt 
Naahvilla, Tannaaaat 37219 

Da: •acoaaaadad »paad of Turna and curtaa 
Daar Sir: 
1 an currantly invaatigating tha appropr latanaaa of tha Halting valuaa of 
ball-bank raadinga which appaar to ba currant practicaa In tha thltad 
Stataa in dataraining tha racommandad aafa apaad of horitontal turna and 
curvaa. 

1 an undar tha ganaral lnpraaaion that Boat jurladictiona uaa tha 
following Uniting valuta: 

Poatad apt ad IMI Ball-auk Kaadlng 

10 - 20 14 da grata 
2S I 30 12 6t grata 
35 - <0 10 dtgraaa 

(<S - 10) ( • dagraaa) 

I would appraclata Tactiving eopiaa of tha pollelaa/guidallnaa you uat to 
dataralna tha raooaaandad aafa aptad of horitontal turn* and cnrvM. -If 
you would car a to coanant, 1 would •ppraciata your ewaantai and tfiottld 
you Ilka to know tha taaulta of ay lnvaatlgationa, plaaaa Indiaata so, and 
I will provida you • copy of ay raaults. 
Cinoaraly, 

Paul r. fttainar, P. I. 
Traffle toglnaaring nana gar 

pr>:lb OnaoftOHfMimi 
A+rtHUrfHt larvtoat tti-IMO • MtiMig and aiugitwiwng MS-MM • EngnaWig aaj-ra}0 

Km Engmaaflng M2-M3S • Manananea K'lM • Tiatc Engnaanng (K-26S0 
areptrrr Mtnagman M7-M33 • noaOpam Managaman U1X22 
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APPENDIX D 

G-Analyst Information 

The g-analyst is an electronic measuring device made available to the public 

in the last several years by Valentine Research, Cincinnati, Ohio. It consists of two 

main components, the DISPLAY HEAD and the TRANSDUCER. 

The TRANSDUCER contains a three-axis accelerometer, 
which measures instantaneous acceleration in g. Electronic g informa
tion is sent to the DISPLAY HEAD, where the 8097 microcontroller 
electronically corrects the measurement axes to conform to the plane 
of the road, and presents the results according to the display mode 
selected. 

The DISPLAY HEAD displays information as it happens. 
Simultaneously it will also record up to eight minutes of g information 
in its 16k-byte electronic memory for later replay. There is no limit on 
the number of replays. Memory is retained even after the power is 
switched off, and is limited only by the life of the internal batteries.1 

The g-analyst has four available display modes including Right Turn/Left 

Turn vs. Time which was used in this study to record the lateral value of the instan

taneous g vector. By slowly scrolling through the recorded data after driving each 

curve one direction at the desired speed, the observer determined and recorded the 

maximum lateral acceleration value experienced. Generally three runs were made 

each direction to obtain consistent values. 

*Taken from the g-analyst Operating Instructions Manual, published by Valen
tine Research, Inc., 10280 Alliance Road, Cincinnati, Ohio 45242. 



The g-analyst corrects for body roll and pitch and thereby provides true g 

readings in the plane of the road. It arrives programmed for the suspension of the 

"average" car but it's calibration may be changed to exact roll and pitch rates as the 

user desires. 

The g-analyst has a transducer system of three accelerometers in orthogonal 

alignment. Its measurement resolution is +/-0.01g. It takes ten samples per 

second and can store 8 minutes of data. It has a 16-bit Intel 8097 microcontroller. 

Its measured range is to 2.54 g with no terrain limits. Accuracy is basically +/- 1.0 

percent of indicated g and measurement error due to imprecise roll and pitch 

calibration will not exceed 1.75 percent of indicated g for each degree/g of calibra

tion error according to the manufacturer's specifications. 
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