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ABSTRACT 

A review of stopping sight distance parameters has recently been completed for 
NCHRP, AASHTO currently recommends a driver perception-response time of 2,5 sec 
and this value was found to be satisfactory. AASHTO currently uses braking 
distances based on locked-wheel skidding on poor-condition wet pavement sur­
faces. It was concluded that this is not appropriate for speeds above 30 mph if 
a vehicle with minimum legal tire tread is to be stopped in its own lane on a 
wet pavement of this type. For a vehicle to be able to make such a stop it was 
concluded that braking distances should be increased. At a speed of 40 mph, the 
distance increases to 360 ft and at 80 mph it increases to 1,630 ft. Examina­
tion of recently measured speed distributions showed that drivers continue to 
select the same speeds on wet pavements as they do on dry roads and that the 
AASHTO policy of using the same initial speed for both wet and dry conditions 
should be retained. Lowering the driver eye height to 40 in, from the current 
AASHTO value of 42 in. would accommodate more than 95 percent of the automobile 
driver-vehicle combinations expected to be in use late in this decade. Such a 
change was recommended because a 42-in. eye height would not accommodate 25 
percent of the vehicles. No research on the appropriate height of the object 
was performed. Ten vertical curve locations at which there was less than AASHTO 
policy minimum available stopping sight distance were found to have an average 
of about 40 percent more accidents than nearby locations with adequate sight 
distance. Several horizontal- and vertical-curve geometric design aids based on 
derivations made in the research are presented. 

Stopping sight distance (SSD) is one of the most 
important criteria in geometric design, affecting 
both operations and safety. It is defined as the 
minimum sight distance that will allow a vehicle 
traveling at or near the design speed to stop just 
before reaching an object in its path, and it is 
important that this design element be frequently re­
viewed in response to changing vehicle and driver 
characteristics. The University of Michigan's 
Transportation Research Institute (UMTRI) was 
selected to carry out such a study. The final report 
was recently published in the NCHRP series (1). This 
paper summarizes the research, emphasizing those 
findings believed to be of particular importance in 
highway design and traffic control. 

SSD application involves considering two con­
cepts, the stopping distance (STD) and the available 
sight distance (ASD). The ASD depends on the loca­
tions of the eye of the driver, the object to be 
seen on the road, and obstructions to the line of 
sight caused by the geometry of the road and road­
side. SSD is adequate when ASD is greater than STD 
and inadequate when the opposite condition exists. 

STD consists of a perception-response distance 
(PRD) added to the braking distance (BD). When the 
speed (V) of the vehicle is considered, PRO is 
derived from the perception-response time (PRT). The 
STD on a level road is expressed as follows: 

STD= 1.47 V PRT + V2 /30 f (1) 

where f is the average deceleration from V to a stop 
(~). Although every significant parameter in the STD 
model is stochastic, the model is treated deter­
ministically and the parameters used are drawn from 
that end of the probability distribution that accom-

modates poorer performance and results in greater 
STD values. 

This paper is organized into three sections. A 
study of the effects of ASD on safety is summarized 
first. Next the three STD elements--initial vehicle 
speed (V) , PRT, and BD--are discussed. The effects 
of grade and horizontal curvature on BD are con­
sidered. The studies concerned with ASn elements, 
eye and object height and road geometry, are de­
scribed in the last section. The effects of vertical 
curvature on ASD for passenger cars and trucks and 
the sensitivity of ASD to the location of the object 
and eye in the lane on both horizontal and vertical 
curves are treated. Night effects on ASD are also 
considered. 

SAFETY STUDIES 

It is accepted that SSD has impacts on highway 
safety but the relationship has not been identified 
or recently quantified with enough accuracy to be 
used in evaluation studies. A review of the several 
studies of the relationship between SSD and safety 
is included in NCHRP Report 270 (!). 

The problem with most of these studies is that it 
is difficult to separate sight distance effects from 
other roadway design elements and to maintain proper 
controls. A limited study of the effects of ASD on 
safety on tangent sections was carried out as a part 
of the research. 

The number of accidents over a 6-year period was 
compared at 10 pairs of two-lane rural road segments 
in close proximity. The sites are located in Oak­
land and Washtenaw counties in southeastern Michi­
gan. They were matched for traffic characteristics, 
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road design factors, roadside features, traffic con­
trol, and abutting land use. The two segments were 
within 1 mi of each other on the same road with no 
major intersections between them. One segment was on 
c::t v~r ~ .it;dj_ cucve anU. hcaU cut R 0 u 1:hc:11:. was l ess chan 
the 1965 AASHTO policy value, the current minimum 
value (2), whereas the other had an ASD exceeding 
this value. Each limited-ASD (LSD) site had a stan­
dard warning sign with a speed advisory plate. Table 
1 presents a description of the sites and a summary 
of the accident data. 

TABLE 1 Summary of Safety Study 

Advisory 
Speed Speed at 

Site Site Length Limit LSD Site ASD No. of 
Pair Type (mi) (mph) (mph) (ft) Accidents 

LSD 0.50 45 40 118 11 
Control 0.50 45 >700 3 

2 LSD 0.23 50 40 276 I 
Control 0.23 !>U 536 u 

3 LSD 0.40 50 25 188 2 
Control 0.40 50 >700 2 

4 LSD 0.25 45 30 174 7 
Control 0.25 45 >700 6 

5 LSD 0.22 45 30 118 II 
Control 0.22 45 >700 3 

6 LSD 0.25 45 30 250 17 
Control 0.25 45 >700 26 

7 LSD 0.24 45 35 262 24" 
Control 0.24 45 >700 13• 

8 LSD 0.15 50 40 308 5 
Control 0.15 50 >700 2 

9 LSD 0.17 50 40 280 2 
Control 0.17 50 >700 I 

10 LSD 0.20 25 223 0 
Control 0.20 25 >700 0 

Total LSD 80 
Control 56 

Note: LSD = limited sight distance, 
9 0nly '1 yr of accident dato wero avoilablo. 

There was a total of 136 accidents for 30.28 
mi-years of exposure. Of these, BO accidents oc­
curred on the LSD sites and 56 occurred on their 
matched control sections. At seven of the site pairs 
there were fewer accidents on the control section; 
i n two cases there was a tie~ and at only one site 
were there more accidents on the section with 
greater ASD. No accident-type differences were ap­
parent. 

The group totals were analyzed by standard con­
tingency table techniques. The hypothesis of no sig­
nificant difference in accident frequency between 
the LSD sites and the control sites was rejected at 
the 0.05 level. Hence, it was concluded that the ap­
proximately 40 percent more accidents at the LSD 
sites were not due to chance. It is believed that a 
larger study of this type should be conducted to 
confirm and develop a more reliable quantification 
of the effect of vertical-curve ASD on safety. 
Studies should also be made on horizontal-curve 
pairs with only STn varying . 

STD ELEMENTS 

In this section studies of the three parameters of 
the STD equation--ini tial speed (V) , perception-re­
sponse time (PRT), and braking distance (BD)--are 
summarized. In addition, sensitivity analysis and 
some interactions with geometric design elements are 

presented and discussed. 
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I n itial Speed 

It was once assumed that motorists travel at a 
slower speed, the operating speed, on wet pavements 
L i 1an cney UO on a ry rOaOS • 'l'ne .l~b!> Al\t;tt'l'U p0.l1CY 
(~) used the design speed for dry pavements and the 
operating speed was assumed for wet pavements for V 
in STD calculations. Since 1971 the policy (3) has 
been to use the same speed (the design speed) for 
both wet and dry conditions. A study of motorist 
speed behavior was conducted to test the current 
validity of this policy. Speed distributions were 
analyzed from 106 rural sites with 55-mph speed 
limits in five states. The data had been recently 
collected for the national speed-limit monitoring 
program (4) for rural Interstates, principal and 
minor arterials, and major collectors. 

Statistical tests of a 10 percent sample of the 
available 900 daylight hourly distributions indi­
cated that they could be treated as normally dis­
tributed at the 0.05 level of confidence. Visual 
inspection of cumulative plots of the remaining data 
confirmed this conclusion. 'l'his supported the find­
ing that speeds on rural highway facilities are 
often normally distributed and in this case per­
mitted the use of statistical techniques based on 
the assumption of normality. 

The daylight speed distributions recorded at a 
set of 25 permanent Illinois speed-monitoring sta­
tions for which reliable weather information was 
also available were compared under wet and dry pave­
ment conditions. Speed data were obtained for up to 
3 days per site on days on which it was known to 
have rained for the whole day and for adjacent days 
when there had been no rain. An analysis of variance 
of the hourly speeds revealed no difference in the 
average and accordingly they were aggregated to pro­
vide a daylight total. 

The daily cumulative speeds at a site were then 
compared for rainy and dry days. Generally, the dif­
ferences between wet and dry pavements were not sta­
tistically significant and were never practically 
important. Figure 1 shows the distribution of the 
differences in B5th- and 95th-percentile speeds for 
wet and dry conditions at 25 sites. At these impor­
tant higher speeds, those of most concern in the 
determination of STD, the wet and dry pavement 
speeds are p ractically indistinguishable. This con­
firmed the validity of the AASHTO policy not to 
treat wet and dry pavements differently. 

Driver PRT 

SSD PRT covers four steps. The driver must detect an 
obstacle, identify it AR A Rignificant hazard, 
decide to stop, and begin the stop. The case of par­
ticular interest in the STD context is the surprise 
situation in which the motorist is not aware of the 
presence of an object on the road ahead. In the pri­
mary PRT study, subjects drove an instrumented 
vehicle for several miles for familiarization. They 
then crested a sharp vertical curve on a tangent 
section and encountered a surprise in the form of a 
low-contrast obstacle shaped like a short railroad 
tie centered in the lane of travel on the reverse 
slope of the crest. Time and distance measurements 
were made from when the obstacle first became vis­
ible to when the subject removed his foot from the 
accelerator (perception time) and then from the ac­
celerator release to brake pedal contact (response 
time) • After the surprise encounter the test was 
:repeated several Llm~ ::s 011 i:.he ::iame 
"alerted" conditions. These trials 
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FIGURE 1 Speed differences under dry and wet conditions at the 85th and 95th 
speed percentiles. 

that the subject tap the brake pedal. Finally, in a 
different driving environment, the subjects released 
the accelerator and tapped the brake pedal in 
response to the lighting of a red lamp mounted on 
the hood of the test car (brake trials). 

A total of 64 subjects, 49 younger than 40 years 
of age and 15 older than 60, was studied. The data 
for the younger drivers from this study are pre­
sented in Figure 2 on a cumulative normal probabil­
ity scale. The most relevant finding is that for the 
surprise condition, the 5th- and 95th-percentile 
values of the PRT were O. 85 and 1. 6 sec, respec­
tively. The PRT for the older drivers was substan­
tially the same. 

The subjects used in this study, however, were 
not fully representative of the normal driving popu­
lation. Their driving times before the tests were 
short, they knew that they were involved in an ex­
periment of some kind, and they did not appear fa­
tigued or under the influence of alcohol or drugs. 
Such conditions would be expected to affect the PRT. 
Studies of the effects of drugs and alcohol indicate 
that a 50 percent increase in PRT is reasonable (SJ. 
Such a correction leads to a 95th-percentile value 
of 2.4 sec. This is a reasonable percentile for de­
·sign and is so close to the current 2.5-sec AASHTO 
policy value that it was concluded that the current 
value should be retained. 

An important factor not considered quantitatively 
here is the object contrast. The foregoing data are 
based on a relatively low-contrast condition. How­
ever, worse values are possible and this would cause 

a further increase in the required PRT. There is no 
information on the distribution of contrasts for 
real obstacles encountered in actual driving situa­
tions, and hence no estimate of the magnitude of 
this additional correction was made. However, a 
limited field study of the response time to some ob­
ject characteristics was made. Seven widely varying 
conditions with different obstacle height, width, 
and contrast were evaluated by using 26 observers. 
The difference in response time among the seven con­
ditions had a range generally of about 0.2 sec, ex­
cept that for the 95th-percentile observers the 
range was O .4 sec and the 98th-percentile subjects 
had a range of about 0.5 sec. Where there was a 
great contrast between the obstacle and the back­
ground the response time was shorter. It was also 
observed that a high narrow object that was in poor 
contrast to the natural background foliage found at 
this study site required a longer response time. 

BO 

BD was viewed in the research as being made up of 
three parts--the basic capability of the tire-road 
interface to decelerate the vehicle, a measure of 
the efficiency of the vehicle's braking system under 
varying loads, and a driver control strategy, which 
may not use all of the available braking capability, 
depending both on driver skill as well as on choice. 
In stops from high speeds the contribution to the 
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FIGURE 2 Perception-reeponse times for younger drivers. 

hrak ing distance from aerodynamic drag also becomes 
important. 

AASHTO policies view the driver as applying the 
brakes sufficiently hard to lock the wheels; the de­
celeration then depends only on the condition of the 
pavement and tires. The road condition is measured 
by the skid number, a function of the velocity and 
the pavement texture depth. The condition of the 
tires is measured by the depth of the treads. In a 
locked-wheel stop it is assumed that all the avail­
able friction is utilized for deceleration. 

However, it has been found that drivers generally 
do not decelerate by locking the wheels but modulate 
their braking effort in an attempt to minimize BO 
and maintain directional control and stability. This 
appears to be particularly true at high speeds on 
wet pavementc, The gucction then become~ one of 
determining how deceleration depends on the capabil­
ity of the vehicle brake system to utilize the fric­
tion available at the interface among vehicle, tire, 
and pavement and the ability of the driver to modu­
late braking control. 

The maximum friction available at the tire-pave­
ment interface in controlled deceleration is greater 
than that available in the locked-wheel situation, 
but vehicle braking systems are not capable of uti­
lizing all of the available friction . The term brak­
ing efficiency (BE) is used to express the per­
centage of tire-pavement friction that a perfect 
driver could achieve and yet maintain control over 
the vehicle. The braking capability of passenger 
vehicles has improved significantly over the last 
decade. The average BE of a 1982 model passenger car 
is o.~l (6), The li~ of heavy trucks is not as qreat 
as that attained by passenger cars. Because truck BE 

depends on the vehicle geometry, weight, and load 
distribution, it is best determined separately for 
each truck configuration. 

The ability of a driver to bring the vehicle to a 
controlled stop is measured by the control effi­
ciency (CE). Analysis of experimental data collected 
(7) shows that the CE for passenger car drivers de­
creases with increasing initial speed. In addition a 
limited set of eAperiments pe~fcrmcd 1n this re­
search indicates that professional drivers of heavy 
trucks do not achieve a CE of more than 0.62. 

The relationships developed to calculate the 
instantaneous coefficient of friction (µ) between 
the road and tires for locked-wheel and controlled 
decelerations for passenger cars and trucks are 
given as follows. (The aerodynamic drag decelera­
tion component, which is not shown, is a function of 
the vehicle velocity and its frontal area and 
weight.) For a locked-wheel stop, the coefficient 
for passenger cars is 

µ = 0.012 A SNv 

For trucks it is 

µ = 0.0084 A SNv 

where 

SNv • SN40 exp[-0.0016(MD-0.47) (V - 40)], 
V ~ velocity (mph), 

(2) 

(3) 

MD= mean pavement texture depth (in.) (sandpatch 
method), and 

A= 1 + (5.08MD - 0.008045V) (1 - (x/12)1/2] 

cept for tread depths> 12/32 in., x = 12). 

. . 
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For a controlled stop, the coefficient for passenger 
cars is 

µ = (0.2 + 0.01344SNv) A BEcar CEcar 

For trucks it is 

µ = 0.01218 SNv A BEtruck CEtruck 

where 

BEcar = 0.91, 
BEtruck BE (truck geometry, weight, load dis­

tribution) determined for each truck 

C%ar 

configuration, 
= o.267 + (0.0000 + o.oo543SNvill\rI, 

initial velocity, 
= value of A evaluated at VI, and 

0.62. 

(4) 

(5) 

The calculation of BD requires integration of the 
deceleration function over the appropriate range of 
velocity. The results of this integration can be 
satisfactorily approximated by using an appropriate 
average deceleration to solve for the BD. This 
average deceleration, fin Equation 1, is related to 
the coefficient of friction and aerodynamic drag by 
the following formula: 

f = µ (0.707VI) + Caero<0.5) (VI) 2 (6) 

where Caero for passenger cars is 10- 5 • The 
instantaneous aerodynamic drag is approximately 
equivalent to a deceleration of only 0.004 s_ at 20 
mph but increases to about 0.064 ~ at 80 mph. These 
relationships were used to estimate BO (1) and dif­
fer greatly from those in the recently published 
AASHTO policy (~). 

A poor, wet road with a grade change of 15 per­
cent (SN40 = 28) was selected for use in illus­
trating braking performance for both controlled and 
locked-wheel stops. Figure 3 shows the BD curves 
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for this road for various initial speeds for new 
tires and for tires that are barely legal, with a 
2/32-in. tread depth. It also shows the current 
AASHTO policy values (~) , which can be seen to he 
very close to those for a locked-wheel stop with 
barely legal tires. New tires reduce BD by up to 100 
ft, whereas controlled stops take up to twice as far 
as locked-wheel stops. These results make it clear 
that the current BD values should be increased from 
275 to 360 ft at 40 mph and from 625 to 1,200 ft at 
70 mph if passenger cars with worn tires are to make 
controlled stops on wet roads with a 15 percent 
grade change. 

It is believed that the findings of the BO analy­
sis are of the greatest significance among the find­
ings of this research because they affect the STD so 
significantly. One alternative to lengthening the 
ASD to the required STD at critical locations is to 
improve the surface skid capability. For example, 
increasing the SN4 0 from 28 to 35 (approximately 
equivalent to a road with a 39 percent grade change) 
would yield a controlled-stop BO of 414 ft at a 
speed of 60 mph on a wet road with average partially 
worn tires (8/32-in. tread), a value consistent wi.th 
current A!\SHTO policies. For such tires SN4 0 
values from 32 to 37 would achieve desirable AASHTO 
STD values over the full range of important speeds 
used in highway design. 

ROAD ELEMENTS AND STD 

Grades, vertical curves, and horizontal curves all 
affect BD. 

There are two effects of constant grades (G) on BD. 
Lengths are based on plane surveying practices that 
ignore gradientsi the actual road extent is greater. 
On constant grades the additional distance per sta-

70 

a 2/32 TREAD, CONTROLLED STOP 

BO 

NcW TIRES, CONTROLLED STOP 

2/32 TREAD, LOCKED WHEEL STOP 

AASHTO POLICY 

NEW TIRES, LOCKED WHEEL STOP 

FIGURE 3 Passenger car braking distance on wet, poor road. 
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tion available with grades of 5 percent is only 0.1 
ft/station, whereas for G = 10 percent the value is 
only 0,5 ft/station. This is clearly of no practical 
consequence. The second effect comes from the change 
i n res i scance co movemenc as cne venic.Le c.L1mos or 
descends a constant grade. This effect can be impor­
tant when grades exceed 3 percent, and when the in­
crease in BD recommended earlier is taken into 
account, it should be incorporated into the calcula­
tions. 

Vertical Curves 

Vertical curves affect BD in three ways. In this re­
search it was shown that the true length of a ver­
tical curve (L) is greater than its horizontal pro­
jection by a factor of 

( 1 + A/100) 1/2 (7) 

where A is the absolute value of the algebraic dif­
ference of grades expressed as a percentage. This 
value is about A/2 percent and therefore gives an 
increase in effective curve lengthi hence there is 
an ASD of about 3 percent for A = 6 percent and 5 
percent for A= 10 percent. 

A vehicle stoppinq on a vertical curve faces a 
continuously varying grade, and this can be taken 
into account in determining BD. The effect on BD can 
be substantial and lies between that of the two 
grades separately, A relation is provided in an 
NCHRP report (5) that makes a calculation of this 
value possible.-

Finally a vehicle on a vertical curve experiences 
a centrifugal force that reduces its effective 
weight on crest curves and increases it on sags. 
This directly affects the BD because the effective 
weight affects the braking force, which in turn af­
fects the deceleration and hence the BD. It is shown 
in an NCHRP report (.2_) that when a vehicle moves 
along a parabolic vertical curve, it follows a 
nearly circular path with a radius approximately 
equal to lOOK, where K is the widely used number of 
feet along the curve for a 1 percent change in 
grade, This effect changes BD less than 1 percent 
for speeds of 50 mph or greater and only 2 percent 
at speeds of 30 mph. This small effect can be ig­
nored in most applications. 

Horizontal Curves 

It is well known that the lateral acceleration ex­
perienced on a horizontal curve (fel decreases the 
available deceleration for stopping (f). The avail­
able total friction (ft) is related approximately 
to the others, and by using the force equilibrium 
relationship for horizontal curves and the BD rela­
tionship, one obtains 

(8) 

where e is the superelevation of the curve with ra­
dius R, At high speeds this effect can be signifi­
cant on curves with minimum radius designs, as has 
been recently documented by Neuman (2). 

Discussion 

The recommended STD distances can be compared with 
those associated with decision sight distance (DSD) 
,,n, mL.11- -------L .L.--.::11- 1...-.!-- .LL--- ___ , ___ _ 
,..1.u1 • .1.U.1.0 1.C'OC'Q,L\,,.:lJ LCUUO LV UL.LUY Lllt:::::it:: Va..LUC'O 

closer together and may lead policymakers to use nsn 
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in preference to STD in certain high-speed applica­
tions where alternatives to stopping are clearly 
available. 

ASD ELEMENTS 

In this section the geometric relationships devel­
oped for the engineer concerned with ASD are con­
sidered, with particular emphasis on crest vertical 
curves and the needed clearances for obstacles to 
the line of sight on horizontal curves. 

Driver Eye Height 

A study was made of the distribution of driver eye 
height for the near-term population of drivers and 
vehicles from which a desired percentile value could 
be selected to serve as a possible replacement for 
the current AASHTO policy of 42 in, (~). Driver eye 
height clearly varies with several factors, includ­
ing the vehicle type, seat characteristics, and the 
size, position, and posture of the driver. 

Experimental measurements were beyond the scope 
of this research and an approach based on recommen­
dations of D, Hammond of the Ford Motor Company was 
used. This approach uses the Society of Automotive 
Engineers (SAE) eyellipse data, which provide ver­
tical distances from the vehicle seating reference 
point (SgRP) to various population percentiles of 
eye height, In order to determine the driver eye 
height, SgRP-to-eyellipse distance must be added to 
the SgRP-to-ground distance, a vehicle-specific 
characteristic. 

Ground-to-SgRP distances were determined for 
almost all domestic and foreign passenger vehicle 
models sold in the United States in 1981. Because 
the two distributions are approximately normal and 
it is assumed that driver and vehicle distributions 
are independent, the two distributions were added as 
shown in Figure 4. 

Estimates of 1990 fleet sales by weight, as 
developed by NHTSA (11) with the assumption that the 
same weight vehicle would have the same SgRP-to­
ground height as the 1981 vehicle did, were then 
used. The results were close enough to the 1981 
values that no change was made. Accordingly, a 
change in the eye height value from 42 in., which is 
too high for 25 percent of the vehicles, to a value 
of 40 in., which will accommodate more than 95 per­
cent of the passenger cars, is recommended. 

Object Height 

No original research was accomplished on object 
height. However, a good recent summary of ground 
clearance data for small cars has been provided by 
Woods (12). These data indicate that 30 percent of 
such vehicles would not clear a 6-in. obstacle. A 
4-in. obstacle height is required to provide clear­
ance for all these small vehicles. The research 
report shows the effects of such a value on vertical 
curve design. 

Vertical Curves 

ssn affects vertical alignment on tangent roadways 
on both crest and sag vertical curves. During the 
day the line of sight from the eye of the driver to 
the obstacle is broken by the road surface for the 
crest curve and by an overhead structure for the sag 
CULve. Aft.Ea Uc:ti:k, iJ~c:1Ulcu11lJ illumination aifects ASD 
on both types of curves. In this section the crest 
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vertical-curve geometry and the results of an analy­
sis of crest and sag vertical curves are given along 
with certain important truck and night vision ele­
ments. 

Figure 5 shows the basic ASD elements for crest 
vertical curves. The ASD is divided into two compo­
nents. Se is the distance from the eye of the ob­
server to the tangent point of the line of sight on 
the curve, and s 0 is the distance from the tangent 
point to the top of the object. The difference in 
grades, a= O.OlA, is here defined as IO.OlG1 
O.OlG 21. The symmetry assumption shown in Figure 
5 does not affect the final algebraic relationships 
developed. 

In the general case the total sight distance can 
be expressed and simplified as follows, called the 
general sight distance formula: 

ASD = L/2 + lOO{heL/(Ax) + hoL/[A(L - x)]} 

g, 

S X ; 
1< ... L-X 

FIGURE 5 Basic elements of sight distance on crest vertical 
curves. 

(9) 

where 

he 
ho 

eye height (ft), 
object height (ft), 
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A= absolute value of the algebraic difference in 
grades(%), 

L curve length (ft), and 
x = point of tangency of the line of sight mea­

sured from the point of vertical curvature 
(VPC). 

Solutions for all cases can be obtained by using 
Equation 9 with the results given in Table 2. 

With these relationships SD graphs for crest 
vertical curves can be generated and plotted by com­
puter. Figure 6 shows an example of such an SD graph 
[ see also the paper by Neuman and Glennon (ll) l • 
Such graphs can be used to evaluate the variation in 
ASD and to compare the STD with the ASD, the time a 
driver spends on the curve with minimum ASD avail­
able, and the locations on the crest vertical curve 
where the minimum ASD occurs. Computer programs were 
prepared to generate the data and plot these SD 
graphs • 

Night Visibility 

The ASD in the case of a sag vertical curve has been 
defined by AASHTO as the distance from the eye of 
the driver to the point on the road where a headlamp 
beam with an upward divergence of 1 degree from the 
vehicle axis strikes the road surface (1>· The study 
showed that this model is useful only when the ob­
ject to be seen has retroreflective properties, be­
cause the headlamp illumination above the vehicle's 
axis is too weak for the driver to see any other ob­
ject at these distances. 

The problem of night visibility on crest vertical 
curves was also considered. An object beyond a crest 
vertical curve that would be visible under daytime 
conditions is shadowed by the road crest at night. 
The effect of a typical headlamp mounting height on 
ASD at night was analyzed. Data on the visibility of 
small, low-contrast objects under headlamp illumina­
tion with high beams were used. This effect was con­
cluded to be important only for speeds of 30 mph or 
less. 

Trucks 

Experiments were conducted in which the performance 
of professional truck drivers in stopping their 
vehicles on wet pavements under various load condi­
tions was studied. For locked-wheel stops on poor, 
wet roads, trucks require from 1.20 to 1.22 the STD 
of passenger cars for speeds from 40 to 70 mph. For 
controlled stops the ratio is from 1.39 to 1.47. 
with typical values of eye heights for conventional 
truck and passenger cars of 93 and 40 in., respec­
tively, and a 6-in. object height, calculations show 
that the required truck STD should be less than 1.35 
times that for cars if trucks are to be able to stop 
within the ASD on crest vertical curves designed for 
cars. It can he concluded that the greater ASD for 
trucks compensates fully for the disadvantage in STD 
in locked-wheel stops. However, trucks require about 
a 7 percent greater ASD than do passenger cars for 
controlled stops. 

Horizontal Curves 

The ASD on horizontal curves is concerned with lines 
of sight across the inside of such curves as well as 
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TABLE 2 Formulas for Crest Vertical Curves 

700 

E-< 600 -
til 
til 
i:,., 

z 
H 

500 
til 
u 
~ 
E-< 
C/l 
H 400 Cl 

E-< 
::r: 
L') 
H 
C/l 

300 

200 

100 

0 

-BOO 

Location of Point of 
Case Observer/Object Tangency (x) 

S < L Grade/curve 0 < X < X1 
Curve/curve X1 <x<X2 
Curve/grade X2 < x< L 

S > L Grade/curve 0 < X < X2 
S0 < L Grade/grade X2 <x<X1 

Curve/grade X1 < x < L 
S0 > L Grade/grade 0< x< L 

a Vi Yi X 1 = (2h 0 L/a) and X 2 = L - (2hoL/a) . 

Parameters 

V • JO MPH 
f • 0.35 
RT• 2.5 sec 
A • 61' 

Eye helgth • 3 . 5 ft 
Object Height • 0.5 ft 
Curve length • 200 ft 

-600 -400 

Sight Distance Formula" 

S = h0 L/(ax) + x/2 + (2h 0 L/af' 
S = (2h0 L/a)Y' + ~2110 L/ft{' 
S = (2h0 L/af' + (L - x)/2 + ho L/[a(L - x)J 
S = he L/(ax) + x/2 + (2ho L/a)" 
S = h0 L/(ax) + x/2 + (L - x)/2 + h0 L/[ a(L- x)J 
S = (2h0 L/a)" + (L - x)/2 + h0 L/[u(L - x)] 
S = h0 L/(ax) + x/2 + (L - x)/2 + h 0L/[a(L - x)] 

- 200 

CONTROL 2/32 217 ft 
AVAILABLE 211 ft 

\ '. AASllTO P0LICY 196 ft 
LOCK 2/32 187 ft 

200 
-700 • 500 -300 

OBSERVER EYE LOCATION 

-100 
o.oo 

VPC 
100 

VPT 

FIGURE 6 SD graph for crest vertical curve. 

the location of the eye and object. Of particular 
importance is the location of the critical obstacle 
to vision, expressed typically as the clearance (m) 
along a radial direction from the path of the 
driver's eye as shown in Figures 7 and 8. Where this 
clearance is a maximum, which occurs when the STD is 
less than the length of the curve, Mis used in the 
formulas. Elements that were considered include the 
changing values of m near the end of the curve as 
well as the effect of designs using spiral transi­
tion curves linking the tangents with the circular 
portion of the curve. 

AASHTO presents clearance requirements for sight 
obstructions inside horizontal curves only for the 
case when STD < L and both observer and object are 
on the curve (2). The other cases all require less 
clearance for .;-given STD. This is of particular im­
portance if the longer STD values recommended in 
chis research are used in pl.ace ot currenc AAoH'l'O 

policy values. 

Table 3 gives chord approximation relationships 
for determining the maximum needed clearance M. The 
chord approximation has less than 0.5 ft error in M 
for radii of 400 ft or more and is easier to use 
than the trigonometric relationship commonly en­
countered. 

The case when STD> L has not been treated 
analytically or summarized in current AASHTO publi­
cations. It was found that this value of m can be 
expressed as a simple function of M for the case 
when STD< L. The results are shown in Figure 9. 

Figure 10 was prepared as a design aid to relate 
ASD to m when STD > L. It can be used to determine 
the critical value of any parameter--m, R, I, or 
ASD--when the other three are given. 

When the observer is on the tangent within a dis­
tance STD or less from the point of curvature (PC), 
thece is c1lso a required clearance \JUI un 1:oe tan­
gent section. It varies approximately as a quadratic 

.. 



FIGURE 7 Observer and object in the horizontal curve. 
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s s 
s s 
2 

R,•R-m 0 

FIGURE 8 Observer on tangent and object in the horizontal curve. 

TABLE 3 Horizontal Curve Clearance M (STD< L) 

Case 

ASD < L 
ASD= L 
ASD > L 

Exact Solution 

M= R[l -cos(I*/2)] 
M = R[ I - cos(!* /2)] 
M = R sin(l/2 )tan [(I* - 1)/2 J 

Chord Approxima lion 

M = (STD)2 /(8 R) 
M= L2/(8R) 
M = L(2STD - L)/(8R) 

Note: I= central angle of horizontal curve; 1• = central angJe subtended by STD. 
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FIGURE 9 Required horizontal curve clearance ae percentage 
of M when STD > L for ASD < L. 
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FIGURE 10 Critical lateral clearance on horizontal curves. 
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FIGURE 11 Example of needed horizontal cmve clearance. 

from zero at a point STD in advance of the PC to the 
full M required on the curve when the observer 
reaches the PC. Examples of this effect for STD 
values found in this research and AASHTO recommenda­
tions for a 1,200-ft curve with a design speed of 60 
mph are shown in Figure 11. 

Spiral Transition Curve 

A spiral transition curve reduces the needed m while 
the driver is on the tangent and on the spiral. The 
magnitude of this effect was studied for typical 
spirals and it was found that this decrease in the 
needed m-value would range from about 1 to 4 ft as 
design speeds increase from 50 to 80 mph. 

Position of Eye and Object 

Current design practice places the eye and object on 
the centerline of the critical lane of travel. A 
sensitivity analysis showed that other reasonable 
positions of eye and object have no important effect 
on ASD. 
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