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Stopping Sight Distance Design for

Large Trucks

DoucLas W. HArRwooDp, WiLLiaMm D. GLauz, AND JoHN M. MASON, Jr.

Stopping distance requirements for large trucks are compared
with current AASHTO stopping sight distance criteria. Key
elements affecting stopping sight distance for trucks include
perception-reaction time, truck braking distance, and truck
driver eye height. The paper stresses the variability of truck
driver braking performance and the safety benefits associated
with antilock brake systems for trucks. Findings indicate that
trucks with conventional brake systems may require stopping
sight distances greater than those recommended by current
AASHTO policy. The increased values potentially affect all
related stopping sight distance design considerations (horizon-
tal and vertical curvature, intersection sight distance, and
highway-railroad grade crossings). The magnitude of increase,
however, is highly dependent on individual driver brake per-
formance capabilities. For drivers whose emergency braking
performance is equivalent to the worst performance observed
in braking tests for conventional brake systems, substantially
greater stopping sight distance and longer vertical curves would
be needed than are used under current AASHTO criteria.
Drivers with braking performance equivalent to the best per-
formance observed in braking tests for conventional brake
systems require only slightly longer stopping sight distance
than current AASHTO criteria and require vertical curve lengths
that are shorter than current AASHTO criteria. If antilock
brake systems are eventually mandated for trucks, current
AASHTO stopping sight distance policy would adequately
accommodate the needs of large trucks.

Sight distance is the length of roadway ahead that is visible
to the driver. The minimum sight distance available on the
roadway should be sufficiently long to enable a vehicle trav-
eling at or near the design speed to stop before reaching a
stationary object in its path. This minimum sight distance,
known as stopping sight distance, is the basis for design cri-
teria for crest vertical curve length and minimum offsets to
horizontal sight obstructions. Not only is the provision of
stopping sight distance critical at every point on the roadway,
but stopping sight distance also forms the basis for a number
of additional highway design and operational criteria, includ-
ing intersection sight distance, railroad-highway grade cross-
ing sight distance, and warning sign placement.

This paper examines the suitability of current stopping sight
distance design criteria for large trucks in light of available
data concerning truck characteristics, including braking dis-
tance and driver eye height. The paper uses the current
AASHTO Green Book (I) stopping sight distance model as
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the basis for determining truck requirements. Nevertheless,
the authors recognize that this model is itself in need of a
thorough review to determine whether it meets the sight dis-
tance needs of drivers.

CURRENT DESIGN CRITERIA

This section summarizes the current AASHTO design criteria
for stopping sight distance.

Stopping Sight Distance Criteria

Stopping sight distance is determined in the AASHTO Green
Book (7) as the sum of two terms: brake reaction distance
and braking distance. The brake reaction distance is the dis-
tance traveled by the vehicle from the driver’s first sighting
of an object necessitating a stop to the instant the brakes are
applied. The braking distance is the distance required to bring
the vehicle to a stop once the brakes are applied.

The numerical values for the stopping sight distance criteria
in the AASHTO Green Book are based on the following
equation:

‘/2

S =147 tp,V + @ (1)

where

S = stopping sight distance (ft),
t,. = perception-reaction time (sec),
V = initial vehicle speed (mph), and

f = coefficient of tire-pavement friction.
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The first portion of Equation 1 represents the brake reac-
tion distance, and the second term represents the braking
distance. The factors that influence braking distances are dis-
cussed later in this paper. The coefficient of sliding friction
is used by AASHTO in Equation 1 to determine the braking
distance for a locked-wheel stop by a passenger car.

Table 1 presents thc AASHTO Green Book criteria for
stopping sight distance. TNese Crilelid dic based vl an assuincd
perception-reaction time (t,,) of 2.5 sec and the assumed val-
ues of speed and coefficient of friction shown in the table.
The two values shown for the assumed speed, brake reaction
distance, braking distance on level, and stopping sight dis-
tance represent minimum and desirable designs, respectively.
The subsequent analyses in this report are based on the desir-
able sight distances, which are applicable to stopping by a
vehicle traveling at the design speed of the highway.
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TABLE 1 AASHTO CRITERIA FOR STOPPING SIGHT DISTANCE (1)
Assumed Braking Stopping Sight Distance
Design Speed for Brake Reactlon Cosefficient  Distance Rounded
Speed Condition Time Distance of Friction on Level Computed for Design
{mph) {mph) {sec) {fe) f (fe) (ft) (ft)
20 20-20 2.5 73.3- 73.3 0.40 33.3- 3.3 106.7-106.7 125-125
25 24-25 2.5 88.0- 91.7 0.38 50.5- 54.8 138.5-146.5 160-150
30 28-30 25 102.7-110.0 0.35 74.7- 85.7 177.3-195.7 200-200
35 32-35 2.5 117.3-128.3 0.34 100.4-120.1 217.7-248.4 225-250
40 36-40 2.5 132.0-146.7 0.32 135.0-166.7 267.0-313.3 275-325
45 40-45 2.5 146.7-165.0 0.31 172.0-217.7 318.7-382.7 325-400
50 44-50 25 161.3-183.3 0.30 215.1-277.8 376.4-461.1 400-475
55 48-55 2.5 176.0-201.7 0.30 256.0-336.1 432.0-537.8 450-550
60 52-60 2.5 190.7-220.0 0.29 310.8-413.8 501.5-633.8 525-650
65 55-65 2.5 201.7-238.3 0.29 347.7-485.6 549.4-724.0 §50-725
70 58-70 25 212.7-258.7 0.28 400.5-583.3 613.1-840.0

625-850

TABLE 2 CORRECTION TO AASHTO STOPPING SIGHT

DISTANCE FOR GRADES (1)

Increase for Downgrades
Correction in

Decrease for Upgrades

— Correction in

Oman Dismmoatr | SPeedfor ol ilRR

(mph) 3% 6% 9% (mph) % 6% 9%
30 10 20 30 28 - 10 20
40 20 40 70 36 10 20 30
50 30 70 - 44 20 30 -
60 50 110 - 52 30 50 -
65 60 130 - 55 30 60 -
70 70 160 - 58 40 70 -

Correction of Stopping Sight Distance Criteria for
Grades

Stopping sight distance is also affected by roadway grade
because longer braking distance is required on a downgrade
and a shorter braking distance is required on an upgrade. The
AASHTO Green Book accounts for grade effects on stopping
sight distance with the following equation:

W
300F + G) @)

where G equals percent grade/100 (+ for upgrade, — for
downgrade. Table 2 presents the corrections to the stopping
sight distance criteria for upgrades and downgrades recom-
mended in the AASHTO Green Book.

S =1471,V +

Application of Stopping Sight Distance Criteria to
Crest Vertical Curves

Vertical crests limit the sight distance of the driver. Crest
vertical curves designed in accordance with the AASHTO

criteria should provide stopping sight distance at least equal
to the requirements of Table 1 at all points along the curve.
The minimum length of a crest vertical curve, as a function

of stopping sight distance (§), is calculated by AASHTO as
follows:

For § less than L,

152

Lmin = 4 2 (3)
100 (V2H, + V2H,)

For § greater than L

min»

200 (VH, + VH,)*

Ly, + 28 R (4)

where

L., = minimum length of vertical curve (ft),

§ = stopping sight distance (ft),
A = algebraic difference in percent grade,
H, = height of driver’s eye above roadway surface (ft),
and
H, = height of object above roadway surface (ft).
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TABLE 3 MINIMUM VERTICAL CURVE LENGTHS (IN
FEET) NEEDED TO PROVIDE AASHTO STOPPING SIGHT
DISTANCE

Algebraic Difference Design Speed (mph
in _Percent Grade 0 4 60 4]

60 90 150 260 610 1,070
60 120 300 650 1,220 2,130
170 450 970 1,820 3,190
70 240 600 1,280 2,420 4,260
90 290 740 1,610 3,030 5,320

o
cmasaN
L]

o

Note: Based on AASHTO driver eye height of 42 in for a
passenger car.

Equations 3 and 4 are based on the geometric properties of
a parabolic curve. The AASHTO Green Book also suggests
that it is typical practice to use a minimum vertical curve
length that is at least three times the value of the design speed
{expressed in mph). For stopping sight distance, the driver
eye height (H,) used by AASHTO is 3.5 ft, and the object
height (H,) used is 6 in. Table 3 presents the minimum vertical
curve lengths required to attain the desirable stopping sight
distance criteria in Table 1 as a function of design speed.

Application of Stopping Sight Distance Criteria to
Horizontal Curves

Sight distance can also be limited by obstructions on the inside
of horizontal curves, such as trees, buildings, retaining walls,
and embankments. Horizontal curves designed in accordance
with the AASHTO Green Book would provide sight distance
at least equal to the requirements of Table 1 along the entire
length of the curve. For a circular horizontal curve, the line
of sight is a chord of that curve, and the sight distance is
measured along the centerline of the inside lane. The mini-
mum offset to a horizontal sight obstruction at the center of
the curve (known as the middle ordinate’ of the curve) is
computed in accordance with the following equation:

28.65 §
R

M= R(l — €os (5)

where

M = middle ordinate of curve (ft),
R = radius of curve (ft), and
S = stopping sight distance (ft).

CRITIQUE OF CURRENT DESIGN CRITERIA

This section reviews the recent literature relevant to stopping
sight distance criteria and its application to crest vertical curves
and horizontal curves. Inese criteria are based on consider-
ation of a passenger car as the design vehicle. The critique
calls attention to differences between passenger cars and trucks
that are relevant to stopping sight distance design.

Table 4, prepared by Glennon (2), summarizes the histor-
ical evolution of the AASHTO stopping sight distance cri-
teria. The Glennon summary addresses the following aspects
of stopping sight distance criteria:
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e Assumed speed for design,

e Brake reaction time,

e Coefficient of tire-pavement friction,
e Eye height, and

e Object height.

Each of these factors is discussed below.

Assumed Speed for Design

The assumed speed for stopping sight distance design has
historically been less than the design speed of the highway,
because it was assumed that drivers travel more slowly on wet
pavements than on dry pavements. This assumption was used
to derive the lower value of stopping sight distance in Ta-
ble 1. AASHTO notes that recent data have shown that driv-
ers travel about as fast on wet pavements as they do on dry
pavements. Therefore, the higher values of stopping sight
distance in Table 1 are based on braking by a vehicle traveling
at the design speed of the highway. All analyses of stopping
sight distance in this paper have been conducted with the
assumption that the braking vehicle—passenger car or truck—
is initially traveling at the design speed of the highway.

Brake Reaction Time

The AASHTO criteria for stopping sight distance are based
on a brake reaction time of 2.5 sec. This choice for brake
reaction time has been confirmed as appropriate for most
drivers by a number of studies, including, most recently,
Johansson and Rumar (7) and Olson et al. (8).

The brake reaction time is a driver characteristic and is
assumed to be applicable to truck drivers as well as passenger
car drivers, although experienced professional truck drivers
could reasonably be expected to have shorter brake reaction
times than the driver population as a whole. Nevertheless,
the air brake systems commonly used in tractor-trailer com-
bination trucks have an inherent delay of approximately 0.5
sec in brake application (9). For purposes of this analysis, it
is assumed that these factors offset one another and that the
2.5-sec brake reaction time is appropriate for trucks.

Coefficient of Tire-Pavement Friction

The coefficients of friction shown in Table 1 were chosen from
the results of several studies cited in Figure III-1 of the
AASHTO Green Book, and they are intended to represent
the deceleration rates used by a passenger car in locked-wheel
braking on a poor, wet pavement. The results cited by
AASHTO that most closcly match thc critcria in Tablc 1 arc
from a 1951 swudy by Moyer and Shupe {(i0) and are based
on locked-wheel skid test results obtained for new passenger
car tires.

An exceedingly important feature of truck stopping dis-
tance is that trucks cannot safely make a locked-wheel stop
without the risk of losing control of the vehicle. The discussion
of braking distances later in this paper shows that the decel-
eration rates used by trucks in making controlled stops are
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TABLE 4 EVOLUTION OF AASHTO STOPPING SIGHT DISTANCE POLICY (2)

DESIGN PARAMETERS

Perception/ ASSUMED
Eye Object Reaction TIRE/PAVEMENT ASSUMED SPEED EFFECTIVE CHANGE
Height Height Time COEFFICIENT OF FOR FROM
YEAR (feet) (Inches) (Seconds) FRICTION DESIGN PREVIOUS POLICY
1940 (3) 4.5 4 Variable-- DRY-- DESIGN SPEED -
- 3.0 Sec. @ f Ranges from 0.50
30 wph to @ 30 mph to 0.40 @
2.0 Sec. @ 70 wph
70 mph
1954 (i) 4.5 4 2.5 WET-- Lower ‘Than Design No Net Change in
f Ranges from 0.36 Speed (28 mph @ 30 Design Distances
@ 30 mph to 0.29 @ mph Design Speed;
70 mph 59 mph @ 70 mph
Design Speed)
1965 (5) 3.75 6 2,5 WET-- Lower Than Design No Net Change in
- f Ranges from 0.36 Speed (28 mph @ 30 Design Diatances
@ 30 wph to 0.27 @ mph Deaign Speed;
80 mph 64 mph @ 80 mph
Design Speed)
1971 (6) 3.75 6 2.5 WET-- Minimum Values-- Desirable Values
- f Ranges from 0.35 Same as 1965; are up to 250
@ 30 mph to 0.27 @ Desirable Valuea-- feet greater than
80 mph DESIGN SPEED minimum values
1984 (1) 3.50 6 2.5 WET-- Minimum Values-- Computed values

f alightly lower
than 1970 values
for higher speeds

Same as 1965;
Desirable Values--
DESIGN SPEED

always rounded up
giving slightly
higher values than
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1970

generally lower than the deceleration rates used by passenger
cars making locked-wheel stops.

Driver Eye Height

The minimum crest vertical curve criteria for stopping sight
distance in Table 3 are based on a driver eye height for pas-
senger cars of 3.5 ft (42 in). The driver eye heights for trucks
are much greater than for passenger cars, which may partially
or completely offset their longer braking distances on crest
vertical curves. Nevertheless, the greater eye heights of truck
drivers provide no comparable advantage for sight obstruc-
tions on horizontal curves unless the truck driver is able to
see over the obstruction.

A review of recent evaluations of truck driver eye height,
including studies by Middleton et al. (I7), Burger and Mul-
holland (/2), and Urban Behavioral Research Associates, Inc.
(13), found that truck driver eye heights can range from 71.5
to 112.5 in. Middleton et al. estimated the average driver eye
height for a conventional tractor to be 93 in. This value was
also used by Olson et al. (8) in their recent studies of stopping
sight distance. Nevertheless, it is important to remember that
93 in represents an average truck driver eye height and that
below average eye heights should also be considered. This
paper includes sensitivity analyses for truck driver eye heights
of 75 and 93 in.

Object Height

The object height used in determining the crest vertical curve
lengths in Table 3 is 6 in. As shown in Table 4, a 4-in object

height was used prior to 1965. The AASHTO Green Book
presents the object height as an arbitrary rationalization of
possible hazardous objects that could be found in the road-
way. Others maintain that object height has historically rep-
resented a subjective tradeoff of the cost of providing sight
distance to the pavement and did not represent any particular
hazard (2). The recent analysis of this issue by Olson et al.
(8) assumed that the object height was meant to represent a
specific possible hazard, but questioned the use of a 6-in object
based on a study by Woods (14), which found that about 30
percent of compact and subcompact passenger cars could not
clear an object of that height. Whatever interpretation of
object height is chosen, the crest vertical lengths for trucks
should not be affected because trucks typically have under-
clearances substantially greater than 6 in.

Horizontal Sight Obstructions

Increased eye height provides truck drivers no advantage over
passenger car drivers at a horizontal sight obstruction, unless
the truck driver is able to see over the obstruction. Never-
theless, Olson et al. (8) indicate that the minimum offset to
a horizontal sight obstruction (represented by the middle ordi-
nate of the curve computed with Equation 5) is normally
required only near the center of a horizontal curve. Figure 1
illustrates a sight distance envelope—or *‘clear sight zone” —
where horizontal sight obstructions should not be present.
The figure illustrates that less than the maximum offset to
horizontal sight obstructions is needed within a distance to
either end of the curve equal to half of the stopping sight
distance.
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FIGURE 1 Example sight obstruction envelope on horizontal
curves for condition where the stopping sight distance is less
than the length of the curve.

Another problem associated with stopping sight distance
on horizontal curves cited by Olson et al. (§) and Neuman et
al. (15) is that the tire-pavement friction available for braking
is reduced by the portion of the available tire-pavement fric-
tion that is required for cornering. Olson et al. express the
available friction for braking on a horizontal curve as

W 2
fhe= g - (m = e) (©)
where

f = coefficient of friction available for braking,
f, = total available coefficient of friction,

V = vehicle speed (mph),

R = radius of curvature (ft), and

e = superelevation rate (ft/ft).

Equation 6 implies that the required stopping sight distances
on horizontal curves should be longer than on tangents.

TRUCK BRAKING DISTANCE

Braking distance is defined in the AASHTO Green Book as
“the distance required to stop the vehicle from the instant
brake application begins.” Braking distance is used in the
determination of many highway design and operational cri-
teria, including stopping sight distance, intersection sight dis-
tance, vehicle change intervals for traffic signals, and advance
warning sign placement distances. Currently all of these design
and operational criteria are based on passenger car braking
distances and do not consider the longer braking distances
required for trucks. The process of bringing a truck to a stop
involves a complex interaction among the driver, the brake
system, the truck tires, the dimensions and loading charac-
teristics of the truck, and the pavement surface characteristics.
Because truck braking is much more complex than passenger
car braking, it is necessary to discuss the role of each of these
characteristics in determining truck braking distances

Tire-Pavement Friction in Braking Maneuvers

Vehicles are brought to a stop by brakes that retard the rota-
tion of the wheels and allow tire-pavement friction forces to
decelerate the vehicle. An understanding of the forces involved
in tire-pavement friction is, therefore, critical to the under-
standing of braking distances.
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The coefficient of braking friction (f,) is defined as the ratio
of the braking force (F,) generated at the tire-pavement inter-
face to the vertical load (F,) carried by the tire. This can be
expressed as

fmt ™

On a horizontal curve, tire-pavement friction also supplies
a cornering force to keep the vehicle from skidding sideways.
The coefficient of cornering friction (f,) is the ratio of the
cornering force (F,) generated at the tire-pavement interface
to the vertical load (F,) carried by the tire. In other words,

L= 7 (8)

Figure 2 illustrates that both braking and cornering friction
vary as a function of percent slip, which is the percent decrease
in the angular velocity of a wheel relative to the pavement
surface as a vehicle brakes. A freely rolling wheel is operating
at 0 percent slip. A locked wheel is operating at 100 percent
slip, with the tire sliding across the pavement. Figure 2 shows
that the coefficient of braking friction increases rapidly with
percent slip to a peak value that typically occurs between 10
and 15 percent slip. The coefficient of braking friction then

[ Peak Braking Coefficient, fy

| £ Sliding Braking Coefficient, 1 }
| 1

0% 100%
(Rolling Wheel) ~ PERCENT SLIP (Locked Wheel)

COEFFICIENT OF
BRAKING FRICTION, fy

Maximum Cornering Coefficient

IENT OF

COEFFI2
CORNERING FRICTION, fy

liding Cornering Coefficient
0% 100%
(Rolling Wheel) PERCENT SLIP (Locked Wheel)
FIGURE 2 Variation of braking and cornering friction

coefficionts with nercent slin
coefficients with percent sl P
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decreases as percent slip increases, reaching a level known as
the coefficient of sliding friction at 100 percent slip.

The coefficient of cornering friction has a maximum value
at 0 percent slip and decreases to a minimum at 100 percent
slip. Thus, when a braking vehicle locks its wheels, it will lose
its steering capability because of a lack of cornering friction.

Locked-Wheel Braking versus Controlled Braking

The discussion of Figure 2 implies that braking maneuvers
can be performed in two ways: locked-wheel braking and
controlled braking. Locked-wheel braking occurs when the
brakes grip the wheels tightly enough to cause them to stop
rotating, or “lock,” before the vehicle has come to a stop.
Braking in this mode causes the vehicle to slide over the
pavement surface on its tires. Locked-wheel braking uses slid-
ing friction (100 percent slip), represented by the right end
of the graph in Figure 2, rather than rolling or peak friction.
The sliding coefficient of friction takes advantage of most of
the friction available from the pavement surface, but it is
generally less than the peak available friction. On dry pave-
ments, the peak coefficient of friction is relatively high, with
very little decrease in friction at 100 percent slip. On wet
pavements, the peak friction is lower, and the decrease in
friction at 100 percent slip is generally larger.

The braking distance required for a vehicle to make a locked-
wheel stop can be determined from the following relationship:

VZ
B = = 7 ©)

where

BD
|4

[

The coefficient of sliding friction in Equation 9 is mathemat-
ically equivalent to the deceleration rate used by the vehicle
expressed as a fraction of the acceleration of gravity (g or
32.2 ft/sec?). The coefficient of friction, and thus the decel-
eration rate, may vary as a function of speed during the stop,
so f; in Equation 9 should be understood as the average coef-
ficient of friction or average deceleration rate during thé stop.

Controlled braking is the application of the brakes in such
a way that the wheels continue to roll without locking while
the vehicle is decelerating. Drivers generally achieve con-
trolled braking by “‘modulating” the brake pedal to vary the
braking force and to avoid locking the wheels. Controlled
braking distances are governed by the rolling coefficient of
friction, which occurs at a value of percent slip to the left of
the peak available friction shown in Figure 2. Because of the
steep slope of the braking friction curve to the left of the peak
and the braking techniques used by drivers to avoid wheel
lockup, the average rolling friction attained is generally less
than the sliding friction coefficient. Therefore, controlled
braking distances are usually longer than locked-wheel brak-
ing distances.

Locked-wheel braking is commonly used by passenger car
drivers during emergency situations. Passenger cars can often
stop in a stable manner, even with the front wheels locked.
In this situation, although the driver loses steering control,
the vehicle generally slides straight ahead. On a tangent sec-

I

braking distance (ft),
initial speed (mph), and
coefficient of sliding friction.

il
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FIGURE 3 Tractor-trailer dynamics with locked
wheels (16).

tion of road, this is perhaps acceptable behavior; on a hori-
zontal curve, the vehicle may leave its lane, and possibly the
roadway.

Trucks, in contrast, have much more difficulty stopping in
the locked-wheel mode. Figure 3 illustrates the different
dynamic responses of a tractor-trailer truck if its wheels are
locked during emergency braking (16). The response depends
on which axle is the first to lock—they usually do not all lock
together. When the steering wheels (front axle) are locked,
steering control is eliminated, but the truck maintains rota-
tional stability. If the rear wheels of the tractor are locked,
the axle(s) slides and the tractor rotates or spins, resulting in
a “jackknife” loss of control. If the trailer wheels are locked,
those axles will slide and the trailer will rotate out from behind
the tractor, which also leads to loss of control. Although a
skilled driver can recover from the trailer swing through quick
reaction, the jackknife situation is generally not correctable.
None of these locked-wheel stopping scenarios for trucks is
considered safe. Therefore, it is essential that trucks stop in
a controlled braking mode and that highway design and oper-
ational criteria recognize the longer distances required for
trucks to make a controlled stop.

The braking distance for a vehicle to make a controlled
stop can be determined from the following relationship:

‘/2

BD:BOf,

(10)

where f, equals the coefficient of rolling friction. As in the
case of sliding friction, the coefficient of rolling friction (f,)
in Equation 10 represents the average coefficient of friction
or average deceleration rate during the entire controlled stop.

Recent Research on Truck Braking Distance

In research at the University of Michigan Transportation
Research Institute (UMTRI), Olson et al. (8) suggested a
model to predict braking distance as a function of pavement
surface characteristics, tire characteristics, vehicle braking
performance, and driver control efficiency. Parametrically,
the model expresses the coefficient of rolling friction, f,, as

f, =1, x TF x BE X CE (11)
where

f» = peak braking friction coefficient available given the
pavement surface characteristics,
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TF = adjustment factor for tire tread depth (8),

BE = adjustment factor for braking efficiency (the effi-
ciency of the braking system in using the available
friction, typically 0.55 to 0.59 for conventional brak-
ing systems), and

CE = adjustment factor for driver control efficiency (the
efficiency of the driver in modulating the brakes to
obtain optimum braking performance, typically 0.62
to 1.00 for conventional braking systems).

A paper by Fancher (17), derived from the study by Olson
et al. (8), used the model in Equation 11 to predict truck
braking distances. Figure 4 shows the braking distances for
trucks under controlled and locked-wheel stops with new and
worn (¥s2-in tread depth) tires in comparison with the braking
distances assumed in the AASHTO Green Book. The braking
distances predicted by Fancher are substantially longer than
the distances for locked-wheel braking by a passenger car
assumed by AASHTO. Figure 4 is based on a pavement with
a skid number of 28 at 40 mph (SN,y) and a driver who uses
100 percent of the vehicle braking capability. Most truck driv-
ers would require even longer stopping distances.

The data show that the braking performance of truck drivers
under emergency conditions may vary widely. Most truck
drivers have little or no practice in emergency braking situ-
ations. This lack of expertise in modulating of the brakes in
emergency situations results in braking distances that are longer
than the vehicle capability. Olson et al. (8) studied the effect
of driver efficiency on braking distance using both experi-
enced test drivers and professional truck drivers without test
track experience. The study found that the driver control
efficiencies ranged from 62 to 100 percent of the vehicle capa-
bility. The braking performance of the drivers tended to improve
during the testing period as the drivers gained experience in
modulating the brakes. Because so many drivers on the road
lack experience in emergency braking, the Olson study rec-
ommended the use of a driver efficiency of 62 percent in
stopping sight distance design criteria. It should be recognized
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FIGURE 4 Truck braking distances on a poor,
wet road (17).
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that this.is a very conservative choice. Experienced drivers
can operate at efficiencies approaching 100 percent. Further-
more, in the future, antilock brake systems could eliminate
the concern over driver efficiency by providing computer-
controlled modulation of the brakes to achieve minimum
braking distance.

Because truck drivers exhibit such a range of emergency
braking performance, a sensitivity analysis of stopping sight
distance requirements to truck driver braking performance is
presented in this paper. The driver with the worst perfor-
mance in this sensitivity analysis is assumed to utilize 62 per-
cent of the vehicle braking capability (that is, CE = 0.62 in
Equation 11). The driver with the best performance is assumed
to utilize 100 percent of the vehicle braking capability (that
is, CE = 1.0).

Figure 5 illustrates the deceleration rates (values of f,) used
to develop Figure 4. Figure 6 shows that the deceleration rates
for controlled stops on a wet pavement by the best-performing
driver (CE = 1.0) are generally between 0.20 and 0.25 g, and
that they are relatively insensitive to vehicle speed. In con-
trast, Appendix B of the report by Olson et al. shows decel-
eration rates as high as 0.5 g in controlled stops on a wet
pavement by experienced drivers. These tests were performed
at the Chrysler Proving Ground on a pavement that appar-
ently has a very high peak friction coefficient even when wet.
The data in Figures 4 and 5 were derived theoretically from
the model given in Equation 11.

Antilock Brake Systems

During the mid-1970s, regulations for truck braking distances
were adopted, which resulted in the introduction of antilock
brake systems on trucks. Shortly afterwards the restrictions
were removed by court order, and because of a lack of con-
sumer interest, trucks equipped with antilock brakes were no
longer commercially available from domestic truck manufac-
turers. Since that time, with technological advancements and
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FIGURE 5 Truck deceleration rates on a poor,
wet road (17).
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FIGURE 6 Comparison of stopping sight distance requirements for trucks with current AASHTO criteria.

improved design, antilock braking systems have gained
acceptance in Europe and are slowly being reintroduced into
the United States, primarily through imported passenger cars.
It is possible that antilock brake systems for trucks will become
common in the United States (or may be required by regu-
lation) within 5 to 10 years. Thus, the improvements in truck
braking distances that might result from antilock brake sys-
tems need to be considered in the development of future
highway design criteria.

The purpose of antilock brakes is to take the fullest advan-
tage of available tire-pavement friction capabilities without
locking the wheels and losing vehicle control. Antilock brake
systems are designed to achicve and maintain the peak coef-
ficient of tire-pavement friction shown in Figure 2, maximizing
the braking effect.

Antilock brake systems operate by monitoring each wheel
for impending lockup. When wheel lockup occurs or is antic-
ipated, the system releases brake pressure on the wheel. When
the wheel begins to roll freely again, the system reapplies
braking pressure. The system constantly monitors each wheel
and readjusts the brake pressure until the wheel torque is no
longer sufficient to lock the wheel. Present antilock brake
systems are controlled by onboard microprocessors.

A recent NHTSA study (8) of the performance of a com-
mercially available antilock brake system on a two-axle, sin-
gle-unit truck found a 15 percent reduction in braking distance
for a straight line stop from 60 mph on a wet, polished concrete
pavement surface with an SN, of approximately 30 (similar
to the surface used by the AASHTO Green Book in the
specification of stopping sight distance standards). Tests on

other pavement surfaces and in other types of manecuvers
found decreases in braking distance up to 42 percent with the
antilock brake system. Furthermore, in addition to improving
the braking efficiency by operating closer to the peak braking
friction coefficient, antilock brake systems should also mini-
mize the increase in braking distance caused by driver
inexperience.

Design Values for Truck Braking Distance

The literature does not provide a clear indication of which
braking distances should be used in highway design criteria.
Many of the factors that influence braking distances, such as
pavement characteristics and driver efficiencies, vary widely.
For purposes of the evaluation of current highway design and
operational criteria in this paper, three braking scenarios have
been presented for consideration in the development of design
criteria for trucks. These three scenarios are tractor-trailer
truck with a conventional brake system and the worst-per-
forming driver; tractor-trailer truck with a conventional brake
system and the best-performing driver; and a tractor-trailer
truck with an antilock brake system. Deceleration rates and
braking distances for these three scenarios are shown in Ta-
ble 5. These data are based on the results obtained by Fancher
(17) and shown in Figures 4 and 5, with a minor change in
the assumption concerning pavement surface properties (from
SN, of 28 assumed by Fancher to SN,, of 32 assumed by the
AASHTO Green Book). All of the braking distances in Ta-
ble 5 are appropriate for an empty truck with relatively good
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TABLE 5 TRUCK DECELERATION RATES AND BRAKING DISTANCES FOR USE IN HIGHWAY

DESIGN¢
Deceleration Rate (g) Braking Distance (ft)

Vehicle Worst Best Antilock Worst Best Antilock
Speed AASHTO Performagce Performance Brake AASHTO Performagce Performance Brake
{mph) Policy Driver Driver System Policy Driver Driver System
20 0.40 0.17 0.28 0.36 33 77 48 37
30 0+35 0.16 0.26 0.34 86 186 115 88
40 0.32 0.16 0.25 0.31 167 344 213 172

50 0.30 0.16 0.25 0.31 278 538 333 269

60 0.29 0.16 0.26 0.32 414 744 462 375

70 0.28 0.16 0.26 0.32 583 1,013 628 510
a

b Based on driver control efficiency of 0.62.
Based on driver control efficiency of 1.00.

radial tires (at least %2 in of tread depth). The braking dis-
tances for empty trucks are generally longer than braking
distances for loaded trucks because truck brake systems are
adjusted to be most effective when the truck is loaded. The
braking distances in Table 5 are based on the assumption that
the front-axle brakes of the truck are operational and have
no automatic limiting valve.

The data for the worst-performing driver in Table 5 are
based on an assumed 62 percent driver control efficiency (CE
in Equation 11), which represents a very conservative, worst-
case condition. The data for an experienced driver are based
on a driver contro] efficiency of 100 percent and thus represent
the full capability of conventional brake systems. Most truck
drivers on the road today have control efficiencies that fall
between these two extremes. The data for an antilock brake
system represent deceleration rates between 0.31 and 0.36 g,
which are consistent with the results of recent NHTSA tests.
These estimates for antilock brake systems represent an
improvement of 20 to 30 percent over the best-performing
driver with a conventional brake system. The available NHTSA
data (18) show this to be a conservative estimate of the
improvement that could be obtained from future antilock brake
systems.

It is important to note that the estimates of deceleration
rate and braking distances in Table 5 for trucks equipped with
antilock brake systems are very similar to the AASHTO cri-
teria for passenger cars, which are also shown in the table.

SENSITIVITY ANALYSES

Sensitivity analyses were performed to investigate the differ-
ences in stopping sight distance requirements for trucks and
passenger cars. The stopping sight distance criteria for pas-
senger cars were represented by the AASHTO criteria. The
sensitivity analyses also examined the implications of the stop-
ping sight distance analysis results for crest vertieal enrves and
for horizontal sight obstructions.

Stopping Sight Distance

Stopping sight distance criteria for trucks were derived using
the AASHTO stopping sight distance relationship given in

Based on an empty tractor-trailer truck on a wet pavement with SNy, = 32.

Equation 1. The stopping sight distance criteria for trucks
were based on the same brake reaction time (¢,) as the
AASHTO criteria. The design speed of the highway is used
as the initial vehicle speed in the braking maneuver. Three
cases are considered for the coefficients of friction or decel-
eration rates used by truck drivers for controlled stops: a truck
with a conventional braking system and the worst-performing
driver, a truck with a conventional braking system and the
best-performing driver, and a truck with an antilock brake
system. The estimated deceleration rates for these three cases,
shown in Table 5, are based on braking on a poor, wet road
by an empty tractor-trailer truck with good tires.

Table 6 presents the stopping sight distance requirements
for trucks derived from the data discussed above in compar-
ison with the current AASHTO criteria. This comparison is
also illustrated in Figure 6. Table 6 and Figure 6 show that
the worst-performing driver with a conventional braking sys-
tem requires substantially more stopping sight distance than
the AASHTO criteria, up to 425 ft more sight distance for a
70-mph design speed. The stopping sight distance require-
ments for the best-performing driver with a conventional braking
system are only slightly higher than the current AASHTO
criteria. Thus, the assumption made about the braking per-
formance capability, or braking control efficiency, of the driver
is critical to stopping sight distance. There are essentially no
data available to indicate the actual distribution of braking
control efficiencies for working truck drivers.

Table 6 also shows that the sight distance requirements for

TABLE 6 STOPPING SIGHT DISTANCE REQUIREMENTS
FOR TRUCKS IN COMPARISON WITH CURRENT
AASHTO CRITERIA

Required Stopping Sight Distance (ft)
Controlled Braking®

Design Worst Best Antilock

Speed AASHTO Performance Pertormance Brake

Lmph) Criteris Oviver Dpivey Sy3tcam
20 125 150 125 125
30 200 300 250 200
40 325 500 375 325
50 475 725 525 475
60 650 975 700 600
70 850 1,275 900 775

3 Based on deceleration rates and braking distances presented in
Table 5.
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trucks with antilock brakes are essentially equivalent to the
current AASHTO criteria. Thus, the possibility of future gov-
ernment requirements for truck antilock brake systems (or
projected market penetration of such systems in the absence
of government requirements) is critical to the assessment of
stopping sight criteria. If antilock brake systems do come into
fairly universal use and achieve the performance projected in
Table 5, the current AASHTO stopping sight distance criteria
should be adequate for trucks.

Crest Vertical Curve Lengths

Table 7 shows the minimum vertical curve lengths for a range
of design speeds and algebraic differences in grade based on
the stopping sight distance requirements for trucks in Ta-
ble 6. The vertical curve lengths in Table 7 are based on a 6-
in object height and truck driver eye heights of 75 and 93 in.

A comparison between the data in Tables 3 and 7 indicates
that the minimum vertical curve lengths for the worst-per-
forming driver in a truck with a conventional braking system
are always longer than current AASHTO criteria—in some
cases by a substantial margin. At the same time, the minimum
vertical curve lengths for a truck with an antilock brake system
or for the best-performing driver in a truck with a conven-

TABLE 7 MINIMUM VERTICAL CURVE LENGTHS (IN
FEET) TO PROVIDE STOPPING SIGHT DISTANCE FOR
PASSENGER CARS AND TRUCKS

Algebraic Difference Design Speed (mph
in Percent Grade ] 4 70

TRUCK (driver eye height = 75 in)

Conventional Brake System with Worst Performance Driver
2

90 240 420 910 1,570
4 60 180 470 1,020 1,810 3,140
6 70 250 710 1,520 2,720 4,710
8 90 350 940 2,030 3,630 6,280
10 100 430 1,180 2,530 4,530 7,850
Conventional Brake System with Best Performance Oriver
2 130 260 340 750
4 60 100 210 520 910 1,530
6 60 110 380 780 1,360 2,300
8 60 200 450 1,040 1,810 3,050
10 80 250 630 1,300 2,261 3,820
Antilock Brake System
2 60 90 120 200 350 510
4 60 90 130 400 700 1,150
6 60 120 300 600 1,040 1,720
8 60 140 400 800 1,400 2,300
10 60 200 500 1,000 1,730 2,870

TRUCK (driver eye height = 93 in)

Conventional Brake System with Worst Performance Driver
2

90 200 230 720 1,330
4 60 150 380 860 1,530 2,650
6 60 190 600 1,290 2,300 3,980
8 80 290 800 1,710 3,100 5,300
10 100 360 990 2,140 3,820 6,630
Conventional Brake System with Best Performance Driver
2 9 120 220 390 560
4 60 90 220 430 770 1,290
6 60 130 320 660 1,150 1,930
8 60 150 430 880 1,530 2,580
10 60 210 540 1,080 1,910 3,220
Antilock Brake System
2 60 90 120 190 320 390
4 60 90 190 340 640 1,060
6 60 110 260 560 960 1,590
8 60 120 370 740 1,270 2,120
10 60 180 460 920 1,590 2,650

Note: Based on stopping sight distances shown in Table 6.
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tional brake system are always shorter than the current
AASHTO criteria. Stated another way, both the truck with
the antilock brake system and the best-performing driver with
a conventional brake system will always have enough stopping
sight distance on a vertical curve designed in accordance with
AASHTO criteria.

Finally, the data in Table 7 show that the minimum vertical
curve lengths are not very sensitive to the difference between
75 and 93 in of driver eye height. The maximum difference
in vertical curve lengths between these minimum and average
driver eye heights is 600 ft in one extreme case, although most
of the differences are substantially shorter.

Horizontal Sight Obstructions

The differences in stopping sight distance between passenger
cars and trucks shown in Table 6 are generally not mitigated
by increased driver eye height, as in the case of vertical sight
restrictions. As shown in Equation 6, the sight distance
requirements for horizontal curves should actually be some-
what higher—as a function of curve radius and supereleva-
tion—than for tangents.

CONCLUSIONS

A truck with a conventional brake system driven by a worst-
performing driver requires up to 425 ft more stopping sight
distance at 70 mph and requires longer crest vertical curves
than current AASHTO policy recommends. Specific calcu-
lated values of stopping sight distance and crest vertical curve
length are given in Tables 6 and 7.

In contrast, a truck with a conventional brake system and
driven by a best-performing driver requires only slightly more
stopping sight distance than current AASHTO policy and,
because of increased driver eye height, requires shorter crest
vertical curves than AASHTO recommends. This finding points
to the critical role played by driver training and experience
in emergency braking maneuvers. Unfortunately, current data
do not provide any reliable estimates of the distribution of
driver performance in the range between the extremes.

In the worst-case scenario, there may be a need to increase
stopping sight distance requirements to accommodate trucks
with conventional brake systems. The safety benefits of such
a change are not known, however, and it has not been estab-
lished whether revision of current design criteria would be
cost-effective. Changes in current design criteria are not rec-
ommended unless a cost-effectiveness analysis indicates that
longer vertical curves would produce safety benefits com-
mensurate with the added construction cost.

Trucks with antilock brake systems require less stopping
sight distance and significantly shorter crest vertical curves
than current AASHTO policy recommends. It appears that
trucks with antilock brake systems can stop in the same or
less distance than a passenger car. Thus, future government
policy and industry practice concerning the use of antilock
brake systems have major implications for highway design
policy, because it is likely that no changes in current stopping
sight distance design policies would be needed to accommo-
date trucks if antilock brakes were required or widely used.
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