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FOREWORD

The material contained in this publication, FHWA-RD-89-227, is a supplement
to the material contained in Publication No. FHWA-RD-89-226, "Truck
Characteristics for Use in Highway Design and Operation."

This publication, FHWA-RD-89-227, documents in detail the investigation of six
aspects of the study. These six areas are: braking distances, horizontal
curve design to reduce truck rollovers, offtracking, performance on grades,
intersection sight distance, and the cost-effectiveness methodology used to
assess the economic justification for changes in highway design and
operational criteria to accommodate trucks.

The material in this publication will mainly be of interest to other
researchers. Therefore, copies are not being distributed. A limited number
of copies for, official use, are available from the Federal Highway
Administration, RD&T Report Center, HRD-11, 6300 Georgetown Pike, McLean,
Virginia 22101-2296. Copies for the public are available from the National
Technical Information Service (NTIS), Department of Commerce, 5285 Port Royal
Road, Springfield, Virginia 22161. A small charge will be imposed by NTIS.

~
R. J. Betsold, Director
Office of Safety and Traffic

Operations Research and Development

NOTICE

This document is disseminated under the sponsorship of the Department of
Transportation in the interest of information exchange. The United States
Government assumes no liability for the contents or use thereof.

The contents of this report reflect the views of the Contractor, who is
responsible for the accuracy of the data presented herein. The contents
do not necessartlY reflect the official policy of the Department of
Transportation.

This report does not constitute a standard, specification, or regulation.

The United States Government does not endorse products or manufacturers.
Trade or manufacturers' names appear herein only because they are considered
essential to the objective of this document.

.,
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APPENDIX A

TRUCK BRAKING DISTANCES

This appendix presents the fundamental principles of truck braking
performance and the development of the best available theoretical and empiri
cal estimates of the distances required for trucks to brake to a stop from
specified speeds. The results presented here are used in volume I in the
evaluation of stopping sight distance and other design criteria to accommodate
trucks.

Braking distance is defined in the American Association of State Highway
and Transportation Officials (AASHTO) Green Book as lithe distance required to
stop the vehicle from the instant brake application begins." 1 It is used in
the determination of many highway design and operational criteria, including
stopping sight distance, intersection sight distance, 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 brak
ing distances and do not consider the longer braking distances required for
trucks. The process of bringing a truck to a stop requires a complex inter
action between the driver, the brake system, the truck tires, the dimensions
and loading characteristics of the truck, and the pavement surface character
istics. Because truck braking is much more complex than passenger car brak
ing, it is necessary to discuss the role of each of these characteristics in
truck braking distances.

A. Tire-Pavement Friction in Braking Maneuvers

Vehicles are brought to a stop by brakes that retard the rotation 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 understanding of braking distances.

The coefficient of braking friction (f ) is defined as the ratio of the
braking force (F~) generated at the tire-pa~ement interface to the vertical
load (F z) carrieo by the tire. In other words:

F
f
y

= .1
Fz

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

(2)
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Figure 1 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 undergoes
braking. A freely rolling wheel is operating at zero percent slip. A locked
wheel is operating at 100 percent slip with the tire sliding across the pave
ment. Figure 1 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 decreases as per
cent slip increases, reaching a level known as the coefficient of sliding
friction at 100 percent slip.

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

B. Locked Wheel Braking vs. Controlled Braking

The discussion of figure 1 implies that braking maneuvers can be per
formed in two general modes: 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 sliding friction (100 percent
slip) represented by the right end of the graph in figure 1, rather than roll
ing or peak friction. The sliding coefficient of friction takes advantage of
most of the friction available from the pavement surface, but is generally
less than the peak available friction. On dry pavements, the peak coefficient
of friction is relatively high and there is very little decrease in friction
at 100 percent slip. On wet pavements, the peak coefficient of friction is
lower and the decrease in friction at 100 percent slip is generally greater.

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

2

BD V (3)=30f
s

where: BO = braking distance (ft)

V = initial speed (mi/h)

f s = coefficient of sliding friction

The coefficient of sliding friction in equation (3) is mathematically equiva
lent to the deceleration rate used by the vehicle expressed as a fraction of
the acceleration of gravity (g), equal to 32.2 ft/s 2 (9.8 m/s 2 ). The coef
ficient of friction and, thus, the deceleration rate may vary as a function of
speed during the stop, so f in equation (3) should be understood as the
average coefficient of fric~ion or deceleration rate during the stop.
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Figure 1. Variation of braking and cornering friction
coefficients with percent slip.
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Controlled braking is the application of the brakes in such a way that
the wheels continue to roll without locking up while the vehicle is decelerat
ing. Drivers generally achieve controlled 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,
for a typical truck and driver, occurs at a value of percent slip to the left
of the peak available friction shown in figure 1. Due to the steep slope of
the braking friction curve to the left of the peak and due to braking tech
niques used by drivers to avoid wheel lock up, the average rolling friction
utilized by trucks is generally less than the sliding friction coefficient.
Therefore, controlled braking distances are usually longer than locked wheel
braking 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 the driver loses steering
control, and the vehicle generally slides straight ahead. On a tangent sec
tion of road this is perhaps acceptable behavior, although on a horizontal
curve the vehicle may leave its lane, and possibly the roadway. Trucks, by
contrast, have much more difficulty stopping in the locked-wheel mode. Fig
ure 2 illustrates the dynamics of a tractor-trailer truck if its wheels are
locked during emergency braking. 2 The behavior depends upon which axle locks
first -- they usually do not all lock up together. When the steering wheels
(front axle) are locked, steering control is eliminated, but the truck main
tains rotational stability and it I p1ows" straight ahead. If the rear wheels
of the tractor are locked, that 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 not correctable. None of these locked-wheel stopping scenarios for trucks
are considered safe. Therefore, it is essential that trucks stop in a con
trolled braking mode and that highway design and operational criteria recog
nize the longer distances required for trucks to make a controlled stop.

Steering Wheels
Locked

Plow Out
(Con', Steer)

Tractor Rear
Wheels Locked

I

I

rJI
I
I

Jackknife
(Trac1or Spins)

Trailer Wheels
Locked

I
I
I
I
I

';,:

Trailer Swng
(Trailer Spins)

Figure 2. Tractor-trailer dynamics with locked whee1s. 2
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The braking distance for a vehicle to make a controlled stop can be
determined from the following relationship:

2
V

BO = 30f
r

(4)

where: f r = coefficient of rolling friction

As in the case of sliding friction, the coefficient of rolling friction (fr )
in equation (4) represents the average coefficient of friction or average
deceleration rate during the entire controlled stop.

C. Pavement and Truck Characteristics Affecting Braking Distance

In order to stop without the risk of loss of control, trucks must use
controlled braking rather than locked wheel braking. The deceleration rates
used by trucks in making a controlled stop are represented by f r in equa-
tion (4). The following discussion reviews the individual pavement and truck
characteristics that affect the value of f r and, thus, the braking distance of
a truck.

1. Pavement Properties

The shape of the braking friction curve in figure 1 is a function of both
pavement and tire properties. Highway agencies generally measure pavement
friction by means of locked-wheel skid tests with a standard tire. These
tests determine a value equivalent to f s in equation (3). The results of
these tests are often multiplied by 100 and referred to a skid numbers rather
than coefficients of friction. Although skid numbers are usually determined
at 40 mi/h (64 km/h), a procedure is available to determine the skid number at
any speed from the skid number at 40 mi/h (64 km/h).3'~'5 The peak coef
ficient of friction (fo) can be estimated from the sliding coefficient of
friction by the fol10w,ng re1ationship:3

f p = 1.45 f s
(5)

Equation (5) represents the average relationship for truck tires between peak
and sliding friction; this relationship can vary markedly between pavements
and for the same pavement under wet and dry conditions. Pavements generally
have much lower coefficients of friction under wet conditions than under dry
conditions, so highway design criteria are generally based on wet conditions.

Estimates of braking distance in a recent evaluation of stopping sight
distance requirements in NCHRP Report 270 used an assumed pavement skid number
at 40 mi/h (64 km/h) (SN~o) of 28. 3 The AASHTO Green Book criteria for
stopping sight distance are based on a pavement with SN~o equal to 32.
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Road roughness can increase braking distance. 6 Tests found a 15 percent
increase in braking distance for a rough surface with amplitude of 1 in
(2.5 cm) and a frequency near the resonance frequency of the truck suspension.

2. Tire Properties

Truck tires are designed primarily for wear resistance. For this
reason, they tend to have somewhat lower wet friction coefficients than pas
senger car tires. It is generally estimated that truck tires have coeffi
cients of friction that are about 70 percent of those of passenger car tires.]
However, passenger car tires generally have coefficients of friction that are
about 120 percent of the friction coefficients of the standard tires used in
skid testing. Thus, the peak coefficient of friction can be estimated from
skid test results with the following relationship:

f p = (1.20)(0.70)(1.45) f s = 0.0122 SN~o (6)

The coefficient of friction for truck tires decreases as the tires wear
and their tread depth decreases. New truck tries have tread depths of
15/32 in (1.2 cm) for ribbed tires and 31/32 in (2.4 cm) for lug type tires.
NCHRP Report 270 assumes, based on the literature, that the tread wear of
truck tires has very little effect on their frictional properties until the
tread depth falls below 12/32 in (0.9 cm).]" Tire tread depth has little
effect on the coefficient of friction on pavements with high macrotexture, but
the coefficient of friction does decrease sUbstantially with tread depth in
smooth, poorly textured pavements. 8 The following relationship was used in
NCHRP Report 270 to estimate the reduction in friction coefficient of tires as
their tread depth decreases:]

where:

M (1 - x/n)
TF = 1 - ----IP;;....;..",..-__

f p

TF = adjustment factor for tire tread depth

= difference in coefficient of friction between new and bald
(completely worn) tires

x = remaining tread depth (in) (use 12/32 if x ~ 12/32)

(7)

n = minimum tread depth with coefficient of friction equivalent
to a new tire (assumed: 12/32 in or 0.9 cm)

Equation (7) is apparently based on studies of passenger car tires, but no
equivalent relationship for truck tires is currently available.
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Data on the coefficients of friction for various types of truck tires are
available from in references 8, 9, 10, and 11. Both references 8 and 9 indi
cate that the friction coefficients of truck tires decrease slightly with
increasing axle load. Tire inflation pressure has very little effect on peak
friction coefficient (fo)' but increasing the inflation pressure from 68 to
102 lb/in 2 (47 to 70 kPa) results in a very small loss (less than 10 percent)
in the sliding friction coefficient (fS).ll

3. Braking Efficiency

Current truck braking systems are limited in their ability to take
advantage of all of the friction available at the tire-pavement interface.
Fancher has estimated that the braking efficiency for single-unit trucks is
between 55 and 59 percent of the peak available friction. 12 fancher and NCHRP
Report 270 assume that this same level of braking efficiency is applicabl~
tractor-trailer trucks. 3 '12 A primary reason for this relatively low level of
braking efficiency is that most controlled braking takes place at a value of
percent slip less than the peak level. Several other vehicle-related factors
that contribute to low braking efficiencies are reviewed in this section.
Factors, such as anti lock brake systems, that might lead to future increases
in braking efficiency are also discussed.

By way of introduction, the operation of air brakes the most common
braking system for trucks -- is reviewed. Air brake systems use compressed
air to transmit and amplify the driver's input from the brake pedal to the
brakes on individual wheels. The use of air as an amplifying medium results
in a slight delay in the system response due to the compressibility of air.
(In contrast, hydraulic braking systems provide an almost immediate response).
Once the brake pedal is released, the air in the system is expelled to the
atmosphere and is replaced by air from a compressor on board the trUCk.
Therefore, air brakes are not "pumped," as might be done in making a con
trolled stop with hydraulic brakes. Pumping of air brakes will result in the
rapid depletion of the compressed air supply which in turn results in a total
loss of braking ability. Rather, for an air brake system, the pressure within
the system is adjusted by slightly depressing or slightly releasing the brake
pedal to apply more or less braking force. This braking practice is called
"modulating" the brakes. As discussed earlier in this section, "modulating"
the brakes requires some experience on the part of the driver to obtain the
maximum braking effect from the system without causing the wheels to lock.

Loading configuration: Braking tests for tractor-trailer combinations
have generally found that loaded trucks have the shortest braking distances.
Empty trucks generally have longer braking distances and bobtail tractors
(with no trailer attached) have the longest braking distances. Some compara
tive braking distances for these loading configurations are presented in the
review of braking test results later in this section. These differences occur
primarily because the truck braking system is designed to be balanced for the
loaded condition and is, therefore, out of balance for the empty and bobtail
conditions.
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Technology improvements to braking systems may mlnlmlze the effects of
loading conditions in future years. For example, some tractors are already
equipped with a sensor in the "gladhand" brake line connection that detects
whether or not a trailer is attached and adjusts the brakes on the drive axle
of the tractor accordingly. Future trucks may have microprocessor controlled
braking systems with load sensors on each axle to adjust the braking system
accordingly. At present, conservative estimates of braking distance should be
based on an empty tractor-trailer truck.

Brake adjustment: Poor adjustment of air brakes has been found to
substantially decrease braking efficiency and, thus, increase braking dis
tance. A 1977 survey by the California Highway Patrol found that 68 percent
of trucks surveyed had at least one brake out of adjustment, and 19 percent
had 40 percent or more of the brakes out of adjustment and were placed out of
service. A follow up survey in 1981, after an increase in enforcement
efforts in California, found a reduction to about 44 percent of trucks with
one or more brakes out of adjustment, and 12 percent with 40 percent or more
out of adjustment. Another survey in 1981, conducted in Maryland, found
69 percent of trucks with one or more brakes out of adjustment, and 28 percent
with 40 percent or more out of adjustment. Thus, trucks with brakes out of
adjustment are fairly common. 13'1~

A 1982 study by the the National Highway Traffic Safety Administration
(NHTSA) investigated the effects of air brake adjustment on truck braking
performance.13'l~ Trucks were tested with all of their brakes adjusted for
optimum performance. Then the brakes were readjusted such that they were
nearly out of adjustment, but were just within the allowable limits. The
results of these tests, presented in table 1, indicate that braking distances
can increase up to 30 percent due to brake maladjustment.

Brake lining temperature: The NHTSA study mentioned above also deter
mined the effect of brake lining temperature on braking efficiency and braking
distance.13'1~ Tests were conducted at various brake lining temperatures with
the three-axle single-unit truck with a 10 percent overload described in
table 1. Table 2 presents the test results at the different temperatures,
both for fully adjusted brakes and for brakes readjusted to the limit of the
specifications.

Table 2 shows that brake lining temperature compounds the effects of
brake maladjustment. For maladjusted brakes, the relatively hot brake lining
temperature of 400 of (200°C) resulted in a 54 percent increase in braking
distance over the relatively cool brake lining temperature of 150 OF. Brake
lining temperatures as high as 400 of (200°C) are not unusual in normal
operation and can go considerably higher in city or mountain driving. Fully
adjusted brakes were found to be less sensitive to temperature than mal
adjusted brakes. The increase in stopping distance from 150 OF to 400 of
(65°C to 200 °C) was found to be only 15 percent for fully adjusted brakes.
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Table 1. Test results for effect of brake adjustment on
braking distance.13'1~

Weight
Vehicle (lb)

Single-unit truck 27,500
with two axles

Tractor-semitrailer 80,500
(3S2)

Single-unit truck 55,000
with three axles
(10% over load)

Note: 1 lb = 0.454 kg
1 mi = 1. 61 km
1 ft = 0.305 m

Speed
(mi/h)

55

60

60

Brake
temp.
IT...l
< 200

< 200

< 200

Average braking
distance (ft)

Optimally Adjusted Percent
adjusted to limit increase

219 283 29

256 319 25

342 458 34

Table 2. Effect of brake lining temperature on
braking distance.13'1~

Vehicle: Single-unit truck with three axles
Weight: 55,000 lb (10% overload)
Speed 60 mi/h
Average stopping distance (ft):

Brake lining temp. (OF)
150 200 300 400

Fully adjusted brakes: 342
Adjusted to limit: 458

Note: 1 lb = 0.454 kg
1 mi = 1. 61 km
1 ft = 0.305 m

351 366
519 625

393
692

Disconnection of front-axle brakes: For many years, truckers in the
United States have disconnected the front-axle brakes of their trucks.
Although this practice is now illegal, it became widespread because of concern
by drivers that they might lose control of the truck if the front-axle brakes
were locked in an emergency situation. Figure 2 illustrates that while locked
front-axle brakes may lead to the inability to steer, this is potentially much
less hazardous than locking the brakes on other axles of the truCk. Tests by
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NHTSA have shown that trucks with disconnected front brakes require 20 to
25 percent greater braking distance. is Enforcement activities to assure that
front brakes are not disconnected have been increased.

Automatic limiting valves for front-axle brakes: A new component added
to braking systems that has gained popularity among truck drivers in recent
years is an automatic limiting valve for the front-axle brakes. The purpose
of the automatic limiting valve is to limit the amount of braking achievable
on the front axle. According to NHTSA, approximately two-thirds of post-1980
combination unit trucks are equipped with automatic limiting valves. 2 The
advantage of an automatic limiting valve is that it reduces the possibility of
wheel lock on the steering axle, which means the driver retains steering con
trol during heavy application of the brakes, even if other wheels might lock.
The main disadvantage is that, similar to disconnection of the front-axle
brakes, an automatic limit1ng valve reduces the braking capability of the
truck, which lengthens the braking distance. Table 3 presents data for con
trolled stops by trucks with and without automatic limiting valves. 2 In all
cases, the shorter braking distance in each range shown in table 3 is the
braking distance without an automatic limiting valve. The increase in braking
distance reSUlting from use of an automatic limiting valve ranges from 8 to
29 percent.

Table 3. Braking distances for trucks with and without automatic
limiting valves for front-axle brakes. 2

60 mijh, empty, straight-line stop

Single-unit truck 440 to 355 ft
with three axles

Bobtail tractor with 418 to 324 ft
three axles

50 mijh, empty, 500 ft radius curve, wet asphalt
Single-unit truck 268 to 233 ft

with three axles
Tractor-semitrailer 260 to 224 ft

(2S1)
Bobtail tractor with 308 to 249 ft

two axles
Auto transport truck 251 to 181 ft

(stinger)

18 mijh, loaded, 500 ft radius curve, ice

Tractor-semitrailer 273 to 253 ft
(352)

Tractor-semitrailer 213 to 179 ft
(251)

Note: 1 mi = 1.61 km
1 ft = 0.305 m
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Antilock brake systems: During the mid 1970s, regulations for truck
braking distances were adopted, which resulted in the introduction of anti lock
brake systems on trucks. Shortly afterwards, the restrictions were removed by
court order and, due to a lack of consumer interest, trucks equipped with
anti lock brakes were no longer commercially available from domestic truck
manufacturers. Since that time, with technological advancements and improved
design, anti lock 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 anti lock brake systems for trucks will
become common in the United States (or may be required by regulation) within 5
to 10 years. Thus, the improvements in truck braking distances that might
result from anti lock brake systems need be considered in the development of
highway design criteria for future application.

The purpose of anti lock brakes is to take full advantage of the available
tire-pavement friction capabilities without locking the wheels and losing
vehicle control. Antilock brake systems try to achieve and maintain the peak
coefficient of tire-pavement friction shown in figure 1, thereby maximizing
the braking effort.

Antilock brake systems operate by monitoring each wheel for impending
lock up. When wheel lock up occurs or is anticipated, 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 suffi
cient to lock the wheel. Present antilock brake systems are controlled by on
board microprocessors.

A recent NHTSA study of the performance of a commercially available
anti lock brake system on a two-axle single-unit truck found a 15 percent
reduction in braking distance for a straight line stop from 60 mi/h (97 km/h)
on a wet polished concrete pavement surface with an SN~o of approximately 30
(very similar to the surface used by the AASHTO Green Book in the specifica
tion of stopping sight distance standards). 16 Tests on other pavement sur
faces and in other types of maneuvers found decreases in braking distance up
to 42 percent with the anti lock brake system. Furthermore, in addition to im
proving the braking efficiency by operating closer to the peak braking fric
tion coefficient, anti lock brake systems should also minimize the increase in
braking distance due to driver inexperience (see discussion in the following
section).

4. Driver Control Efficiency

Most truck drivers have had little or no practice in emergency braking
situations. This lack of expertise in modulating the brakes results in brak
ing distances that are longer than the vehicle capability. NCHRP Report 270
examined the effect of driver efficiency on braking distance using both expe
rienced test drivers and professional truck drivers without test track expe
rience. 3 The study found that the driver efficiencies ranged from 62 to
100 percent of the vehicle capability. The braking performance of the drivers
tended to improve during the testing period as the drivers gained experience
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in modulating the brakes. Truck driver training programs stress the impor
tance of controlled braking in emergency situations, but do not typically
include practice in actual controlled braking under test-track or highway
conditions. Because so many drivers on the road lack experience in emergency
braking, the authors recommended the use of a driver efficiency of 62 percent
in stopping sight distance design criteria. However, it should be recognized
that this is a very conservative choice. Experienced drivers can operate at
efficiencies approaching 100 percent. Furthermore, in the future, anti lock
brake systems could eliminate the concern over driver efficiency by providing
computer-controlled modulation of the brakes to achieve minimum braking
distance.

D. Recent Research on Truck Braking Distance

There are two main sources of data on truck braking distances in recent
pUblished literature: the University of Michigan Transportation Research
Institute (UMTRI) (see references 3 and 12) and the NHTSA Vehicle Research and
Test Center (VRTC) (see references 13, 14, 15, 16, 17, 18, 19, and 20).

NCHRP Report 270 has suggested a model to predict braking distance as a
function of pavement surface characteristics, tire characteristics, vehicle
braking performance, and driver control efficiency.3 Parametrically, the
model expresses the coefficient of rolling friction, f r , as:

where:

f r = f p x TF x BE x CE

f p = peak braking friction coefficient available given
the pavement surface characteristics

(8)

TF = adjustment factor for tire tread depth (see equation (6))

BE = adjustment factor for braking efficiency (the efficiency
of the braking system in using the available friction,
typically 0.55 to 0.59 for conventional braking systems)

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

The factors that influence each term of equation (8) have been addressed in
the preceding discussion.

A paper by Fancher, derived from NCHRP Report 270, used the model in
Equation (8) to predict truck braking distances. 3'12 Figure 3 shows the
braking distances for trucks under controlled and locked wheel stops with new
and worn tires (2/32-in [0.2 cm] tread depth) in comparison to the braking
distances assumed in the AASHTO Green Book. Figure 3 shows that the braking
distances predicted by Fancher are substantially longer than the distances for
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locked wheel braking by a passenger car assumed by AASHTO. The figure is
based on a pavement with SN~o of 28 and the best performance driver who uses
100 percent of the vehicle braking capability. A less experienced driver
would require even longer stopping distances.

Figure 4 illustrates the deceleration rates (i.e., values of f r ) used to
develop figure 3. Figure 4 shows that the deceleration rates for controlled
stops on a wet pavement by the best performance driver are generally between
0.20 and 0.25 g, and are relatively insensitive to vehicle speed. 12 In
contrast, appendix B of NCHRP Report 270 shows deceleration rates as high as
0.5 g in controlled stops on a wet pavement by experienced drivers. 3 These
tests were performed on a pavement that apparently has a very high peak
friction coefficient even when wet. The data in figures 3 and 4 were derived
theoretically from the model given in equation (8).
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Figure 3. Truck braking distances
on a poor, wet road. 12

Figure 4. Truck deceleration rates
on a poor, wet road. 12

In contrast, the NHTSA Vehicle Research and Test Center (VRTC) in East
Liberty, Ohio, has conducted full-scale braking tests for a variety of truck
and braking system configurations. Figure 5 summarizes the NHTSA braking
distance test results for controlled stops from 60 mi/h (97 km/h) by several
vehicle types on a dry pavement. 18 All of the vehicles tested were equipped
with air brakes except the passenger car, which was used as a reference. Of
the trucks, stopping distances are shortest for loaded tractor-trailers,
because their braking systems are designed for this situation. Braking
distances are longer for empty trucks, because of the imbalance in the brake
torque capabilities on the various axles relative to their loads. The longest
observed braking distances are for bobtail tractors.
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Longer braking distances than those shown in figure 5 would be expected
on wet pavement. Because the recent NHTSA tests have been conducted at a
variety of speeds, for a variety of pavement types, and for a variety of
maneuver types (straight line stop, curved path, lane changing, etc.) formal
comparisons with the theoretical UMTRI braking estimates shown in figures 3
and 4 are difficult. Therefore, NHTSA conducted a limited set of braking
tests for use in this study for straight-line stops under consistent pavement
conditions. The results of these tests are presented in table 4. All of the
tests consisted of straight-line stops on a wet, polished concrete surface
with SN~o of about 30 (i.e., very close to the AASHTO design coefficient of
friction of 0.32 at 40 mi/h [64 km/h]). A number of vehicle types were
tested, inclUding a passenger car, a pickup truck, a single-unit trUCk, a
school bus, a tractor-semitrailer trUCk, a double-trailer truck, and a bobtail
tractor. The trucks were tested in an empty (unloaded) condition with radial
tires in good condition. The reported results represent the shortest braking
distance in a sequence of six tests. The use of the shortest braking distance
minimizes the influence of driver factors on the test results and represents
the best available estimate of the vehicle braking capability (i.e., 100 per
cent driver control efficiency).

E. Braking Distance for Use in Highway Design Criteria

The available literature does not provide a clear indication of which
braking distances should be used in highway design criteria. Many of the fac
tors 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 report, three braking sce
narios have been derived for consideration in the. development of design cri
teria for trucks. These three scenarios are: tractor-trailer truck with a
conventional brake system and the worst-performance driver, tractor-trailer
truck with a conventional brake system and the best-performance driver, and a
tractor-trailer truck with an anti lock brake system. Deceleration rates and
braking distances for these three scenarios are shown in table 5. These data
are based on the results obtained by Fancher shown in figures 3 and 4, with a
minor change in the assumption concerning pavement surface properties (from
SN~o of 28 assumed by Fancher to SN~o of 32 assumed by the AASHTO Green
Book).12 All of the braking distances in table 5 are appropriate for an empty
truck with relatively good radial tires (at least 12/32 in [0.9 cm] of tread
depth).

The data for the worst performance driver in table 5 are based on an
assumed 62 percent driver control efficiency (CE in equation (8», which
represents a very conservative, worst case condition. The data for the best
performance driver are based on a driver control 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 anti lock brake system are based on the
NHTSA data in table 4 and represent a 20 to 30 percent improvement over the
best performance driver. This may, in fact, be a conservative estimate of the
improvement that could be obtained from future anti lock brake systems.
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It is important to note that the estimates of deceleration rate and
braking distances in table 5 for trucks equipped with anti lock brake systems
are very similar to the AASHTO criteria for passenger cars, which are also
shown in the table.
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APPENDIX B

HORIZONTAL CURVE DESIGN TO REDUCE
TRUCK ROLLOVERS

Studies such as "Impact of Specific Geometric Features on Truck Opera
tions and Safety at Interchanges" have shown that rollover is one of the major
factors contributing to truck accidents. 21 The roll performance of trucks on
horizontal curves is determined by truck dynamics and by the curve geometry as
well as by the way in which these two comP9nents of this complex system inter
act under dynamic highway conditions. This appendix reports the results of a
study undertaken to investigate the effect of variations in truck character
istics on rollover thresholds and the effect of variations in horizontal curve
design criteria on the rollover performance of trucks. The study was based on
review and analysis of published literature and computer simulation of truck
dynamics. The results of the study have been used in volume I to assess the
need for changes in horizontal curve design criteria to accommodate trucks.

A. Background

Horizontal curves are designed in accordance with the standard curve
formula: 1

R .mln

where:

V/
= -r::-.,..............;;.~--

15(emax+fmax)

~in = minimum radius of curvature (ft)

Vd = design speed (mi/h)

emax = maximum pavement cross-slope (superelevation) (ft/ft)

fmax = maximum tolerable lateral acceleration (g)

(9)

Curves with radii larger than ~in can be designed with superelevation less
than emax •

The net lateral acceleration on any horizontal curve at any speed can be
estimated in a simple variation of the standard curve formula as:

where: anet = net lateral acceleration (g)

V = vehicle speed (m;/~)
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R = radius of vehicle path (ft)

e = superelevation (ft/ft)

The rollover threshold of a truck expressed in units of the acceleration of
gravity must exceed the value of anet in equation (10) or the vehicle will
rollover. The available coefficient of tire-pavement friction must exceed
the value of anet in equation (10) or the vehicle will skid.

While equation (10) provides nominal estimates of lateral acceleration
for vehicles on horizontal curves, it is only applicable to steady-state con
ditions; real-world accelerations may vary from the nominal value because of
driver characteristics or dynamic variations in the vehicle path. Computer
simulation provides a tool to investigate the actual vehicle dynamics in hori
zontal curves, as well as to estimate the rollover threshold of particular
trucks. The following discussion describes the most appropriate computer
simulation model for truck dynamics.

B. Computer Simulation of Truck Dynamics on Horizontal Curves

A vehicle on a horizontal curve is subjected to three moments about its
longitudinal axis: the primary overturning moment, M , due to vehicle lateral
acceleration; the lateral displacement moment, Md, dU~ to lateral displacement
of the vehicle center of gravity; and the restorlng moment, Mr , due to net
force generated by the left and right sides of the vehicle suspension. On a
level surface, the primary overturning moment and the lateral displacement
moment tend to increase the truck roll angle (the resistive action is gener
ated by the restoring suspension moment). When a road surface is super
elevated, as illustrated in figure 6, the lateral displacement moment opposes
the primary overturning moment for small truck roll angles and then changes
sign and begins contributing to truck roll when the roll angle becomes greater
than the angle of the road superelevation. Because truck rolling is a dynamic
process, it depends not only on the curve radius and superelevation, but also
on the design of the transition between the normal crown section and the
superelevated curve.

The three moments that act on the truck during turning and affect
rollover characteristics depend primarily on the following parameters:

• Gross vehicle weight.

• Longitudinal weight distribution.

• Roll center height.

• Center of gravity height.

• Suspension stiffness.

• Road geometry.
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M - due to lateral accelerationy

Md - due to displacement
of center of gravity

Mr - due to vehicle suspension

Mv

~,....- I· II - _ _ I
I _

/ M /- - -
/ dl --7

/ C1'\ /
/ \ --t--I /

I ..,-/

I I /
I I I
/ I /

I I /
I / /
'--_ M I /

-_ r I

I-

Roll Center

Figure 6. Overturning and resisting moments about the longitudinal
axis of a truck on a superelevated curve.

The first four parameters represent truck characteristics; the last parameter
represents highway characteristics. All of these parameters interact dynam
ically during truck rolling. To accomplish the objective of this study, com
puter simulation was used to determine the effects of both truck and road
characteristics on truck rollover.

The investigation of truck rollover performance on horizontal curves was
performed with the Phase-4 simulation model developed for FHWA and the Motor
Vehicle Manufacturers Association. 22 The Phase-4 model is the most complete
available vehicle dynamics model that can simulate articulated trucks.

The Phase-4 program is an elaborate heavy truck computer simulation
model. It can simulate various heavy truck configurations, including straight
trucks, bobtail tractors, and tractors with one, two, or three trailers, in
steering and braking maneuvers. Trucks can be simulated with or without
payloads.
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The Phase-4 model is very complex and can perform a wide variety of
vehicle evaluations. For example, the program can evaluate the effects of
payload placement and weight variations; the effects of various tire, axle,
and suspension systems; braking system effectiveness; understeering; over
steering; and threshold values of yaw, roll, and pitch.

The Phase-4 model is a large program consisting of 30 subroutines
(approximately 8,000 lines of FORTRAN code). The structure of the program
allows the subroutines to interact, rarely returning to the main calling
program after the simulation begins. This decreases the run time, but the
logic becomes very difficult to trace. This also makes it difficult if the
user wants to change or add to the existing program structure. The Phase-4
program did not require extensive modifications for this study. However, a
subroutine to process user-specified road geometry had to be developed.

Several computer truck simulation models were recently compared: the
Linear Yaw Plane Model, the TBS Model, the Yaw/Roll Model, and the Phase-4
model. In this comparison study, two tractor-trailer configurations were
simulated for a steady-state turning maneuver and a lane change maneuver.
The results were then compared to actual test results. According to this
study, Phase-4 best predicts lateral acceleration for steady-state turning. 23

UMTRI has conducted extensive tests that verified the results obtained in
Phase-4 including comparison of several maneuvers simulated with Phase-4 to
actual test data. A complete discussion and presentation of the verification
findings can be found in the user's manual for the Phase-4 model. 22

The Phase-4 model is built around a series of differential equations,
which are derived from Newtonian mechanics and are solved through numerical
integration. The numerical integration routine used in the original Phase-4
model has been replaced with a routine using the Runge-Kutta algorithm with an
adjustable time step for greater computational efficiency. The tires and
suspension systems are modeled with spring and damper systems, which mayor
may not be linear depending on which options the user chooses. The fifth
wheel and pintle hook connections are modeled with a spring dashpot system,
which gives the model a roll compliance at the hitch that is similar to actual
situations.

The Phase-4 model uses extensive input information. Input data for each
unit of the vehicle (i.e., each tractor, trailer, or dolly) are entered
separately. The following types of input parameters can be specified:

• Vehicle frame parameters.

• Front suspension and axle.

• Front tires.

• Rear suspension and axle.

• Rear tires.
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• Payload.

• Front and rear brake parameters (if braking is used).

A different payload can be placed on each unit of the vehicle. Payloads can
vary in size, shape, and weight, as represented by each payload's moment of
inertia.

The only unrealistic feature of the Phase-4 model for evaluation of
horizontal curves is that it is incapable of applying drive force to the
wheels of the truck. Thus, the truck coasts around the curve and decelerates
slightly due to tire/pavement friction. This is not a critical limitation of
the model for evaluation of horizontal curves, since model runs typically last
only a few seconds and the speed reduction through the length of the curve is
less than 1 ft/s (0.3 m/s).

The Phase-4 model is capable of simulating vehicle dynamics along any
predefined path specified in three-dimensional (x,y,z) coordinates. However,
the original Phase-4 program was readily adaptable only to level surfaces or
to simple, constant radius curves with constant superelevation. To accomplish
the main objective of this study, a new sUbroutine had to be developed to
allow users to specify horizontal curves of more complex geometry.

The Phase-4 model uses a linear tire model, and the roll angles are
assumed to be small. The assumption that the angles are small is reasonable
because large roll angles indicate that the truck is rolling over and the
accuracy of the tire model is irrelevant after the truck has begun to roll
over.

The simulation output consists of two major sections. The first section
is an echo of the input values, which can be very helpful in ensuring that the
correct values were read. The second output section consists of eight types
of pages for each unit of the vehicle configuration. These output pages
present information that describes the following:

• Sprung mass positions.
• Sprung mass velocities.
• Sprung mass acceleration.
• Tire forces.
• Brake summary.
• Lateral acceleration.
• Unsprung mass data.
• Temperature data.

Each type of output data is provided at user-specified time increments.

The output format produced by the Phase-4 model is very cumbersome. To
obtain output in other forms so that plots can be generated or variables can
be viewed readily, extra output files were created in the revised version of
the Phase-4 model. For example, one of these output files contains information
that will allow the user to view or plot the change of vehicle roll angle or
lateral acceleration with time.
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C. Effect of Truck Characteristics on Rollover Threshold

The Phase-4 model was used to determine the rollover thresholds of three
of the design vehicles identified during the research:

• STAA single with 48-ft (14.6-m) semitrailer and conventional
tractor.

• Long single with 53-ft (16.2-m) semitrailer.
• STAA double with two 28-ft (8.5-m) trailers and cab-over-engine

tractor.

The rollover thresholds for the three vehicles were found on a flat, simple
curve with 500-ft (150-m) radius and a curve with maximum superelevation of
0.06 and are presented in table 6. Detailed vehicle and load parameters for
the first three vehicles used in the simulation are presented in tables 7, 8,
and 9.

Table 6. Rollover thresholds for three truck types.

Rollover Speed at
Truck type threshold (g) rollover (mi/h)

STAA 48-ft single 0.36 50.5

STAA 53-ft single 0.38 51.8

STAA CDE double 0.45 53.9

An investigation of the effect of truck characteristics on rollover
threshold was conducted using one selected type of truck, the STAA single with
48-ft (14.6-m) semitrailer and conventional tractor. The Phase-4 model was
used to determine these rollover thresholds. A truck was simulated traveling
through a horizontal curve at a given speed and the roll angle and lateral
acceleration were monitored. If the vehicle did not rollover at this speed,
the simulation was repeated with a slightly increased speed. This process was
repeated until the vehicle rolled over. The maximum lateral acceleration of
that simulation was then determined to be the rollover threshold for that
particular vehicle case. The results of these simulations to determine roll
over threshold are presented in the following sections.

1. Effect of Center of Gravity Height

It is well known that trucks have a lower rollover threshold than auto
mobiles partially due to their higher center of gravity (CG). More specif
ically, the rollover threshold is directly related to the height difference
between the CG and the roll center of the vehicle suspension. As this dif
ference in height increases, the vehicle1s rollover threshold decreases.
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A recent study has presented examples of typical loadings found in the
trucking industry.2~ Center of gravity heights range from 70 to 110 in
(178 to 279 cm). A very common CG height is found in the "LTL" (less-than
truckload) freight load. This loading case creates a payload that has a 95-in
(241-cm) CG height and a gross vehicle weight of 73,000 lb (33,200 kg).
Although large CG heights are undesirable from a rollover aspect, they are
still very common.

Rollover thresholds were determined for 48-ft (14.6-m) single-semitrailer
and the double-trailer truck configurations with various payload CG heights.
These results are presented in figures 7 through 10. The values presented in
figures 7 and 9 are for a vehicle traveling on the c~rve with superelevation
of 0.06; in figures 8 and 10, the values are for the same vehicle traveling on
a flat road.

An increase in CG height decreases the rollover threshold. However, as
the payload weight decreases, the effect of CG height becomes less pronounced
because lighter payload will contribute less of a moment for a given lateral
shift. Therefore, an increased CG height will have less of an effect on the
rollover threshold for lighter payloads. Also, as the payload weight
decreases, the vehicle's composite CG height nears that of an unloaded
vehicle. For fully loaded trucks, both singles and doubles, the rollover
threshold decreases by 0.005 g for each 1 in (2.5 cm) of increase in CG
height. Figures 7 through 10 also show that rollover thresholds for fully
loaded single-trailer trucks are lower than for fully loaded doubles by
approximately 0.06 g.

Superelevation increases the rollover threshold values for each case by a
lateral acceleration in units of the acceleration of gravity that is numer
ically equal to the superelevation. Thus, the superelevation of 0.06
increased the rollover threshold for each case by approximately 0.06 g for
each vehicle.

2. Effect of Gross Vehicle Weight

The moment created as the CG shifts laterally is equal to the product of
the lateral displacement and the CGls weight. Therefore, the vehicle's gross
weight plays an important part in determining its rollover threshold.

The effects of gross vehicle weight for the 48-ft (14.6 m) single
semitrailer and the double-trailer truck configurations are presented in
figures 7 through 10. The gross vehicle weight ranges from that of an empty
vehicle to a maximum of 80,0001b (36,400 kg). At a gross weight of 80,000 lb
(36,000 kg), the axles were loaded as a typical vehicle on the road might be
loaded. For the single-trailer configuration, the axle loads were 34,000 lb
(15,500 kg) per tandem axle. For the double-trailer configuration, the axle
loads were 17,500 lb (8,000 kg) per axle. The loads on the steering axles
were 12,000 and 10,000 lb (5,400 and 4,500 kg) in the singles and doubles
configurations, respectively. It was assumed that as the gross vehicle weight
decreases, the payload CG location remains the same (i.e., the cargo density
decreases).
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Although this is not a completely realistic assumption, it is not inconceiv
able and it illustrates more clearly the effect of gross vehicle weight.

The results indicate that truck rollover thresholds generally decrease as
gross weight increases.

3. Effect of Suspension Stiffness

For a given lateral acceleration, the extent of the vehicle roll depends
on various vehicle and payload parameters. One of these vehicle parameters is
the suspension's vertical stiffness. As the vehicle rolls, the suspension
creates a moment about the roll center. This moment acts to resist the roll
motion. Therefore, with a given lateral acceleration, a stiff suspension
allows a smaller roll angle than a softer suspension .. On the vehicles evalu
ated in this study, the auxiliary stiffness can produce at least 140 and 170
percent more rollover resistance than that produced by the suspension's
vertical stiffness of the typical singles and doubles configurations.

To study the effects of a suspension's vertical stiffness on the rollover
threshold, the payload was held constant while the suspension stiffness was
varied. For the singles and doubles configurations, the typical suspension1s
vertical stiffness was increased and decreased by up to 40 percent. The
steering suspensions remained the same because the range of variation of
vertical stiffness on steering axles is known to be very small. 1o

The suspension effects were evaluated for two cases with fully loaded
(80,000 lb or 36,400 kg) singles and doubles: the first case with a 70-in
(178-cm) CG height and the second case with a 110-in (279-cm) CG height.
Figures 11, 12, and 13 illustrate the effects of vertical suspension stiffness
on the rollover threshold for these cases. The only difference between the
superelevated curve and the flat road is a 0.06-g increase of the rollover
threshold.

The rollover threshold only changed slightly as the suspension stiffness
was varied because much of a truck's roll resistance comes from its auxiliary
roll stiffness. Auxiliary roll stiffness is created by various suspension
mechanisms such as antisway bars and resistance to twisting of the suspen
sion1s leaf springs.

The greatest difference in rollover threshold for the range of vertical
stiffness investigated was found when the CG height was 110 in (279 cm): 0.07
g (19 percent) and 0.05 g (13 percent) for the singles and doubles configura
tions, respectively.

A stiffening of suspensions is desirable to increase rollover thresholds.
However, drivers dislike stiffer suspensions because of their poor ride
quality, particularly when the vehicle is unloaded. This problem is even
worse for a tractor that is not pulling a trailer.
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4. Effect of Longitudinal Weight Distribution

Longitudinal weight distribution affects a truck rollover threshold in
two ways. First, by moving the payload's CG forward on the trailer, the
tractor's rear axles take up more of the load. This is undesirable since the
tractor's rear suspension is softer than the trailer's rear suspension. As
previously shown, a softer suspension will decrease the rollover threshold.
Second, tractors are not as wide as trailers, which means that an increase in
the load on the tractor's rear axle suspension for the same rolling moment
and, therefore, decrease the rollover threshold.

Figures 14 and 15 illustrate the effects of longitUdinal weight
distribution on the rollover threshold of a single-trailer truCk.
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To realistically evaluate longitudinal payload placement, a representa
tive payload weight had to be chosen. The payload had to be such that when it
was in its rearmost position, the load on the trailer's rear suspension was at
its limit of 34,000 lb (15,500 kg). Also, when the payload was moved to its
frontmost position, the load on the tractor's rear axles was at its limit of
34,000 lb (15,500 kg). These conditions resulted in a payload of 34,909 lb
(15,868 kg) and a gross vehicle weight of 62,546 lb (28,430 kg).

As the payload is moved longitudinally, rollover threshold changes
slightly because in the computer model, the tractor's rear axle suspension is
only 4 percent less stiff than the trailer's rear axle. However, with many
vehicles used by the trucking industry, the difference in suspension stiffness
may be much greater.

Moving the payload forward decreased the rollover threshold. The largest
decrease in rollover threshold due to longitudinal placement occurred on for
single-trailer trucks with a CG height of 110 in (279 cm). This reduction was
0.08 g (19 percent) for a 20-ft (6.1-m) longitudinal movement. It should be
noted, however, that another potential problem -- yaw instability -- may arise
when the payload is moved toward the rear of the vehicle. Yaw stability is
improved by increasing the load on the front axles. 25 Yaw instability can
lead to problems such as "jackknifing" or "trailer swing."

5. Effect of Tire Cornering Stiffness

Cornering stiffness is defined as the initial slope of the curve of tire
lateral force versus slip angle. Slip angle is the angle between the tire's
direction of travel and the direction in which the tire is pointed.

The effect of cornering stiffness for both a flat curve and a curve with
a superelevation of 0.06 is shown in figure 16. The cornering stiffness
values used were those of a new, typical, and worn tire. 10 A value three
times greater than that of a typical tire was also used. The vehicl~ was a
fully loaded single-trailer truck with a CG height of 70 in (178 cm). Because
little or no lateral tire sliding occurs in the simulated cases, the cornering
stiffness has almost no effect on the rollover threshold.

6. Effect of Driver Path Follower Model on Lateral Acceleration
and Roll Angle

The Phase-4 model uses a simulated driver model that controls the steer
ing angle to follow a user-defined path given to the program in x-y form. The
two parameters that are used to adjust the driver model are a preview interval
and a driver lag time. The preview interval is the time interval correspond
ing to the distance that the driver can see in front of the vehicle. The lag
time is the time delay until the driver reacts after seeing something. The
driver model for all of the simulation runs used a preview interval of 1.5 s
and a lag time of .001 s. This model produced realistic results for a driver
who is good at path following since the truck maintained a fairly smooth path
while wandering 1 or 2 ft (0.3 to 0.6 m) either way in the lane. A good
driver was desired for these simulations so that valid comparisons between the
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different curve types could be made. To investigate the sensitivity of the
simulation results to the driver path follower model, a run was made in which
the driver model was changed to use a driver lag time of 0.3 s rather than
0.001 s used for the baseline case. Plots of the output of this run for roll
angle and lateral acceleration in comparison to the baseline case are given in
figures 17 and 18. In this simulation, the driver lag was increased to
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0.3 sec, which made the system slightly more unstable. The roll angle plot
shows that the driver is making steering corrections in this case. The
lateral acceleration plot is not quite as smooth although the maximum value is
actually slightly lower than for the baseline case.

7. Effect of Superelevation Transition Geometrics on Truck Rollover

Types of Transitions Studied: The effect of superelevation transition
geometrics was evaluated for three types of transitions:

• Superelevation transition following 2/3 - 1/3 rule (Type I).

• Development of full superelevation on the tangent (Type II).

• Spiral transition curve (Type III).

The first two types both involve circular curves with direct tangent-to
curve transitions and no intervening transition curve. The horizontal curves
for case I, designed in accordance with the 2/3 - 1/3 rule, which is specified
as a desirable practice in the AASHTO Green Book, allow 2/3 of the supereleva
tion to be developed on the tangent and the last 1/3 of the superelevation to
be developed on the first portion of the curve itself. In a Type II transi
tion, all of the superelevation is developed on the tangent so that the entire
circular curve has constant superelevation. A Type III transition incorpo
rates a short spiral transition curve between the tangent and circular curve
at both the beginning and end of the curve. Superelevation development takes
place completely within the spiral transition curve so that the entire circu
lar curve has constant superelevation.

The curve and transition geometry are defined for the computer program in
a new subroutine that calculates the elevation and gradient of the road sur
face at any point specified by the program. This is a simple matter for the
Type I and Type II designs because they are simple curves and as such can be
described by closed-form trigonometric relations. The radius of the curve at
any point is known, and it is a simple matter to calculate the distance
between the desired point and the centerline of the road. The elevation of
the road at the desired point is then this distance multiplied by the super
elevation at that point. The gradient of the road at the desired point can be
found using a divided difference scheme. The Type III spiral transition
design is not straightforward because the describing equations are not in a
closed form; therefore, the radius at any particular point is not easily
determined.

The (x,y) coordinates of the spiral, shown in figure 19, are given by the
following equations:

( e2 e lt e6)
x = ~s 1 - 10 + 216 - 9,360
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where: 9 = angle from T.S. (tangent to spiral transition) to any point
on the spiral

is = spiral length from T.S. to point (x,y)

x = longitudinal distance from T.S.

y = lateral distance from T.S.

The elevation of any point the spiral roadway can be determined using a
minimization technique. Referring to figure 19, which is a plan view of a
spiral transition curve, point A is the point where the elevation and gradi
ents are desired. The elevation of A is the superelevation of the road at
that point multiplied by distance D. Distance D, however, is the length of
the shortest line that passes through A and intersects line C, which is the
centerline of the road. The (x,y) coordinates of any point on line C are known
from equations (11) and (12) as a power series of the angle 9, and the ele
vation of any point on line C is known from the centerline profile of the
road. Distance D is found by using a modified Newton method to minimize the
length of the line passing through A and intersecting line C, which also pro
duces the angle 9, which is used to determine the superelevation at that
point. The gradients are found by repeating this process for additional
points and using a divided difference.

Situations Investigated: A total of 36 cases were investigated, with
curve radii ranging from 432 to 1,528 ft (131 to 466 m) and superelevations
ranging from 0.04 to 0.10. These correspond to curves designed to AASHTO
minimum radii for design speeds from 40 to 60 mi/h (64 to 97 km/h) and for
maximum superelevation rates (emax ) from 0.04 to 0.10. In all cases, the
superelevation was developed along the runoff and runout lengths as a linear
function of distance. The curve geometry and truck speed data for each of the
three types of spiral transition designs that were evaluated are presented in
tables 10, 11, and 12. Cases A through L in tables 10, 11, and 12 represent
the 12 combinations of horizontal curve design speed, maximum. superelevation
rate, and truck speed that were simulated.

Ideal road conditions were assumed for the simulations, i.e., the pave
ment surface was assumed to be smooth with high friction. Since the objective
of this study was to investigate roll characteristics, it was assumed that the
available lateral pavement friction was never exceeded, which is reasonable
for a loaded truck on a dry road.

The truck type used in this investigation was the STAA single with 48-ft
(14.6-m) trailer and conventional tractor. The parameters for this truck type
are those listed in table 7. The rollover threshold of this truck on a flat
curve is 0.36 g.

Results: The results of the computer simulation runs are summarized in
tables 13, 14, and 15. Table 13 summarizes the results for the Type I transi
tion area (the 2/3 - 1/3 rule), which was considered the baseline case.
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Tables 14 and 15 show the results for the Type II and III transition areas,
respectively. Tables 16 and 17 compare the results for the Type I baseline to
the simulation results for the Type II and III transition areas, respectively.

The effective maximum lateral acceleration, a 1

max ' not offset by
superelevation was calculated using the following equation:

(13)

where: a 1

max = effective maximum lateral acceleration (g) not offset by
superelevation

= lateral acceleration at any point along the superelevation
transition (g)

e(x) = superelevation at distance x from the beginning of the
transition curve

xa = location of the point where the maximum lateral
acceleration occurs, i.e., a(xa) = amax

The roll stability margin, RSM, is defined by the following equation:

where:

RSM = Po - amax + e(xa)

Po = truck rollover threshold on a flat curve (po = 0.36)

(14)

Equation (14) can also be presented in the following form:

RSM = Po - a 1

max (15)

The roll stability margin is a measure of the additional lateral acceleration
that the truck could undergo without rolling over. A positive value of RSM
indicates that the truck could undergo additional lateral acceleration without
rolling over. A negative value of RSM indicates that the truck should roll
over; in fact, a rollover did occur in every instance in which it was pre
dicted by a negative value of RSM in the simulation results shown in tables
13, 14, and 15. The calculated values of RSM in tables 13, 14, and 15 are
applicable to a truck with a rollover threshold of 0.36 g. This rollover
threshold is low by historical standards, which assumed that most trucks had
rollover thresholds of at least 0.40 g, but it is substantially higher than
the minimum rollover threshold of 0.30 g found recently for some truck con
figurations. A sensitivity analysis of the effect on horizontal curve design
criteria of variations in the rollover threshold is found in volume I of this
report.
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Table 16. Comparison of computer simulation results for
Type I and II transition areas.

Location of
Ro 11 stabil ity point of maximum Maximum

margin (g) lateral acceleration roll angle (deg)
Case Type I Type II A Type I Type II A Type I Type II lJ.

A 0.196 0.196 0.000 3+47.8 3+52.0 4.2 -0.949 -0.938 -0.011
A 0.085 0.079 0.006 3+39.9 3+71.9 32.0 -3.814 -3.964 0.150
A -0.037 -0.035 -0.002 3+44.2 3+81.3 37.1

B 0.211 0.205 0.006 3+63.8 4+03.6 39.8 -0.651 -0.770 0.119
B 0.118 0.111 0.007 3+76.9 4+21.1 44.2 -3.C44 -3.232 0.188

C 0.225 0.218 0.007 3+97.7 4+47.0 49.3 -0.323 -0.507 0.184

0 0.188 0.188 0.000 3+42.5 3+52.9 10.4 0.373 0.399 0.026
0 0.066 0.056 0.010 3+71.5 3+76.9 5.4 -2.813 -2.988 0.175
0 -0.053 -0.057 0.004 3+39.4 3+64.0 24.6

E 0.206 0.198 0.008 3+94.1 4+02.4 8.3 0.772 0.584 -0.188
E 0.108 0.094 0.014 3+86.4 4+28.4 42.0 -1. 778 -2.093 0.315

F 0.226 0.213 0.013 4+40.3 4+58.1 17.8 1.217 0.903 -0.314

G 0.188 0.188 0.000 3+86.8 3+93.2 6.4 1.839 1.922 -0.083
G 0.058 0.043 0.015 3+91.1 4+20.2 29.1 -1.566 -1.806 0.240
G -0.069 -0.075 0.006 3+64.6 4+01. 5 36.9

H 0.203 0.193 0.010 4+34.3 4+42.6 8.3 2.202 1.993 -0.209
H 0.097 0.077 0.020 4+23.6 4+69.5 45.9 -0.547 -1.000 0.453

I 0.225 0.207 0.018 4+69.0 4+99.0 30.0 2.717 2.306 -0.411

J 0.187 0.187 0.000 4+32.8 4+37.5 4.7 3.209 3.346 0.137
J 0.049 0.031 0.018 4+55.3 4+59.2 3.9 -0.429 -0.628 0.199
J -0.093 -0.097 0.004 3+75.4 4+30.1 54.7

K 0.203 0.190 0.013 4+81.8 4+90.1 8.3 3.632 3.440 -0.192
K 0.088 0.061 0.027 4+64.8 5+17.6 52.8 0.724 0.107 -0.617

L 0.227 0.203 0.024 5+02.8 5+48.5 45.7 4.284 3.736 -0.548
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Table 17. Comparison of computer simulation results for
Type I and III transition areas.

Location of
Roll stabil ity point of maximum Maximum

margin (g) lateral acceleration roll angle (deg)
Case Type I Type II I A Type I Type I II A Type I Type II I fJ.

A 0.196 0.197 -0.001 3+47.8 3+46.7 -1.1 -0.949 -0.933 -0.016
A 0.085 0.092 -0.007 3+39.9 3+59.1 29.2 -3.814 -3.652 -0.162
A -0.037 -0.035 -0.002 3+44.2 3+45.8 1.6

B 0.211 0.215 -0.004 3+63.8 3+99.5 35.7 -0.651 -0.546 -0.105
B 0.118 0.130 -0.012 3+76.9 3+73.4 -3.5 -3.044 -2.726 -0.318

C 0.225 0.234 -0.009 3+97.0 4+06.4 8.7 -0.323 -0.085 -0.238

0 0.188 0.189 -0.001 3+42.0 3+46.3 3.8 0.373 -0.048 0.325
0 0.066 0.071 -0.005 3+71. 5 3+73.2 1.7 -2.813 -2.700 -0.113
0 -0.053 -0.050 -0.003 3+39.4 3+33.8 -5.6

E 0.206 0.029 -0.003 3+94.1 4+01.6 7.5 0.772 0.454 -0.318
E 0.108 0.120 -0.012 3+86.4 4+19.8 33.4 -1. 778 -1.478 -0.300

F 0.226 0.231 -0.005 4+40.3 4+56.5 16.2 1.217 0.899 0.318

G 0.188 0.189 -0.001 3+86.8 3+90.9 4.1 1.839 0.559 1.280
G 0.058 0.062 -0.004 3+91.1 4+18.0 26.9 -1. 566 -1. 607 0.041
G -0.069 -0.066 -0.003 3+64.6 3+57.0 -7.3

H 0.203 0.205 -0.002 4+34.3 4+44.9 10.6 2.202 0.953 1.249
H 0.097 0.110 -0.013 4+23.6 4+66.5 42.9 -0.547 -0.312 -0.235

0.225 0.229 -0.004 4+69.0 5+34.6 65.6 2.717 1.288 1.429

J 0.187 0.187 0.000 4+32.0 4+32.0 -0.8 3.209 0.878 2.311
J 0.049 0.050 -0.001 4+55.0 4+61.6 6.3 -0.429 -0.670 0.241
J -0.093 -0.086 -0.007 3+75.0 3+80.8 5.4

K 0.203 0.202 0.001 4+81.0 4+94.0 12.2 3.632 1. 248 2.384
K 0.088 0.098 -0.010 4+64.0 5+28.7 63.9 0.724 0.468 0.256

L 0.227 0.227 0.000 5+02.0 5+72.0 69.2 4.284 4.154 0.130

59



A maximum roll angle is actually the "most negative l' or, strictly
speaking, the smallest roll angle, because a negative roll angle means that
the truck is leaning out of the turn. Sample plots of lateral acceleration
versus distance and roll angle versus distance for case A with the three
transition designs are shown in figures 20 through 25. All of these results
are for the STAA single-semitrailer truck with 48-ft (14.6-m) trailer docu
mented in table 11. The roll angles and lateral accelerations in the plots
are all in reference to an inertial coordinate system, i.e., the roll angle on
a superelevated road is the true roll angle of the truck relative to the flat
initial starting plane, not to the road itself. To find the roll angle
relative to the superelevated road, the angle of the superelevation must be
subtracted from the plotted vehicle roll angle. The superelevation angles
are:

•

•

•

•

0.04 superelevation

0.06 superelevation

0.08 superelevation

0.10 superelevation

A positive roll angle means the vehicle is leaning into the turn; a negative
angle means the vehicle is leaning out of the turn. The lateral acceleration
plotted is in the inertial horizontal plane. On a flat road, lateral accel
eration contributes only to the vehicle rolling moment and lateral tire load;
on a superelevated road, it contributes in a lesser degree to the rolling
moment and lateral tire load as it also adds to the normal tire load.

In addition to the roll stability margin defined by equation (14),
another parameter--a critical speed--is introduced to provide a quantitative
measure of truck roll performance. Critical speed, vcr"t' for a specified
truck negotiating a horizontal curve of specified geometry is defined as the
minimum steady speed at which the truck would rollover on the curve. In
other words, the roll stability margin for a truck negotiating a curve at the
critical speed is equal to zero. Using equation (14), the truck maximum
lateral acceleration at the critical speed is such that:

(16)

For steady-state turning, the lateral acceleration is expressed by:

where: v = steady-state speed (mi/h)

R = curve radius (ft)
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In an actual turn, the lateral acceleration of the truck reaches a maximum
value that exceeds the steady-state lateral acceleration given in equation
(17) :

(18)

where M is an overshoot (M ~ 1). The value of the overshoot, M , for a
given cBrve geometry can bePcalculated from the simulation result~ using the
following equation:

(19)

For linear systems, the value of Mp would be independent of speed. However,
since the truck model used in the simulation is nonlinear, Mp varies with
speed.

The critical speed formula can now be obtained by combining equa
tions (16), (18), and (19):

(20)

The value of M for a given curve geometry was calculated using the simulation
results for th~ highest speed at which rollover did not occur on a given
curve.

The values of the critical speed calculated for all cases used in
computer simulation are given in table 18. Also listed in table 18 are the
values of the AASHTO design speeds. The critical speed exceeds the design
speed in all cases. The safety margin is from 11.8 to 33.1 mi/h (19.0 to
53.3 km/h) and is higher for higher design speeds. The values of the accel
eration percent overshoot calculated as:

(21)

are given in table 19.

Summary of Results: Several key findings are evident from the computer
simulation analysis of horizontal curves. These are:

• The simulation results in tables 13 through 15 show that the maximum
lateral accelerations experienced at any point on a horizontal curve
were only slightly higher than the nominal lateral accelerations
indicated by the standard curve formula. The maximum difference in
any case was approximately 0.02 g.
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Table 18. AASHTO design speed and critical
speed values calculated from the

computer simulation results.

Critical speed (vcrit) (mi/h)
Case AASHTO Type I Type II Type III

A 40 56.3 55.8 57.0
B 50 71.5 70.6 73.0
C 60 90.7 88.9 93.1
D 40 54.5 53.7 54.8
E 50 69.6 68.1 71.0
F 60 88.3 85.5 89.4
G 40 53.7 52.6 53.9
H 50 68.0 66.0 69.3
I 60 85.8 82.5 86.7
J 40 52.9 51.8 53.0
K 50 66.7 64.4 67.6
L 60 84.3 80.3 84.3

Note: 1 mi = 1.61 km

Table 19. Acceleration overshoot values for
the simulated cases.

Acceleration overshoot (Mp%)
Case Type I Type II Type III

A 8.3 10.4 5.9
B 12.2 15.0 7.4
C 11.4 15.9 5.7
D 8.1 11.2 6.6
E 10.4 15.4 6.2
F 9.0 16.3 6.2
G 7.3 11.5 6.2
H 9.2 15.6 5.1
I 8.0 17.0 6.0
J 6.5 11.2 6.2
K 7.6 15.4 4.7
L 5.9 16.8 5.9

Mean 8.7 14.3 6.0
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• The truck in the simulation model rolled over only in those cases
where its travel speed exceeded the design speed by 20 mi/h
(32 km/h). Rollover would occur at a lower speed if the rollover
threshold of the truck were lower than 0.36 g.

• The change in transition geometry from Type I (2/3 - 1/3 rule) to
Type II (full superelevation on tangent) increased the maximum
lateral acceleration in 20 of the 24 cases. However, the increase
was so small--less than 0.02 g in most cases--as to be of little
practical significance.

• The Type II transition also generally moved the point of maximum
lateral acceleration further into the curve and in most cases
increased the negative roll angle of the truck.

• . The change in transition geometry from Type I (2/3 - 1/3 rule) to
Type III (spiral) reduced the maximum lateral acceleration in 22 of
the 24 cases. However, in most cases the benefit of spirals was
small--typically less than 0.01 g. The decrease in lateral accel
eration due to the presence of a spiral becomes larger as speed
increases (except in those cases where the truck rolled over because
the speed was too high).

• The spiral transition moved the point of maximum lateral accelera
tion further into the curve and generally reduced the negative roll
angle of the truck.

These results indicate that developing full superelevation on the tangent is
not preferable to the use of the 2/3 - 1/3 rule. On the other hand, the use
of spiral transitions is desirable. However, because of the small reduction
in lateral acceleration, the use of spiral transitions is unlikely to provide
a major reduction in rollover accidents.
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APPENDIX C

TRUCK OFFTRACKING

When any vehicle is making a turn, its rear wheels do not follow the same
path as its front wheels. The magnitude of this difference in paths, known as
1I 0 fftracking,1I generally increases with the spacing between the axles of the
vehicle and decreases for larger radius turns. Offtracking of passenger cars
is minimal because of their relatively short wheelbases; however, many trucks
off track substantially. The most appropriate descriptor of off tracking for
use in highway design is the 'Iswept path width,1I shown in figure 26 as the
difference in paths between the outside front tractor tire and the inside rear
trailer tire.

Truck offtracking is addressed in the 1984 AASHTO Green Book through
consideration of three design vehicles. 1 The dimensions and turning radii of
these design vehicles are given in table 20. The minimum turning radius is
defined by the path of the outer front wheel, following a circular arc, at a
speed of less than 10 mi/h (16 km/h), and is limited by the vehicle steering
mechanism.

Trucks have become longer in recent years as a result of the 1982 Surface
Transportation Assistance Act (STAA) and other factors. Table 21 presents the
design vehicles recommended in this contract for consideration in highway
design. Table 22 presents the detailed axle spacings for those vehicles.

A. Background

The 1984 AASHTO Green Book notes that there are two distinct types of
off tracking. Low-speed offtracking is a purely geometrical phenomenon wherein
the rear axle(s) of a truck track toward the inside of a horizontal curve,
relative to the front axle. Figure 26 illustrates low-speed offtracking.
Considerable research has been performed concerning low-speed offtracking, as
a function of truck and roadway geometrics, and it is well understood on level
surfaces. However, pavement cross-slope, including superelevation on hori
zontal curves, has an effect on low-speed off tracking that has not been docu
mented in previous research.

High-speed offtracking, on the other hand, is a dynamic, speed-dependent
phenomenon. It is caused by the tendency of the rear of the vehicle to move
outward due to the lateral acceleration of the vehicle as it negotiates a
horizontal curve at higher speeds. High-speed offtracking is less well under
stood than low-speed offtracking, and it is a function not only of truck and
roadway geometrics, but also of the vehicle speed and the suspension, tire,
and loading characteristics of the vehicle.
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OFFTRACKl~G

PATH OF INSIDE
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Figure 26. SWept path Width and Offtracking of a truck negotiating
a gO-degree interSection turn.26
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Current AASHTO criteria for intersection and channelization geometrics
and for pavement widening on horizontal curves consider only low-speed off
tracking. The design of intersection and channelization geometrics is
properly a function of low-speed offtracking only, because truck operations at
intersections generally occur at low speeds. Pavement cross-slope effects on
off tracking can generally be ignored in the design of intersection and chan
nelization geometrics, because normal pavement cross-slopes are generally
small. Turning roadways at channelized intersections generally operate at low
speeds and therefore, do not require much superelevation. However, pavement
widening at horizontal curves should consider both low-speed and high-speed
off tracking, including superelevation effects.

The next section documents the low-speed offtracking characteristics of
the recommended design vehicles for use in design of intersection and chan
nelization geometrics. The following section documents the broader considera
tion of off tracking in pavement widening on horizontal curves.

B. Low-Speed Offtracking

Low-speed offtracking is a well-known pnenomenon that has been addressed
extensively in past research and is considered in current AASHTO design
criteria. The geometrics of low-speed off tracking is addressed by a series of
models developed for FHWA and State highway agencies. An offtracking model
was developed for FHWA in 1983. 27 This model was intended to be run on an
Apple microcomputer. An IBM PC version of this model was subsequently devel
oped for FHWA.28 The user specifies the turning path to be followed by the
front axles of the truck and the models plot the path of the rear axle and
other specified points on the truck. Both the Apple and IBM PC provide
plotted output but have no capability for numerical output.

More recently, the IBM PC version of the truck offtracking model was
enhanced by the California Department of Transportation (Caltrans) to include
numerical output of off tracking and swept pathwidths as well as the turning
plot. 29 The Caltrans model is intended to run on an IBM mainframe" computer.
Figure 27 illustrates the output of the Caltrans model.

The Caltrans model was run as part of this study to compare the off
tracking performance of the design vehicles specified in tables 21 and 22 to
smaller design vehicles with 37 ft (11.2 m) (WB-50) and 45 ft (13.7 m)
trailers.
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Figures 28 through 34 show the maximum off tracking at any point during a turn
for specified values of turn radius and turn angle for the following vehicles:

37-ft (11.2-m) semitrailer with
conventional tractor (WB-50)

45-ft (23.7-m) semitrailer with
conventional tractor

48-ft (14.6-m) STAA semitrailer
with conventional tractor

48-ft (14.6-m) STAA semitrailer
with long tractor

53-ft (16.2-m) semitrailer with
conventional tractor

STAA double-trailer truck with
cab-over-engine tractor

STAA double trailer truck with
cab-behind-engine tractor

Figure 28

Figure 29

Figure 30

Figure 31

Figure 32

Figure 33

Figure 34

Figures 28 through 34 all represent trucks with a fifth-wheel offset (Dimen
sion C) equal to zero. Fifth-wheel offsets up to 2 ft (0.6 m) are common, but
research by Caltrans has shown that moving the fifth-wheel has very little
effect on the offtracking performance of the truck.

Swept path widths can be calculated directly by adding 7.58 ft (2.31 m)
to the maximum off tracking values shown in figures 28 through 34. Since the
Cal trans model calculates offtracking along the truck centerline and the swept
path width is the difference in path between front outside axle and the rear
inside axle, the difference between off tracking and swept path width is
one-half of the tractor axle width plus one-half of the rear trailer axle
width. The tractor axle is typically 6.66 ft (2.03 m) wide and the rear
trailer axle is typically 8.5 ft (2.59 m) wide, so half their sum is 7.58 ft
(2.31 m).

Table 23 compares the maximum offtracking and swept path width for
specifying the radii and turn angles for the design vehicles shown in fig
ures 28 through 34 for selected combinations of turn radius and turn angle.
The table shows that for the single trailer configurations the amount of
offtracking increases nearly linearly with trailer length. For 90 0 turns the
offtracking with a 53-ft (16.2-m) trailer is almost double the offtracking of
the WB-50 configuration. The offtracking of doubles is much less than that of
STAA singles, and is approximately the same as that of the WB-50.

The results in figures 28 through 34 and table 23 can be used as the
basis for design of intersection and channelization geometries which generally
have short radii (up to 300 ft or 110 m). The design of horizontal curves
requires consideration of longer radius curves. Figure 35 shows the offtrack
ing on long radius curves for the 48-ft (14.6-m) STAA semitrailer with a long
tractor. ThUS, figure 35 is simply an extension of figure 31 to longer
radii. Comparison of figures 31 and 35 shows that low-speed off tracking
exceeds 2 ft (0.6 m) for 48-ft (14.6-m) single-semitrailer truck for horizon
tal curves with radii up to approximatley 500 ft (150 m).
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Table 23. Offtracking for selected combinations of turn radius and
turn angle.

a
Maximum offtracking(ft)

Turn radius (ft) 50 100 300
Turn angle: 60° 90° 120° 60° 90° 120° 60° 90° 120°

Design vehicle

Single with 37-ft 9.3 11.8 13.3 6.0 6.5 6.6 2.1 2.1 2.1
trailer (WB-50)

Single with 45-ft 12.1 15.5 8.0 9.0 9.4 2.9 2.9 2.9
trailer

STAA single with 13.0 16.9 8.8 10.0 10.5 3.3 3.3 3.3
48-ft trailer
and conven-
tional tractor

STAA single with 13.4 17.4 9.1 10.4 10.8 3.4 3.4 3.4
48-ft trailer
and long
tractor

Long single with 14.4 19.5 23.4 10.3 12.1 12.8 4.1 4.1 4.1
53-ft tra il er

STAA double with 9.2 11.3 12.6 5.8 6.1 6.2 1.9 1.9 1.9
cab-aver-engine
tractor

STAA daub 1e with 9.6 11.9 13.4 6.0 6.4 6.4 2.1 2.1 2.1
cab-behind-
engi.ne tractor

a Add 7.58 ft to entries in this table to get maximum swept path width.

Note: 1 ft = 0.305 m.
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The implications of the offtracking and swept path width results derived
here for design of intersection and channelization geometrics are addressed in
volume I.

c. Model for Low-Speed and High-Speed Off tracking Including Superelevation
Effects

Various models and formulas have been developed to estimate off tracking
by trucks in turns so that turning plots like figure 27 need not be developed
for every application. An early example is the Western Highway Institute
(WHI) offtracking formula. 30 Low-speed off tracking develops gradually as a
truck traverses a turn, as is illustrated by figures 28 through 35. The WHI
formula estimates the magnitude of fully developed low-speed off tracking,
i.e., the maximum offtracking that will occur for any turn angle during a
given radius of turn.

In 1981, Bernard and Vanderploeg developed an off tracking model that
includes both the low-speed and high-speed contributions to offtracking. 31

However, their model applies only to vehicles on a level surface. A new model
has been developed in this study that extends the Bernard and Vanderploeg
model to incorporate the added effect of superelevation on off tracking. Both
the Bernard and Vanderploeg model and the new model give values for fully
developed off tracking. On shorter curves, the actual off tracking may be less
~han the fully developed offtracking as indicated by turning templates or com
puter plotting models, such as the Caltrans model. 29

The new model for off tracking of two consecutive axles, axle sets (i.e.,
tandems or triaxles), or hitch points, is:

OT =

2,U 2 [ 1+ -R- -----
C

a
g(l+t/2.)

I.e

C (l+t/l.)
a
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where: aT = fully developed off tracking (ft)

1 = distance between two consecutive axles or centerlines of axle
sets or hitch points (ft)

R = radius of curvature (ft)

ai = distance from centerline of axle set to i th axle (ft) (for
single axles, a 1 = 0; for tandem axles, a 1 = az = 2 ft; for
triaxles, a r = a3 = 2 ft; a z = 0)

n = number of axles in set (n = 1 for single axle, n = 2 for tandem
axle, n = 3 for triaxle)

t = pneumatic trail (ft) (for typical values, see page 31 of
reference 10)

U = speed of vehicle (ft/sec)

g = acceleration of gravity (ft/s 2 ) (equivalent to 32.2 ft/s 2 or
9.8 m/s 2 )

e = ratio of total cornering stiffness to total normal load (rad- 1 )

a (see Equation (22))

S = roll steer angle (see equation (23))

e = superelevation of curve (ft/ft)

The ratio of the total cornering stiffness to total normal load is determined
as:

c =
a

n(e IF )(F )(n
t

)(57.296)
a zr zr (22)

where: C = cornering stiffness of tires (lb- 1 deg- 1 ) (note: page 27 ofa
reference 10 indicates that Ca/Fzr is in the range from 0.1 to
0.2 deg- 1 )

= rated load of tire (lb) (note:
page 27 of reference 10)

typical values are given on

nt = number of tires per axle (usually 4)

Wa = load (weight) carried by the suspension for axle set (lb)
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The roll steer angle is determined as:

s =
Mfsha (23)

where: Maf = sprung mass supported by axle set (lb-sec 2 jft) (= Wajg)

s = suspension roll steer coefficient (degrees of steer per
degree of roll) (for typical values, see page 66 of
reference 10)

kr = composite roll stiffness (ft-lb/rad) (for typical values,
see page 60 of reference 10)

h = distance between load center of gravity and suspension roll
center, hCG-h RC

= height of center of gravity of load carried by the axle set
(ft)

height of roll center of suspension system for the axle set
(ft) (for typical values, see page 65 of reference 10)

Equation (21) consists of four terms. The first term represents the
traditional low-speed off tracking, without superelevation. For a single axle
(ai = 0), the first term reduces to:

OT = 0.5 1 2

R
(24)

which is the Western Highway Institute offtracking formula. 3D

The second term in equation (21) is the speed-dependent
represents high-speed offtracking. The sign of the second term is
indicating that high-speed off tracking tends to offset the low-speed
ing.

term and
positive,
off track-

The th i rd and fourth terms represent the effect of supere1evat ion on
offtracking. The third term represents the influence of the superelevation
itself, and the fourth term represents the influence of roll steer caused by
the superelevation.

The sign of off tracking (OT) calculated with equation (21) should be
interpreted as follows. For an axle or axle set, negative off tracking indi
cates that the rear axle tracks inside of the lead axle. Positive off tracking
indicates that the rear axle tracks outside of the lead axle. For a hitch
point, the sign convention is reversed. Thus, if OT is negative, the hitch
point tracks outside of the lead axle. The offtracking for an entire vehicle
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is determined as the sum of the individual aT values for all axles or axle
sets behind the steering axle and for all hitch points:

Total aT = E(X .) (aT .)
. J J
J

(25)

where: Xj = 1 for an axle or axle set

Xj = -1 for a hitch point

OT j = off tracking for axle. axle set. or hitch point determined
from equation (21)

The derivation of this new offtracking model is presented in the next sec
tion. Section E examines the sensitivity of the off tracking model to typical
ranges of the variables in equations (21). (22). and (23).

D. Derivation of Off tracking Model

Several years ago Bernard and Vanderploeg published a paper describing
the mathematics of offtracking. including both the commonly known "low-speed"
offtracking as well as the less studied "high-speed" offtracking. 31 They
developed the basic equation of motion for a trai ler. as a function of the
trailer characteristics and the motion of the hitch point. They then examined
in detail the special case of most interest--the motion when the trailer is
making a steady turn of radius R at speed U.

The present derivation follows that of Bernard and Vanderploeg. but is
1imited to the special case of constant Rand U. However, it incorporates
added features not considered by them. First, it expl icitly includes the
effects of superelevation. The superelevation directly reduces "high-speed"
off tracking, as well as interacts with the roll-steer behavior of the
vehicle. Secondly, roll of the body of the trailer relative to the axle(s)
also contributes to roll steer. In the following, we use the basic nomen
clature and deviation of Vanderploeg, but with the changes just noted. 31

From figure 36, applying Newton's second law in the direction perpen
dicular to the trailer centerline gives

M(A
y

) = H
f

+ EF .. r,, (26)

where the trailer mass is M, the lateral acceleration is Ay ' Hf is the lateral
force at the hinge point, and Fri is the lateral force at the tires on
axle i.
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Figure 36. Forces and moments on trailer.
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Figure 37. Tire/pavement forces with superelevation.

From figure 37:

EF . = EFf . cos 9 + EF 0 sin 9 (27)
i r, i ' i n1

that is, the horizontal component of the tire/pavement forces. The
superelevation angle is 9.

Also from figure 37, summing forces in the vertical direction yields:

tF . cos 9 = EW. + EF f . sin 9. n, 0" ,, "
where W· is the portion of the trailer weight on the tires of axle i.
Eliminating ~Fni between equations (27) and (28) yields:,

tF . = EFf . cos e + (tWo + EF f . sin e) tan 9
. r1 ,. 1 • 1 0 ,

, 1 1

Next, consider the sum of moments in the horizontal plane about the
trailer eG. From figure 36:

(28)

(29)

. -
l(r + 1) = Hf(c) - IF .(d.) + EM .

i rl 1 i Z1
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where I is the trailer moment_of inertia about its CG and r is the rotation
rate of the velocity vector. U.

The side friction force. Ffi • and aligning moment. Mz;. are given by:

= -c
ai

(a. )
1 (31)

(32)

where Ca _ is the combined cornering stiffness for the tires on axle i, Ki is
the comb~ned aligning moment for those tires, an~ ai is the slip angle (angle
between the direction of motion of the trailer [U] and the velocity of the
tires). This can be shown to be: 31

.
(l+a i )(r + y)

tan ai = -tan 6i -tan y - --~U~C-o-s-y----

where 6i is the steer angle of the axle. illustrated by figure 38.

R ; V
;f--47\

Figure 38. Slip and steer angles.
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The lateral acceleration of the trailer CG is:

-
A = Ur cos y - (r + y) cy (34)

When the trailer tends to roll on its suspension, the rolling forces tend
to cause the tires to rotate (steer) slightly about a vertical axis. As such,
they no longer track in the same direction as the axis of the trailer, as
indicated in figure 38. The amount of this steering depends on the rolling
moment and the suspension characteristics.

Figure 39 illustrates the roll angle, ~, of the trailer negotiating a
curve with superelevation, 9.

-+---+-----I~Ay

Figure 39. Trailer roll with superelevation.
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The roll center, RC in figure 39, is the point in space about which the
trailer rolls. It is located a distance, h, below the center of gravity of
the portion of the trailer, Maf supported by the suspension. (Ma is the
trailer mass supported by the tires of the axle set; 6 is the fraction that is
suspended.) Now, summing moments about the roll center gives:

Mfgh sin (a-+) + k + = A Mfh cos (a-+)a r y a (35)

where kr , the roll stiffness, is a property of the trailer suspension; kr + is
the suspension-created restoring moment (clockwise in figure 39). Next.
making the usual small angle assumptions for a and + (e.g., sin a ~ a,
cos a ~ 1), yields:

+ = Mfh (A -ga)/(k -M fgh)a y r a

Then, the steer angle, 6i' is (by definition of si):

(36)

where si is the suspension's roll steer coefficient. If we define:

then:

6. = - S.(A - ga)
1 1 Y

This compares with Bernard and Vanderploeg's equation (A-7):

6. - - S.A
1 1 Y

(39)

(40)

except for the inclusion of the ga-term to denote the superelevation, and a
more inclusive definition of Si' to explicitly include the fact that the roll
offsets the CG of the trailer, thus negating some of the suspension restoring
moment.
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Now, using equations (26), (34), and (29) in equation (30), and making
the customary small angle assumptions (cos e = I, sin e = tan e = e) and
neglecting e2 terms yields:

-
I (r + y) = cM fUr - c (r + y) ] + I: fcC + C d. + K.] (l. (41)

; Q; (l. 1 , 1
1

- r W.e (c + d.)
. 1 1
1

.
Next, ~or a constant speed and radius turn, r = y = y = o. Using
equation (33) for ai' and noting from figure 36 that c + di = I. + ai ' gives

I: [c (t + a.) + K.J (I. + a.
cMUr r i oil 1 1

Y = (42)

~ [c (I. + a.) + K~ U ~ [Co. (I. + ai ) + K;Jo. 1
1 1 1

1: [c (t + a.) + K.J 6. 1:W. (t + a.)
i Cl i 1 1 1 ill

I: [c (2. + a.) + K~ 1: [c (I. + a.) + Kj
i Oil 1 i (l • 1

1

At this point we simplify by setting all Ki = K, all Ca. = Ca ' and Wi = Wain
where n is the number of axles in the axle set and Wa i~ the total load on all
tires of the axle set. (Note, however, that Wa = (c/t)Mg because some of the
weight is carried by the hinge point.) Thus:

(43)

-
since ra· = O. We define the pneumatic trail, t, as K/Ca , and Ca as nCa/Wa ·
Then, noting that for a steady turn the rotation rate, r, is U/R,
equation (42) becomes:

[ E{a ./1)']
~' [- + sJt

1 + ~(l:t/I.). +
1 (44)

y - - R C 9 (l+t/i.)
Cl

- S e - e
9 - (l+t/i.)Ca
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where the definition of Sj in equation (38) has also been used, along with
setting all Si = S. Finally, defining the offtracking distance, aT, as
ty + t 2/2R (see figure 38) gives:

2 r ~(ai/t) 21
aT = - ~ lo.s + ~ (1+t/t)J (45)

+ tU
2

[ 1 + sJ
R lCa9 (1+t/t)

_----:;;;.t..;..o Stgo
C (1+t/t)

a

which is equation (21).

E. Sensitivity of Off tracking to Truck Characteristics

A sensitivity analysis has been conducted to determine the sensitivity of
offtracking to truck characteristics using the new off tracking model. This
sensitivity analysis was conducted using a simple computer program to exercise
the model given in equations (21), (22), and (23). The truck used for this
sensitivity analysis was the STAA single with 48-ft (14.6 m) trailer and
conventional tractor given in tables 21 and 22. Both empty and loaded trucks
were considered. The typical axle spacings, axle loads, and center of gravity
height assumed for empty and loaded trucks are those given in table 24.
Table 2S shows both a typical value and a typical range for the other truck
parameters in the offtracking model. 1o

Vehicle speed and superelevation: Table 26 illustrates the sensitivity
of off tracking to vehicle speed and superelevation for the loaded truck
documented in table 24 using the typical truck parameters presented in
table 2S. The values in Table 26 are for a truck on a SOO-ft (150-m) radius;
shorter radius turns, such as are made at intersections, are not addressed in
this sensitivity analysis because speeds are lower and superelevation less
common for such turns.

The table shows that the traditional low-speed component of off tracking,
as defined, does not vary with either speed or superelevation. It is a
function solely of the truck characteristics and the turning path. The nega
tive sign of low-speed offtracking indicates that the rear trailer axle tracks
inside of the tractor steering axle. The value of low-speed offtracking,
-1.98 ft (-0.60 m), represents the maximum offtracking that could occur on a
500-ft (lS0-m) radius curve that is long enough for offtracking to fully
develop; the Caltrans model could be used to determine the actual offtracking
for any curve that is too short to develop that maximum.
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Table 24. Assumed characteristics for loaded and empty trucks used
in offtracking sensitivity analyses.

Parameter

Type of axle set

Distance from previous
ax 1e (1) (f t)

Tractor drive axle

Tandem (n = 2)

18.0a

Rear trailer axle

Tandem (n = 2)

40.5a

Load (weight) carried by
suspension for the
axle set (W) (lb)

Height of center of
gravity (in)

~

11,500

51

Loaded

30,000

71.4

~

5,000

60

Loaded

30,000

80

a Values of dimensions Band D for STAA 48-ft (14.6-m) trailer truck from
table 22.

Dimension C (fifth wheel offset) is assumed to be zero.
Note: 1 ft = 1.305 m

1 lb = 0.454 kg
1 in = 2.54 cm

Table 25. Typical values of parameters for off tracking model. 10

Parameter

Cornering coefficient (Ca/Fzr )
Rated load of tire (Fzr )

Number of tires per axle

Pneumatic trail (t)
Suspension roll steer coef-

ficient (s) (degrees of
steer per degree of roll)

Composite roll stiffness (k r )
per axle

Height of roll center (h RC )

Note: 1 lb = 0.454 kg
1 ft = 0.305 m
1 in = 2.54 cm

Typical value

0.15 deg-\

6,040 lb for radial
tires

5,150 lb for bias
ply tires

4

0.179 ft

0.18

0.158 X 10 6 in
lb/deg

22 in

98

Typical ranae

0.12 to 0.19

2 to 4

0.15 to 0.23
-0.04 to 0.213

0.070 to
0.165 x 10 6

21 to 33



Table 26. Components of total off tracking on a 500-ft (150-m) radius curve.

Truck Offtracking (ft)
speed Superelevation Low-speed High-speed Superelevation
(mi/h) (ft/ft) component component component Total

20 0.00 -1.98 0.28 0.00 -1.70
0.02 -1.98 0.28 -0.10 -1.80
0.04 -1.98 0.28 -0.21 -1. 91
0.06 -1.98 0.28 -0.31 -2.02
0.08 -1.98 0.28 -0.43 -2.12
0.10 -1.98 0.28 -0.53 -2.23

40 0.00 -1. 98 1.13 0.00 -0.85
0.02 -1. 98 1.13 -0.10 -0.96
0.04 -1.98 1.13 -0.21 -1. 07
0.06 -1.98 1.13 -0.31 -1.17
0.08 -1.98 1.13 -0.43 -1. 28
0.10 -1.98 1.13 -0.53 -1.38

Note: 1 ft = 0.305 m

Table 26 shows that since the high-speed component of off tracking
increases with the square of speed, its value at 40 mi/h (64 km/h) is four
times its value at 20 mi/h (32 km/h). The positive sign of the high-soeed
off tracking turn shows that it is in the opposite sense to the low-speed off
tracking term such that the rear trailer axle moves toward the outside rather
than the inside of the turn. For the specific truck and the specific radius
of curvature shown ~n table 26, the low-speed and high-speed off tracking terms
would completely offset one another on a level surface (i.e., with no super
elevation) and with no trailer body roll at 52.9 mi/h (85.1 kmjh). At that
speed, the rear trailer axle would exactly follow the tractor steering axle
and there would be no off tracking. At higher speeds, the rear trailer axle
would -track outside of the tractor steering axle. The values of the high
speed component of off tracking represent fully developed or steady state
off tracking. However, there is no information in the literature about how the
high-speed component develops as a truck enters a turn. This issue could be
investigated with the Phase-4 model.

Table 26 also shows that the effect of superelevation on off tracking
increases linearly with the magnitude of the cross-slope and that this com
ponent of offtracking is in the same direction as the low-speed component. In
addition, this superelevation effect is independent of speed so that it ~ould

contribute to off tracking in low-speed turns at intersections, as well as hign
speed turns on horizontal curves, whenever there is a pavement cross-slope.
The superelevation effect represents the maximum or fully developed off track
ing. No information is available about how the superelevation effect develops
as a tr~ck enters a turn.
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Empty vs. loaded: The loading of a truck has a moderately important
effect on off tracking. This effect was investigated in a sensitivity analysis
for standard test conditions, including a 500-ft (150-m) radius curve with
superelevation of 0.060, a truck travel speed of 40 mi/h (64 km/h). and the
typical values of truck parameters given in table 25. The difference in total
off tracking between the empty and loaded conditions shown in table 24, includ
ing the effects of both the additional spring loads on the axles and the
increase in center of gravity height, is 0.63 ft (0.19 m). Total off tracking
here represents the sum of the low-speed, high-speed. and superelevation com
ponents. The loaded condition has offtracking of -1.17 ft (-0.36 m). as shown
in table 26. The empty or unloaded condition has off tracking of -1.80 ft
(-0.55 m). Thus. empty trucks have greater negative off tracking than loaded
trucks.

Further sensitivity analyses for empty and loaded trucks are presented
below using the standard test conditions given above and varying the truck
parameters in table 25 one at a time over their typical ranges.

Cornerin coefficient: The cornering coefficient [C IF r in equa-
tion (22) is the ratio of the cornering stiffness to theQrated load of the
tire. The off tracking estimates in table 26 have been made using a cornering
coefficient of 0.15 deg- l • which represents a typical new radial tire.
Cornering coefficients for radial tires typically vary in the range from 0.12
to 0.19 deg- l depending on the tire model and the degree of wear. 10 The
cornering coefficient has only a small effect on off tracking. Increasing the
cornering coefficient increases negative off tracking. Over the range from
0.12 to 0.19 deg- l , total off tracking varies by only 0.07 ft (0.02 m) for an
empty truck and by 0.30 ft (0.09 m) for a loaded truck for the standard test
conditions defined above. For all practical purposes, the value of the
cornering coefficient could be set to a constant value of 0.15 deg- I in the
investigation of off tracking on horizontal curves.

Rated load of tire: Variations over the typical range of rated load of
tire have very little effect on offtracking. Bias ply tires have lower rated
loads than radial tires and reduce negative off tracking by 0.03 ft (0.01 m)
for empty trucks and by 0.11 ft (0.03 m) for loaded trucks. For all practical
purposes, tne rated load of the tire could be set to a constant value of
6,040 lb (2.750 kg) in the investigation of off tracking on horizontal curves.

Pneuma:ic trail: The pneumatic trail of the tire determines the
magnitude of the steering moment which is applied to the tire during corner
ing. 19 While the pneumatic trail theoretically has an influence on off
tracking [see equation (21)], this influence is so small--less than 0.01 ft
(0.003 m) for the standard test conditions--that for all practical purposes
the pneumatic trail can be treated as a constant.

Suspension roll steer coefficient: The suspension roll steer coefficient
(degrees of roll per degree of steer) has very little effect on off tracking
for empty trucks and has a moderately important effect for loaded trucks. An
increase in the roll steer coefficient decreases the amount of negative off
tracKing. For the standard test conditions described above, var~ation of the
roll steer coefficient over its typical range from -0.04 to 0.23 results in °a
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variation in off tracking of 0.05 ft (0.02 m) for empty trucks and 0.23 ft
(0.07 m) for loaded trucks.

Composite roll stiffness: The composite roll stiffness of a truck
suspension system represents the relationship between the suspension roll
angle and the restoring moment that tends to keep the truck body from rolling
further. Increases in the composite roll stiffness result in increases in
negative off tracking. For the standard conditions described above, variation
of the composite roll stiffness over its typical range from 0.070 to
0.165 million in-lb/deg (8.1 to 19 million g-cm/deg) results in an increase in
negative offtracking of 0.05 ft (0.02 m) for empty trucks and 0.27 ft (0.08 m)
for loaded trucks. Thus, composite roll stiffness has a very small effect on
off tracking for empty trucks and a moderate effect for loaded trucks.

Height of roll center: The height of the roll center has very little
effect on off tracking over its typical range of variation. Negative off
tracking increases as the roll center is raised. For the standard test
conditions given above, variation in the height of the roll center over its
typical range from 21 to 33 in (53 to 84 cm), changes offtracktng by 0.01 ft
(0.003 m) for empty trucks and by 0.04 ft (0.01 m) for loaded trucks. For all
practical purposes, the height of the roll center can be set as a constant at
its typical value of 22 in (56 cm) in the investigation of off tracking on
horizontal curves.

Number of axles: The effect on offtracking of the number of axles can be
realistically addressed only by varying several related parameters. If the
tractor and trailer have only one rear axle, instead of two, the supported
weight must be reduced in accordance with rated tire load and bridge-formula
axle loads. The analysis used a maximum load of 20,000 lb (9,080 kg) on these
axles. Also, the roll stiffness is generally much less for a single axle sus
pension; 0.070 x 10 6 in-lb/deg (8.1 x 10 6 g-cm/deg) was used here. The
negative offtracking is reduced by 0.27 ft (0.08 m) for the single axle
tractor and trailer when empty, and by 0.69 ft (0.21 m) when loaded. This
truck type will thus generate positive offtracking at lower speeds than tandem
axle combinations.

Combined effects: In summary, only five of the truck parameters examined
have effects on off tracking that are other than minimal. These are: empty
vs. loaded conditions; cornering coefficient; roll steer coefficient; compos
ite roll stiffness; and number of axles. The second, third, and fourth param
eters have substantial effects only for loaded trucks, which themselves
off track less than empty trucks. If these three parameters are set to produce
maximum negative off tracking for a loaded truck under the standard test condi
tions, the resulting off tracking is -1.51 ft (-0.46 m) which is still less
negative off tracking than produced by an empty truck. On the other hand, if
the two parameters are set to produce minimum negative off tracking, the
resulting off tracking is -0.67 ft (-0.20 m). Thus, maximum negative off
tracking will typically be obtained for empty trucks and maximum positive
off tracking will typically be obtained for loaded trucks. Furthermore, varia
tions in off tracking in excess of a foot (0.3 m) can occur for a given hori
zontal curve at a given speed, depending upon the truck parameters assumed.
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APPENDIX D

TRUCK PERFORMANCE ON GRADES

This appendix presents a detailed review of truck performance on grades
to determine the appropriate weight-to-horsepower ratio for use in the
analysis of critical length of grade for the current truck population. The
appendix focuses on the review of recent work by Gillespie on truck speed loss
on grades and includes a reanalysis of the data collected for that study.32

A. Background

The 1984 AASHTO Green Book presents the current warrant for the addition
of a truck climbing lane in terms of a "critical length of grade. II) A
climbing lane is not warranted if the grade does not exceed this critical
length. If the critical length is exceeded, then a climbing lane is desirable
and should be considered. The final decision to install a truck climbing"lane
may depend on a number of factors, but basically is determined by the reduc
tion in level of service that would occur without the addition. This reduc
tion, in turn, is a function of the traffic volume, the percentage of trucks,
the performance capabilities of the trucks, the steepness of the grade, and
the length of grade remaining beyond the critical length.

The critical length of grade itself is established by the Ilgradeability"
of trucks. Subjectively, the critical length of grade is the "maximum length
of a designated upgrade on which a loaded truck can operate without an
unreasonable reduction in speed." The Green Book considers the critical
length of grade to be dependent on three factors:

• The weight and power of the representative truck used as the design
vehicle, which determine its speed maintenance capabilities on
grades.

• The expected speed of the truck as it enters the critical length
portion of the grade.

• The minimum speed on the grade below which interference to following
vehicles is considered unreasonable.

Based on these factors, the AASHTO Green Book defines the critical length of
grade as the length of grade that would produce a speed reduction of 10 mi/h
(16 km/h) for a specified design truck.

The 1984 Green Book uses a 300 lb/hp (0.18 kg/W) truck as the design
vehicle. This weight-to-power ratio is smaller than that used for the 1965
AASHTO Blue Book; at that time a 400-lb/hp (0.24 kg/W) truck was typical of a
heavy truck. 33 The decision to use the more powerful 300 lb/hp (0.18 kg/W)
design vehicle was recommended in a 1978 NCHRP study.3~ Based on the litera
ture at the time, the NCHRP study concluded that the design vehicle should be
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one that a "large" portion of the vehicle population and has poor performance
char.acteristics on grades. These criteria appear reasonable.

Figure 40 illustrates the long-term trends in the weight-to-power ratios
of trucks. The figure shows the several lines illustrating trends in average
weight-to-power ratio of trucks as a function of gross weight from 1949 to
1975. based on figure 111-27 in the AASHTO Green Book. Added to the figure is
a line based on the 1977 Truck Inventory and Use Survey (TIUS) performed by
the Bureau of the Census and points representing the 1984 Gillespie data. 32 ' 35

The figure shows that the long-term decrease in weight-to-power ratios of
trucks has continued right up to the present. A comparison of the TIUS and
Gillespie data demonstrates that the major reason for the reduced weight-to
power ratios of trucks over the last decade is a substantial increase in
average engine horsepower. The average tractor power in the 1977 TIUS data
was 282 hp (210 kW). in comparison to 350 hp (260 kW) in the Gillespie data.
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0 /./ ,.,.",,,
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1 hp = 746 W

Figure 40. Trend in weight-power ratios of trucks
from 1949 to 1984. 1 '32'35

The data on which the recommendation to use 300 lb/hp (0.18 kg/W) was
based were all obtained in the early to mid 1970 1 s. Thus. they are now about
15 years old. Yet. most available evidence indicates that truck performance
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has continued to increase, just as it has since 1949 (see figure 40). The
most recently pUblished data, which were obtained in about 1984, show that
five-axle, single-semitrailer trucks, the most common heavy trucks, consis
tently (according to various measures) outperformed the AASHTO 300 lb/hp
(0.18 kg/W) design vehicle. 32 Therefore, current policy is overly
conservative in that it calls for a shorter critical length of grade than is
needed for the current heavy truck population.

Double-trailer trucks do have somewhat poorer performance than single
trailer trucks. However, they still perform slightly better than the AASHTO
design vehicle. Also, they represent a fairly small fraction of the trucks on
the road in most of the United States.

The remainder of this appendix considers the effect of recent changes in
truck weight-to-power ratios and the appropriateness of a reduction in the
weight-to-power ratio used to determine critical length of grade in the AASHTO
Green Book. The elements of the required analysis include review of the
Gillespie study, development of a method for estimating weight-to-power ratio
from truck performance data, and reanalysis of the Gillespie data to establish
a design value of weight-to-power ratio.

B. Literature Review

This section of the appendix reviews the literature related to truck
performance on grades.

1. Effect of Weight-to-Power Ratio on Final Climbing Speeds

Weight-to-power ratio: The ability of a truck to maintain speed on an
upgrade is very sensitive to its weight-to-power ratio. The weight-to-power
ratios of trucks have been decreasing steadily for the last 40 years, as
tractor engines have become more and more powerful.

A number of studies have addressed recent trends in the weight-to-power
ratios of trucks. Figure 41 shows an estimate of the distribution of weight
to-power ratios of trucks made by St. John in 1979 from data collected by the
FHWA Bureau of Motor Carrier Safety and the California Department of Transpor
tation. 36 '37 The figure shows that St. John1s distribution compares well with
field data reported by Messer in a 1983 study.38 The St. John and Messer data
are in agreement that the median weight-to-power ratio of trucks is about
160 lb/hp (0.10 kg/W) and the 15th percentile weight-to-power ratio (at the
poor end of the performance distribution) is about 240 lb/hp (0.15 kg/W).

Gillespie has reported grade-climbing abilities of trucks as observed in
1984. 32 Table 27 presents average values of weight-to-power ratio of trucks
obtained from field observations at four sites located in the eastern and
western parts of the United States. The table shows the average weight,
power. and weight-to-power ratios of trucks by truck type and road class. The
weights were obtained at weigh stations; the powers are the driver-reported
rated horsepower of the engine. The number of trucks observed for each road
ciass is given in parentheses following the road class. .
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Table 27. Average weights and power values for trucks. 32

Weight (lb) Power (hp) Weight/power
Straight Trucks

Interstate - East (14) 15,233 219 70
Interstate - West (6) 35,050 267 131
Primary - East (6) 16,575 273 75

Tractor-Trailers
Interstate - East (157) 54,452 328 166
Interstate - West (233) 64,775 370 175
Primary - East (134) 57,487 330 174

65-ft Doubles
Interstate - West (19) 64,920 331 196

Note: 1 lb = 0.454 kg
1 hp = 746 W
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Of course, extreme values of the distribution of truck weight-to-power
ratio are more appropriate than average values in -determining design criteria
for critical length of grade. Crawl speeds estimated from the results ob
tained by Gillespie for 12.5 percentile tractor-trailer combinations are shown
in figure 42. Gillespie suggested that the 12.5 percentile was a reasonable
design value, as it was a relatively poorly performing vehicle, yet one which
is reasonably common on the highways. The various points plotted represent
results from different classes of highways and different regions of the
country.

Data on truck performance, by number of axles, were also collected by the
California Department of Transportation in the late 1970 1 S. 36 St. John and
Kobett analyzed these data and determined that all but the two-axle truck data
were similar and could be merged. 39 They sUbsequently used the data in. a
model to predict detailed truck performance on grade. The same model was
applied in the present study with very slight adjustment in the shift delay
portion of the model, to updated (1983 to 1984) data from California. The
results from this model are also shown in figure 42 for two representative
trucks. One is a truck with a weight-to-power ratio of 245 lb/hp (0.15 kg/W),
which corresponds to the 6.5 percentile truck from the Caltrans data. The
other is the 25th percentile truck, which has a weight-to-power ratio of
180 lb/hp (0.11 kg/W).
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Figure 42. Effect of percent grade on tractor-trailer crawl speeds. 32 ' 36
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Clearly, these data sources, all derived from field data collected in the
early to mid 1980·s, are in good agreement. And, they both suggest that a
design vehicle. if based on final climbing speed. should have a weight-to
power ratio sUbstantially less than the AASHTO design vehicle value of
300 lb/hp (0.18 kg/W).

Acceleration capability on grade: The same data described above were
also analyzed to determine the ability of the trucks to accelerate (or,
alternatively. the forced deceleration) as a function of speed and grade.
Figure 43 illustrates some of the results for a 3 percent grade. Here the
results from the two data sources are not quite as consistent, but they do
both show the same trends. Both show that acceleration performance deterio
rates with speed. Also. both show that a 300 lb/hp (0.18 kg/W) design vehicle
is overly conservative, and that a design vehicle with a lower weight-to-power
ratio is more appropriate •
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Figure 43. Truck speed change per unit distance as a function of speed. 32 ' 36
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Effect of aerodynamic losses on power available to maintain speed on
grades: Gillespie provides insight into the quantitative.nature of the
various power losses in a truck. Figure 44, from Gillespie, illustrates that
at speeds less than 25 to 30 mi/h (40 to 48 km/h), the aerodynamic losses are
minimal, compared to other losses. But, at speeds of 55 mi/h (88 km/h) and
greater, they are the dominant losses. For the truck illustrated, the maximum
speed possible on level terrain is about 65 mi/h (105 km/h). Even though the
truck engine still produces power at that speed, it is all consumed in
overcoming the various losses, the greatest of which is the aerodynamic loss,
so no power is available to produce acceleration.
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Figure 44. Forces acting on a vehicle as a function of speed. 32

C. Computation of Weight-to-Power Ratio From Observed Speeds of Trucks

This section of the appendix provides a brief critique of the Gillespie
study together with a rationale for reanalysis of his data.

Gillespie obtained data on truck performances on grades for over 4,000
trucks at 20 sites in the United States in 1984 (apparently). These are the
most recent data of this type, and certainly of this magnitude, so it would
not be cost effective to repeat that data collection effort at this time.
However, Gillespie's analysis views the data in such a way that his results
shed little light on weight-to-horsepower or aerodynamics, other than to
indicate that the trucks have improved performance capabilities over those
used by AASHTO for the Green Book.

108



The author begins his report by reviewing the equations governing truck
performance on a grade. The fundamental equation is:

(46)

(47)

where:

W = gross weight of truck
e = effective weight of truck's rotating components. divided by W
Ax = forward acceleration. in gls
Fd = engine drive force at the wheels
Fr = rolling resistance of the wheels
Fa = aerodynamic drag force
Gr = grade, expressed as percent/IOO

The value of e is small compared to 1, especially at highway speeds, so is
neglected. Dividing equation (46) by W, and rearranging, yields:

AR = A + G = Fd/W - (F + F )/Wx r r a

where AR is termed the acceleration reserve--the force available, per unit of
gross weight, to accelerate the vehicle and/or to climb a grade. Equation
(47) assumes that the truck driver is applying all available power to main
taining speed, so that any reduction in speed is solely the effect of the
grade or the rolling and aerodynamic losses.

Figure 44, taken from the Gillespie study, illustrates how these various
terms vary with speed.~8 Fd varies inversely with speed, because the engine
power (= force times speed) is essentially constant with speed, given the
large number of gear ratios available to a truck driver. Fr is nearly
constant with speed, and Fa increases (negatively) as the square of the
speed. The available force, corresponding to AR, is shown as the available
drive force. Unfortunately, it is inaccurately drawn, in that it does not
reflect the quadratic nature of F. At low speeds the aerodynamic force is
nil, so the available force Shou13 approach the lower of the dashed curves in
the figure, differing only by the essentially constant rolling resistance.

The author simplified equation (47) by assuming AR to satisfy a linear
relation of the form:

(48)

where:

v is the truck speed
C1 and C2 are constants to be determined for each truck
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The authors of the present report are not in agreement with this assumption
for several reasons. First, it is not apparent to us that the available drive
force in figure 44 is a straight line, but is instead very curvilinear. (This
is especially important in view of the fact that the constants were evaluated
at speeds ranging from highway speeds [55 mi/h or 88.5 km/h] down to crawl
speeds [15 mi/h or 24.1 km/hl on grades exceeding 6 percent.) Second, by
using the linear approximation, there is no way to estimate the effect of
aerodynamic drag, which varies as the square of the speed. Third, this form
also loses the effect of the weight-to-horsepower ratio, which is contained in
the Fd term that is proportional to l/V.

The reader should be cautioned that Gillespie does introduce a "weight
to-horsepower ll term, defined by:

W/P 3 = 550/(AR V) (49)

This is a weight-to-power expression only in terms of its units. It would
correspond to the truck's weight-to-power ratio if there were no rolling or
aerodynamic losses. Moreover, W/P 3 has the disconcerting feature that it is a
function of speed. Tabulated values of this quantity should not be confused
with real weight-to-horsepower ratios.

Instead of equation (48), a more accurate representation could be used,
such as:

where:

AR V = P/W - AV - SV 2 - CV3 (50)

P/W is the effective power-to-weight ratio, corresponding to the lower
dashed curve of figure 44.

A, S, and C are constants to be determined, corresponding to the rolling
and aerodynamic losses.

Ideally, the author's field data could be applied to determine, directly, P/W
and the constants, A, S, and C. Unfortunately, this cannot be done because of
limitations in the data, as discussed next.

The data were collected by measuring speeds at four locations on each
grade, for each truck. The first location was 500 to 1,000 ft (150 to 300 m)
after the beginning of the grade; thus, no initial entry speed is available.
The next two locations were each 900 to 1,000 ft (270 to 300 m) further up the
grade, respectively, and the final location was at a point further up the
grade where the trucks were using their final crawl speeds.

To use these data with equation (50), or its equivalent, note that:

A g = dV/dt = dV/dx(dx/dt) = VdV/dx,x
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so, from equation (45),

dV/dx = (AR - Gr)g/V (51)

One can estimate from the speed reduction between the first and second loca
tions a value of dV/dx; Gr and V (average) are known, so AR can be calculated.
A second value of AR is ootained for the speed reduction between the second
and third locations. Finally, at the last location dV/dx = 0 so AR = Gr at
that location.

The above provides three relationships. but there are four unknowns (P/W,
A, B, and C). Therefore, additional information is needed. We attempted to
solve these equations by estimating one of the unknowns, B. B is the speed
dependent portion of the rolling friction loss. The value of 0.00044 was
used, as recommended by SAE, but sensitivity analyses showed that the results
were relatively insensitive to this va1ue.~o

Unreasonable results were obtained, which were found to result from
inconsistent speed values at the first two locations on the lower portion of
the grade. In some cases the truck speed was found to be higher at the second
location than at the first. which violates the assumption that the truck is
always using maximum power or else the truck just entered the highway and was
still accelerating up to speed. Because of these inconsistencies, it was
decided to not use these data, but instead to derive a method for estimating
weight-to-power ratio solely from the final crawl speeds of the trucks.

At steady crawl speed, dV/dx = 0, so AR = Gr. Using this fact and
equation (50), solving for W/P gives

(52)

where, in this representation:

W/P = weight-to-power ratio (lb/hp)

g = acceleration of gravity (ft/s 2 )

h = altitude (thousands of ft)

Vf = crawl speed (mi/h)

This incorporation of h in the numerator reflects the loss in horsepower of
the engine at altitude, due to reduced atmospheric pressure (oxygen) in
accordance with SAE practice.~o
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The rolling resistance terms (A and B) are recommended by St. John and
Kobett to be: 39

A = 0.2445

B = 0.00044

These values, based on mid-1970·s data, represent less friction than recom
mended by SAE as early as 1951, which have not been revised as of 1987,
although technology improvements have undoubtedly reduced rolling friction
losses during this period.~O'41 We are not aware of any more current data
than was used by St. John and Kobett, however.

The aerodynamic term, corresponding to C, is given by:

0.002384 Cog (1_0.006887h)4.255
C = 1/2 W/Area

where:

CD = drag coefficient

Area = truck frontal area (ft 2)

(53)

The h-term is an altitude correction to the nominal sea-level air density of
0.002384 lb/ft 3 (0.03816 kg/m 3 ). The drag coefficient, Cn, recommended by SAE
in 1951 and henceforth, ranges from 0.63 to 0.83. 41 The ~estern Highway
Institute suggested that 0.52 to 0.68 was a more modern (1969) range.~2

Current values are undoubtedly lower; we used CD = 0.6 in our calculations.
Also, the projected area, Area, was taken to be 102 ft 2 (9.5 m2).

Of the four terms in the summation in the denominator of equation (52),
the dominant term on the grades used by Gillespie is gGr , which accounted for
80 to 90 percent of the total. The constant part of the rolling resistance
(A) accounted for an additional 10 percent, whereas the C-term added from a
few to 10 percent (at higher crawl speeds) and the B-term added only a percent
or less.

Thus, successive appropriations can be made to calculate values of W/P,
depending on the assumptions (and hence, number of terms) included in
equation (52). The crudest (and highest) estimate of W/P uses only gG ,
effectively assuming there are no rolling or aerodynamic losses. A better
estimate is made by including an assumed value (0.2445) for A. The C-term can
also be added, but only if Wis known (which is the case for only a portion of
four sites in the Gillespie study).

Finally, for those sites where both P and Ware known, the nominal
weight-to-horsepower ratio can be calculated directly as:

W
W/P N = 0.94 P
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where the factor, 0.94, is introduced, based on the assumption that only about
94 percent of the engine rated horsepower is actually delivered to the drive
axles.

D. Reanalysis of Gillespie Data

A reanalysis of the Gillespie data was undertaken using equations (52),
(53), and (54). This analysis determined weight-to-power ratios only for
tractor-trailer combination trucks; single-unit or straight trucks were
excluded. The weight-to-power ratios obtained would have been lower still if
single-weight trucks had been included. Equation (52), using just the gGr. and
A-terms, provides the best available estimate of weight-to-power ratio (W/P2)
when only the final climbing speed of the truck is known. Equation (52)
provides a more accurate estimate of weight-to-power ratio (W/P~) when the
gross weight of the truck is known as well and all four terms in the
denominator are included. The gross weight is known only for four data
collection sites where surveys were conducted at weigh scales. Finally,
equation (54) provides an estimate of weight-to-power ratio (W/P N) where both
the gross weight of the truck and the rated engine horsepower are known, as
they are at the four weigh scale sites.

Table 28 summarizes the results of the analysis, showing several key
parameters of the distributions of W/P 2 , W/P~, and W/P N derived from the
Gillespie data. As shown in the table, the 12.5th percentile value for both
W/P 2 and W/P N is approximately 250 lb/hp (0.15 kg/W), and W/P~ is somewhat
lower.

Based on these results, 250 lb/hp (0.15 kg/W) appears to be an appro
priate, yet conservative, up-to-date value to replace 300 lb/hp (0.18 kg/W) in
the design criteria for critical length of grade.

Table 28. Distributions of weight-to-power ratios (lb/hp)
from reanalysis of Gillespie data

Number of
trucks Standard Median

Measure observed Mean deviation (50th %ile) 87.5th %ile

W/P 2 3,037 180 56.5 173 248
W/P~ 496 155 46.7 148 214
W/P N 496 186 61.5 193.6 260
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APPENDIX E

INTERSECTION SIGHT DISTANCE

This appendix reports the results of pilot field studies to test a data
collection methodology for the evaluation of case III-B and -C intersection
sight distance (ISO) requirements for trucks at STOP-controlled "T" intersec
tions. Sensitivity analyses early in the research showed that application of
the AASHTO ISO model to trucks can result in required sight distances exceed
ing 3,000 ft (900m). It is unlikely that such long sight distances are prac
tical and would actually be required by truck drivers. Therefore the form and
basic assumptions of the AASHTO model itself need to be reconsidered, which in
turn requires field data on interactions between vehicles at intersections.

Data collected at three intersections were compared to the AASHTO Green
Book criteria for acceleration, deceleration, and minimum separation between
vehicles. l This would allow assumed values in the current AASHTO ISO model to
be replaced, if necessary. An alternative approach to the AASHTO ISO criteria
is to modify the ISO model with criteria based upon gap acceptance. This
pilot study identified gaps that truck drivers accepted in making right or
left turns. These data could be used as the basis for sight distance criteria
to assure that truck drivers on the minor road have sight distance equal to or
greater than their acceptable time gap.

The objectives of this study were to:

• Develop a data collection methodology to determine acceleration,
deceleration, speed reduction, minimum separation, and gap
acceptance characteristics of trucks making left and right turns
from a STOP-controlled minor road onto a through road.

• Perform a pilot test of the methodology through data collection at
three intersections.

• Compare the field data with Green Book values.

• Recommend a work plan for a comprehensive field study of ISO
requirements for trucks.

This study's scope was adequate to conduct a pilot test of data collec
tion techniques to guide future efforts. A larger study would be needed to
fully develop the gap acceptance concept for a broader range of vehicle types,
driver types, intersection geometrics, and approach speeds. Such a study
would also provide the information necessary to improve practical application
of the Green Book ISO criteria.
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The following specific results were sought in this study:

• A preliminary estimate for the ~ (time and/or distance) that
minor road trucks accept during a turn-maneuver onto a two-lane
roadway.

• An estimate of the average acceleration rate for a minor road truck
turn maneuver.

An estimate of the average deceleration rate of major road vehicles
during a minor road truck's turn maneuver. Also, an estimate of the
speed reduction by a major road vehicle during the truck's turn
maneuver.

• An estimate of the mlnlmum separation distance between the turning
vehicle and an oncoming vehicle.

A. Overall Study Methodology

Three intersections with similar geometric characteristics were selected.
In all cases, the minor road approach contained a high volume of truck traf
fic. One intersection was an asphalt and aggregate plant driveway, the second
was a truck stop exit, and the third was located near an industrial park.

The data collection plan used a combination of three traffic observation
techniques: video recording, human observers, and portable traffic data col
lectors. The video and traffic data collectors were synchronized to a common
time base.

Between three and five video cameras were used at the intersections. The
cameras were positioned to record turning movements at the intersection and
approaching vehicles along the major roadway. The major roadway cameras
recorded between 300 and 500 ft (90 and 150 m) depending on the camera quality
and the number of cameras located along the approach. Each video camera con
tained an internal clock that superimposed the time on the video recording so
that the times of specific events could be identified during the data reduc
tion process.

Traffic data collectors were utilized before and during the study. They
aided in the initial screening of intersections by providing information such
as traffic volumes, axle classifications (percent trucks), and speed data.
During the actual study, the traffic data collectors were used to obtain
approaching and departing vehicle speeds.

In the data reduction phase, the time data needed for the analyses were
obtained from the videotapes. An initial step was to locate in the video
picture the centerline of the minor road approach (hereafter referred to as
the reference line) and 100-ft (30-m) increments from the reference line along
the major roadway. These points were measured during the set up of the field
equipment and documented by having a member of the project team wave a flag as
each of several vehicles passed that point. During the data reduction, the
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flagged locations were represented by lines drawn on sheets of clear acetate
that were overlaid on a video monitor establishing a scale for data reduc
tion. The lines were used to determine (1) the approximate location of major
road vehicles when a minor road truck came to a stop at the intersection.
(2) the time or distance gaps that minor road trucks accepted or rejected.
(3) the acceleration profile of minor road trucks. (4) the deceleration of
major road vehicles. (5) the speed reduction of major road vehicles. and
(6) the minimum separation between major road vehicles and turning trucks.
The data reduced from the videotape were entered directly into a microcomputer
spreadsheet for subsequent analysis. Figure 45 illustrates the distance gap,
time gap. and minimum separation definitions.

A critical gap value (in seconds) was calculated from the overall dis
tribution of gaps for each movement (left or right turn) and each vehicle type
(five-axle truck or less-than-five-axle truck) at each intersection. Accel
eration rates were estimated for the minor road trucks. and deceleration ra!es
and speed reductions were estimated for the major road vehicles that were
impeded by turning minor road trucks. The results were compared to vehicle
characteristics described in the Green Book and other related literature.

B. Data Collection

1. Intersect ion Se 1ect ion

Potential intersections were identified through phone contacts with
trucking associations, planning commissions, municipalities, police. and State
departments of transportation. Candidate intersections satisfied the following
conditions or criteria:

• Unobstructed sight distance (preferably at least 1.000 ft [300 ml).

• Between 5 and 10 percent truck traffic on major road.

• Minor road associated with a truck generator or with a high
percentage of truck traffic.

• Two-lane roadways for both the major and minor roads, meeting as a
lip intersection (preferably without turn lanes).

• Minor road controlled by a STOP sign.

• Posted speed limit for the major road greater than or equal to 40
mi/h (64 km/h).

• Intersection located at least 1,000 ft (300 m) from a signalized
intersection.

• Good geometrics, i.e., intersecting at approximately a 90° angle
with relatively flat grades.
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Visits were made to candidate intersections identified during the initial
contacts. Photographs were taken, sketches drawn, and the following prelim
inary descriptive data were obtained during the initial visits: location of
intersection (municipality; county; responsible governmental agency); inter
section type; estimated volume; apparent percent trucks; truck type on minor;
sight distance; speed limit; distance to nearest signal or major intersection;
geometry (line, grade, cross section); approach grades; potential equipment
placement; advantages; and disadvantages.

Intersections with acceleration lanes, left turn lanes, low truck volume
on the minor road, or low total volume on the major road (large gaps) were
eliminated. Arrangements were then made with the agencies responsible for the
remaining intersections (typically the State department of transportation, the
local municipality, State police, and local police) for the placement of traf
fic data collectors to record traffic volume and percent trucks on the major
and minor roads. Counts were made for a minimum of 24 hours.

Based on the information from the site visits and the traffic counts,
three study intersections were chosen. Table 29 summarizes the character
istics of each intersection.

2. Data Collection Plan

The primary objective of this pilot study was to develop, test, and
recommend an effective data collection approach. The same data collection
procedure was to be employed at each study site. Two plans were developed: a
video camera plan, used at each intersection, and a tapeswitch plan, which was
tried and subsequently abandoned as discussed later in this section.

The initial task in preparing for data collection was to inform the
responsible agencies of anticipated collection days and to ask permission to
place traffic data collector tubes on the roads. This step was required to
satisfy the agency's concern over liability issues. Difficulties arose when
adverse weather conditions prevented data collection on the selected days;
agencies then had to be contacted again with the new dates. The need to con
tact agencies prior to collecting the data severely limited the flexibility of
choosing the site for the day's data collection.

a. Video Data Collection Plan

Under this plan, video equipment was used to record the movement of the
vehicles at each intersection. All data needed for the evaluation could be
collected using videotape. Automated traffic data recorders were used to
obtain supplementary data on the speed distribution on the major road and spot
speeds for decelerating or accelerating vehicle, as well as traffic volumes
during the study. Human observers assessed the frequency of "unsafe" maneu
vers. Figure 46 presents the typical equipment layout for data collection.
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Data collection began by properly orienting the video cameras. The
cameras were positioned to maximize the length of road filmed without jeop
ardizing the resolution of the vehicles on the film. Typically, one camera
recorded the overall operations at the intersection (100 ft [30 m] on either
side of the center of the minor road approach); several other cameras recorded
the major roadway approaches. Approximately 300 ft (90 m) of road was
discernible for each approach leg camera.

Once videotaping commenced, an internal clock was started. Each internal
clock was synchronized with a master clock. A lap-top portable computer, with
continuous time display, provided coordination of the counters and video
cameras.

Two roadway traffic counters recorded major roadway approach or departure
speeds for individual vehicles. The counters were generally located 500 ft
(150 m) from the intersection. Since the counters could display and store
individual vehicle speeds, an observer was not needed to manually record the
speed of each approaching or departing vehicle.

b. Tapeswitch Data Collection Plan

Another data collection plan was developed using traffic data recorders
that can store data by individual vehicles, 16 tapeswitches, a lap-top
portable microcomputer, and a software program to record the time that each
vehicle arrives and departs from the minor road approach. A sketch of the
intended collection plan is shown in figure 47.

A set of four groups of tapeswitch pairs was used to measure the major
road vehicle deceleration; another set was used to measure the minor road
vehicle acceleration. Each pair of tapeswitches measure the speed and the
number of axles of individual vehicles. The pairs were spaced at 150-ft
(46-m) increments. The sets of four pairs generated the speed profile of a
vehicle as it approached or departed from the intersection for 450 ft (137 m).

A computer subroutine was acquired that could insert a mark into the data
file at the time (to the nearest second) that specific computer keys were
pushed. Over 20 different types of marks were available in the program. The
marks that were programmed for the first installation included minor road
vehicle type (PC, 2, 3, 4, etc. axles), turning maneuver (left, right, or
through), arrival time, and departure time.

This method of collection was intended to produce more accurate data and
to save time during data reduction since all the required data would be
directly available in computer files and would not need to be reduced from the
videotape. The speed data collected would be spot speeds at four locations
150 ft (46 m) apart. The video cameras would be installed as described in the
previous section but would serve as a backup to the data in the traffic data
collectors.
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Inclement weather (rain and freezing temperatures) prevented this data
collection technique from being deployed successfully. Because of pavement
and were frequently dislodged by passing traffic. In order to stay on
schedule, the tapeswitch data collection approach was abandoned and all data
were collected using the video collection plan.

3. Equipment

Selection of equipment was based on the development of a traffic data
collection system that would be flexible yet capable of recording vehicle
performance at various intersections for several hours. Some of the require
ments that were met by the selected equipment included:

• Portable.

Capable of temporary installation.

• Flexible (able to accommodate different intersections with varied
geometric characteristics).

• Capable of classifying all vehicles that enter the study area.

• Capable of having a time associated with the recorded data.

• Capable of recording vehicle positions.

• Capable of recording gap data in terms of either time or distance.

Unobtrusive, so that visibility of the equipment could be minimized
to avoid modification of driver behavior.

The following equipment was selected for data collection:

• Five portable video cameras with the capability of superimposing a
continuous stopwatch on the screen.

Five heavy-duty tripods.

• Two portable traffic counters capable of storing traffic data for
individual vehicles (data not stored in bins).

• One portable lap-top computer.

• Two 1,OOO-W, portable, gasoline-powered generators.

• One DC-AC inverter (to operate a camera from a car battery).

• Miscellaneous--extension cords, power strips, measuring wheel,
paint, vests and flags (traffic control), videotapes, traffic
counter road tubes, nails, etc.
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4. Site-Specific Data Collection Plans

A summary of the data collection and the number of trucks recorded at
each site is provided in table 30.

a. Route 26 and Central Valley Asphalt Intersection

The data collection at this rural site was hampered by adverse weather
(rain and freezing temperatures). Few trucks exited from the plant, and the
video cameras would not operate under very low temperatures. Five attempts to
collect data resulted in only 9.75 hours of usable data. Figure 48 depicts
the layout of the final data collection plan at this site.

b. Route 64 and Truck Stop 64 Intersection

The second site is a truck stop near a rural Interstate highway.
Figure 49 illustrates the placement of the equipment.

c. Trindle Road and Railroad Avenue

The third site was located near an industrial park in an urbanized area.
Figure 50 shows the schematic of the intersection and the placement of the
equipment on the first day of taping. The major road at this site has a
relatively high traffic volume (20,000 veh/day).

c. Data Reduction

The data reduction from the videotape was based on the 100-ft (30-m)
reference lines on a sheet of clear acetate taped to a television screen that
provided a measurement scale. The process of reducing data for a particular
vehicle began by reviewing the videotape frame by frame to determine the exact
location of a vehicle crossing each 100-ft (30-m) increment line. A video
operator used the slow motion and stop-frame features of the video playback
unit to stop the tape just as the vehicle1s bumper crossed the line on the
acetate sheet and then recorded the time shown by the clock superimposed on
the screen. Separate acetate sheets were required for each intersection, each
camera, and in most cases for each direction of travel. Reference marks
aligned with stationary objects in the video picture allowed the acetate
sheets to be realigned after being removed.

1. EqUipment

The data reduction, although relatively simple, was time-consuming
because to reduce the required information (gap, acceleration, deceleration,
and minimum separation), the operator had to view several different videotapes
simultaneously.
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Table 30. Amount of data collected.

Number of
Hours of trucks recorded

Study videotaping Right Left

Route 26 and Central Valley Asphalt

10/12/88, Wednesday 0.00 a a
10/19/88, Wednesday 1. 75 6 14
10/21/88, Friday 2.00 3 32
10/24/88, Monday 0.00 b b
10/27/88, Thursday 6.00 40 31

Subtotal 9.75 49 7

Route 64 and Truck Stop 64

10/17/88, Monday 6.00 c c
10/26/88, Wednesday 6.10 273 8

Subtotal 12.10 273 8

Trindle and Railroad

10/31/88, Monday 5.50 62 14
11/1/88, Tuesday 8.00 87 14

Subtotal 13.50 149 28

TOTAL 35.35 471 113

a Cold weather.
b Rain began during setup.
c Unusable data due to battery failures.
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This was accomplished with side-by-side video playback monitors and video
playback equipment that had the following capabilities: slow motion, freeze
frame, and frame-by-frame advancement. The following equipment was used
during the video reduction:

• Two full-function videocassette recorders.

• One four-head videocassette recorder.

• Three 19-in (48-mm) video monitors.

• One microcomputer with a spreadsheet program for data entry and
calculations.

2. Gap Acceptance

Gap acceptance data were reduced to document the length and duration of
gaps that were accepted and rejected by trucks on the minor road approach.
The videotape with the direct view along the reference line on the minor road
(e.g., camera 3 in figure 50) was used to reduce the gap information. The
operator used the following procedure to obtain the necessary gap data:

1. Consecutively number each minor road truck that approached the
intersection.

2. Classify each vehicle according to number of axles.

3. Record the type of maneuver (right or left turn).

4. Record the arrival time (time at which the vehicle came to a
complete stop). If the vehicle did not come to a complete stop,
record the words "did not stopll under the departure time column and
do not record any additional information.

5. Record the time the first vehicle, traveling on the major road,
passed the reference line (center of the minor approach).

6. Record the time at which each sUbsequent major-road vehicle passed
the reference line until the minor-road vehicle departed. For left
turns, vehicles traveling in both directions on the major road were
documented. For right turns, data were recorded for one direction
only unless the driver on the minor road was waiting for an adequate
gap in both directions (in order to use the far lane to complete the
turn). In the latter case, data for both directions of major-road
vehicles were recorded.

7. Record the departure time of the minor-road vehicle.

8. Record the time the next vehicle on the major road crossed the
reference line.
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9. Review the other tapes covering the major-road approaches to
determine which gaps to eliminate from the data set. Data were
eliminated if the minor-road vehicle did not stop, if a turning
vehicle caused the gap, or if the gap-causing vehicle turned onto
the major road from a nearby driveway.

10. Calculate the gap lengths rejected and accepted.

The videotapes were reviewed several times to collect and check the
required data. Table 31 presents the number of vehicles for which data were
reduced in the analysis. The number of deleted vehicles is shown in the "Data
Deleted" column. Approximately 35, 47, and 20 percent of the vehicle data at
the Central Valley Asphalt, Truck Stop 64, and Trindle and Railroad, intersec
tions, respectively, were deleted. Failure of the minor-road trucks to stop
completely was the primary reason for deleting data.

Table 3l. Number of vehicles reduced for gap analysis.

Left turn Right turn
Data reduced Data Data reduced Data

Intersection 5-Axle < 5-Axle deleted 5-Axle < 5-Axle deleted

Central Valley 1 58 18 0 23 26
Asphalt

Truck Stop 64 5 2 1 134 7 132

Trindle and 16 8 4 91 26 32
Railroad

3. Acceleration

Acceleration data were reduced to determine the acceleration rates of
trucks as they turned right or left from the minor road approach onto the
major road. The trucks were divided into the following groups for each
intersection:

• Right turns accepting gaps greater than 20 s.

• Right turns accepting gaps less than 20 s.

• Left turns accepting gaps greater than 20 s in both directions.

Left turns accepting gaps less than 20 s in at least one direction.
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The data reduction procedure for right and left turns required the use of
a different series of tapes. Due to the limited amount of reduction equipment
and the complexity of the setup, right and left turns were reduced separately.

The equipment setup required to reduce acceleration data was more complex
than the setup required for gap data. For most sites, three tapes were
reviewed simultaneously to obtain complete acceleration information for a
particular truck. Acetate sheets were marked in 100-ft (30-m) increments
using the flagging procedure described earlier. The operator used the monitors
to follow the truck from screen to screen as the turn maneuver was accom
plished. The departure time and the times at which a truck passed the 100-ft
(30-m) increment lines were read from the video screen and recorded in a com
puter spreadsheet.

The operator's major difficulty was synchronizing the three videotapes
initially and keeping them near synchronization throughout the data reduction
process. The videotapes could not be run simultaneously for an acceleration
maneuver and were played independently of each other. The operator found a
particular vehicle on the reference line tape using the gap data, and then
determined the physical characteristics of the vehicle and recorded any avail
able acceleration data. The reference line tape was paused when the accel
erating vehicle began to move out of view. The operator then moved to the
next screen in sequence and found the vehicle as it accelerated through the
camera's field of view, and so on until the truck completely traversed the
study area.

When a truck was near the limits of the field of view of a particular
camera, it became difficult to determine when it crossed a 100-ft (30-m)
increment line. This problem was caused in part by poor picture clarity when
vehicles were farther than 300 ft (90 m) from the camera. The problem was
compounded by the recording angles (see figures 48 to 50). Due to roadside
development that limited the maximum distance from the roadway at which
cameras could be placed, it was impossible to place the cameras perpendicular
to the road and still get more than 200 ft (60 m) of roadway in the field of
view. Therefore, the cameras had to be placed so that their field of view was
along the roadway"rather than across it.

Table 32 presents the number of accelerating vehicles available for
analysis. Data for some vehicles were eliminated if (1) the vehicle did not
stop completely at the intersection, (2) particular 100-ft (30-m) data points
were missing because that particular camera had not yet been started, (3) the
vehicle slowed to make a turn within the study area,or (4) other miscellane
ous reasons.
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Table 32. Number of vehicles for acceleration analysis.

Left turn Right turn
Data reduced Data Data reduced Data

Intersection 5-Axle < 5-Axle deleted 5-Axle < 5-Axle deleted

Central Valley 0 59 18 0 18 31
Asphalt

Truck Stop 64 5 0 3 50 0 223

Trindle and 13 0 15 117 ° 32
Railroad

4. Deceleration

Deceleration data were reduced to determine the deceleration rates and
speed reductions of major-road vehicles that were impeded by a truck turning
right or left out of the minor road. Minor-road vehicles identified from the
gap data that did not stop at the intersection or accepted gaps greater than
20 s were eliminated from the potential deceleration data set. The potential
deceleration data were then divided into the following groups:

• Right turns accepting gaps less than 20 s.

• Left turns accepting gaps less than 20 s in the near lane.

• Left turns accepting gaps less than 20 s in the far lane.

The equipment setup required to reduce the deceleration data was similar
to the setup to reduce acceleration data. The operator traced the movement of
the major road vehicle as it approached the intersection across several moni
tors using video data for several cameras. The departure time of the minor
road vehicle and the time the major-road vehicle crossed the 100-ft (.30-m)
increment lines were recorded in a computer spreadsheet.

The deceleration data reduction process had problems similar to those for
the acceleration data reduction. A stopped minor-road vehicle blocking the
view of the reference line caused a major problem. Again, due to camera angle
and picture quality, it was difficult for the operator to track the movement
of a vehicle when it was at the edge of the camera's field of view.

Table 33 presents the number of decelerating vehicles available for
analysis. Data were eliminated if (1) the minor-road vehicle did not come to
a complete stop at the intersection, (2) the minor-road vehicle accepted a gap
over 20 s (representing a gap of more than 1,000 ft [300 m]), (3) particular
100-ft (30-m) data points were missing because that particular camera had not
yet been started, (4) the vehicle slowed to make a turn within the study area,
or (5) other miscellaneous reasons.
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Table 33. Number of vehicles for deceleration analysis.

Left turn Right turn
Data reduced Data Data reduced Data

Intersection 5-Axle < 5-Axle deleted 5-Axle < 5-Axle deleted

Central Valley 0 7 70 0 0 49
Asphalt

Truck Stop 64 0 0 8 14 0 259

Trindle and 14 9 14 29 11 109
Railroad

5. Minimum Separation

Minimum separation (referred to as "tailgate distance" in the AASHTO
Green Book) is the distance between the rear bumper of a truck turning onto
the major road and the front bumper of a following vehicle on the major
roadway (see figure 45). Minimum separation was determined by comparing the
acceleration data for the minor-road truck with the deceleration data for the
following vehicle on the major roadway. The minimum time (or distance)
separation between the estimated acceleration and deceleration curves can be
scaled from a plot of their respective time vs. distance profiles. This
procedure is explained in greater detail in a later section.

A sample of turning maneuvers for which both acceleration and decelera
tion data were available was selected for the minimum separation evaluation.
The problems associated with reducing those data sets, discussed above, also
apply to the minimum separation data set.

D. Data Analysis

1. Gap Acceptance Behavior

a. Background

The initial goal was to have gap acceptance data for at least 50 minor
road vehicles for each combination of maneuver type (left or right turns) and
vehicle types (five-axle trucks or less-than-five-axle trucks). However,
several vehicle/maneuver type combinations at the intersections had less data
available. An analysis was conducted for each combination for which at least
15 minor-road truck turning maneuvers were available. Table 31, presented
earlier, identifies the number of usable vehicle data sets and the number of
vehicles eliminated during the data phase.

The objective of the gap acceptance analysis was to determine the
critical gap; i.e., the smallest gap that is likely to be accepted by most
drivers. A gap was defined as the time interval between the arrival of one
vehicle and the next on the major road. The critical gap cannot be determined
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from observation of a single driver, but only from the distribution of gaps
accepted and rejected by many drivers. Thr.ee alternative methods of determin
ing the critical gap were selected for this study: the Greenshield method;
the Raff method; and the logit model.~3'~~'~5 Figure 51 illustrates a typical
gap acceptance plot for each method.

The Greenshield method uses histograms to represent the time gaps
accepted and rejected by minor road drivers. The vertical axis in the upper
portion of figure 51 represents the number of gaps accepted or rejected for
each gap length (shown on the horizontal axis). Greenshield defined the
"average minimum acceptable time gap" as the shortest time gap that will be
accepted by more than 50 percent of the drivers.~3

The Raff method is graphical and consists of drawing two cumulative
distribution curves as shown in the middle portion of figure 51. As orig
inally developed, the Raff method dealt with lags rather than gaps. A lag is
the time interval between the arrival of a minor-road vehicle at the inter
section and the arrival of the next major-road vehicle. One curve relates the
lag length, L, to the number of accepted lags less than or equal to L, and the
other relates L to the number of rejected laps greater than L. The intersec
tion of these two curves yields the "critical lag l' value, which Raff defined
as the lag length for which the number of shorter lags accepted is the same as
the number of longer lags rejected.~~ The Raff study addressed only lags and
not gaps, because of concern that gap acceptance or rejection would be a func
tion of the point in time during the gap at which the minor road vehicle
arrived. However, studies since Raff's work have indicated that the accep
tance of lags is not significantly different from the acceptance of gaps, and
that the lag and gap data can be combined.~6'~7 Therefore, the lag and gap
data for each vehicle/maneuver type combination were merged and analyzed
together in the present study.

When the dependent variable is a variable that indicates a choice (i.e.,
either the acceptance or rejection of a gap), the shape of the response func
tion will frequently be curvilinear and can be approximated using a logistic
function. A property of the logistic function is that it can easily be
linearized through a single transformation. This transformation is called the
logistic or logit transformation. The lower portion of figure 51 depicts a
sample logistic curve which relates the length of a gap to the probability of
acceptance.

b. Determination of Gap Acceptance Values

Greenshield Method: Figure 52 presents an example of the Greenshield
method applied to five-axle trucks turning right at the Trindle and Railroad
intersection.~3 The average minimum acceptable time gap (i.e., the minimum
time gap accepted by more than 50 percent of the driver) occurs at 8.25 s
(three drivers accepted and three drivers r~jected the gaps between 8.0 and
8.5 s). A similar approach was used to apply the Greenshield method to the
remaining vehicle/maneuver type combinations.
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and logit methods.
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The Greenshield method was selected for the gap acceptance analyses
because of its simplicity. However, the results from some of the analyses
must be interpreted with caution due to small sample sizes. An extremely
small accepted gap length could become the average minimum acceptable time gap
if a few drivers accepted that gap length and none or only one of the drivers
rejected it.

Raff Method: An example of the results from the Raff graphical method is
illustrated in figure 53 for five-axle trucks turning right at the Trindle and
Railroad intersection.~~ One curve relates the gap length, t, with the number
of accepted gaps less than t and the other relates t with the number of
rejected gaps greater than t. The intersection of these two curves at 8.5 s
is the critical gap value. A similar approach was used to apply the Raff
graphical method to the remaining vehicle/maneuver type combinations.
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Logit Model: Choice modeling (such as whether to accept a gap) may be
done by using a logistic growth model to determine the probability of taking a
certain action.~5 Logistic or logit models have been used in previous studies
to model the probability of accepting gaps of varying lengths.~6'~8 The
simple, dichotomous-choice logistic function is:

where: P = probability of accepting a gap

x = variable related to gap acceptance decision (i.e., gap
length

(55)

BO,B1 = Coefficients to be determined

When the dependent variable is a 0,1 (accept or reject) indicator variable,
the mean response represented by equation (55) is a probability. The logistic
function can be easily linearized with the following transformation:

(56)

where: pI = transformed probability.

A sample logistic curve and its corresponding equation for right turns by
five-axle trucks at the Trindle and Railroad intersection are shown on fig
ure 54. The probability of accepting a gap of specified length is found by
reading from the curve in the figure or by solving equation (56) for a partic
ular gap length. The gap length that will be accepted with a 50 percent
probability can be found by sUbstituting 0.5 for P as shown below:

log 0.5 = -9.58 + 1.12 X
e 1-0.5

X50%= 8.52 s

(57)

Fifty percent of the five-axle truck drivers making right turns at the Trindle
and Railroad intersection accepted a gap of 8.52 sand 85 percent accepted a
gap of 10.06 s. A similar approach was used to apply the logit model to the
remaining vehicle/maneuver type combinations.

Findings: Tables 34 and 35 contain the results from the above methods.
The alternative methods generally yielded critical gap values within a 2-s
range of each other.
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Table 34. Results of gap acceptance analysis, critical gap (s)
for left-turn maneuvers.

Data Five-axle trucks Data Less-than-five-axle trucks
Intersection sets Ga R L-50 L-85 sets G R L-50 L-85-- --
I Central 1 Insufficient data 58 10.25 10.50 11.16 13.89

Valley
Asphalt

2 Truck 5 Insufficient data 2 Insufficient data
Stop 64

3 Trindle & 16 7.25 8.25 8.27 9.84 8 Insufficient data
Railroad

Analyses were not performed for data sets containing less than 15 accepted
gaps (i.e., 15 minor-road vehicles).

a where
G = Greenshield method
R = Raff method

L-50 = Logit model at 50% probability of accepting a gap
L-85 = Logit model at 85% probability of accepting a gap

Table 35. Results of gap acceptance analysis, critical gap (s)
for right-turn maneuvers.

Data Five-axle trucks Data Less-than-five-axle trucks
Intersection sets Ga R L-50 L-85 sets G R L-50 L-85-- --
I Central 0 Insufficient data 23 10.75 12.50 13.17 15.86

Valley
Asphalt

2 Truck 134 10.75 12.50 12.43 14.78 7 Insufficient data
Stop 64

3 Trindle & 91 8.25 8.50 8.52 10.06 26 6.25 6.50 7.25 8.87
Railroad

Analyses were not performed for data sets containing less than 15 accepted
gaps (i.e., 15 minor-road vehicles).

a where
G = Greenshiel~ method
R = Raff method

L-50 = Logit model at 50% probability of accepting a gap
L-85 = Logit model at 85% probability of accepting a gap
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c. Discussion of Results

The results obtained for several of the vehicle/maneuver type combina
tions were questionable due to limited data. For example only 3 of the
23 less-than-five-axle tucks turning right at the Central Valley Asphalt
intersection accepted gaps less than 20 s. A 20-s gap represents over
1.000 ft (300 m) of sight distance. The smallest gap accepted (10.75 s)
became the minimum accepted gap according to Greenshield's method since only
one rejected gap occurred at the same time value. The Raff and logit methods
produced higher critical gap values of 12.5 and 13.1 s. resoectively. for the
same data set.

The analysis at the Truck Stop 64 intersection produced similar
results. The Greenshield method had a smaller critical gap than either Raff
or logit methods. Because the Greenshield method involves the assessment of
gap acceptance behavior for each particular gap length without considering ihe
rest of the data. it does not consider the distribution of gaps accepted or
rejected at other gap lengths. Since the Raff method considers cumulative
distributions and the logit method considers the probability of accepting
different size gaps. the results are influenced by the several larger-than
30-s gaps accepted.

The three alternative methods produced very consistent results for all
vehicle/maneuver type combinations at the Trindle and Railroad intersection
and left turns by less-than-five-axle trucks. and the Central Valley Asphalt
intersection.

Table 36 summarizes findings from similar studies for trucks and
passenger cars and results reported in the 1985 Highway Capacity Manual for
passenger cars.1+6'1+9'SO A 1981 British study measured the II median accepted
gapll for cars, vans, and trucks in a crossing and merging operation. 5o The
United Kingdom's crossing maneuver is similar to the United States' left-turn
from-the-major-road maneuver, and the merging operation is similar to the
United States' right-turn maneuver. The data for the vans and trucks were
combined into an "all goods" category when the data were "sparse". This study
determined the median accepted gap (i.e., the gap length that had a 50 percent
probability of acceptance) using the probit transformation. Gap lengths found
in this study for passenger cars are more than 1 s less than the critical gaps
found in other studies and the Highway Capacity Manual.1+6'1+7

An Indiana study included field studies to estimate gap acceptance
distribution for minor road drivers when crossing or merging with major road
traffic at STOP-controlled intersections.1+6 Truck data for all maneuvers were
combined since the number of trucks observed (34, 75. and 43 right-turn,
through. and left-turn maneuvers. respectively) was small. The critical gap
was determined using the logit model. The findings of the present study at
the high-volume Trindle and Railroad intersection are similar to the findings
of the Indiana study for all truck maneuvers.
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Table 36. Findings from similar studies.

United Kingdom SO

Indi ana. 1980
multilane, divided
highways46

Highway Capacity Manual.
1985 49

Measured

Left turns
(UK conditions)

PC, right turns
Trucks. all possible

maneuvers

Critical gap (s)

Passenger
Site Cars Trucks
-1- 3.91 4.63

3 3.66 5.33
4 4.31 4.99
5 4.41 4.91

6.73
8.40

Running speed (major road)
30 mi/h 55 mi/h

Note: 1 mi = 1.61 km

Right turn from stop,
2 lanes

Left turn from stop,
2 1anes

5.5

6.5

6.5

8.0

The critical gap lengths found at the Central Valley Asphalt intersection
appear large when compared to other high volume intersections. Since the
major road at this intersection has an ADT of 14,000 veh/day. one would sus
pect the critical gap acceptance value to fall between the findings at the
Trindle and Railroad intersection (20,000 veh/day) and the Truck Step 64
intersection (7,000 veh/day). However, the critical gap lengths at the Central
Valley Asphalt intersection are higher than those at the Truck Stop 64 inter
section for right turns and more than 2 s higher than those at the Trindle and
Railroad intersection. Also, drivers turning right were found to wait for
larger gaps than drivers turning left, which is the opposite of the expected
behavior.

The Central Valley Asphalt intersection has some unique characteristics
that may explain the observed findings. The intersection is located approx
imately 2,000 ft (600 m) north of a signalized intersection. Drivers turning
right noticeably wait for the end of platoons of approaching vehicles formed
by the upstream signal to pass. Also, the vehicle leaving the plant were
fully loaded three- or four-axle aggregate or concrete trucks with low
acceleration capabilities, which might be expected to wait for longer gaps.

The ADT on the major road at the Truck Stop 64 intersection is
7,000 veh/day. Very large gaps are available at this low volume. Several
truck drivers waited for large gaps (defined in this study as gap length
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greater than 20 s). Accepted gaps at this intersection were larger than those
at the Trindle and Railroad intersection.

Almost all trucks turning right at the Truck Stop 64 intersection entered
the 1-80 entrance ramps located approximately 500 ft and 1,000 ft (150 and
300 m) downstream from the truck exit. Truck drivers may have waited for
larger gaps than usual at this location since they would only accelerate for a
short distance before slowing to make the turn onto the entrance ramps.

By contrast, truck drivers at the Trind1e and Railroad intersection were
pressured by traffic conditions to accept smaller gaps than those accepted at
the other sites. The frequency of gaps greater than 20 s was small; long
queues occasionally formed on the minor road behind the truck. The five-axle
trucks typically encroached into the far lane of the major road to complete
the turn maneuver. Several truck drivers forced the far-lane vehicles onto
the shoulder during right-turn maneuvers.

d. Distance Gaps

The distance gap is the distance between successive vehicles on the major
road measured when the lead vehicle is passing the minor-road intersection.
Distance gaps are potentially preferable to time gaps for intersection sight
distance studies since the distance gap is the sight distance that the minor
road vehicle must have to see the next oncoming vehicle when the previous
vehicle on the major road passes the intersection. Distance gaps are more
difficult to measure than time gaps but are more reliable because the apparent
time gaps can increase greatly if the gap is accepted and the following major
road vehicle is forced to decelerate.

Data concerning the distance gaps accepted were obtained at the Trindle
and Railroad intersection for situations in which the approaching major road
vehicle was within the camera field of view (i.e., within 500 ft [150 ml of
the intersection) and this vehicle was not eliminated for some other reason
(decelerating to make a turn, entering the major road from a driveway with the
study area, etc.). Only 22 percent of the major-road vehicles at the Trind1e
and Railroad intersection were within the camera field of view at the time the
preceding vehicle passed the minor road intersection. The distance gaps were
obtained using the deceleration data reduction setup. The major-road vehicle
that followed the turning vehicle was identified using the reference line
videotape. The tapes were rewound to determine where this vehicle was at the
time when the previous vehicle crossed the reference line. The distance gaps
were estimated to the nearest of 25 ft (8 m). The available data on distance
gaps accepted are listed in table 37. The distance gaps required several
cameras and were only available when the major road vehicle was within 500 ft
(150 m) of the intersection.

Table 37 also shows the calculated average speed of the major-road
vehicles. This calculated speed is based on the assumption that a driver
maintains a constant speed for the entire length of the distance gaps. This
assumption, however, is not supported by the field data, because the drivers
on the major road were observed to reduce their speed when a minor-road vehi
cle entered the major road traffic stream. The calculated average speed for
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Table 37. Distance gaps for trucks at the Trindle and
Railroad intersection.

Time Distance Average
gap gap speed

Vehicle no. Axle ill- (ft) Direction (mi/h)

RIGHT TURNS
E 50 2 6.31 200 Eastbound 21.6
F 44 5 8.64 200 Eastbound 15.8
F 48 5 8.96 200 Eastbound 15.2
F 46 5 9.05 200 Eastbound 15.1
F 98 3 9.56 200 Eastbound 14.3
E 66 2 6.14 300 Eastbound 33.3
E 46 5 6.97 300 Eastbound 29.3
E 69 5 7.44 300 Eastbound 27.5
F 21 5 8.91 300 Eastbound 23.0
E 10 5 7.01 350 Eastbound 34.0
F 47 5 8.64 350 Eastbound 27.6
E 13 5 8.11 375 Eastbound 31.5
E 8 5 11.58 400 Eastbound 23.6
E 9 2 6.36 500 Eastbound 53.6
F 52 3 7.24 500 Eastbound 47.1
E 32 2 7.84 500 Eastbound 43.5
F 64 5 8.68 500 Eastbound 39.3
E 65 5 10.34 500 Eastbound 33.0

F 16 4 8.74 375 Westbound 29.3
F 57 5 9.48 400 Westbound 28.8
F 58 5 11. 71 400 Westbound 23.3
F 74 5 7.95 400 Westbound 34.3
F 84 5 11.88 400 Westbound 23.0
F 87. 5 8.35 300 Westbound 24.5
F 97 5 7.17 300 Westbound 28.5

Average Speed: 28.8

LEFT TURNS

E 56 5 8.34 300 Eastbound 24.5

E 67 2 11. 55 300 Westbound 17.7
F 43 5 11.67 400 Westbound 23.4
F 60 5 12.13 400 Westbound 22.5

Average Speed: 22.0

Note: 1 ft = 0.305 m
1 mi = 1.61 km
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major-road vehicles involved in right- or left-turn maneuvers is 29 and
22 mi/h (47 and 35 km/h), respectively, substantially lower than the 85th per
centile speed of 40 mi/h (64 km/h) at this site. However, informal checks on
the actual speeds of these vehicles in the range from 400 to 500 ft (120 to
150 km/h) from the intersection found that they were consistently higher than
the calculated values. This indicates that the major-road vehicles were, in
fact, decelerating during the maneuver.

The distance gap accepted by a minor-road vehicle is a preferable measure
compared to the time gap. Unfortunately, measuring distance gaps is much more
difficult than measuring time gaps, because the camera field of view must
extend further from the intersection. Sight distance requirements calculated
from critical time gaps and 85th percentile speeds are greater than the field
observed distance gaps. For example, if the critical gap is 8.5 s and the
major-roadway speed is 40 mi/h (64 km/h), the calculated sight distance is
500 ft (150 m). The predicted distance gap from table 37 for a 8.5-s accepted
gap would be between 300 and 400 ft (90 and 120 m).

2. Acceleration Rates

a. Determination of Average Acceleration Rates

Average accelerations were calculated using average speeds and average
time required to traverse a given distance. Since the speed data collected
was based on measured travel time for 100-ft (30-m) increments, average
velocity was calculated for each 100-ft (30-m) segment. Table 38 presents an
example of the acceleration rate calculations for a specific five-axle vehicle
at the Trindle and Railroad intersection.

Table 38. Example calculation for acceleration rate.

Adjusted Adjusted Average Average Average
distance time time distance ve 1ocity

(ft) (s) (s) (ft) (mi/h)

0 0.00
4.63 80 11. 76

160 9.25
10.81 210 21.87

260 12.36
13.50 310 29.97

360 14.63
15.72 410 31.13

460 16.81
17.86 510 32.39

560 18.91

Note: 1 ft = 0.305 m
1 mi = 1. 61 km
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The average acceleration for the vehicle in table 38 was calculated as
follows:

A =
32.39-0= =17.86-0 1.81 mi /h/sec (58)

where: VI = 0

V2
100 3600 32.39 mi/h (52.15 km/h)= (18.91-16.81) (5280) =

T1 = 0

T2
18.91 + 16.81 17.86 s= =2

The results of the average acceleration calculations were used to
generate cumulative distribution plots for four sets that are presented in
figures 55 through 58. From these plots, the 50th and the 85th percentile
acceleration rates were determined. Table 39 provides a summary of the
findings.

For comparative purposes, table 40 presents the average acceleration
rates determined from distance-versus-time plots reported by Hutton, who
measured the acceleration of trucks with weight-to-power ratios of 100, 200.
300. and 400 lb/hp (0.06. 0.12, 0.18, and 0.24 kg/W) on a level and straight
roadway. 51 Table 40 also includes average acceleration rates calculated from
the data in figure IX-22 in the Green Book assuming an initial speed of zero.
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Table 39. Acceleration rates calculated from field data.

Acceleration rate
No. (mi/h/s)
of Distance No. of 50th 85th

Intersection Maneuver axles (ft) vehicles percentile percentile

Central Valley Left turn 3 &4 0-290 25 1.27 1.58
Aspha It

Central Valley Right turn 3 &4 0-490 8 1.04 1.21
Aspha It

Truck Stop 64 Right turn 5 0-350 43 0.80 1.20

Trindle and Right turn 5 0-510 41 1. 37 1. 74
Railroad

Note: 1 ft = 0.305 m
1 mi = 1.61 km

Table 40. Acceleration rates reported in the literature.

Distance Hutton s1

(ft) 100 1b/hp 200 lb/hp 300 lb/hp 400 lb/hp AASHTOa

0-290 1. 57 1.14 1.03 1.01 0.75

0-350 1. 53 1.13 1.03 1.01 0.76

0-490 1.38 1.11 1.01 0.90 0.78

0-510 b b b b 0.79

~ Values based on Green Book figure IX-22. 1

Data not available, curves terminate at 500 ft.

Note: 1 lb = 0.454 kg
1 hp = 746 W
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b. Discussion of Results

The intersection approaches at the study sites were located on tangent
sections and intersected at nearly 90° angles. All approaches had a maximum
grade of 1 percent. Because of this, no adjustments for the effect of grade
were made in the calculation of acceleration rates.

A signalized intersection is located approximately 2,000 ft (600 m) south
of the Central Valley Asphalt intersection. The presence of this intersection
did not appear to affect the acceleration behavior of the turning vehicles.
The calculated average acceleration rates were within the range represented by
the Hutton curves. The median acceleration rate for trucks turning left is
between the Hutton value for 100 and 200 lb/hp (0.06 to 0.12 kg/W) trucks.
The median right turn acceleration rate is near the Hutton value for a truck
with a weight-to-power ratio of 300 lb/hp (0.18 kg/W), but the sample size for
this determination is small (9 trucks).

The acceleration rates at the Truck Stop 64 intersection were lower than
at the other study sites. This intersection had unique characteristics that
affected the acceleration behavior of the trucks making a right turn. Since
freeway entrance ramps were located approximately 500 and 1,000 ft (150 to
300 m) downstream of the intersection, the majority of the trucks turning
right from the truck stop eventually turned into one of these ramps. Thus,
these trucks did not accelerate to the average running speed of the roadway.
This hypothesis is supported by the calculated acceleration rates. The median
acceleration rate is signiflcantly lower than that determined at other study
sites. The rate is also lower than the rate determined by Hutton for a truck
with a weight-to-power ratio of 400 lb/hp (0.24 kg/W) but compares well with
the rate calculated from AASHTO (which represents an older truck fleet with
higher weight-to-power ratios).SI

The Trindle and Railroad intersection has a signalized intersection
located approximately 2,000 ft (600 m) east of the intersection~ Queues from
this signal did not extend into the study area. The median acceleration rate
at the Trindle and Railroad intersection is near the Hutton value for a truck
with a weight-to-power ratio of 100 lb/hp (0.06 kg/W) for the 0 to 490 ft (0
to 150 m) distances. 51 The urbanized setting and high traffic volume on the
major road influence the acceleration rates at this site.

The acceleration rates calculated using Green Book figure IX-22 are
considerably lower than the truck with the highest weight-to-power ratio
evaluated by Hutton and most of the rates calculated at the three study
intersections. 1'51 As shown in table 40, the AASHTO acceleration rates are
relatively constant (approximately 0.77 mi/h/s or 1.23 km/h/s) for the
specific distances.

3. Deceleration Rates and Speed Reductions

An analysis of deceleration rates and speed reductions was conducted for
data sets segregated by intersection and by vehicle/maneuver type, as in the
case of the acceleration rate data. Because of the limited number of data
points, the data associated with right turns by five-axle trucks at the Truck
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Stop 64 and Trind1e and Railroad intersections were combined into a single
data set. Because the number of data points for left-turning trucks was
small, only a limited analysis of these data was conducted.

a. Determination of Deceleration Rates and Speed Reductions

Deceleration rates and speed reductions for vehicles on the major road
that were impeded by a turning vehicle were calculated from the average speeds
of these vehicles for each 100-ft (30-m) increment. These average speeds were
then examined to identify where a maximum deceleration rate or speed reduction
occurred. Major-road vehicles that reduced speed by less than 5 mi/h (8 km/h)
through the observation area or displayed erratic or extreme speed variations
were eliminated from the analysis.

Figure 59 presents the cumulative distribution of the maximum decelera
tion rate occurring prior to the intersection for major-road vehicles impeded
by five-axle trucks turning onto the major road. Typically these deceleration
rates occurred over a 200- to 400-ft (60- to 120-m) total distance ending 50
to 150 ft (15 to 45 m) prior to the intersection. Fifty percent of the major
road vehicles impeded by five-axle trucks turning onto the highway had decel
eration rates of 3.67 mi/h/s (5.91 km/h/s) or less. Eighty-five percent of
the major-road vehicles had deceleration rates of 5.85 mi/h/s (9.41 km/h/s) or
less.

Table 41 presents the speed reduction for each major road vehicle grouped
by initial speed. The cumulative distribution for the speed reduction by
vehicle on the major road is shown in figure 60. Fifty percent of the major
road vehicles had a speed reduction of 21 mi/h (340 km/h) or less when impeded
by five-axle trucks. Eighty-five percent had speed reduction of 38 mi/h
(61 km/h) or less. The estimated speed reduction for each 5-mi/h (8-km/h)
initial speed group is also shown in table 41. These speed reductions ranged
from 40 mi/h (64 km/h) for trucks with a 70-mi/h (113 km/h) initial speed to
15 mi/h (24 km/h) for trucks with initial speeds of 35 and 40 mi/h (56 to
64 km/h).

Only a limited amount of data was available for left turns. The
calculated speed reduction and deceleration rate for each major road vehicle
impeded by a left-turning truck vehicle are presented in table 42. A review
of the data did not indicate any noticeable difference between the speed
reductions or deceleration rates of vehicles in the far lane and vehicles in
the near lane during a left-turn maneuver. More data would be required to
reach a conclusion on whether drivers in the far lane respond differently to
left-turning trucks than drivers in the near lane.
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Table 41. Speed reductions for major road vehicles impeded by
five-axle trucks turning right.

Rounded Estimated
Gap Initial Speed Deceleration initial speed

Vehicle accepted speed reduction rate speed reduction
ID no. (s) (mi/h) (mi/h) (mi/h) (mi/h) (mi/h)

76 F 10.78 68 40.4 7.83 70 40

116 C 18.95 64 43.2 4.46 65 35
147 C 18.45 63 29.7 6.56

99 C 13.12 62 40.7 5.85 60 35
47 F 8.64 62 38.5 7.74

261 C 14.65 60 36.5 3.68

49 F 12.81 57 27.9 5.10 55 30

46 F 9.05 52 38.1 4.84 50 25
78 F 10.55 52 26.9 6.75
84 F 11.88 52 26.1 4.37

130 C 16.92 52 5.4 0.74
97 F 7.17 51 17.7 2.79
48 F 8.96 49 38.1 4.46
57 F 9.48 49 25.1 3.85
18 F 14.85 49 20.9 3.85
41 F 15.90 48 21.4 3.66

176 C 19.35 47 24.6 2.30

17 F 13.22 46 23.0 3.56 45 20
117 C 18.55 46 17.9 2.57
232 C 15.95 46 9.1 1.72
201 C 14.75 45 21.5 2.25

27 F 12.56 45 19.6 3.11
65 E 10.34 45 18.6 4.09

24 E 19.45 43 20.1 2.98 40 15
209 C 12.97 43 16.4 1.69

28 E 10.81 43 15.3 4.09
25 F 9.88 41 20.5 4.07
30 E 15.35 41 11.9 3.23
22 E 13.74 41 11.8 3.16
36 F 12.98 40 14.2 2.88

38 E 14.14 37 9.9 2.43 35 15
48 E 12.27 36 6.4 1.65
49 E 15.61 35 19.9 3.43

Note: 1 mi = 1.61 km
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Table 42. Deceleration rates and maximum speed reductions for left turns.

Gap Speed
Vehicle No. accepted Vehicle reduction Deceleration rate

no. axles (s) type (mi/h) (mi/h/s)

TRINDLE AND RAILROAD, EASTBOUND

36 E 3 7.78 PC 18.2 6.33
45 F 3 11.21 PC 6.3 1.94
53 F 5 9.03 PC 15.8 2.79
55 F 5 12.32 PC 18.1 2.86
56 E 5 8.34 PC 29.4 2.80
58 E 5 7.27 PC 12.6 3.25
61 E 3 11.51 PICKUP 15.2 5.37

TRINDLE AND RAILROAD, WESTBOUND

22 F 5 15.48 PC 13.0 3.83
23 F 5 17.75 PC 15.9 4.56
31 F 5 16.59 PC 12.4 3.15
43 F 5 11.67 PC 10.7 2.18
45 F 3 11.21 PC 18.7 5.83
53 F 5 9.03 PC 13.9 3.28
56 F 5 8.24 PC 27.1 6.24
58 E 5 7.27 PC 27.7 2.53
60 F 5 12.13 PC 12.8 2.76
61 E 3 11.51 PC 21.3 3.46

CENTRAL VALLEY ASPHALT, SOUTHBOUND

3 0 2 16.35 5-AX 13.6 3.18
7 0 3 11.35 PC 14.0 3.51

27 D 3 11.85 2-AX 26.2 5.47
30 0 2 7.81 PC 20.9 5.20

Note: 1 m; = 1.61 km
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b. Discussion of Results

Figure 11-13 of the Green Book illustrates the deceleration distances for
passenger vehicles approaching intersections. These distances, which are
based on comfortable deceleration rates, are determined from the initial speed
when brakes are applied and the speed reached. Curves are provided for the
following final speeds: 50, 40, 30, 20, and 0 mi/h (80, 64, 48, 32, and
o km/h). Deceleration rates calculated for several combinations of initial
speed and speed reached are presented in table 43.

Table 43. Deceleration rates (mi/h/s) from the Green Book. l

Initial Speed reached (mi/h)
speed (mi/h) 50 40 30 20 0

70 6.08 6.47 6.19 6.30 6.25
60 5.78 5.88 5.67 5.74 5.57
50 5.29 5.11 5.15 5.10
40 4.12 4.64 4.70
30 4.08 3.78
20 3.92

Note: Deceleration rates are based on information from Green Book
figure 11-13. 1 The rates were calculated with the follow
ing equation:

deceleration rate =

1 mi = 1.61 km

Vf2 - Vi2
2*distance

Table"44 contains the observed normal deceleration rates for passenger
cars on dry pavement from the Transportation and Traffic Engineering
Handbook. 52 The handbook states that deceleration rates up to 5.5 mi/h/s
(8.9 km/h/s) are reasonably comfortable for passenger car occupants.

The majority of the deceleration rates observed in the field are within
the comfortable rates from both the Green Book and the handbook. Vehicles
with deceleration rates greater than those given in the Green Book had initial
speeds higher than 62 mi/h (100 km/h). These high-speed vehicles made speed
reductions between 25 and 41 mi/h (40 and 66 km/h) when a truck entered the
traffic stream. A 25-mi/h (40-km) speed reduction by these vehicles reduced
their speed to approximately the posted speed limit which was 40 mi/h
(64 km/h) at both the Truck Stop 64 and Trindle and Railroad intersections.
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Table 44. Deceleration rates from the Transportation and
Traffic Engineering Handbook. 52

Speed change
(mi/h)

15 - 0
30 - 0
40 - 30
40 - 50
50 - 60
60 - 70

Deceleration rate
(mi/h/s)

5.3
4.6
3.3
3.3
3.3
3.3

Note: Rates are observed normal deceleration
rates for passenger cars on dry pave
ments. Deceleration rates up to
5.5 mi/h/s are reasonably comfortable
for car occupants. 52

1 mi = 1.61 km

4. Minimum Separation Between Vehicles

The minimum separation analysis determined the mlnlmum distance between
the turning truck and the following major-road vehicle at any point during the
maneuver (see figure 45). Minimum separation is referred to as "tailgate
distance" in the Green Book. This analysis was based on the speed/distance
profiles of both the accelerating truck and the decelerating major-road
vehicle. Only right-turning trucks were considered. Seven data sets from the
Truck Stop 64 intersection and six sets from the Trindle and Railroad inter
section in which the minimum separation occurred within the camera field of
view were available. Although the size of the available sample was very
limited, these data were analyzed to provide some preliminary estimates of
field-observed minimum separation. These results serve primarily to illus
trate the method that could be used to determine minimum separation in a
future effort on a larger scale than this pilot study.

a. Determination of Minimum Separation Between Vehicles

As stated above, minimum separation was determined from plots of speed
versus distance to estimate the separation distance and the location at which
it occurred. A sample data set for one turning vehicle (Vehicle 99) at the
Truck Stop 64 intersection is shown in figure 61.

Minimum separation occurs when both the accelerating truck and the major
road vehicle are at approximately the same speed. The major-road vehicle in
figure 61 reached its minimum speed at approximately 250 ft (76 m) beyond the
intersection. Its speed was 11 mi/h (18 km/h) and the accelerating truck's
speed was at 10 mi/h (16 km/h). The headway time, t, between the vehicles was
estimated by finding the difference between each vehicle's arrival time at the
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Figure 61. Speed vs. distance plot to determine minimum
separation for a typical vehicle.

apparent mlnlmum separation point (250 ft [76 m] beyond the intersection).
For the example presented in the figure, the time headway was 0.63 s. The
minimum separation distance was then estimated using the following equation:

MS = (1.47 Vt) - L (59)

where: MS = Minimum separation distance (ft)
V = Velocity of turning vehicle (mi/h)
t = Time headway between vehicles (s)
L = Length of turning vehicle (ft)

The calculated mlnlmum separation distances and headway for
each data set are shown in table 45. Minimum separation between vehicles
typically occurred between 200 and 400 ft (60 to 120 m) beyond the intersec
tion. The speeds of the vehicles at minimum separation were between 10 and
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24 mi/h (16 and 39 km/h) at the Truck Stop 64 intersection and between 17 and
34 mi/h (27 and 55 km/h) at the Trindle and Railroad intersection. The speeds
at minimum separation are much lower than the observed 85th percentile
approach speeds of 51 mi/h (82 km/h) at the Truck Stop 64 intersection and
40 mi/h (64 km/h) at the Trindle and Railroad intersection.

The time headway between the major-road vehicles and the turning trucks
at the Truck Stop 64 intersection was 2.4 s or less corresponding to a minimum
separation distance of approximately 25 ft (8 m). Larger minimum separations
were maintained by the major-road drivers at the Trindle and Railroad inter
section, which is in an urban rather than a rural setting. These drivers
typically maintained 4- to 7-s minimum headways and 50- to 150-ft (15- to
45-m) minimum separations.

b. Comparison of Results

The minimum separation distances at urban intersections would be expected
to be smaller than the minimum separation at low-volume rural intersections.
However, the observed minimum separations at the Truck Stop 64 intersection
were lower than at the Trindle and Railroad intersection. The truck drivers
at the Truck Stop 64 intersection did not accelerate as fast as the truck
drivers at the urban intersection, and the running speed on the major road was
also higher at the rural intersection. As a result, the major-road drivers
"closed the gap" on the trucks turning from the Truck Stop 64 intersection
faster than at the Trindle and Railroad intersection. This observation is
supported by the location of minimum separation between at these intersec
tions. Several of the minimum separation locations at Trindle and Railroad
occurred more than 300 ft (90 m) beyond the intersection.

The Green Book does not provide any specific guidance on the values to
use for minimum separation or "tailgate distance." When the curve labeled
B-2a and Ca in Green Book figure IX-27 is reproduced using distance and time
values approximated from Green Book figure IX-22, the resulting minimum
separation distance, measured between the rear Dumper of the turning vehicle
and the front bumper of the major-road vehicle, is approximately 1 s multi
plied by the major road speed. A I-s minimum separation headway represents
minimum separation distance of 15 ft (5 m) at 10 mi/h (16 km/h) and 30 ft
(9 m) at 20 mi/h (32 km/h).

The general findings from this very limited analysis are that drivers
accepted minimum separation times of approximately 1 s at the Truck Stop 64
intersection but generally used higher separations at the Trindle and Railroad
intersection. Drivers appear to prefer larger separations between their
vehicle and a turning vehicle if possible, but will accept 1 s or less in some
situations.

E. Summary of Findings

The findings of this pilot study are summarized in tables 46 through 49
which present the 50th and 85th percentile probabilities of accepting a gap;
the 50th and 85th percentile acceleration rates, deceleration rates, and speed
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Table 46. Time gaps accepted from field data.

Time gap (s)
Turn 50th 85th

Intersection maneuver Truck type percentile percentile

Central Valley Left Less-than-five-axle 11.16 13.89
Asphalt

Central Valley Right Less-than-five-axle 13.17 15.86
Asphalt

Truck Stop 64 Right Five-axle 12.43 14.78

Trindle and Left Five-axle 8.27 9.84
Railroad

Trindle and Right Five-axle 8.52 10.06
Railroad

Trindle and Right Less-than-five-axle 7.25 8.87
Railroad

Table 47. Acceleration rates from field data.

Truck Acceleration
type rate (mi/h/s)

Turn (no. of Distance 50th 85th
Intersection maneuver axles) (ft) percentile percentile

Central Valley Left 4 0-290 1.27 1. 58
Asphalt

Central Valley Right 4 0-490 1.04 1.21
Aspha It

Truck Stop 64 Right 5 0-350 0.80 1.20

Trindle and Right 5 0-510 1.37 1. 74
Railroad

Note: 1 mi = 1. 61 km
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Table 48. Deceleration rates and speed reductions for major
road vehicles impeded by right turns by five-axle trucks.

Deceleration rate

Speed reduction

Note: 1 mi = 1.61 km

50th percentile

3.67 mi/h/s

21.2 mi/h

85th percentile

5.85 mi/h/s

38.1 mi/h

Table 49. Minimum separation times and distances.

Headway time Minimum separation
Intersection (s) distance (ft)

Truck Stop 64 1.00 25
0.63 25
2.17 25
1.33 25
1.07 25
2.38 25
0.86 25

Trindle and 5.01 109
Railroad 4.38 91

4.13 143
4.80 88
4.53 57
5.24 75

Note: 1 ft = 0.305 m

reduction; and the minimum separation times and distances.· Each table is
briefly described below:

Table 46--time gaps accepted (s) at 50th and 85th percentile
probability. These gaps were determined using the logit model. The
table ;s arranged by intersection, maneuver type, and truck type.

Table 47--acceleration rate (mi/h/s) for the predominant truck type for
left and right turns at the Central Valley Asphalt intersection and for
right turns for the other two intersections.
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Table 48--deceleration rates (mi/h/s) and speed reductions (mi/h) for
major-road vehicles at the Trindle and Railroad and Truck Stop 64
intersections that were impeded by 5-axle trucks making right turns.

Table 49--minimum separations in terms of time and distance for the Truck
Stop 64 and Trindle and Railroad intersections. These findings are very
limited due to small sample sizes.

F. Alternative Intersection Sight Distance Criteria

An objective of the intersection sight distance (ISO) study was to
compare the resulting field data with the existing AASHTO Green Book cri
teria. It should be kept in mind that the current field study was a pilot
study and a larger study would be required if existing criteria were to be
revised. Figures 62 and 63 contain the curves developed from the following
sources:

• AASHTO ISO criteria for passenger cars (B-2a & Ca and B-2b & Cb
curves).

• ISO criteria for trucks (BT-2a &Ca and BT-2b &Cb curves) based on
AASHTO model and Green Book estimates of truck acceleration rates.

• AASHTO stopping sight distance for passenger cars (SSO curve).

• ISO and SSO criteria for trucks based on AASHTO model and truck
performance data from the literature (SSO-TW, SSO-TB, CS-T70,
CS-T75, RS-T70, RS-T75 curves).

• ISO criteria for trucks based on AASHTO model and truck performance
data from the pilot field studies.

• . ISO criteria based on gap acceptance (G-7, G-IO, and G-15 curves).

Table 50 summarizes the basic sight distance model and the parameter values
used to derive each intersection sight distance curve identified above.
Table 51 provides comparable information for the stopping sight distance
curves. The following sections describe the basis for each curve in more
detail.

1. AASHTO ISO Criteria for Passenger Cars

These curves are reproduced from figure IX-27 of the Green Book. Curve
B-2a & Ca in figure 62 represents the required sight distance for a passenger
car to turn left or right onto a two-lane highway and accelerate to the design
speed without being overtaken by a vehicle approaching from the right and
traveling at the design speed. Curve B-2b &Cb represents the safe sight
distance for a passenger vehicle to turn left or right onto a two-lane highway
and accelerate to the average running speed without being overtaken by vehicle
approaching from the right and reducing speed from design speed to average
running speed.
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Table 51. Basic sight distance model and parameter values used to
derive each stopping sight distance curve.

Sight distance Basic sight Initial Braking
curve distance model speed performance Vehicle type

SSO AASHTO Green Design speed AASHTO Green Passenger
Book table 111-1 Book car

SSD-TW AASHTO Green Design speed Worst- Truck
Book table 111-1 performance

driver
(table 5)

SSO-TB AASHTO Green Design speed Best- Truck
Book table 111-1 performance

driver
(table 5)

2. ISO Criteria Based on AASHTO Model and AASHTO Truck
Acceleration Rates

The Green Book indicates that sight distance for trucks will be con
siderably longer than for passenger vehicles but does not provide criteria or
a clearly defined method to determine the actual sight distance needed by a
truck. In the absence of any estimates of truck acceleration rates in the ISO
discussion in the Green Book, the truck acceleration curves in Green Book
figure IX-22 were used to replace the passenger car acceleration rates used in
curve B-2a & Ca and curve B-2b & Cb. The resulting model is illustrated by
curves BT-2a &Ca and BT-2b & Cb shown in the upper portion of figure 62. The
derivation of this curve is discussed in more detail in volume I of this
report.

3. AASHTO Stopping Sight Distance for Passenger Cars

The curve labeled SSO in figure 62 represents the AASHTO criteria for
stopping sight distance for a passenger car on a wet pavement. The values are
derived from table 111-1 in the Green Book.

4. ISO and SSD Criteria Based on AASHTO Model and Truck
Performance Data from the Literature

ISO and SSD criteria based on the AASHTO models and estimates of truck
performance data from the literature are presented in figure 63.~8 The
stopping sight distance values represent controlled braking by an empty truck
on a poor, wet road with relatively good radial tires for a worst-performance
driver (SSD-TW) and a best-performance driver (SSD-TB). The constant speed
(CS) curves represent the case in which the major road vehicle travels at a
constant speed equal to the design speed. while the reduced speed (RS) curves
represent the case in which the major-road driver reduces speed from the
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design speed to the average running speed of the highway. A complete
discussion of the derivation of these curves can be found in volume I of this
report.

5. ISO Criteria Based on AASHTO Model and Truck Performance
Data from Pilot Field Studies

The results of the pilot study can be used to demonstrate the impli
cations of the collected field data when used in the AASHTO ISO model. These
results must be used with caution since the field findings were limited The
RS-T curve in figure 63 is based only on the data for right turns by five-axle
trucks. The data that were used to determine this curve are:

• Speed reduction for major road vehicles.

• Time and distance for acceleration by five-axle truck making right
turns.

• Deceleration rate for major-road vehicles.

• Minimum separation time.

Speed reduction values were based on observations made at the Trindle and
Railroad and Truck Stop 64 intersections. The assumed values are listed in
table 52.

Table 52. Speed reductions from pilot field study
used to derive ISO criteria.

Initial speed
(mi/h)

20
25
30
35
40
45
50
55
60
65
70

Note: 1 mi = 1.61 km

167

Speed reduction
(mi/h)

5
10
10
15
15
20
25
30
35
35
40



Truck acceleration time and distance values used in modifying the Green
Book B-2b &Cb curve were determined from Green Book figure IX-22, which is a
speed-versus-distance plot. Figure 64 is a speed-versus-distance plot of
vehicle trajectories at the Trindle and Railroad intersection. An "average
curve" was estimated between the limits of the data shown in figure 64.
Truck acceleration time and distance values for use in this analysis were
determined from this average curve by the same method used with the Green Book
figure IX-22.

The distance and time for deceleration by the major-road vehicle were
determined using the 50th percentile deceleration rate for major road vehlcles
impeded by five-axle trucks. The 3.67 mi/h/s (5.91 km/h/s) deceleration rate
is well within comfortable rates specified in the Green Book and the
Transportation and Traffic Engineering Handbook. 1'52 Also, the resulting
distances agree with deceleration distances observed in the field.

The minimum separation time between the rear bumper of the turning vehi
cle and the front bumper of the major road vehicle was assumed to be 1.0 s.
Minimum separation distance is the product of the average running speed and
1.0 s.

Other assumptions made for the analysis include:

• Perception-reaction time = 2.0 s.

• Turning vehicle radius = 60 ft (18 m)

• Length of vehicle = 55 ft (17 m).

Table 53 and figure 63 present the analytical results. Also presented
in Table 53 are the ISDs based on truck acceleration time, tt' and distance,
P, values determined from Green Book figure IX-22. The results based on the
field data are between 44 and 71 percent lower than the.results based on Green
Book figure IX-22.

A sample calculation for 55 mi/h (88 km/h) design speed is shown below.
Figure 65 illustrates the distances considered in these calculations.

Step 1--Determine the Distance Traveled by the Major Road Vehicle

t = tt + J
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(63)

(64)

(65)

where:

Q = distance traveled by the major-road vehicle during the minor
road truck's turning maneuver (ft); (see Figure 65)

= design speed of major road (mi/h)

= time major-road vehicle is traveling at design speed
during turning maneuver (s)

= distance traversed by major-road vehicle during deceleration
(ft)

= time major-road vehicle is decelerating (s)

= running speed of major-road vehicle (mi/h)

= time major-road vehicle is traveling at its running
speed (Vrs during the turning maneuver (s)

t = time for a stopped minor-road truck to move into the traffic
stream and accelerate to the design speed (s)

J = sum of the perception time and the time required to actuate
the clutch or actuate an automatic shift (s); (assumed:
J = 2.0 s)

tt = acceleration time for the minor-road truck to complete
the turning maneuver (s)

t pr = perception-reaction time for the major-road driver
(s); (assumed: t pr = 2.0 s)

d = deceleration rate (mi/h/s)

With a design speed, Vd ' of 55 mi/h (89 km/h) and an assumed speed
reduction of 30 mi/h (48 km/~) (see table 52), the running speed, V s' is
25 mi/h (40 km/h). The deceleration distance, Ddec ' is calculated from equa
tion (64) using a deceleration rate. d, of -3.67 ml/h/s (0-5.91 km/h/s) and
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the time to decelerate, tdec' is calculated using equation (65). For this
example, Ddec is equal to Jz7 ft (100 m) and tdec is equal to 5.56 s.

The sum of the perception time and the time required to actuate the
clutch or actuate an automatic shift, J, is assumed to be 2.0 s. Perception
reaction time, tor' is also assumed to be 2.0 s. Therefore, the time the
major road vehic'le is traveling at the design speed, t ds ' is 4.0 s.

Figure 64 is used to establish the values of the distance traveled, P,
and acceleration time, tt' for five-axle trucks making right turns. For
example, when an average five-axle truck reaches 25 mi/h (40 km/h), it has
traveled a distance of 275 ft (84 m). The acceleration time. tt' given in
table 53 was calculated based on 5 mi/h (84 m) speed increments as demon
strated in table 54.

Table 54. Acceleration distance and time for right turns by five-axle
trucks at the Trindle and Railroad intersections.

Speed Distance Incremental Acceleration
reached traveled, P Distance Time time, tt
(mi/h) (ft) (ft) ill- . (s)

5 25a 25 6.80 6.80
10 75 50 4.54 11.34
15 135 60 3.27 14.60
20 210 75 2.92 17.52
25 275 65 1.97 19.48
30 600a 325 8.04 27.52

35-70 Data not avail ab 1e

a Values approximated.

Note: Incremental time =

1 mi = 1. 61 km
1 ft = 0.305 m

2 * incremental distance
V
o

+ V
f

The distance traveled by a major-road vehicle during the minor-road
truck-turning maneuver is calculated using the data given above. The calcula
tion is performed as follows:

Q = 1.47 (55) (4) + 327 + 1.47 (55 - 30) (19.48 + 2 - 5.56 - 4)

= 1,088 ft
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Step 2--Determine the Distance Traveled by the Turning Vehicle

H = P - Dnp + R - MS - L

Dnp = w * R/2

where:

(66)

(67)

(68)

H=major-road vehicle1s distance from the intersection when it
is at the assumed minimum separation distance from minor-road
truck (ft)

P = total distance traveled by minor-road truck from the stopped
position to location where it reaches the design speed (ft)

= distance minor-road truck traveled during the turning
maneuver that is not parallel to major highway (ft)

R = radius of turn for minor-road truck (ft)

MS = minimum separation distance (ft)

L = length of minor-road vehicle (ft)

Vrs = running speed of major-road vehicle (mi/h)

tMS = minimum separation time (5); (assumed: t MS = 1.0 s)

The minimum separation time, tMs, i5 assumed to be 1.0 s. The radius, R,
and vehicle length, L, were assumed to be 60 and 55 ft (18.3 and 16.8 m),
respectively. These values are based on Green Book tables IX-20 and II-I.
The distance traveled by the turning truck, P, is based on figure 64. The
value for this example is 275 ft (84 m). The calculation for the distance
traveled by the turning truck is shown below:

H = 275 - (.*(60/2)) + 60 - 1.47 (55-30) (1) - 55

= 149 ft
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Step 3--0etermine Intersection Sight Distance

The intersection sight distance required under the reduced speed
assumption, ISO-RS-T, is calculated as:

ISD-RS-T = Q - H = 1088 149 = 939 ft

where: ISO-RS-T = sight distance along the major roadway1s far lane (to
the left for right turns) assuming that the major-road
vehicle reduces speed from design speed to running
speed during minor-road truck's turning maneuver (ft);
(see figure 65)

Q = distance traveled by the major-road vehicle during the
minor-road truck1s turning maneuver (ft)

H = major-road vehicle's distance from the intersection when
at assumed minimum separation distance from the minor
road truck (ft)

6. ISO Criteria Based on Gap Acceptance

Sight distance values were calculated based on design speed and critical
gap lengths of 7, 10, and 15 s. The 7-s criterion was used because the Green
Book states (1) that a "minimum of 7 s should be available to the driver of a
passenger vehicle crossing the through lanes" on a local road or street; and
(2) that the resulting "s ight distance should be sufficient to permit a
vehicle on the minor leg of the intersection to cross the travelway without
requiring the approaching through-traffic to slow down. II I

The 10- and 15-s gaps were selected as the 85th percentile probabilities
of a five-axle truck accepting a gap at a high-vo)ume location (Trindle and
Railroad) and a low-volume location (Truck Stop 64), respectively.

7. Comparison of ISO Curves

When the curves derived directly from ISO criteria and vehicle character
istics given in the Green Book are compared (see figure 62), three general
groupings result: (1) ISO criteria based on the AASHTO model and truck
acceleration values from Green Book figure IX-22 (curves BT-2a & Ca and BT-2b
& Cb); (2) AASHTO ISO criteria for passenger cars as given in the Green Book
(B-2a &Ca and B-2b &Cb), and (3) the curves for AASHTO SSO and the ISO
criteria based on acceptance of a 7-s gap.

The ISO curves from this present study fall into two groups (see
figures 62 and 63). One group consists of the ISO criterion based on the
AASHTO model and truck performance acceleration values from the literature.
The group includes both the major-road vehicle at CS and RS conditions. The
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other group consists of the remalnlng curves (G-10, G-15, SSD-TW, SSD-TB, and
RS-T). The curve based on findings from the field data collection (RS-T) is
between the 10-s gap curve and the 15-s gap curve. The SSD values for both
best and worst performance truck drivers (SSD-TB and SSD-TW) are less than the
values based on the field studies.

G. Recommended Data Collection for Future Intersection Sight Distance Studies

The pilot study reported in this appendix was intended primarily to test
a data collection approach that could establish reasonable estimates for the
following parameters:

• Acceleration rates (time versus distance curves) of trucks starting
from a completely stopped position and negotiating a right- or left
turn maneuver.

• Deceleration rates (time versus distance curves) of vehicles
approaching from either direction along a two-lane roadway.

• Speed reduction of vehicles approaching from either direction along
a two-lane roadway.

• Minimum separation between the rear of the turning truck and the
front of a vehicle approaching along the major roadway.

• Time and distance gaps accepted by the turning trucks.

The remainder of this appendix evaluates the overall work plan and the
particular tasks accomplished in this study. Recommendations are provided for
improving the data collection, data reduction, and numerical analysis proce
dures to perform a comprehensive field study and valid statistical analysis to
establish ISD requirements.

A few specific videotaping problems were encountered. These included:
camera time drift, equipment failure due to extremely low ambient temperatures
at the study sites, and limited viewing distance due to at-grade camera
setup. The cold, damp, inclement weather conditions also curtailed the
effective use of tapeswitches with automated traffic data recorders.

Nonetheless, with a combination of videotaping, traffic data collection
equipment, and human observations, this· study provided a feasible field data
collection plan for both urban and rural intersections. A minimum field crew
size of four individuals is preferred, considering the numerous logistic tasks
and observation points that must be under constant surveillance.

Each step of the pilot work plan is reviewed below:
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1. Identify Candidate Intersections

The preliminary selection of intersections in this study was limited by
the intended scope and project schedule. A comprehensive investigation would
justify a detailed stratified sampling plan including:

• Various functional classes of roadway intersections.
• Urban and rural locations.
• Ranges of appropriate traffic volumes.
• Distribution of different vehicle types (trucks and automobiles).
• Variations in horizontal and vertical alinement.
• Alternative major-roadway cross section.
• Ranges of available sight distance.
• 4-leg and T-intersections.

Several months should be devoted to preliminary site visits and gathering sam
ple traffic characteristic information. A detailed checklist of site criteria
should be developed to assist in the final selection of intersections.

2. Establish the Field Data Collection Procedures

Two plans were prepared for the pilot study: (1) an at-grade video
camera approach, and (2) a collection scheme based primarily on the use of
tapeswitches and traffic data collection equipment that records individual
vehicle speeds, number of axles, volumes, vehicle classification. and time of
event. Future studies should test the tapeswitch plan and should consider
elevating (and concealing) the video cameras. Elevated camera locations are
not available at all sites but. where available, could greatly extend the
camera field of view.

The five-camera at-grade setup was adequate for obtaining deceleration.
minimum separation, and time gap data. As discussed earlier. the video
cameras recorded the traffic operations at the intersection and approximately
500 ft (150 m) along each approach leg of the major roadway. Additional
cameras may be necessary if acceleration or distance gap information is
desired occur beyond 500 ft (150 m). Driveways and other roadside access
features in urbanized areas limit the range of viewing and create undesirable
interactions with the turning or approaching vehicles. and should be avoided
where possible.

Reliable and durable video equipment is necessary in order to mlnlmlze
later adjustments to timing operations and camera coordination. Each camera's
field of view should overlap the next and each pair of cameras should include
a distinguishable common reference point.

The 100-ft (30-m) increments along the approach legs were established
using a flagging technique. The reliability of this method decreases as the
distance from the camera increases. With elevated camera locations, the
accuracy of distance measurement should improve. An alternative approach is
to place black or white tape on the road, shoulder, or curb so that reference
markings are always visible on the videotape. Control sections may be
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necessary to determine if such markings affect driver behavior. The marking
technique would be most effective in an elevated situation.

Before actual field data collection begins, several specific items should
be considered:

• Video cameras should be positioned so that the front end of each
vehicle is clearly within the camera field of view. This will
minimize the need to make adjustments for varying vehicle lengths
during the data reduction phase and will simplify later numerical
analysis.

• Tapeswitches should be considered as an alternate means to record
the necessary field data if driveways along the major roadway within
the study segment do not restrict their installation.

• Elevated video viewing could limit the number of camera setups;
reduce field setup time; improve data reduction reliability;
mitigate some of the effects of field data collection activities;
and improve overall field operations.

• Depending on the study design, special attention may be required
regarding the need for additional cameras and tapeswitches in areas
of horizontal and vertical alinement restrictions. The related
effects of limited available sight distance should also be
recognized.

Video cameras are sensitive to moisture and extreme ambient temperatures.
It is strongly recommended that special consideration be given to careful
scheduling of the primary field activities to avoid adverse weather condi
tions. Due to the significant consequences of lost field efforts, a contin
gency field management strategy would need to be developed for a comprehensive
data collection.

3. Data Reduction

A full-function videocassette recorder with the following primary
features improves the efficiency and reliability of the final results:

• Slow motion control.
• Freeze frame.
• Individual frame advance.

Each turning vehicle should be assigned an identification number that remains
with that vehicle throughout the data reduction. This facilitates examination
of the data as individual events as well as retrieval of specific information
after the data has been combined for overall comparisons. It is also more
efficient initially to reduce the various data types (gap acceptance, accel
eration, and deceleration) as independent data sets. Otherwise, three or more
video monitors may be needed to simultaneously track the turning vehicle and
the vehicles traveling along the major roadway.
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4. Anticipated Results

The overall methodology conducted in the pilot work provides a practical
and reasonable means for establishing estimates of the intended parameters.
Weaknesses lie in the limited data set and the loss of accuracy in viewing
trucks and other vehicles farther than 500 ft (150 m) downstream of the study
intersection. It was demonstrated that the data needed to formulate ISO
criteria using either the existing AASHTO model or the gap acceptance approach
can be established from actual field investigation.

A more comprehensive study would provide the basis to:

• Modify existing ISO criteria.

• Provide guidance for quantifying appropriate ISO parameters where no
values are presently available (e.g., minimum separation, decelera
tion rate, and speed reduction.

• Critically evaluate the implications of adopting ISO criteria based
on gap acceptance knowledge.

Additionally, the anticipated results would improve the general design
and operational characteristics of STOP-controlled intersections. Future
research would also yield specific information over a range of vehicle types
and driver characteristics at intersections with known geometrics and actual
approach and departure speeds.
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APPENDIX F

COST-EFFECTIVENESS METHODOLOGY

This appendix describes the cost-effectiveness methodology used to assess
the economic justification for changes in highway design and operational
criteria to accommodate trucks. Candidate revisions in highway design and
operational criteria to accommodate trucks were identified during the research
and are discussed in volume I of this report. However, these candidate revi
sions are not being recommended for implementation unless a cost-effectiveness
analysis indicates that the reduction in accidents resulting from the revised
criteria would be sufficient to offset the resulting increase in highway con
struction and/or maintenance costs. The cost-effectiveness methodology is
illustrated by an example that addresses revised stopping sight distance
criteria for trucks.

A. Overview of Cost-Effectiveness Methodology

Cost-effectiveness analysis is typically employed to determine whether
the benefits of proposed action outweigh its costs and, therefore, whether
that action is economically justified. The action under consideration could
be a specific proposed project or a general change in highway design and oper
ational criteria. Cost-effectiveness analysis requires quantitative estimates
of both the costs and benefits of the proposed action. The costs are nearly
always expressed in monetary terms. The benefits may be expressed either in
monetary terms (e.g., savings in dollars) or in nonmonetary terms (e.g., num
ber of accidents reduced). Accident cost estimates have been developed to
allow analysts to convert the number of accidents reduced at different sever
ity levels into dollar cost savings.

In the case of the revised highway design and operational criteria to
accommodate trucks that are under consideration in this study, the costs of
implementing the revised criteria can be estimated but no safety measures of
effectiveness are available to estimate their benefits. Therefore, the cost
effectiveness analysis was structured to determine the percent reduction in
accidents that would be needed at various ADT and truck volume levels to make
a specific change in highway design or operational criteria economically
justified. Engineering jUdgment must then be applied to determine whether the
calculated percent reduction in accidents could reasonably be expected to be
achieved.

The percent reduction in accidents that would be needed to make a
specific revision in highway design and operational criteria cost-effective
was generally determined as:

Percent
Reduction = (CC - RV x PW) x 100

AR x TA x ADT x N x L X 10- 6
X AC x SPW
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where: CC = Construction cost ($) to implement revised
criteria at one typical site

RV = Residual value of construction cost ($) at
end of analysis period

AR = Expected accident rate (accidents per million veh-mi)
for specified highway type and traffic conditions

TA = Expected proportion of accidents involving trucks
(see equation 70)

ADT = Average daily traffic volume (veh/day)
N = Number of days per year = 365
L = Length (mi) of improved site

AC = Cost savings ($) per accident reduced
SPW = Uniform series present worth factor

PW = Single amount present worth factor

This formulation for the cost-effectiveness analysis in equation (69) is based
on the general approach to economic analyses presented in the AASHTO Manual on
User Benefit Analysis for Highway and Bus-Transit Improvements. 53 The formu
lation has been modified from the net return analysis approach used in the
AASHTO manual, where the costs and benefits are known, to the form shown in
equation (69) where the percent accident reduction that would be required to
make the revised criteria cost effective is calculated. A formulation similar
to equation (69) is used to address intersection improvements; for intersec
tions, the accident rate (AR) is expressed per million entering vehicles, the
ADT is expressed in entering vehicles per day, and the site length (L) is
omitted. Each element of the cost-effectiveness expression is discussed
below. The following discussion documents all of the assumed values of
construction cost, accident cost savings, etc. used to develop the cost
effectiveness analysis results presented in volume I. Some, but not all, of
these data are used in the stopping sight distance examples that follow in
this appendix.

1. Construction Costs

Construction costs for revised criteria were computed from estimates of
the construction quantities and unit construction costs that would be required
to implement the revised criteria for trucks. Unit costs for construction bid
items were estimated from national estimates compiled by FHWA and from esti
mates obtained from the Pennsylvania Department of Transportation.5~The unit
construction costs used in the cost-effectiveness analysis included:

General excavation $2.99/yd 3 ($3.91/m 3 )

Removal and replacement of 4.78/ft 2 (51.43/m 2 )

rigid pavement
Removal and replacement of 4.25/ft 2 (45.72/rn 2 )

rigid shoulder
Removal and replacement of 4.05/ft 2 (43.57/m 2 )

flexible pavement
Removal and replacement of 3.51/ft 2 (37.76/m 2 )

flexible shoulder
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All of the unit construction costs include a 10 percent allowance for con
tingencies (miscellaneous, unbudgeted items). The pavement and shoulder costs
include an additional 10 percent allowance for engineering costs.

Quantities for the construction items were calculated in a manner similar
to the method that would be used in design of an improvement project. For
example, the additional earthwork required to provide vertical curves with
increased stopping sight distance was calculated by determining the roadway
centerline profile elevations and cross sections at 100-ft (30-m) stations for
both AASHTO and revised stopping sight distance criteria. Several costing
scenarios were typically examined. In the case of the stopping sight distance
analysis, the following four construction cost scenarios were evaluated:

• Rural two-lane highway--new construction or major reconstruction.
• Rural two-lane highway--rehabilitation.
• Rural freeway--new construction or major reconstruction.
• Rural freeway--rehabilitation.

Figure 66 illustrates the assumed cross sections for the typical two-lane
highway and freeway assumed in the analyses.

The scenario involving new construction or major reconstruction involved
only additional earthwork costs to provide longer stopping sight distance. In
the case of new construction, pavement and shoulder construction costs would
be unaffected by the decision to provide longer stopping sight distance. In
the case of major reconstruction, it is assumed that the pavement and
shoulders would need to be replaced as part of the project, so the decision to
provide additional stopping sight distance would have no effect on pavement
and shoulder costs. However, the rehabilitation scenario includes the cost of
replacing the pavement and shoulder which would not be necessary if the
stopping sight distance were not being improved.

In some cases, where construction costs were dependent on site-specific
conditions, multiple estimates of construction cost were made. For example,
in the case of longer vertical curves needed to implement increased stopping
sight distances for trucks, the cost of constructing the increased vertical
curves was estimated separately for a range of algebraic differences in grade
from 1 to 10 percent. Then, estimates of the relative frequency of each
algebraic difference in grade were used to combine the earthwork costs into a
single average for all algebraic differences in grade. The data in table 55
were obtained for rural two-lane highways in Texas and for both rural two-lane
highways and rural freeways in the State of Washington. The Texas data repre
sent selected two-lane highways in rolling terrain in east Texas, and are not
necessarily representative of the flatter terrain in west Texas. The
Washington data represent all rural two-lane highways and all rural Interstate
freeways in the State. The table shows the relative distribution of crest
vertical curves by algebraic difference in grade. The distribution for two
lane highways is based on the average of the Texas and Washington data, giving
equal weight to the data from each State. Equal weights were used because the
data from Washington, which represent the entire State, would otherwise far
outweigh the data from Texas, which represent a small sample of roadways. The
distribution for freeways is based on the Washington data alone.
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RURAL TWO LANE HIGHWAY
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Figure 66. Typical cross sections for cost-effectiveness analysis.
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Table 55. Distribution of crest vertical curves by algebraic
difference in grade.

Rural freeways
Rural two-lane highways Number

Algebraic Number of crest
Proportion of crest Proportion

difference of crest vertical of crest
in grade vertical curves vertical curves vertical

(%) Texas a Washingtonb curvesc (Washington)d curve

1 194 2,965 0.345 253 0.558
2 131 1,465 0.197 89 0.196
3 100 995 0.142 50 0.110
4 83 689 0.109 26 0.057
5 53 521 0.075 16 0.035
6 43 333 0.055 12 0.026
7 20 225 0.030 3 0.007
8 11 141 0.018 4 0.009
9 11 141 0.018 ° 0.000

10 7 90 0.011 0 0.000

653 7,565 453

a Selected sites in rolling terrain (192.2 mi [309.3 km] of highway).
b Statewide (5,082.9 mi (8,178.3 kmJ of highway).
c Average with equal weight given to each State.
d Statewide (501.6 mi [807.1 km] of highway).

The recommendations of the AASHTO User Benefit Analysis Manual concerning
the residual value of the improvement at the end of the 20-year analysis
period were followed. 53 The construction items related to pavements,
shoulders, and signs have service lives less than or equal to 20 years, so
they have no residual value at the end of the analysis period. Earthwork is
generally considered to have a service life sUbstantially longer than the
analysis period (typically, 40 to 50 years). This longer service life can be
accounted for properly in the economic analysis by assigning a residual value
to the earthwork at the end of the analysis period. In this case, the resid
ual value for earthwork is estimated as 50 percent of its initial cost.

2. Expected Accident Rate

The expected accident rates for rural two-lane highways, freeways, and
intersections, as a function of average daily traffic volume were estimated
from 1987 data provided by the California Department of Transportation
(Caltrans).s5 Data on the typical severity distributions of accidents were
obtained from the same source. Table 56 shows these estimates which are based
on statewide data for California State highways and were developed by Caltrans
for use as expected values in their accident surveillance system.
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3. Expected Proportion of Accidents Involving Trucks

A change in stopping sight distance criteria is being considered pri
marily to benefit trucks. Therefore, the cost-benefit analysis has been
structured to determine the required percentage reduction in truck acci
dents. Because most accidents involve more than one vehicle, the percentage
of accidents that involve trucks is higher than the percentage of trucks in
the traffic stream, as follows:

TA = T x (1 - MV) + 2 x T x (1-T) x MV + T2 X MV (70)

where: TA = expected proportion of accidents involving trucks
T = proportion of trucks in traffic stream

MV = proportion of mUltiple-vehicle accidents

Equation (70) is based on the assumption that accident rates for passenger
cars and trucks are essentially equal and that all multiple-vehicle accidents
involve only two vehicles.

4. Average Oaily Traffic Volume

Cost-effectiveness calculations were performed for a range of average
daily traffic volumes (ADTs) for each facility type. ADT affected the outcome
of the cost-effectiveness analysis in two ways. First, the exposure in
vehicle-miles of travel or number of entering vehicles at intersections
increased with increasing ADT. Second, the accident rate was assumed to vary
with AOT following the relationships shown in table 56. For rural two-lane
highways, the analysis considered an ADT range from 1,000 to 15,000 veh/day.
For rural freeways, the AOT range considered was 2,000 to 50,000 veh/day. For
intersections, the AOT range considered was 2,000 to 30,000 entering
vehicles/day.

5. Length of Improved Site

An appropriate length of highway to represent a typical improved site was
chosen for each analysis. For example, in the case of the stopping sight
distance analysis, the length used in the analysis was the average length of
the improved vertical curves to be constructed. This was estimated from the
vertical curve lengths for each algebraic difference in grade and the relative
frequency of each algebraic difference in grade based on actual road profiles
from Texas and Washington.

6. Accident Cost Savings

The cost savings for each accident .reduced were based on estimates from a
recent FHWA technical advisory.56 These estimates are:

• Fatal accident
Injury accident
Property-damage-only

accident

$1,700,000
14,000
3,000
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These accident cost savings are not based on out-of-pocket losses to accident
victims but rather are based on a II willingness to payll concept developed by
FHWA research. In other words, the accident cost savings represent the amount
that potential accident victims would be willing to pay to avoid involvement
in the accident.

7. Present Worth Factors

The principles of economic analysis require that comparisons between
costs and benefits of improvement projects must be made at the same point in
time. In this case, for consistency with the AASHTO Manual on User Benefit
Anal sis for Hi hwa and Bus Transit 1m rovements, all costs and benefits were
reduced to their present worth their value at the time when the
improvement is constructed).s3

The appropriate factor to reduce the accident reduction benefits,
represented as a uniform series of annual cash flows over the entire analysis
period to their present worth is called the uniform series present worth fac
tor. This factor is:

SPW = (l + i)n - 1
i(l + i)n

(71 )

where: SPW = uniform series present worth factor
i = mlnlmum attractive rate of return (or

discount rate) represented as a decimal = i%/100
n = duration of analysis period (yr)

The appropriate factor to reduce the residual value to its present worth
before subtracting it from the construction cost is the single amount present
worth factor, defined as:

where:

1PW =-----"---
(1 + i)n

PW = single amount present worth factor

(72)

The single amount present worth factor is entirely analogous to the uniform
series present worth factor discussed above except that it is applied to
determine the present worth of a single amount on a specified future date
rather than a series of annual amounts over a specified period.

The minimum attractive rate of return (or discount rate) represents the
time value of money. This rate should equal the return on alternative _
investments that must be foregone if the improvement is constructed. The
AASHTO user benefit analysis manual emphasizes that this rate should represent
the real long-term cost of capital, over and above the inflation rate. 53 If a
higher minimum attractive rate of return--representing current market interest
rates--were used, it would also be necessary to increase the accident cost

187



each year to keep pace with inflation. The minimum attractive rate of return
was estimated as 5 percent (i = 0.05) based on the rate cited in the recent
FHWA bulletin on accident costS. 56

The analysis period was 20 years in all cases except for signing
analyses, in which case a 5-year analysis period was used.

B. Examples of Cost-Effectiveness Analysis for Stopping Sight Distance

The sensitivity analyses presented in volume I of this report concluded
that current AASHTO stopping sight distance criteria do not completely
accommodate trucks. Table 57 compares the current AASHTO criteria with the
candidate revisions to those criteria developed in volume I. The following
discussion illustrates the cost-effectiveness analysis that was conducted to
determine how likely it is that the additional construction costs to provide
improved stopping sight distance for trucks would be economically justified by
reduced accidents.

Table 57. Candidate stopping sight distance criteria for
trucks in comparison to AASHTO criteria.

Design speed
(mi/h)

Minimum stopping
sight distance (ft)
AASHTO Truck

20
30
40
50
60
70

125
200
325
475
650
850

150
275
475
675
900

1,175

Note: 1 mi = 1.61 km
1 ft = 0.305 m

1. Example 1--Rural Two-Lane Highway--New Construction or Major
Reconstruction

Example 1 addresses the cost-effectiveness of providing increased
stopping sight distance for trucks on rural two-lane highways. Table 58 shows
the assumed conditions for this example. The previous sections have
documented these assumptions.
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Table 58. Assumed condition--example 1.

Highway type
Design speed
Cross-section width
Costing scenario

Earthwork cost
Residual value
Fatal accident cost
Injury accident cost
PDO accident cost
Analysis period
Minimum attractive rate of return

Note: 1 mi = 1.61 km
1 ft = 0.305 m
1 yd = 0.914 m

Rural two-lane
60 mi/h
84 ft
New construction or major
reconstruction (earth
work only)
$2.99/yd 3

50% of earthwork cost
$1,700,000
$14,000
$3,000
20 yr
5%

Table 59 documents the calculation of the additional construction costs
necessary to provide improved stopping sight distance for trucks on a rural
two-lane highway being newly constructed or undergoing major reconstruction.
For example 1, these costs consist entirely of increased expenditures for
earthwork, since it is assumed that the pavement and shoulders are either not
built yet or will need to be completely replaced as part of the reconstruc
tion. Since the additional stopping sight distance will be provided at crest
vertical curves, all of the required earthwork is cut rather than fill. The
table shows the cost of the additional cut required to improve one vertical
curve for each algebraic difference in grade. The overall average cost to
provide improved stopping sight distance is estimated to be about $18.000 per
vertical curve. This estimate was determined as a weighted average using as
weights the relative frequencies of each algebraic difference in grade from
table 55.

Table 60 presents the results of the cost-effectiveness analysis,
expressed in terms of the accident reductions that would be required to make
the improvement cost effective. The cost-effectiveness analysis in table 60
has been performed for a range of ADT from 1,000 to 15,000 veh/day.

Column 1 in the table presents the specific values of ADT that were used.

Column 2 presents the expected accident rate, based on the data for rural
two-lane highways in table 56. Columns 3 and 4 present the expected propor
tion of fatal and injury accidents, also based on table 56. Column 5 indi
cates the expected percentage of multiple-vehicle accidents.
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Column 6 presents the expected number of accidents per mile per year,
computed as (1) x (2) x 365 x 10- 6 • Column 7 presents the average cost per
accidents based on the accident severity distribution shown in the table and
the FHWA accident costs given above.

Columns 8 through 12 present the minimum percentage reduction in truck
accidents that would be required to make the improvement cost effective for
various specified percentages of trucks in the traffic stream, computed from
equation (69). These percentage reductions apply to the expected number of
truck accidents for a length of highway equal to the average length of
vertical curve shown in table 59. For example, the first row of the table
indicates that the improvement in stopping sight distance would be cost
effective if 30 percent of the vehicles in the traffic stream were trucks and
the improvement reduced truck accidents by 23.9 percent.

Columns 8 through 12 are best interpreted by an engineering judgment as
to whether the specified percentage reduction in truck accidents is likely
from an improvement in stopping sight distance on a vertical curve. Accident
reductions greater than 100 percent are impossible, and indicate clearly that
a stopping sight distance improvement would not be cost effective. Accident
reductions approaching 100 percent are very unlikely and indicate that the
stopping sight distance improvement is probably not cost effective. On the
other hand, small values of accident reduction may be very achievable and
indicate that a stopping sight distance improvement is very likely to be cost
effective. The author's jUdgment is that reductions in truck accidents up to
10 or 20 percent are possible, but higher accident reductions are highly
unlikely. Therefore, the results of each example are interpreted below in
relation to reductions in truck accidents of 10 and 20 percent.

The data in columns 8 through 12 suggest that stopping sight distance
improvements for trucks are cost effective in new construction or major
reconstruction on rural two-lane highways at higher ADTs and higher truck per
centages. For example, if a change in stopping sight distance criteria for
trucks could produce a 10-percent reduction in truck accidents, the improve
ment will be cost effective for rural two-lane highways with truck volumes
over about 800 trucks/day. If a 20-percent reduction in truck accidents could
be achieved, stopping sight distance improvements for trucks would be cost
effective at volumes of about 400 trucks/day.

Example calculation: An example calculation is presented to illustrate
how the minimum percent reduction in truck accidents (columns 8 through 12 in
table 60) was determined. For illustrative purposes, the minimum percent
reduction will be computed for the case in example 1 with average daily
traffic volume of 5,000 veh/day and 10 percent trucks in the traffic stream.
The basic assumptions for this example are summarized in table 58.

The minimum percent reduction in truck accidents required for cost
effectiveness is calculated from equation (69). This example will show how
the value of each of the variables in equation (69) was determined. This same
computational procedure is also used in the other examples presented in the
remainder of this appendix.
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The construction costs and residual value in equation (69) are determined
from the data in table 59. The construction cost (CC) is the average cost per
vertical curve to perform additional earthwork for improving the sight dis
tance, or $17,788 per vertical curve. As shown in the table, $17,788 is the
average cost over the full range of algebraic difference in grade weighted by
the relative proportion of each algebraic difference in grade on a sample of
highways in Texas and Washington. CC is computed as the sum of the products
of columns 5 and 6 in table 59.

The residual value (RV) is the remaining value of the improvement at the
end of the 20-year analysis period. As shown in table 58, RV is estimated as
50 percent of the earthwork cost or $8,894. The residual value is based only
on earthwork costs, and no residual value is assumed for items with shorter
service lives such as pavement and shoulder costs.

The uniform series present worth factor (SPW) was calculated from
equation (71) as:

The single amount present worth factor (PW) was calculated from equation (72)
as:

1
PW = (1 + 0.05)20 = 0.377

The estimated values of accident rate (AR) presented in column 2 of
table 60 are based on Caltrans estimates of accident rate as a function of ADT
given in table 56. For the case in question, the value of AR is
1.44 accidents per million veh-mi (2.31 accidents per million veh-km).

The expected proportion of accidents involving trucks (TA) is computed
from the assumed proportion of trucks in the traffic stream (0.10) and the
estimated proportion of multiple vehicle accidents on two-lane highways
(0.726, based on Caltrans data). Using equation (70):

TA = 0.01(1 - 0.726) + 2(0.10)(1 - 0.10)(0.726) + (0.10)(0.10)(0.726) 0.165

In other words, if trucks constitute 10 percent of the traffic stream, then
approximately 16.5 percent of accidents would be expected to involve one or
more trucks.

The value of the average daily traffic volume (ADT) term is assumed to be
5,000 veh/day.

The number of days per year (N) is 365.
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The length of the improved sites will vary from 394 to 3,938 ft (120 to
1,201 m) as a function of algebraic difference in grade as shown in table 59.
If a substantial length of highway is improved, the average length of the
improved sites (L) can be calculated by the same weighting procedure used to
determine construction costs. Thus, the estimates for Land CC from table 59
show that the average improved vertical curve will be 1,155 ft (352 m) long
and it will cost $17,788 to improve that curve.

The average cost savings per accident reduced (AC) is computed from the
accident severity distribution given in table 60 and the FHWA estimates of
accident costs by severity level given in table 58. AC is computed as:

AC = 0.039($1,700,000) + 0.487($14,000) + 0.474($3,000} = $74,500

Based on equation (69), the minimum percent reduction in truck accidents
can then be calculated as:

Percent
Reduction

= --'[~1~7z..;.'7....;;;.8.;;..8_-~(8~'..;;.;89;....;4......) ..,;;(0;..;.. ..;;..;37....;.7......) ~l-=1..;;..;00~ = 16.3%
(1.44)(0.165)(5,000)(365)(0.219)(10-

6
)(74,500)(12.46)

In other words, a sight distance improvement for trucks would be cost
effective for new construction on a rural two-lane highway with an ADT of
5,000 veh/day and 10 percent trucks if it reduced truck accidents by
16.3 percent. Engineering jUdgment is the only available basis for deciding
whether a sight distance improvement would be likely to reduce that many
accidents.

2. Example 2--Rural Two-Lane Highway--Rehabilitation

Example 2 addresses rehabilitation of rural two-lane highways, as opposed
to new construction or major reconstruction, which were addressed in exam-
ple 1. The assumed conditions for example 2 are presented in table 61. The
computational approach for example 2 is entirely analogous to example 1 except
that the construction costs for rehabilitation include earthwork, pavement
removal and replacement, and shoulder removal and replacement. The pavemen:
and shoulder costs are included in this case because it is assumed that these
costs are being incurred only because the sight distance is being improved.

Table 62 is analogous to table 59, but includes the added pavement and
shoulder costs, which increase the expected improvement cost substantially
from about $18,000 to about $182,000 per vertical curve.

Table 63 presents the results of the cost-effectiveness analysis and is
entirely analogous to table 60. The results in table 63 demonstrate that it
is almost never cost effective to improve stopping sight distance on a rural
two-lane highway in a rehabilitation project, if the improvement requires
replacement of the pavement and shoulder where this would not otherwise be
necessary.
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Table 61. Assumed conditions--example 2.

Highway type
Design speed
Cross-section width
Costing scenario

Earthwork cost
Residual value
Pavement type
Pavement removal and replacement

cost
Shoulder type
Shoulder removal and replacement

cost
Fatal accident cost
Injury accident cost
PDO accident cost
Analysis period
Minimum attractive rate of return

Note: 1 mi = 1.61 km
1 ft = 0.305 m
1 yd = 0.914 m
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Rural two-lane
60 mi/h
84 ft
Rehabilitation (earthwork,

pavement, and shoulder)
$2.99/yd 3

50% of earthwork cost
Flexible
$4.05/ft 2

Flexible
$3.51/ft 2

$1,700,000
$14,000
$3,000
20 yr
5%
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For example, even at the extremely high volume of 15,000 veh/day and
30 percent trucks in the traffic stream (i.e., 4,500 trucks/day), a stopping
sight distance improvement would have to reduce truck accidents by more than
20 percent to be cost effective. SUbstantially greater percentage reductions
in accidents would be required for cost effectiveness at lower volume levels.

3. Example 3--Rural Freeway--New Construction or Major Reconstruction

Example 3 is a cost-effectiveness analysis of improvement of stopping
sight distance for trucks for new construction or major reconstruction on a
rural freeway. The assumed conditions for example 3 are presented in
table 64. The assumed cross section for a rural freeway differs from that of
a two-lane highway, as shown in figure 66. The freeway case uses a highway
design speed of 70 mi/h (113 km/h), as opposed to 60 mi/h (97 km/h) in the
two-lane case, resulting in longer vertical curves.

Table 64. Assumed conditions--example 3.

Highway type
Design speed
Cross-section width

Costing scenario

Earthwork cost
Residual value
Fatal accident cost
Injury accident cost
PDO accident cost
Analysis period
Minimum attractive rate of return

Note: 1 mi = 1.61 km
1 ft = 0.305 m
1 yd = 0.914 m

Rural freeway
70 mi/h
168 ft (84 ft for each

roadway)
New construction or major

reconstruction (earthwork
only)

$2.99/yd 3

50% of earthwork cost
$1,700,000
$14,000
$3,000
20 yr
5%

Table 65 presents the added earthwork cost to improve the stopping sight
distance for trucks on crest vertical curves for each individual algebraic
difference in grade, and averaged over all algebraic differences in grade
based on the freeway data in table 55. The additional earthwork to improve
stopping sight distance on a rural freeway would be about $32,000 per crest
vertical curve for both directions of travel combined.

Table 66 presents the results of the cost-effectiveness analysis for
.·freeway ADTs from 2,000 to 50,000 veh/day. The analysis results show that the
additional expenditures to improve stopping sight distance would be cost
effective only on higher volume rural freeways. For example, if the stopping
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sight distance improvement reduced truck accidents by 10 percent, the improve
ment would be cost effective on rural freeways with truck volu~es over about
4,000 trucks/day. If the stopping sight distance improvements reduced truck
accidents by 20 percent, the improvement would be cost effective on rural
freeways with truck volumes over about 2,000 trucks/day.

4. Example 4--Rural Freeway--Rehabilitation

Example 4 is similar to example 3 except that it represents a
rehabilitation case for a rural freeway, rather than a new construction or
major reconstruction case. Table 67 summarizes the assumed conditions for
example 4. As in the two-lane highway rehabilitation case, the freeway
rehabilitation example considers costs for earthwork, pavement removal and
replacement, and shoulder removal and replacement.

Table 67. Assumed conditions--example 4.

Highway type
Design speed
Cross-section width

Costing scenario

Earthwork cost
Residual value
Pavement type
Pavement removal and replacement

cost
Shoulder type
Shoulder removal and replacement

cost
Fatal accident cost
Injury accident cost
PDO accident cost
Analysis period
Minimum attractive rate of return

Note: 1 mi = 1.61 km
1 ft = 0.305 m
1 yd = 0.914 m

Rural freeway
70 mi/h
168 ft (84 ft for each

roadway)
Rehabilitation (earthwork,

pavement, and shoulder)
$2.99/yd 3

50% of earthwork cost
Rigid
$4.78/ft 2

Rigid
$4.25/ft 2

$1,700,000
$14,000
$3,000
20 yr
5%

Table 68 presents construction cost estimates which indicate that
improvement of stopping sight distance in a freeway rehabilitation project
would cost about $491,000 per crest vertical curve, including both directions
of travel. Table 69 presents the results of the cost-effectiveness analysis,
which indicate that it is highly unlikely that any stopping sight distance
improvement on a freeway would reduce enough accidents to make the improvement
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cost effective if the improvement required replacement of the pavement and
shoulders. Even in the highest volume case with 30 percent trucks on a free
way that carries 50,000 veh/day (i.e., 15,000 trucks/day), the stopping sight
distance improvement would need to reduce nearly 50 percent of truck accidents
to be cost effective.

5. Summary

The four examples presented above indicate that stopping sight distance
improvements for trucks are probably cost effective in new construction or
major reconstruction only on very high volume two-lane highways and free
ways. If the stopping sight distance improvement is assumed to reduce
10 percent of truck accidents on vertical curves, the improvement would be
cost effective for rural two-lane highways with trucks volumes over
800 trucks/day and rural freeways with truck volumes over 4,000 trucks/day.
If the stopping sight distance improvement is assumed to reduce 20 percent of
truck accidents, the corresponding truck volumes required for cost effective
ness would be 400 trucks/day on rural two-lane highways and 2,000 trucks/day
on rural freeways.

In rehabilitation projects, where the pavement and shoulder would not
otherwise need to be replaced, the improvement of stopping sight distance for
trucks is virtually never cost effective on either two-lane highways or
freeways.
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