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Systematic, well-designed research provides the most effective
approach to the solution of many problems facing highway
administrators and engineers. Often, highway problems are of local
interest and can best be studied by highway departments
individually or in cooperation with their state universities and
others. However, the accel erating growth of highway transportation
develops increasingly complex problems of wide interest to
highway authorities. These problems are best studied through a
coordinated program of cooperative research.
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American Association of State Highway and Transportation
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research correlation staff of specialists in highway transportation
mattersto bring the findings of research directly to thosewho arein
aposition to use them.
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identified by chief administrators of the highway and transportation
departments and by committees of AASHTO. Each year, specific
areas of research needs to be included in the program are proposed
to the National Research Council and the Board by the American
Association of State Highway and Transportation Officials.
Research projectsto fulfill these needs are defined by the Board, and
qualified research agencies are selected from those that have
submitted proposals. Administration and surveillance of research
contracts are the responsibilities of the National Research Council
and the Transportation Research Board.

The needs for highway research are many, and the National
Cooperative Highway Research Program can make significant
contributions to the solution of highway transportation problems of
mutual concern to many responsible groups. The program,
however, isintended to complement rather than to substitute for or
duplicate other highway research programs.

Note: The Transportation Research Board of the National Academies, the
National Research Council, the Federal Highway Administration, the American
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FOREWORD

By Christopher J. Hedges
Saff Officer
Transportation Research
Board

This report presents guidance for roadway geometric designers on how best to
accommodate large trucks on the U.S. highway system.

Under NCHRP Project 15-21, a research team reviewed the range of dimensions
and performance characteristics of trucks currently used on U.S. highways and pre-
dicted how these characteristics may changein responseto current political, economic,
and technological trends. The research team conducted an analysis of those geometric
design features affected by vehicle characteristics and then evaluated the adequacy of
current geometric design policy to accommodate the current and anticipated truck
fleet. Based on the findings, the report makes recommendations for a number of
changesto the AASHTO Policy on Geometric Design of Highwaysand Streets (“ Green
Book™).

Thereport (1) provides valuable guidance for designers of roads and facilities that
need to accommodate large trucks and (2) will assist AASHTO in updating geometric
design policy. The information developed in this project will also be useful asinput to
future editions of other documents such as the TRB Highway Capacity Manual, the
FHWA Manual on Uniform Traffic Control Devices, and the AASHTO Roadside
Design Guide.

The heavy truck vehicle fleet constitutes a significant percentage of the traffic on
major routes in the United States, such as the Interstate highway system. The volume
of heavy truck traffic is increasing because of factors that include economic growth;
advances in freight transportation logistics, such as just-in-time delivery systems; and
changing trade patterns resulting from the North American Free Trade Agreement
(NAFTA).

To provide a seamless and efficient national highway transportation system, it is
important to ensure that the criteria for roadway geometric design are appropriate for
the current and anticipated fleet of heavy trucks on U.S. highways. Research was
needed on the dimensions, performance, and operational characteristics of the current
and future fleet, so that these characteristics can be evaluated and, if necessary, accom-
modated on a consistent basis in geometric design standards.

Transportation engineersrely on AASHTO'’ s Policy on Geometric Design of High-
waysand Streetsfor information on design vehicles and roadway design criteria. Heavy
truck operating characteristics are treated to a limited extent in the present AASHTO
Policy and are based on generalized design vehicles that may not reflect the character-
istics of the current fleet. Theinformation currently inthe AASHTO Policy needsto be
reviewed and updated as appropriate to account for the current and future truck fleet
using the U.S. national highway transportation system.

Under NCHRP Project 15-21, “Review of Truck Characteristics as Factors in
Roadway Design,” the Midwest Research Institute began by reviewing the legal size
and weight limitsfor trucksin U.S. states, aswell aslimits for Canadian and Mexican
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trucksusing U.S. highwaysunder NAFTA. The characteristics of the current fleet were
determined by analysis of FHWA and U.S. Census Bureau data. The team then evalu-
ated those geometric design features affected by truck characteristics and made rec-
ommendations on where changes are needed to the current design policy in order to
accommodate the characteristics of the truck fleet. The recommendations include sev-
eral changesto the standard design vehiclesnow in use, aswell asfour new design vehi-
cles reflecting truck configurations that could be permitted in the future under certain
scenarios. As part of the research, the team developed a truck speed profile model to
predict truck performance on upgrades. The model was implemented as an Excel
spreadsheet program that isincluded with thisreport on diskette. The spreadsheet pro-
gram can be used by highway agencies to anticipate where additional climbing lanes
may be warranted.

Copyright National Academy of Sciences. All rights reserved.
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SUMMARY

REVIEW OF TRUCK CHARACTERISTICS
AS FACTORS IN ROADWAY DESIGN

Trucks constitute alarge and growing segment of the traffic on American highways.
On many rura Interstate highways, trucks now constitute more than one-third of the
total traffic stream. Theincreasein truck traffic isrelated to astrong and growing econ-
omy, shifts in manufacturing patterns and inventory reduction through just-in-time
delivery, and changing trade patterns resulting from the North American Free Trade
Agreement (NAFTA). In addition to growth in truck volumes, the mix of truck types
on U.S. highways has shifted toward larger vehicles.

Trucks are an important consideration in geometric design of highways. Many high-
way geometric design policies are based on vehicle characteristics. Truck characteris-
tics are often a key consideration in determining the recommended values of such cri-
teria. The research presented in this report reviews the characteristics of trucksin the
current U.Struck fleet, as well as possible changes to the truck fleet, and recommends
appropriate changes to highway geometric design policy to ensure that highways can
reasonably accommodate trucks.

The research found that NAFTA may lead to increased truck volumes using U.S.
highways, but is unlikely to result in truck types not currently considered in highway
geometric design policies entering the United States. Thus, geometric design must con-
sider current trends in the United States truck fleet, but there is unlikely to be aneed to
accommaodate truck configurations currently used in Canada and Mexico, but not cur-
rently used in the United States.

Several changesin the design vehicles presented in the AASHTO Policy on Geomet-
ric Design of Highways and Streets, commonly known as the Green Book, are recom-
mended. Specificaly, it isrecommended that the current WB-15 [WB-50] design vehicle
be dropped becauseit isno longer common on U.S. roads. The kingpin-to-center-of-rear-
tandem (KCRT) distance for the WB-19 [WB-62] design vehicle should be increased
from 12.3 to 12.5 m [40.5 to 41 ft]. The WB-20 [WB-65] design vehicle should be
dropped from the Green Book and the WB-20 [WB-67] design vehicle used inits place.
In addition, athree-axle truck, the SU-8 [SU-25] design vehicle, and a Rocky Mountain
Double, the WB-28D [WB-92D] design vehicle should be added to the Green Book.

Four design vehicles, each larger than similar trucks currently on the road, were
identified that have no current application, but might be needed if such trucks should
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be permitted to operate, or to operate more extensively, on U.S. highways. These four
design vehicles include a combination truck with a single 17.4-m [53-ft] semitrailer,
designated the WB-22 [WB-71] design vehicle; a combination truck with two 10.1-m
[33-ft] trailers, designated the WB-23D [WB-77D] design vehicle; a Turnpike Double
combination truck, with two 16.1-m [53-ft] trailers, designated the WB-37D [WB-120D]
design vehicle; and a B-Train double combination with one 8.5-m [28-ft] trailer and
one 9.6-m [31.5-ft] trailer.

There does not appear to be any need to update the current Green Book design cri-
teria for sight distance, lane width, horizontal curves, cross slope breaks, or vertical
clearanceto better accommodate trucks. In each of these cases, an eval uation found that
the current geometric design criteria can reasonably accommodate trucks.

To assess the critical length of grade for trucks on long, steep upgrades, designers
need amoreflexible design tool than that availablein the current Green Book. The cur-
rently available design charts address only one particular truck weight/power ratio, one
particular initial truck speed, and a constant percent grade. The research developed a
spreadsheet program, known as the truck speed profile model (TSPM), that can esti-
mate the truck speed profile on any specified upgrade, considering any truck weight/
power ratio, any initial truck speed, and any vertical profile. Field studies were aso
conducted to better quantify the weight/power ratios of the current truck fleet; the
results of these field studies indicate that trucks in the western states have better per-
formance than in the eastern states and the truck population on freeways generally has
better performance than the truck population on two-lane highways.

It is recommended that the Green Book provide additional guidance on the maxi-
mum entry speeds and the diameter of the inscribed circle for roundabouts, as a func-
tion of design vehicle characteristics. It isa so recommended that designers be provided
with additional information on the swept path widths of specific design vehiclesfor use
in the design of double and triple left-turn lanes.

The research results indicate that acceleration lane lengths designed to current Green
Book criteriamay accommodate average trucks, but may not fully accommodate heav-
ily loaded trucks, such asthe 85th percentile of truck performance. However, thereisno
indication that heavily loaded trucks are encountering any particular problemsrelated to
acceleration lane lengths. Therefore, no change in the design criteria for acceleration
lane length is currently recommended, but further research on this issue, to document
any problems actually encountered by trucks on acceleration lanes, is recommended.
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CHAPTER 1
INTRODUCTION

BACKGROUND

Trucks constitute alarge and growing segment of the traf-
fic on American highways. On many rural Interstate high-
ways, trucks now constitute more than one-third of the total
traffic stream. The increase in truck traffic is related to a
strong and growing economy, shifts in manufacturing pat-
terns and inventory reduction through just-in-time delivery,
and changing trade patterns resulting from the North Ameri-
can Free Trade Agreement (NAFTA).

In addition to the growth in truck volumes, there have also
been shiftsinthe mix of truck typeson U.S. highwaystoward
larger vehicles. The Surface Transportation Assistance Act
(STAA) of 1982 established the tractor-semitrailer combina-
tion with a 14.6-m [48-ft] trailer as a standard vehicle on the
U.S. highways. The 1982 STAA required all states to permit
trucks with single 14.6-m [48-ft] trailers and twin 8.7-m
[28.5-ft] trailers to operate on the Nationa Truck Network.
Since 1982, combination trucks with single 16.2-m [53-ft]
trailers have become common on the National Network (NN)
in many states and a few states permit combinations with
trailersaslong as 18.1 m [59.5 ft].

Trucks are an important consideration in geometric design
of highways. Many geometric design criteria, as presented in
the AASHTO Policy on Geometric Design of Highways and
Sreets(1), commonly known as the Green Book, and in the
policies of individual state highway agencies, are based on
vehicle characteristics. Truck characteristics are often a key
consideration in determining the recommended values of such
criteria. Every roadway and intersection isdesigned to accom-
modate a specific design vehicle, selected from among those
presented in the Green Book and other design policies, and for
many projects the appropriate design vehicle is a truck. The
design vehiclesin the 1994 edition of the Green Book did not
adequately represent the truck fleet currently on the road.
Extensive changesin the design vehiclesand their dimensions
have been made in the new 2001 edition of the Green Book,
but further review has been conducted to determine whether
these design vehicles are consistent with the current truck
fleet. Furthermore, truck considerationsare not addressed con-
sistently throughout the Green Book. For some geometric
design criteria, the Green Book shows how a designer can
accommodate atruck asthedesign vehicle, whileother design
criteriaare based solely on passenger car characteristics, with
little or no mention of trucks.

Research is clearly needed to recommend a more consis-
tent treatment of trucksin the Green Book and in other related
design policies. Midwest Research Institute (MRI) and Penn-
sylvania Transportation Institute (PTI) undertook similar
research for the FHWA in a project completed in 1990 (2,3).
The objectivesand scope of that project wereto do asfollows:

» Determine the dimensions and performance character-
istics of trucks.

* |dentify all geometric design criteriain the Green Book
and all traffic control device criteriain the FHWA Man-
ual on Uniform Traffic Control Devices (MUTCD) (4)
that are based on a vehicle characteristic.

» Determine what models are used in setting the design
and traffic control criteriaand what vehicle characteris-
tics are used as parameter values in those models.

« |If a specific design or traffic control criterion is based
on passenger car characteristics, conduct a sensitivity
analysis to determine how that criterion would need to
be changed to accommodate trucks.

» Recommend whether changesin either the models used
to establish design and traffic control criteria or in the
parameter values used in those models would be desir-
able and cost-effective to better accommodate trucks.

The results of this previous study have been published in
Reports No. FHWA-RD-89-226 and -227, entitled Truck Char-
acteristics for Use in Highway Design and Operation (2,3).
While this previous study was comprehensive in scope, it is
in need of updating because both the truck fleet and geomet-
ric design policies have changed considerably in the inter-
vening years. This previous work provides a firm starting
point to meet the current need for updating the treatment of
trucks in the Green Book.

RESEARCH OBJECTIVES AND SCOPE

The objective of the research is to ensure that geometric
design criteriafor highways and streets can reasonably accom-
modate the dimensions and performance characteristics of
the current and future truck fleet using the U.S. highway
system. The main product of the research is a set of recom-
mendations on modifications and/or additions that should be
made to the AASHTO Green Book (1). The scope of the
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research addresses geometric design issues, but not structural
or pavement issues.

The scope of theresearch hasincluded al truck-related geo-
metric design issues currently addressed in the Green Book.
The approach used by the Green Book to address each of these
issues has been evaluated and any appropriate modifications
have been proposed. Modifications considered included both
use of (1) different parameter values in a model used in the
Green Book to determine design criteria for passenger cars
and (2) revised model sthat might be more suitablefor trucks.
In addition to looking at design criteria that currently con-
sider trucks, the research a'so included areview to determine
whether design criteria that do not currently address trucks
should do so or whether new design criteria that address
trucks should be added to the Green Book.

Itisvital that the review of Green Book design criteriabe
based on the most up-to-date information available about the
composition and characteristics of the truck fleet. Therefore,
the research team sought to characterize the current truck
fleet on U.S. highways and to make reasonabl e projections of
changesthat may occur in the years ahead. The project scope
addresses what are often referred to as heavy trucks (i.e., not
including light trucks like pickups and vans).

A key aspect of the research objectives is to ensure that
highway design criteria can reasonably accommodate current
and future trucks. Reasonable accommodation does not mean
that all roads should be designed for the largest vehicles that
use them or that every design criterion should be based on a
largetruck. Rather, it meansthat roads should be designed to
accommodate the vehicleslikely to use them with reasonable
frequency and that both the potential safety benefits and the
expected costs to highway agencies should be considered
before any proposed change in design policy is adopted.

ORGANIZATION OF THIS REPORT

Thisreport presents an overview of the size and character-
istics of the current truck fleet, areview of geometric design

issues related to trucks, and recommendations for potential
future changes to geometric design policy to better accom-
modate trucks. The remainder of this report is organized as
follows. Chapter 2 summarizes current size and weight lim-
its for U.S. trucks, as well as comparable data for trucksin
Canada and Mexico. The size, composition, and characteris-
tics of the U.S. truck fleet are presented in Chapter 3. The
current truck design vehicles used in the AASHTO Green
Book are reviewed in Chapter 4, and recommendations for
changes in these design vehicles are presented. Chapter 5
summarizes the characteristics of trucks that are related to
highway geometric design. Chapter 6 reviews highway geo-
metric design criteria and their relationship to truck charac-
teristics. Chapter 7 presents recommendations for potential
future changes in geometric design policy to better accom-
modate trucks.

Appendix A summarizes truck characteristics based on
data from 1992 and 1997. Appendix B presents the results
of field studies conducted at truck weigh stationsto estimate
selected truck characteristics. Appendix C assessesthe turn-
ing performance of selected design vehicles, including their
offtracking and swept path width. Appendix D presents the
results of field studies to estimate weight/power ratios for
the current truck population. Appendix E describes a spread-
sheet program devel oped to estimate truck speed profiles on
upgrades. Appendix F presents recommendations for future
revisions to the Green Book to better accommodate trucks.

The text of this report uses both metric and U.S. custom-
ary units of measure. For consistency with the Green Book,
which isthekey reference addressed by thisreport, the quan-
tity in metric units appears first, followed by the quantity in
U.S. customary units in brackets. Some tables and figures
show quantities in both units of measure, but others present
only one system of units, when the data being presented were
collected or published or the legal requirement being pre-
sented was adopted in that system of units. In addition, the
abbreviation for miles per hour used in this report is mph,
rather than mi/h, for consistency with the Green Book.
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CHAPTER 2
TRUCK SIZE AND WEIGHT LIMITS

This chapter addresses the current size and weight limits
for trucks asimposed by federal and state governments. These
limits set the framework under which trucks currently on the
road operate. Changes in these limits are a primary mecha-
nism by which future changes in truck characteristics that
affect highway geometric design might occur.

FEDERAL TRUCK SIZE AND WEIGHT LIMITS

Current federal law includes the following limits on truck
size and weight:

 States may not set maximum weight limits on the Inter-
state System less than
— 36,400 kg [80,000 Ib] gross vehicle weight:

— 9,100 kg [20,000 Ib] for asingle axle: or
— 15,500 kg [34,000 Ib] for atandem axle.

+ Statesmust permit weightsfor other axle groups so long
asthe weight on the axle group does not violate the fed-
eral bridge formula and the gross vehicle weight does
not exceed 36,400 kg [80,000 Ib].

» States must permit tractor-trailer combination trucks
with trailer lengthsup to 14.6 m [48 ft] inlength to oper-
ate on the National Network (NN).

 Statesmust permit combination trucks consisting of two
trailers with lengths up to 8.7 m [28.5 ft] per trailer to
operate on the NN.

+ States must permit trucks within the length limits given
above with widths up to 2.6 m [8.5 ft] to operate on
the NN.

The NN isanetwork of routes designated by the Secretary
of Transportation in consultation with the states. The NN
consists of the Interstate System and other selected routes.
The extent of the NN on non-Interstate routes varies by
region of the country. Typically, the non-Interstate routes in
theNN arefairly limited in the eastern states and more exten-
sivein the western states.

In this report, the phrase tandem axle, without modifiers,
refersto apair of axles separated from one another by 1.2 m
[4 ft], nominally. A common practice isto spread these axles
further apart (called spread tandems) to alow a greater legal
weight limit. For example, if they are separated by 3m[10ft],

their maximum weight limit is 18,200 kg [40,000 Ib], twice
the limit for asingle axle.

The federal bridge formula referred to above is W =
500[LN/(N-1) + 12N + 36], where Wis the maximum weight
in pounds carried on any group of two or more axles, L isthe
distance in feet between the extremes of any group of two or
more axles, and N isthe number of axles under consideration.

STATE TRUCK SIZE AND WEIGHT LIMITS

States set the truck size and weight limits on their facili-
ties within the framework set by the federal limits discussed
above. Many states have established truck size and weight
limitsthat exceed those mandated by the federal government.
For example, many states permit tractor-semitrailers with
16.2-m[53-ft] trailersto operate on the NN, even though fed-
era law requires only that 14.6-m [48-ft] trailers be permit-
ted. Many states also permit trucks with gross weights over
36,400 kg [80,000 Ib] and trucks with trailers longer than
those mandated by federal law to operate under permit on
specified highways and/or under specified conditions.

The federal truck size and weight limits discussed above
were established by the Surface Transportation Assistance Act
(STAA) of 1982. The 1991 Intermodal Surface Transportation
Efficiency Act (ISTEA) ingtituted afreeze onincreasesin state
size and weight limits for Longer Combination Vehicles
(LCV). State limitsin effect were allowed to remain in place
(“grandfathered”), but no further increases in those limits
have been permitted. ISTEA defined an LCV as

... any combination of atruck tractor with two or moretrail-
ersor semitrailers which operates on the Interstate System at
agross vehicle weight greater than 80,000 Ib.

Current state limits on truck sizes and weights for Inter-
state and non-Interstate highways are discussed below.

Table 1 summarizes general truck weight limitsfor each of
the 50 states and the District of Columbia based on informa-
tion from the FHWA Comprehensive Truck Size and Weight
(CTSW) study (5). The table includes limits for gross vehi-
cle weight, single-axle weight, and tandem-axle weight for
Interstate highways and other highways. The table a so indi-
cates whether the state uses the federal bridge formula and
theweight limitsfor which the stateissues*“ routine” permits.
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TABLE 1 General stateweight limits (in units of 1,000 Ib) (5)

Gross vehicle Single axle Tandem axle Federal bridge formula “Routine” permit
Other Other Other Other Gross vehicle Single Tandem
State Interstate  hwys Interstate  hwys Interstate  hwys Interstate hwys weig ht® axle axle
Alabama 80 84 20 20 34 40 Yes No-WT 110/150 22 44
Alaska - 90® - 20 - 38 - Yes 88.6"/150 30 50
Arizona 80 80 20 20 34 34 Yes No-WT 106.59/250 28 46
Arkansas 80 80 20 20 34 34 Yes Yes 102/134 20 40
California 80 80 20 20 34 34 Yes-mod  Yes-mod 119.89® 30 60
Colorado 80 85 20 20 36 40 Yes No 127/164 27 50
Connecticut 80 80 22.4 22.4 36 36 Yes Yes 120/160 224 NS
Delaware 80 80 20 20 34 40 Yes No-WT 120/120 20 40
D.C. 80 80 22 22 38 38 Yes-mod  Yes-mod 155-248 31 62
Florida 80 80 22 22 44 a4 Yes® No-WT 112/172 275 55
Georgia 80 80 20.34  20.34 349 37.34 Yes Yes® 100/175 23 46
Hawaii 80.8 88 22.5 22.5 34 34 Yes No Case-by-case above normal limits
Idaho 80 105.5 20 20 34 4 Yes Yes Case-by-case above normal limits
lllinois 80 8o®™ 20 20" 34 340 Yes Yes? 100/120 20 48
Indiana® 80 80 20 20 34 34 Yes Yes 108/120 28 48
lowa 80 80 20 20 34 34 Yes Yes 100/160 20 40
Kansas 80 85.5 20 20 34 34 Yes Yes 95/120 22 45
Kentucky 80 ) 20 20 34 34 Yes Yes 96/140 24 48
Louisiana 80" 80" 20 22 34 37 Yes No 108/120 24 48
Maine 80 8o™ 20™ 22.4 34 38 Yes-mod No 130/167 25 50
Maryland 80 80 20 20© 34© 34©) Yes Yes 110/110 30 60
Massachusetts 80 80 22.4 22.4 36 36 Yes Yes 99/130 NS NS
Michigan® 80 80 20 20 34 34 Yes Yes 80/164 13 26
Minnesota 80 80 20 18 34 34 Yes Yes-mod 92/144 20 40
Mississippi 80 80 20 20 34 34 Yes Yes 113/190 24 48
Missouri 80 80" 20 200 34 340 Yes Yes® 92/120 20 40
Montana 80 80 20 20 34 34 Yes Yes 105.5/126 20 48
Nebraska 80 95 20 20 34 34 Yes Yes 99/110 20 40
Nevada 80 129© 20 20 34 34 Yes Yes 11009 28 50.4
New Hampshire 80 80 20 22.4 34 36 Yes No 130/150 25 50
New Jersey 80 80 22.4 22.4 34 34 Yes No 100v7150" 250 40
New Mexico 86.4 86.4 21.6 21.6 3432 3432 Yes-mod  Yes-mod 104120 26 46
New York 80 80 20% 22.4 34 36 Yes® Yes® 100/150 25 425
North Carolina 80 80 20 20 38 38 Yes-mod  Yes-mod 94.5/122 25 50
North Dakota 80 105.5 20 20 34 34 Yes Yes 103/136 20 45
Ohio 80 80 20 20 34 34 Yes No 120/120 29 46
Oklahoma 80 90 20 20 34 34 Yes Yes 95/140 20 40
Oregon 80 80 20 20 34 34 Yes-mod  Yes-mod 90/105.5 21.5 43
Pennsylvania 80 80 20 20% 349 349 Yes? Yes® 116/136 27 52
Rhode Island 80 80 22.4 22.4 36 36 Yes-mod  Yes-mod 104.8" 224 448
South Carolina 80 80 20 22 349 39.6 Yes®? No 90/120 20 40
South Dakota 80 129© 20 20 34 34 Yes Yes 11616@ 31 52
Tennessee 80 80 20 20 34 34 Yes Yes 100/160 20 40
Texas 80 80 20 20 34 34 Yes-mod  Yes-mod 106.1%9/1120 25 48.125
Utah 80 80 20 20 34 34 Yes Yes 100/123.5 20 40
Vermont 80 80 20 22.4 34 36 Yes Yes 108120 24 48
Virginia 80 80 20 20 34 34 Yes Yes 110/150 25 50
Washington 80 105.5 20 20 34 34 Yes Yes 103/156 22 43
West Virginia 80 801 20 20 34 34 Yes Yes 104/110 20 45
Wisconsin 80 80 20 20 34 34 Yes-mod  Yes-mod 100/191 20 60
Wyoming 117 117 20 20 36 36 Yes No 85/135 25 55

NS Not specified.

WT Weight table.

Footnotes to this table are presented on the next page.
Information sources:

J. J. Keller & Associates, Vehicle Sizes and Weights Manual. July 1, 1994.
Specialized Carriers & Rigging Association (SC&RA), Permit Manual. July 19, 1994.
Western Association of State Highway and Transportation Officials (WASHTO), Guide for Uniform Laws and Regulations Governing Truck Size

and Weight. June 26, 1993.

There are no overall maximum vehicle length limits on the
NN, including the Interstate System. Instead, there are maxi-
mum limits on trailer lengths. This approach is intended to
discourage trucking companiesfrom decreasing tractor length
to increase box length. On highways other than the NN, states
are free to impose maximum overall vehicle length limits.

Asnoted above, statesmust permit 14.6-m[48-ft] trailerson
single-semitrailer combination trucksand 8.7-m [28.5-ft] trail-

erson double-trailer combination truckson the NN. States can
permit single semitrailers that are longer than the federal
minimums on the NN and on other highways. Some states
allow longer semitrailers but impose a maximum kingpin-to-
center-of-rear-axle (KCRA) or kingpin-to-center-of-rear-
tandem (KCRT) distance to limit truck offtracking. A 14.6-m
[48-ft] semitrailer and a 16.2-m [53-ft] semitrailer with the
same KCRA or KCRT distance will offtrack by the same
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TABLE 1 (Continued)

NoTEs TO TABLE 1:

@

(b)

©

(d)

(e)
®
(9)
(h)
0]

)

(3]
0]
(m)
(n)
(0)
()

(a)
n

(s)
®

©)
V)
(W)
)

)
@
(aa)

(bb)

(cc)
(dd)

“Routine” Permit Gross Vehicle Weight: the first number (left) is the highest weight a five-axle unit can gross before special (other than routine)
review and analysis of an individual movement is required. The second number (right) is the highest gross weight any unit with sufficient axles
can gross before special review is required.

State rules allow the more restrictive of the federal bridge formula or the sum of axle weight limits. The five-axle “routine” permit value is
estimated using a truck tractor-semitrailer with a 65-ft spacing between the front and rear axles (based on a 48-ft semitrailer).

The five-axle “routine” permit value is estimated using a truck tractor-semitrailer with two tandem axles at 47,250 Ib each and a 12,000 Ib
steering axle.

Estimate based on State weight table values for a tandem drive axle at 46,200 Ib, a rear tandem at the 60,000 Ib maximum, and a 12,500 Ib
steering axle.

Maximum based on the number of axles in the combination.

Federal bridge formula applies if gross vehicle weight exceeds 73,280 Ib.

If gross vehicle weight is less than 73,280 Ib, the tandem axle maximum is 40,680 Ib.
On Class Il and nondesignated highways, the maximum is 73,280 Ib.

On nondesignated highways, the single axle maximum is 18,000 Ib, the tandem axle maximum is 32,000 Ib, and the bridge formula does not
apply.

On the Indiana Toll Road, the single axle maximum is 22,400 Ib, the tandem axle maximum is 36,000 Ib, and the maximum practical gross is
90,000 Ib.

The maximum gross weight on Class AA highways is 62,000 Ib, and on Class A highways, 44,000 Ib.

Six- or seven-axle combinations are allowed 83,400 Ib on the Interstate system, and 88,000 Ib on other state highways.

A three-axle tractor hauling a tri-axle semitrailer has a maximum gross vehicle weight of 90,000 Ib.

If the gross vehicle weight is less than 73,280 Ib, the single axle maximum is 22,000 Ib.

If the gross vehicle weight is 73,000 Ib or less, the single axle maximum is 22,400 Ib, and the tandem axle maximum is 36,000 Ib.

Federal axle, gross and bridge formula limits apply to five-axle combinations if the gross vehicle weight is 80,000 Ib or less. For other vehicles
and gross vehicle weights over 80,000 Ib other limits apply. State law sets axle weight controls which allow vehicles of legal overall length to
gross a maximum of 164,000 Ib.

Most city, county, and township roads are considered “9-ton routes” with a maximum gross vehicle weight of 73,280 Ib.

On highways other than Interstate, primary, or other designated, the single axle maximum is 18,000 Ib, the tandem axle maximum is 32,000 Ib,
the bridge formula is modified, and the gross vehicle weight maximum is 73,280 Ib.

The maximum is directly controlled by the bridge formula. Given the state’s length laws, the maximum practical gross is 129,000 Ib.

The five-axle “routine” permit value is estimated using a truck tractor-semitrailer with a 12,500 Ib steering axle, a 47,250 Ib drive tandem (five-ft
spacing from State weight table), and a 50,400 Ib spread tandem (8-ft spacing from the State weight table).

A determination is made on a case-by-case basis.
All “routine” permit values are calculated using 10-in wide tires and a maximum 800 Ib/in of tire width loading value.
The five-axle “routine” permit value is estimated using a truck tractor-semitrailer with two 46,000 Ib tandems plus a 12,000 Ib steering axle.

If the gross vehicle weight is less than 71,000 Ib, the single axle maximum is 22,400 Ib, the tandem axle maximum is 36,000 Ib, and a modified
bridge formula applies.

If the gross vehicle weight is 73,280 Ib or less, the single axle maximum is 22,400 Ib, the tandem axle maximum is 36,000 Ib, and the bridge
formula does not apply.

If the gross vehicle weight is 75,185 Ib or less, the tandem-axle maximum is 35,200 Ib, and the bridge formula does not apply.
The five-axle “routine” permit value is estimated using a truck tractor-semitrailer with two 52,000 Ib tandems plus a 12,000 Ib steering axle.

The five-axle “routine” permit value is estimated using a truck tractor-semitrailer with a 13,000 Ib steering axle, a 45,000 Ib drive tandem, and a
48,125 Ib spread tandem. Both tandem weight values are from the State weight chart.

The five-axle “routine” permit value is estimated using a truck tractor-semitrailer with two 48,000 Ib tandems plus a 12,000 Ib steering axle.
The maximum gross vehicle weight on nondesignated state highways is 73,500 Ib, and on county roads 65,000 Ib.

amount in making a given turn, so the rear tires of the 16.2-m
[53-ft] semitrailer are no morelikely to encroach on a shoul-
der or curb than the rear tires of the 14.6-m [48-ft] semi-
trailer. However, because of the greater distance from the
rear axle to the rear of the trailer, the rear of the trailer will
follow a path outside the rear axles of the truck.

Table 2 summarizes the maximum semitrailer lengths per-
mitted by states in 1994 on the NN and on other state high-
ways. Both the maximum trailer length and any kingpin dis-
tance restrictions are noted. In addition, any overall length
restrictions for highways not in the NN are noted.

State size and weight limitsfor LCVs are frozen at early
1990s levels under the provisions of ISTEA. Table 3 shows
the current weight limits for trucks over 36,400 kg [80,000 Ib]
withtwo or threetrailersin stateswhere LCVsare permitted to
operate. The highest gross vehicle weight limits are 74,500 kg
[164,000 Ib] in Michigan; such heavy trucks must typically
have 10 or more axles to meet Michigan requirements. In
eastern states, LCVs are typically restricted to operate on
specific turnpikes or toll roads. In some western states, LCV's
operate more generally on both Interstate and non-Interstate
highways.
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TABLE 2 Maximum semitrailer lengths by statein 1994 (5)

National network (NN) Other state highways
Kingpin Kingpin
Trailer length restrictions Trailer length restrictions Overall length

State (ft-in) (ft-in) (ft-in) (ft-in) (ft-in)
Alabama 57-0 41-0 KCRA® 53-0
Alaska 48-0 45-0 70-0
Arizona 57-69 53-0 65-0
Arkansas 53-6 40-0 KCRTA® 53-6
California 53-0 38-0 KCSRA® 53-0 Same as NN
Colorado 57-4 57-4
Connecticut 53-0 48-0
Delaware 53-0 53-0 60-0
Dist. of Col. 48-0 41-0 KCRT® 48-0 55-0
Florida 53-0 53-0 41-0 KCRT
Georgia 53-0 41-0 KCRT 53-0 41-0 KCRT 67-6
Hawaii No Limit 45-0 60-0
Idaho 53-0 48-0 39-0 KCRA
lllinois 53-0 42-6 KCRA 53-0 42-0 KCRA
Indiana 53-0 40-6 KCRA 53-0 40-6 KCRA
lowa 53-0 53-0 40-0 KCRA 60-0
Kansas 59-6 59-6
Kentucky 53-0 No Limit 57-9
Louisiana 59-6 No Limit 65-0
Maine 53-0© 43-0 53-0 65-0
Maryland 53-0 41-0 KCRT 53-0 41-0 KCRT
Massachusetts 53-0® 53-0
Michigan 53-0 41-0 KCRT 50-0
Minnesota 53-0 41-0 KCRT 53-0 41-0 KCRT
Mississippi 53-0 53-0
Missouri 53-09 No Limit 60-0
Montana 53-0 53-0
Nebraska 53-0 53-0
Nevada 53-0 53-0 70-0
New Hampshire 53-07 41-0 KCRT 53-0 41-0 KCRT
New Jersey 53-0 41-0 KCRT 53-0 41-0 KCRT
New Mexico 57-6 No Limit 65-0
New York 53-0 41-0 KCRT 48-0 65-0
North Carolina 53-0 41-0 KCRT No Limit 60-0
North Dakota 53-0 53-0
Ohio 53-0 53-0
Oklahoma 59-6 59-6
Oregon 53-0 Varies
Pennsylvania 53-0 No Limit 60-0
Puerto Rico 48-0
Rhode Island 48-6 48-6
South Carolina 53-0 41-0 KCRT 48-0
South Dakota 53-0 53-0
Tennessee 53-0 41-0 KCRT 53-0 41-0 KCRT
Texas 59-0 59-0
Utah 53-0 40-6 KCRT 53-0 40-6 KCRT
Vermont 53-09 41-0 KCRT 48-0 60-0
Virginia 53-0 37-0 Last No Limit 60-0

tractor axle to
first trailer
axle

Washington 53-0 53-0
West Virginia 53-0 Same as VA No Limit 60-0
Wisconsin 53-0 41-0 KCRT No Limit 60-0
Wyoming 60-0 60-0
FOOTNOTES:

@ KCRA = Kingpin to center of rear axle

® KCRT = Kingpin to center of rear tandem

© permit may be required

@ Interstate and designated State routes

@ Requires annual letter of authorization; does not apply on the Massachusetts Turnpike
® Designated routes

@ Only on Interstate system

(_h) KCRTA = Kingpin to center of rearmost tandem axle

O KCSRA = Kingpin to center of single rear axle
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TABLE 3 Long combination vehicle weight limits by state (5)

Gross vehicle weight Truck tractor and two ~ Truck tractor and three
limit (Ib) trailing units trailing units
86,400 NM
90,000 OK OK
95,000 NE

105,500 ID, ND, OR, WA ID, ND, OR
110,000 CO CcO
111,000 AZ

115,000 OH
117,000 WY

120,000 Ks, MO®

123,500 AZ
127,400 IN, MA, OH IN

129,000 NV, SD, UT NV, SD, UT
131,060 MT
137,800 MT

143,000 NY

164,000 MI

@ From Kansas, within 20 miles of border.

Source: Final Rule on LCVs published in the Federal Register at 59 FR 30392 on

June 13, 1994.

NAFTA SIZE AND WEIGHT LIMITS
AND PERFORMANCE CRITERIA

The North American Free Trade Agreement (NAFTA),
which went into effect in 1994, is an international treaty that
callsfor gradual removal of tariffsand other trade barrierson
most goods produced and sold in North America. NAFTA
forms the world’s second largest free-trade zone, bringing
together 365 million consumersin Canada, Mexico, and the
United States.

An important part of NAFTA is the movement of goods
by truck between Canada, Mexico, and the United States.
The agreement contempl ates free movement of Canadian and
Mexican trucksto and from freight destinationsin the United
States and free transit of trucks from Canadato Mexico, and
vice versa, through the United States. Implementation of
NAFTA hasthe potential to change the mix of truck typeson
U.S. highways and may, therefore, have implications for geo-
metric design of highways.

Currently, Mexican trucks are generaly limited to com-
mercial areasaong the U.S.-Mexican border. In fact, thevast
majority of current trucking across the U.S.-Mexican border
consists of drayage operations in which a trailer is moved
from an industrial facility or terminal on one side of the bor-
der to another industrial facility or terminal not far away on
the other side of the border. Mexican trailers that move far-
ther into the United States would then be pulled by a tractor
operated by a U.S. trucker.

NAFTA contemplated that the M exican truckswould grad-
ually be permitted to operate beyond the commercial areas
along the border, first throughout the four border states (Cal-
ifornia, Arizona, New Mexico, and Texas), and then through-
out the United States. This has not happened yet; concerns
have been raised about the safety of Mexican trucks, the finan-

cia responsibility of Mexican trucking firms, and domestic
security. The Mexican government haslodged aformal com-
plaint under NAFTA that the U.S. border should be opened to
Mexican trucks, and aNAFTA Arbitral Panel has so ordered.
Discussions continue concerning the date on which and the
conditions under which Mexican trucks should have freer
access to the United States.

To consider the implications for geometric design of
Canadian and Mexican trucks entering the United States, the
research team hasinvestigated current truck size and weight
restrictions in Canada and Mexico and the size, weight, and
performance restrictions that would apply to international
trucks entering the United States.

Table 4 compares current U.S., Canadian, and Mexican
size and weight limits. This table applies to normal opera-
tions within each country, not to international operations.
Tables5, 6, and 7 present more detailed current data on max-
imum legal lengths and maximum legal weights of trucks
operating within Mexico. The tables concerning Mexican
truck characteristics refer to two road types. Type B roadsin
Mexico are those that compose the primary road network and
that, giventheir geometric and structural characteristics, serve
interstate commerce as well as providing continuity in vehic-
ular flows. Type A roads are a higher class of road than
Type B and include roads that will accommodate the high-
est limits of size, capacity, and weight. Table 8 presents com-
parable data for trucks operating in Canada based on the
interprovincial Memorandum of Understanding (6).

Two key NAFTA-related documents that deal with truck
configuration issues are as follows:

» Performance Criteria in Support of Vehicle Weight and
Dimension Regulations: Background Paper, Draft 1,
October 1998 (7).
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TABLE 4 Comparison of truck size and weight limitsin the U.S., Canada, and Mexico (5)

Characteristic U.S. Canada Mexico
Steering axle weight limit (Ib) N/A 12,125 14,320
Single axle weight limit (Ib) 20,000 N/A 22,026
Tandem axle weight limit (Ib) 34,000 37,479 39,647
Tridem axle weight limit (Ib) - 46,297 to 49,559
55,000®
Gross vehicle weight limit (Ib) 80,000 (Federal) 140,000® 146,476
(more for LCVs
where allowed)
Width limit (ft) 8.5 8.5 8.5
Semitrailer length limit (ft) 48 (53 common) 53 N/A
Vehicle length limit (ft) N/A 82.0 68.2 (semi)
101.7 (double)
King-pin to rear axle distance (ft) N/A Control limits N/A
Minimum interaxle spacings N/A Yes Yes

@ | eastern Canada.
®) 1n Ontario and far western Canada.

TABLES5 Maximum legal length of trucksin Mexico by class of vehicle

and type of road

Maximum legal length
(ft) / (meters)

Class of vehicle Type A Type B

Bus 45.90 45.90
(14.00) (14.00)

SU Truck with six or more tires 45.90 45.90
(14.00) (14.00)

SU Truck and trailer 93.44 93.44
(28.50) (28.50)

Tractor semitrailer 68.20 68.20
(20.80) (20.80)

Tractor semitrailer-trailer 101.60 93.44
(31.00) (28.50)

Tractor semitrailer-semitrailer 81.97 81.97
(25.00) (25.00)

Source: Dr. Alberto Mendoza, Mexican Transportation Institute

TABLE 6 Maximum legal weight of trucksin Mexico by type and number of axles

for highways of TypesA and B

Axle configuration

Weight, Ib
(metric tonnes)

Single axle with two tires

Single axle with four tires

Power single axle with four tires

Power double axle or tandem with six tires
Double or tandem with eight tires

Power double axle or tandem with eight tires

Triple or tridem with twelve tires

14,320

(6.50)
22,026
(10.00)
24,229
(11.00)
34,140
(15.50)
39,647
(18.00)
42,951
(19.50)
49,559
(22.50)

Source: Dr. Alberto Mendoza, Mexican Transportation Institute
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TABLE 7 Maximum legal weight of trucksin Mexico

by type of vehicle for highways of TypesA and B

GVW, Ib

No. of (metric

Vehicle class Designation tires tonnes)
Bus B2 6 38,546
(17.50)

B3 8 48,458

(22.00)

B3 10 57,268

(26.00)

B4 10 67,180

(30.50)

Single Unit Truck Cc2 6 38,546
(17.50)

C3 8 48,458

(22.00)

C3 10 57,268

(26.00)

Truck-Trailer C2-R2 14 82,599
Combination (37.50)
C2-R3 18 100,220

(45.50)

C3-R2 18 101,321

(46.00)

C3-R3 22 118,942

(54.00)

Tractor-Semitrailer T2-S1 10 60,572
(27.50)

T2-S2 14 78,193

(35.50)

T3-S2 18 96,916

(44.00)

T3-S3 22 160,828

(48.50)

Tractor-Semitrailer- T2-S1-R2 18 104,625
Trailer (47.50)
T3-S1-R2 22 123,348

(56.00)

T3-S2-R2 26 133,260

(60.50)

T3-S2-R3 30 138,766

(63.00)

T3-S2-R4 34 146,475

(66.50)

Tractor-Semitrailer- T3-S3-S2 30 132,158
Semitrailer (60.00)

Source: Dr. Alberto Mendoza, Mexican Transportation Institute
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 Highway Safety Performance Criteriain Support of Vehi-

cle Weight and Dimension Regulations: Candidate Cri-
teria and Recommended Thresholds, October 1999 (8).

No formal agreement on size and weight limits for inter-

national trucks has yet been reached, but the following lim-
its have been recommended by the NAFTA Land Trans-
portation Standards Subcommittee for trucks on highways
that will constitute the International Access Network (IAN):

* Height—4.15m [13.6 ft]
* Width—2.6 m [102.4 in]
» Overal Length—23.0 m[75.5-ft] for tractor-semitrailer

combinations
25.0 m [82.0-ft] for double-trailer
combinations

* Box Length—16.2 m [53.2-ft] for trailer-semitrailer

combinations
20.0 m [65.6-ft] for double-trailer com-
binations

 Transient Low-Speed Offtracking—No morethan 5.6-m

[18.3-ft] offtracking in a 90-degree turn of 14.0-m
[45.9-ft] radius

* Front Swingout—No more than 0.45-m [18-in] front

swingout in a 90-degree turn of 14.0-m [45.9-ft] radius

* Rear Swingout—No more than 0.20-m [8-in] rear

swingout in a 90-degree turn of 14.0-m [45.9-ft] radius

» Load Transfer Ratio—A cceptable maximum of 0.60
» Transient High-Speed Offtracking—A cceptable maxi-

mum of 0.8-m [32-in]

The overal length and box length are defined in Figure 1.
Theissues of transient low-speed offtracking, front swingout,
rear swingout, load transfer ratio, and transient high-speed
offtracking are defined and discussed in Chapter 5 of this
report.

These IAN criteria are similar to current U.S. size and
weight restrictions with the following exceptions:

TABLE 8 Maximum truck dimensions specified in Canadian I nter provincial Memorandum

of Under standing (6)

Maximum dimension, m [ft]

Vehicle category Overall length Overall width Overall height  Box length
1—Tractor-semitrailer 23.0 [75.4] 2.6 [8.5] 4.15 [13.6] 16.2 [53.89
2—A-train double® 25.0 [82.0] 2.6 [8.5] 4.15[13.6] 18.5[60.7]9)
3—B-train double® 25.0 [82.0] 2.6 [8.5] 4.15 [13.6] 20.0 [65.6]%
4—C-train double® 25.0 [82.0] 2.6 [8.5] 4.15[13.6] 20.0 [65.6]”
5—Straight truck 12.5 [41.0] 2.6 [8.5] 4.15 [13.6] not controlled
6—Straight truck with pony trailer ~ 23.0 [75.4] 2.6 [8.5] 4.15[13.6] 20.0 [65.6]®
7—Straight truck with full trailer 23.0 [75.4] 2.6 [8.5] 4.15 [13.6] 20.0 [65.6])

@ Tractor/semitrailer/full trailer with conventional single-hitch connection.
®) Tractor/semitrailer/semitrailer with converter dolly such that both trailers are semitrailers.

© Tractor/semitrailer/full trailer with double drawbar dolly.
@ combined length of both trailer cargo areas and the space between them.
© Combined length of the truck cargo area, the trailer cargo area, and the space between them.

Copyright National Academy of Sciences. All rights reserved.
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Figurel. Definition of truck dimensions.

» Overdl lengthlimitationsareincluded. Currently, trucks

on the NN in the United States are not subject to over-
al length limits, only limits on trailer lengths. How-
ever, overal length limits are included because most
truck travel in Canadaand Mexico is on two-lane high-
ways where overall length may restrict the ability to
pass a truck.

Thebox length limit for tractor-semitrailer combinations
isconsistent with the 16.2-m [53-ft] trailersthat are used
extensively in the United States. The 20.0-m [65.6-ft]

limit for double-trailersis consistent with combinations
with two 8.7-m [28.5-f1] trailers, which are currently the
most widely used in the United States.

Explicit regulation of transient low-speed offtracking
and rear swingout is rare in the United States. Many
states address this indirectly by regulating the kingpin
to rearaxle distance and/or the rear overhang distance.
Regulation of front swingout, load transfer ratio, and
transient high-speed offtracking is currently rare or
nonexistent in the United States.

Copyright National Academy of Sciences. All rights reserved.
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SIZE, COMPOSITION, AND CHARACTERISTICS OF THE U.S. TRUCK FLEET

This chapter addresses the size, composition, and charac-
teristics of thetruck fleet in the United States. The discussion
includes data on the number of trucks, truck-miles of travel,
truck length, and truck weight.

One of the challengesin describing the truck fleet isthat the
various data sources use different definitions of what consti-
tutes atruck. The most common definition of atruck isavehi-
clewith more than two axles or more than four tiresthat is not
classified as a bus or a recreationa vehicle (RV). Under this
definition, vehicleswith three or more axlesand two-axle vehi-
cles with dual rear tires are considered trucks. However, the
most extensive source of data on the truck fleet, the Vehicle
Inventory and Use Survey (VIUS) (9), conducted every Syears
by the U.S. Bureau of the Census, includes not only trucksthat
meet the definition given above, but also pickup trucks, mini-
vans, panel trucks, sport utility vehicles (SUVs), and station
wagons. By contrast, the recent FHWA Comprehensive Truck
Sizeand Weight (CTSW) study appearsto havefocused exclu-
sively on trucks with three or more axles (5). The following
discussion attempts to sort out these differencesin definition
using published data sources. All tablesin this chapter of the
report exclude pickup trucks, minivans, panel trucks, SUVs,
and station wagons.

NUMBER OF TRUCKS IN THE U.S. FLEET

The VIUS estimates that in 1997 there were 5.7 million
trucks in the U.S. fleet, excluding minivans, pickup trucks,
panel trucks, SUV's, and station wagons (9). This represents
an increase of nearly 11 percent from the 5.1 million trucks
counted in 1992.

Table 9 shows the distribution of the truck population in
1997 and 1992 by truck use, body type, vehicle size, annual
miles of travel, age, vehicle acquisition, truck type, range of
operation, and fuel type. Some of the major changes indi-
cated by Table 9, which suggest future trends, are that the
1997 popul ation, compared with the 1992 popul ation, included
more heavy trucks, greater mileage per truck, newer trucks,
a larger fraction of combination trucks (especially five or
more axles), lesslocal travel and more short- and long-range
travel, and significantly more use of diesel fuel compared
with gasoline.

Appendix A presents a table of the number of trucks,
truck-miles of travel, and average annual mileage per truck
overall and broken down by a broad variety of variables
including

* Major use,

+ Body type,

« Annual miles,

* Primary range of operation,

» Weeks operated per year,

» Base of operation,

* Vehiclesize,

» Average weight,

» Tota length,

* Year model,

* Vehicle acquisition,
 Lease characteristics,

* Primary operator classification,
* Primary products carried,

» Hazardous materials carried,
* Truck fleet size,

» Miles per gallon,

» Equipment type,

* Full conservation equipment,
» Maintenance responsibility,

* Enginetypeand size,

» Refueling location,

 Truck type and axle arrangement, and
« Cabtype.

The VIUS database can be used to ook at selected combi-
nations of the variables that are not available in tables pub-
lished by the Bureau of the Census.

TRUCK-MILES OF TRAVEL

The VIUS data indicate that there were an estimated 157
billion annual truck-miles of travel in 1997; this represents a
35 percent increase from the estimated 117 billion truck-
miles of travel in 1992. Thisincrease is very dramatic, indi-
cating agrowth ratein truck travel of 6.2 percent per year.

Average annual milesof travel per truck increased 22 per-
cent from 22,800 miles per truck in 1992 to 27,800 miles per
truck in 1997.

Copyright National Academy of Sciences. All rights reserved.
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TABLE 9 Distribution of key variablesfor trucks (excluding minivans, pickup trucks, panel trucks, SUVs, and station wagons)—

1997 and 1992 (9)

[Percont. Detall may not add to total because of rounding. For meaning of abbreviations and symbols, soe introductory text]
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289 103 9.9
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Single Unit Trucks

Longer Combination Vehicles (LCVs)

Double Trailer Combinations
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Triple-Trailer Combinations
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28’ Trailer 48’ Semitrailer
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TURNPIKE DOUBLE

48' Trailer 48’ Semitrailer
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Figure 2. Illustrative truck configurations.
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TRUCK TYPES

Figure 2 illustrates several basic truck types. The illus-
trations in Figure 2 are meant to convey the axle and hitch
configuration, not the body types. Whereas the depicted
body types are all vans, the truck configurationsillustrated
could also include flat-bed or platform, tanker, dump, and
other body types. The truck-tractor with single trailer con-
sists of a tractor pulling a single semitrailer. The tractor-
trailer with two or three trailers consists of atractor pulling
a semitrailer followed by one or two full trailers, for the
double-trailer and triple-trailer combinations, respectively.
A full trailer isatrailer that is pulled by a drawbar attached
to the preceding unit, but the drawbar transfers no weight
to the preceding unit. A semitrailer has one end that restson
the preceding unit and can, therefore, transfer part of its

load to the preceding unit. Not shown in Figure 2 isasingle-
unit truck pulling afull trailer.

Table 10, adapted from the CTSW study (5), illustratesthe
characteristics of representative trucks, including trucks in
genera operation and LCVs.

The datain Table 11 show that, while single-unit trucks
constitute the majority of the truck fleet, combination trucks
(i.e., tractor-trailer combinations) travel the majority of
truck miles. Truck-tractors with singletrailers, also referred
to as tractor-semitrailer combinations or single-semitrailer
combinations, are the predominant type of combination
truck, both in terms of number of trucks and truck-miles
traveled.

Table 12 presentsdataon thetruck typesin thecurrent U.S.
truck fleet from the FHWA CTSW study. The table includes
both 1994 data and a projection to the year 2000. The source

TABLE 10 Characteristics of typical vehiclesand their current uses

Common
Number of maximum
Configuration type axles weight (Ib) Current use
Single-Unit Truck 2 under Two-axle single-unit (SU) trucks. General
40,000 hauling primarily in urban areas.
3 50,000 to SUs are the most commonly used trucks.
65,000 They are used extensively in all urban
areas for short hauls. Three-axle SUs are
used to carry heavy loads of materials and
goods in lieu of the far more common two-
axle SU.
4 or more 62,000 to SUs with four or more axles are used to
70,000 carry the heaviest of the construction and
building materials in urban areas. They are
also used for waste removal.
Semitrailer 5 80,000 to Most used combination vehicle. Itis used
99,000 extensively for long and short hauls in all
urban and rural areas to carry and distribute
all types of materials, commodities, and
goods.
6 or more 80,000 to Used to haul heavier materials,
100,000 commodities, and goods for hauls longer
than those of the four-axle SU.

STAA Double 5,6 80,000 Most common multitrailer combination.
Used for less-than-truckload (LTL) freight
mostly on rural freeways between LTL
freight terminals.

B-Train Double 8,9 105,500 to  Some use in the northern plains states and

137,800 the Northwest. Mostly used in flatbed trailer
operations and for bulk hauls.
Rocky Mountain 7 105,500 to  Used on turnpike in Florida, the Northeast,
Double 129,000 and Midwest and in the Northern Plains and
Northwest in all types of motor carrier
operations, but most often it is used for bulk
hauls.
Turnpike Double 9 105,500 to  Used on turnpikes in Florida, the Northeast,
147,000 and Midwest and on freeways in the
Northern Plains and Northwest for mostly
truckload operations.
Triple 7 105,500 to  Used to haul LTL freight on the Indiana and
131,000 Ohio Turnpikes and in many of the most
Western states, used on rural freeways
between LTL freight terminals.

Source: adapted from CTSW (5)

Copyright National Academy of Sciences. All rights reserved.
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TABLE 11 Number of trucksand truck-miles of travel by truck type and number of axles (VIUS, 1997) (9)

Number of Annual truck-
trucks Percent of Annual truck- Percent of miles per truck
(thousands) trucks miles (millions) truck-miles (thousands)
Single-unit trucks 3,853 68.0 51,467 32.7 134
2 axles 3,267 57.7 41,321 26.3 12.6
3 axles 475 8.4 7,189 4.6 151
4 or more axles 111 2.0 2,960 1.9 26.6
Combination trucks 1,811 32.0 105,896 67.3 58.5
Single-unit truck with 106 1.9 2,674 1.7 25.3
trailer
4 axles 49 0.9 783 0.5 16.1
5 axles or more 57 1.0 1,891 1.2 33.1
Single-unit truck with 162 2.9 2,098 1.3 13.0
utility trailer
3 axles 44 0.8 489 0.3 111
4 axles 97 1.7 1,285 0.8 13.3
5 axles or more 21 0.4 324 0.2 15.3
Truck tractor with single 1,438 25.4 99,221 63.1 64.1
trailer
3 axles 78 1.4 2,183 1.4 28.0
4 axles 212 3.7 8,809 5.6 41.6
5 axles or more 1,149 20.3 81,229 51.6 70.7
Truck tractor with 101 1.8 8,467 5.4 83.8
double trailers
5 axles 56 1.0 4,730 3.0 84.1
6 axles 24 0.4 2,239 1.4 93.3
7 axles or more 21 0.4 1,497 1.0 72.1
Truck tractor with triple 5 0.1 437 0.3 97.1
trailers
7 axles 0.2 0.0 22 0.0 97.1
8 axles or more 4 0.1 415 0.3 97.3
Total trucks 5,665 100.0 157,364 100.0 27.8

TABLE 12 Existing U.S. truck fleet and vehicle miles of travel, 1994 and 2000 pr oj ections (5)

Vehicle miles traveled
Number of vehicles (in millions)
Percent Percent
share of share of
Vehicle class 1994 2000 truck fleet 1994 2000 truck fleet
3-axle single-unit truck 594,197 693,130 24.9 8,322 9,707 7.6
4-axle or more single-unit 106,162 123,838 4.4 2,480 2,893 2.2
truck
3-axle tractor-semitrailer 101,217 118,069 4.2 2,733 3,188 2.5
4-axle tractor-semitrailer 227,306 265,152 9.5 9,311 10,861 8.5
5-axle tractor-semitrailer 1,027,760 1,198,880 43.0 71,920 83,895 65.4
6-axle tractor-semitrailer 95,740 111,681 4.0 5,186 6,049 4.7
7-axle tractor-semitrailer 8,972 10,466 0.3 468 546 0.4
3- or 4-axle truck-trailer 87,384 101,934 3.6 1,098 1,280 1.0
5-axle truck-trailer 51,933 60,579 2.2 1,590 1,855 1.4
6-axle or more truck- 11,635 13,572 0.5 432 503 0.4
trailer

5-axle double 51,710 60,319 2.2 4,512 5,263 4.1
6-axle double 7,609 8,876 0.3 627 731 0.6
7-axle double 7,887 9,201 0.3 542 632 0.5
8-axle or more double 9,319 10,871 0.4 650 759 0.6
Triples 1,203 1,404 0.0 108 126 0.1
Total 2,390,034 2,787,972 109,979 128,288

Copyright National Academy of Sciences. All rights reserved.
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of these data are not stated in the CTSW report, but they are
thought to be based, at least in part, on VIUS data.

To make Tables 11 and 12 more comparable, Table 13
presents arevised version of Table 12 with datafor two-axle
single-unit trucks added (based on 1992 and 1997 VIUS data).
Table 13 suggests that two-axle single-unit trucks constitute
a much larger percentage of the truck population and of
truck-miles than does Table 11.

TRUCK LENGTH

The lengths of trucks are constrained by truck size and
weight regulations that are discussed in Chapter 2 of this
report.

Table 14 presents data on the distribution of truck lengths
for specific truck types from the 1997 VIUS data. The table
showsthat most single-unit trucks are lessthan 11.0 m [36 ft]
in length, while nearly all combination trucks are 13.7 m

[45 ft] or more in length. The table is not very informative
about longer trucks because the greatest length category used
inthe VIUSis 13.7 m [45 ft] or more, which includes nearly
all the tractor-trailer combinations.

TRUCK GROSS WEIGHT

The grossweight of trucks and the weights that can be car-
ried on specific axletypesarelimited by truck size and weight
regulations that are discussed in Chapter 2 of the report.

Table 15 presents data on the distribution of gross vehicle
weights for specific truck weights from the 1997 VIUS data.
The table shows that most single-unit trucks have gross vehi-
cle weights below 9,100 kg [20,000 Ib], while most combina-
tion trucks have weights of 27,300 kg [60,000 Ib] or more.
Approximately 3% of single-trailer combination trucks and
11% of double-trailer combination trucks operate at grossvehi-
cle weights above 36,400 kg [80,000 Ib]. Such operation is

TABLE 13 Existing U.S. truck fleet and vehicle miles of travel, 1994 and 2000 pr ojectionsincluding two-

axle single-unit trucks (adapted from Reference 5)

Vehicle miles traveled
Number of vehicles (in millions)
Percent Percent
share of share of
Vehicle class 1994 2000 truck fleet 1994 2000 truck fleet

2-axle single-unit truck 3,213,020 3,747,984 57.3 46,035 53,700 29.5
3-axle single-unit truck 594,197 693,130 10.6 8,322 9,707 5.3
4-axle or more single-unit truck 106,162 123,838 1.9 2,480 2,893 1.6
3-axle tractor-semitrailer 101,217 118,069 1.8 2,733 3,188 1.8
4-axle tractor-semitrailer 227,306 265,152 4.1 9,311 10,861 6.0
5-axle tractor-semitrailer 1,027,760 1,198,880 18.3 71,920 83,895 46.1
6-axle tractor-semitrailer 95,740 111,681 1.7 5,186 6,049 3.3
7-axle tractor-semitrailer 8,972 10,466 0.2 468 546 0.3
3- or 4-axle truck-trailer 87,384 101,934 1.6 1,098 1,280 0.7
5-axle truck-trailer 51,933 60,579 0.9 1,590 1,855 1.0
6-axle or more truck-trailer 11,635 13,572 0.2 432 503 0.3
5-axle double 51,710 60,319 0.9 4,512 5,263 2.9
6-axle double 7,609 8,876 0.1 627 731 0.4
7-axle double 7,887 9,201 0.1 542 632 0.4
8-axle or more double 9,319 10,871 0.2 650 759 0.4
Triples 1,203 1,404 0.0 108 126 0.1
Total 5,603,054 6,535,956 156,014 181,988

TABLE 14 Truck grossweight for specific truck types by truck-milestraveled (adapted from VIUS, 1997) (9)

Single-unit truck Single-unit truck Truck-tractor with Truck-tractor with Truck-tractor
Truck weight Single-unit trucks with trailer with utility trailer single trailer double trailer with triple trailer

category (Ib) (10°mi)) % (10° mi) % (10° mi) % (10° mi) % (10° mi) % (10°mi) %
less than 19,501 27,717 53.9 306 11.2 998 47.6 343 0.4 0 0.0 0 0.0
19,501 - 26,000 8,476 16.5 200 7.3 395 18.8 880 1.0 177 2.1 0 0.0
26,001 - 33,000 5,039 9.8 115 4.2 261 12.5 1,652 1.8 26 0.3 0 0.0
33,001 - 40,000 1,720 3.3 186 6.8 113 5.4 3,381 3.7 825 9.8 369 89.8
40,001 - 50,000 3,119 6.1 229 8.4 85 4.1 9,262 10.0 364 4.3 0 0.0
50,001 - 60,000 2,588 5.0 133 4.9 102 4.9 8,641 9.4 1,189 14.0 0 0.0
60,001 - 80,000 2,757 5.4 1,205 44.0 116 5.5 65,688 71.2 4,916 58.1 42 10.2
80,001 - 100,000 45 0.1 225 8.2 15 0.7 1,828 2.0 311 3.7 0 0.0
100,001 - 130,000 7 0.0 119 4.4 13 0.6 426 0.5 485 5.7 0 0.0
130,001 and more 0 0.0 18 0.6 0 0.0 122 0.1 172 2.0 0 0.0
Total 51,467 100.0 2,736 100.0 2,098 100.0 92,221 100.0 8,463 100.0 410 100.0
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TABLE 15 Truck grossweight for specific truck types by truck milestraveled (adapted from VIUS, 1997) (9)

Single-unit truck Single-unit truck Truck-tractor with Truck-tractor with Truck-tractor
Truck weight Single-unit trucks with trailer with utility trailer single trailer double trailer with triple trailer

category (Ib) ao°mi) % (10° mi) % (10° mi) % (10° mi) % (10° mi) % (10°mi) %
less than 19,501 27,717 53.9 306 11.2 998 47.6 343 0.4 0 0.0 0 0.0
19,501 - 26,000 8,476 16.5 200 7.3 395 18.8 880 1.0 177 21 0 0.0
26,001 - 33,000 5,039 9.8 115 4.2 261 125 1,652 1.8 26 0.3 0 0.0
33,001 - 40,000 1,720 3.3 186 6.8 113 5.4 3,381 3.7 825 9.8 369 89.8
40,001 - 50,000 3,119 6.1 229 8.4 85 4.1 9,262 10.0 364 4.3 0 0.0
50,001 - 60,000 2,588 5.0 133 4.9 102 4.9 8,641 9.4 1,189 14.0 0 0.0
60,001 - 80,000 2,757 54 1,205 44.0 116 55 65,688 71.2 4,916 58.1 42 10.2
80,001 - 100,000 45 0.1 225 8.2 15 0.7 1,828 2.0 311 3.7 0 0.0
100,001 - 130,000 7 0.0 119 4.4 13 0.6 426 0.5 485 5.7 0 0.0
130,001 and more 0 0.0 18 0.6 0 0.0 122 0.1 172 2.0 0 0.0
Total 51,468 100.0 2,736 100.0 2,098 100.0 92,223 100.0 8,465 100.0 411 100.0

legal in commercia zones around many metropolitan areas
and in other areasunder permit. [Note: The datain thetablefor
triple-trailer trucks are not credible; these data are probably
based on asmall sample]]

TRUCKS ENTERING THE UNITED STATES
FROM CANADA AND MEXICO

A substantial volume of trucks enter the United States
from Canadaand Mexico. In 1997, more than 9 million trucks
entered the United States at the Canadian and Mexican bor-
ders. Thislarge volume of cross-border trucking is expected
to increase as NAFTA implementation proceeds.

Table 16 shows the annual number of trucks entering the
United States from Canada for each major border crossing
point, based on 1997 data. The table shows that two areas
(Buffalo/Niagara Falls and Detroit/Port Huron), each with
multiple crossings, account for more than 50% of trucks enter-
ing the United States from Canada. Table 17 shows compara
ble data for trucks entering the United States from Mexico.
Onecrossing (Laredo-Nuevo Laredo) accountsfor morethan
35% of trucks entering the United Statesfrom Mexico, and the
three busiest crossings (i.e., Laredo, El Paso, and San Diego)
together account for 68% of trucks entering the United States
from Mexico.

Asnoted in Chapter 2, the Canadian and Mexican borders
operate differently in that Mexican trucks are, at present, not
generally free to proceed to destinations in the United States
away from the commercial zone along the border. Most truck
crossings of the U.S.-Mexican border are drayage operations
in which atrailer is moved from an industrial facility or ter-
minal on one side of the border to another industrial facility or
terminal not far away on the other side of the border. A recent
study by Economic Data Resources found that the 4.2 million
trucks entering the United Statesin 1999 were actually made
by only 82,000 distinct vehicles (straight trucks or tractors),
with an average of 52 crossings per vehicle per year (10). This
isconsistent with the nature of drayage operations, described
above. Both the number of border crossings and the number

of vehicles involved in those crossings is likely to increase
when the border is fully opened.

No broad-based quantitative data have been found on the
types of trucks actually entering the United States from
Canada and Mexico. Table 18 compares the distribution
of truck types operating in the United States, Canada, and
Mexico (11).

The comparison of truck typesin the United States, Canada,
and Mexico shown in Table 18 probably suffers from some of
the common definition problems discussed earlier. For exam-
ple, the table shows a substantial number of six-axle doubles
(3-S1-2) in the United States. In fact, five-axle doubles
(2-S1-2), not shown in the table, are far more common in the
United States than six-axle doubles (see Tables 11 and 12).

It should be recognized that NAFTA does not permit
Canadian or Mexican trucks entering the United States to
violate established U.S. truck size and weight limits. Thus,
NAFTA is not expected to result in new truck types operat-
ing on U.S. highways. Canada and Mexico currently permit
larger and heavier trucks than are permitted in the United
States. However, any Canadian or Mexican truck that crosses
the border must comply with applicable Federal and state
lawsin the United States, so the larger and heavier Canadian
and Mexican trucks cannot crossthe border and operatelegally
on U.S. highways.

As noted in Chapter 2, the adoption of an international
access network of truck routes is under consideration, and
vehicle size and performance criteria for trucks operating in
that network have been proposed, but not yet agreed on. How-
ever, the proposed I nternational Access Network (IAN) cri-
teria limit single semitrailers to 16.2 m [53.2 ft] in length,
equivalent to truck trailer lengthsthat already operatein many
states. The proposed |AN criteria could permit trailer lengths
of double-trailer trucks to increase from 8.7 m [28.5 ft] to
approximately 9.3 m [30.5 ft], an increase of 0.6 m [2 ft].
However, such a change would require international agree-
ment to be implemented.

The assessment conducted in this research indicates that,
overall, NAFTA should have very little effect on the sizes
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TABLE 16 Number of trucksentering the U.S. from Canada, 1997

Number of trucks

Percentage of trucks

TOTAL

5,768,071

Border crossing point entering U.S. entering U.S.

Maine-New Brunswick

Calais-St. Stephen 125,713 2.2

Houlton-Woodstock (I-95) 103,153 1.8

Others (7 crossings) 88,629 15
Maine-Quebec

Jackman-Armstrong 86,826 15
Vermont-Quebec

Derby Line-Rock Island (I-91) 100,720 1.7

Highgate Spring-St. Armand (I-89) 99,133 1.7

Others (3 crossings) 53,692 0.9
New York-Quebec

Champlain/Rouses Point-Lacolle (I-87) 298,933 5.2

Others (2 crossings) 13,389 2.3
New York-Ontario

Alexandria Bay-Lansdowne (I-81) 219,956 3.8

Buffalo-Fort Erie/Niagara Falls 1,053,588 18.3

Others (2 crossings) 76,087 1.3
Michigan-Ontario

Detroit-Windsor 1,419,728 24.6

Port Huron-Sarnia 679,441 11.8

Sault Ste. Marie 66,035 11
Minnesota-Ontario

All (3 crossings) 88,052 15
Minnesota-Manitoba

All (4 crossings) 18,013 0.3
North Dakota-Manitoba

Pembina-Emerson (1-29) 152,110 2.6

Others (11 crossings) 58,991 1.0
North Dakota-Saskatchewan

All (6 crossings) 90,225 1.6
Montana-Saskatchewan

All (6 crossings) 20,035 0.3
Montana-Alberta

Sweetgrass-Coultts (I-15) 111,962 1.9

Others (3 crossings) 3,522 0.1
Montana-British Columbia

Roosville 20,875 0.4
Idaho-British Columbia

All (2 crossings) 52,309 0.9
Washington-British Columbia

Blaine-Surrey (I-5) 463,074 8.0

Others (11 crossings) 191,891 3.3
Alaska-British Columbia

All (2 crossings) 6,643 0.1
Alaska-Yukon

Alkan-Beaver Creek 5,346 0.1

Sources: U.S. Customs Service; DOT Bureau of Transportation Statistics
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Number of trucks Percentage of trucks
Border crossing point entering U.S. entering U.S.

Texas-Tamaulipas

Brownsville-Matamoros 247,578 7.0

Hidalgo-Reynosa 234,800 6.6

Laredo-Nuevo Laredo (I-35) 1,251,365 35.4
Texas-Coahuila

Eagle Pass-Piedras Negras 116,715 3.3

Del Rio-Ciudad Acuna 71,656 2.0
Texas-Chihuahua

El Paso-Juarez 582,707 16.5

Others (2 crossings) 4,920 0.1
New Mexico-Chihuahua

Columbus-Palomas 2,305 0.1
Arizona-Sonora

Douglas-Agua Prieta 35,718 1.0

Nogales (I-19) 242,830 6.9

San Luis 42,351 1.2

Others (3 crossings) 11,792 0.3
California-Baja California Norte

Calexico-Mexicali 33,611 1.0

Tecate 61,804 1.7

San Diego-Tijuana (Otay Mesa) 567,715 16.1

Others (1 crossing) 2,647 0.1

TOTAL 3,510,514

Sources: U.S. Customs Service; DOT Bureau of Transportation Statistics

TABLE 18 Comparison of truck typesused in the U.S,, Canada, and Mexico (11)

Percentage of the total truck Percentage of tonne-km

Truck fleet transported

type Description U.S.  Canada Mexico U.S. Canada Mexico
Type 2 2-axle single-unit 47.9 9.7 38.9 12.5 - 7.8
Type 3 3-axle single-unit 11.2 2.3 19.8 6.8 - 14.8
2-S1 3-axle single-semitrailer 2.1 - - 2.3 - -
2-S2 4-axle single-semitrailer 5.7 - - 12.6 - -
3-S2 5-axle single-semitrailer 16.1 51.0 216 50.3 - 30.4
3-S3 6-axle single-semitrailer - 18.5 16.0 - - 39.6
3-S1-2 6-axle double 13.6 - - 9.9 - -
3-S2-2 7-axle double - 5.2 - - - -
3-S2-4 9-axle double - - 1.9 - - 6.0
3-S2-S2  7-axle double B-train - 5.3 - - — —
3-S3-S2 8-axle double B-train - 7.9 - - - -
Others — 3.4 0.1 1.8 5.6 — 1.4

and weights of trucks operating on U.S. highways. Itislikely,
however, that NAFTA will increase the volume of trucks
operating on U.S. highways and could also result in achange
inthe mix of truck typesin some areas or some highway cor-

ridors. Because the types of trucks that operate on U.S. high-
wayswill remain the same or nearly the same, NAFTA isnot
expected to have any major effect on geometric design poli-
ciesfor U.S. highways.
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CHAPTER 4
DESIGN VEHICLES

This chapter reviews the design vehicles used in the 2001
Green Book and presents recommended changesto the design
vehicles for consideration in future editions of the Green
Book. This chapter also describes the recommended changes
in design vehicles and documents the reasons for these rec-
ommended changes.

OVERVIEW OF DESIGN VEHICLES

The physical characteristics and proportions of vehicles of
various sizes that use the highway represent a key control in
highway geometric design. Specific design vehicles are pre-
sented in the Green Book to represent classes or categories of
vehicles. A design vehicleisnot intended to represent an aver-
age or typical vehicle in its class but, rather, to have larger
physical dimensions and a larger minimum turning radius
than most vehiclesin its class. Thus, geometric design of the
roadway to accommodate a specific design vehicle should
accommodate most vehicles in the same class as the design
vehicles, as well as nearly all vehicles in classes composed
of smaller vehicles.

The 2001 Green Book presents design vehicle dimensions
and turning radii for 19 design vehicles, including 8 trucks.
The trucks addressed in the Green Book are as follows:

* Single-Unit Truck, SU;

* Intermediate Semitrailer, WB-12 [WB-40];

* Intermediate Semitrailer, WB-15 [WB-50];

* Interstate Semitrailer, WB-19 [WB-62];

* Interstate Semitrailer, WB-20 [WB-65 or WB-67];

* “Double-Bottom”-Semitrailer/Trailer, WB-20D [WB-
67D];

* Turnpike Double-Semitrailer/Trailer, WB-33D [WB-
109D]; and

» Triple-Semitrailer/Trailers, WB-30T [WB-100T].

Table 19, based on Green Book Exhibit 2-1, presents the
dimensions of the design vehicles, and Table 20, based on
Green Book Exhibit 2-2, presents their minimum turning
radii. The appropriateness for the current and future truck
fleet of each of thetruck design vehicles, shownin Tables 19
and 20, are discussed below. In addition, other classes of
trucks that may merit inclusion are discussed.

The Green Book does not specify which design vehicle
should be selected for the design of any specific highway proj-
ect. Thisis, and should be, a choice left to the designer who
is familiar with local highway and traffic conditions. How-
ever, the Green Book does provide some general guidelines
to designers on the appropriate selection of design vehicles.
Green Book Chapter 2 indicates that [how much is quote?]

» A passenger car may be selected when the main traffic
generator isaparking lot or series of parking lots.

+ A single-unit truck may be used for intersection design
of residential streets and park roads.

» A city transit bus may be used in the design of state
highway intersections with city streets that are desig-
nated bus routes and that have relatively few large trucks
using them.

+ Depending on expected usage, alarge school bus (84 pas-
sengers) or aconventional school bus (65 passengers) may
be used for the design of intersections of highways with
low-volume county highways and township/local roads
under 400 ADT. The school bus may also be appropriate
for the design of some subdivision street intersections.

* The WB-20 [WB-65 or 67] truck should generally be
the minimum size design vehicle considered for inter-
sections of freeway ramp terminals with arterial cross-
roads and for other intersections on state highways and
industrialized streets that carry high volumes of traffic
and/or that provide local access for large trucks.

The Green Book could provide guidance to assist design-
ersin selecting trucks as design vehicles in other instances.
Such instances are discussed below. The text of potential
future Green Book changes is presented in Appendix F.

FUTURE CHANGES TO
THE U.S. TRUCK FLEET

This research was charged with assessing the effect on
geometric design of both current and future truck popula-
tions. The current truck population has been documented
from existing data sources and field data collection (see
Chapter 3). Future truck populations are not known and can
only be hypothesized. The factors reasonable to consider in
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TABLE 19 Design vehicle dimensionsfrom the 2001 Green Book (1)

Metric
Dimensions (m)
Overall Overhang Typical
Kingpin
to Center
of Rear
Design Vehicle Type Symbol Height Width Length Front Rear WB, WB, S T WB; WB, Axle
Passenger Car P 1.3 2.1 5.8 0.9 15 3.4 — — — — — —
Single Unit Truck SuU 3.4-4.1 24 9.2 1.2 1.8 6.1 - — — - - -
Buses
. BUS-12 3.7 2.6 12.2 1.8 1.9° 7.3 1.1 - — - - —
Inter-city Bus (Motor Coaches) BUS 14 3.7 26 13.7 18 26° 8.1 12 _ _ _ _ _
City Transit Bus CITY-BUS 3.2 2.6 12.2 2.1 2.4 7.6 - - - - - -
Conventional School Bus (65 pass.) S-BUS 11 3.2 2.4 10.9 0.8 3.7 6.5 — — — — — —
Large School Bus (84 pass.) S-BUS 12 3.2 24 12.2 2.1 4.0 6.1 — — — — — —
Articulated Bus A-BUS 3.4 2.6 18.3 2.6 3.1 6.7 5.9 1.9° 4.0% - - -
Trucks
Intermediate Semitrailer WB-12 4.1 2.4 13.9 0.9 0.8° 3.8 8.4 — - — — 8.4
Intermediate Semitrailer WB-15 4.1 2.6 16.8 0.9 0.6° 4.5 10.8 - - - - 11.4
Interstate Semitrailer WB-19* 4.1 2.6 20.9 1.2 0.8° 6.6 12.3 — — — — 13.0
Interstate Semitrailer WB-20** 4.1 2.6 22.4 1.2 1.4-0.8° 6.6 13.2-13.8 - - - - 13.9-14.5
“Double-Bottom”-Semitrailer/Trailer WB-20D 4.1 2.6 22.4 0.7 0.9 3.4 7.0 0.9° 2.1° 7.0 - 7.0
Triple-Semitrailer/ Trailers WB-30T 4.1 2.6 32.0 0.7 0.9 3.4 6.9 0.9° 2.1° 7.0 7.0 7.0
Turnpike Double-Semitrailer/Trailer WB-33D* 4.1 2.6 34.8 0.7 0.8a 4.4 12.2 0.8° 3.1° 13.6 — 13.0
Recreational Vehicles
Motor Home MH 3.7 24 9.2 1.2 1.8 6.1 — — — — — —
Car and Camper Trailer P/IT 3.1 24 14.8 0.9 3.1 34 - 15 5.8 - - -
Car and Boat Trailer P/B — 2.4 12.8 0.9 2.4 3.4 — 1.5 4.6 — — -
Motor Home and Boat Trailer MH/B 3.7 24 16.2 1.2 2.4 6.1 — 1.8 4.6 — — —
Farm Tractor’ TR 3.1 2.4-3.1 4.99 — — 3.1 2.7 0.9 2.0 — — —

NortEe: Since vehicles are manufactured in U.S. Customary dimensions and to provide only one physical size for each design vehicle, the values shown in the design vehicle drawings have been soft
converted from numbers listed in feet, and then the numbers in this table have been rounded to the nearest tenth of a meter.
= Design vehicle with 14.63 m trailer as adopted in 1982 Surface Transportation Assistance Act (STAA).

*

*%

@ - o a o T o

» Sisthe distance from the rear effective axle to the hitch point or point of articulation.

e T is the distance from the hitch point or point of articulation measured back to the center of the next axle or center of tandem axle assembly.

Design vehicle with 16.16 m trailer as grandfathered in with 1982 Surface Transportation Assistance Act (STAA).
Combined dimension is 5.91 m and articulating section is 1.22 m wide.
Combined dimension is typically 3.05 m.

Combined dimension is typically 3.05 m.

Combined dimension is typically 3.81 m.

This is overhang from the back axle of the tandem axle assembly.
Dimensions are for a 150-200 hp tractor excluding any wagon length.

To obtain the total length of tractor and one wagon, add 5.64 m to tractor length. Wagon length is measured from front of drawbar to rear of wagon, and drawbar is 1.98 m long.
< WBI1, WB2, and WB4 are the effective vehicle wheelbases, or distances between axle groups, starting at the front and working towards the back of each unit.

(continued on next page)
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TABLE 19 (Continued)

US Customary

Dimensions (ft)

Overall Overhang Typical
Kingpin
to Center
of Rear
Design Vehicle Type Symbol Height Width Length Front Rear WB, WB, S T WB; WB, Axle
Passenger Car P 4.25 7 19 3 5 11 - - - - - -
Single Unit Truck SuU 11-13.5 8.0 30 4 6 20 - - - - — -
Buses
. BUS-40 12.0 8.5 40 6 6.3° 24 3.7 - - - - -
Inter-city Bus (Motor Coaches) BUS 45 12.0 85 45 6 8.5° 265 4.0 - _ - _ -
City Transit Bus CITY-BUS 10.5 8.5 40 7 8 25 - - - - - —
Conventional School Bus (65 pass.) S-BUS 36 10.5 8.0 35.8 25 12 21.3 — — — — -
Large School Bus (84 pass.) S-BUS 40 10.5 8.0 40 7 13 20 — - - — - —
Articulated Bus A-BUS 11.0 8.5 60 8.6 10 22.0 19.4 6.2° 13.2° — — —
Trucks
Intermediate Semitrailer WB-40 13.5 8.0 45.5 3 2.5° 12.5 27.5 — - — - 27.5
Intermediate Semitrailer WB-50 13.5 8.5 55 3 2° 14.6 35.4 - - - - 375
Interstate Semitrailer WB-62* 13.5 8.5 68.5 4 2.5° 21.6 40.4 — — — — 42.5
Interstate Semitrailer W\?\;gi; or 13.5 8.5 73.5 4 45-25° 21.6 43.4-45.4 - - - - 45.5-47.5
“Double-Bottom”-Semitrailer/Trailer WB-67D 13.5 8.5 73.3 2.33 3 11.0 23.0 3.0° 7.0° 23.0 — 23.0
Triple-Semitrailer/ Trailers WB-100T 13.5 8.5 104.8 2.33 3 11.0 22.5 3.0° 7.0° 23.0 23.0 23.0
Turnpike Double-Semitrailer/Trailer WB-109D* 13.5 8.5 114 2.33 2.5° 14.3 39.9 2.5 10.0° 44.5 - 42.5
Recreational Vehicles
Motor Home MH 12 8 30 4 6 20 - - - - - -
Car and Camper Trailer P/T 10 8 48.7 3 10 11 — 5 19 — — —
Car and Boat Trailer P/B — 8 42 3 8 11 5 15 — — —
Motor Home and Boat Trailer MH/B 12 8 53 4 8 20 — 6 15 — — —
Farm Tractor' TR 10 8-10 16° — — 10 9 3 6.5 — — —

Combined dimension is typically 10.0 ft.
Combined dimension is typically 10.0 ft.
Combined dimension is typically 12.5 ft.

@ - o o 0o T o

This is overhang from the back axle of the tandem axle assembly.
Dimensions are for a 150-200 hp tractor excluding any wagon length.

To obtain the total length of tractor and one wagon, add 18.5 ft to tractor length. Wagon length is measured from front of drawbar to rear of wagon, and drawbar is 6.5 ft long.
< WBI1, WB2, and WB4 are the effective vehicle wheelbases, or distances between axle groups, starting at the front and working towards the back of each unit.

* Sis the distance from the rear effective axle to the hitch point or point of articulation.

« T is the distance from the hitch point or point of articulation measured back to the center of the next axle or center of tandem axle assembly.

Design vehicle with 48 ft trailer as adopted in 1982 Surface Transportation Assistance Act (STAA).
Design vehicle with 53 ft trailer as grandfathered in with 1982 Surface Transportation Assistance Act (STAA).
Combined dimension is 19.4 ft and articulating section is 4 ft wide.

14
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TABLE 20 Minimum turning radii of design vehicles from the 2001 Green Book (1)

Metric
Conven-
tional Large®

Design Pas- Single City School | School Intermed-|Intermed-
Vehicle | senger Unit Inter-city Bus Transit | Bus (65 | Bus (84 | Articu- |iate Semi-|iate Semi-
Type Car Truck (Motor Coach) Bus pass.) pass.) [lated Bus| trailer trailer
Symbol P SuU BUS-12 | BUS-14 |CITY-BUS|S-BUS11| S-BUS12 | A-BUS WB-12 WB-15
Minimum

Design

Turning 7.3 12.8 13.7 13.7 12.8 11.9 12.0 121 12.2 13.7
Radius

(m)

Center-

line*

Turning 6.4 11.6 124 12.4 115 10.6 10.8 10.8 11.0 12.5
Radius

(CTR)
Minimum

Inside

Radius 4.4 8.6 8.4 7.8 7.5 7.3 7.7 6.5 5.9 5.2
(m)

Turnpike
“Double | Triple | Double Motor Farm?®
Design Bottom” | Semi- Semi- Car and | Car and Home Tractor
Vehicle Interstate Combina-| trailer/ trailer/ Motor | Camper Boat |and Boat| w/One
Type Semi-trailer tion trailers trailer Home Trailer Trailer Trailer Wagon
WB-20**

Symbol | WB-19* | or WB-20 | WB-20D | WB-30T | WB-33D* MH P/IT P/B MH/B TR/W
Minimum

Design

Turning 13.7 13.7 13.7 13.7 18.3 12.2 10.1 7.3 15.2 5.5
Radius

(m)

Center-

line*

Turning 12.5 12.5 12.5 12.5 171 11.0 9.1 6.4 14.0 4.3
Radius

(CTR)
Minimum

Inside

Radius 2.4 1.3 59 3.0 45 7.9 53 2.8 10.7 3.2
(m)

Note: Numbers in table have been rounded to the nearest tenth of a meter.

* Design vehicle with 14.63 m trailer as adopted in 1982 Surface Transportation Assistance Act (STAA).

Design vehicle with 16.16 m trailer as grandfathered in with 1982 Surface Transportation Assistance Act (STAA).

The turning radius assumed by a designer when investigating possible turning paths and is set at the centerline of the front

axle of a vehicle. If the minimum turning path is assumed, the CTR approximately equals the minimum design turning radius

minus one-half the front width of the vehicle.

= School buses are manufactured from 42 passenger to 84 passenger sizes. This corresponds to wheelbase lengths of 3,350
mm to 6,020 mm, respectively. For these different sizes, the minimum design turning radii vary from 8.78 m to 12.01 m and the
minimum inside radii vary from 4.27 mto 7.74 m.

= Turning radius is for 150-200 hp tractor with one 5.64 m long wagon attached to hitch point. Front wheel drive is disengaged
and without brakes being applied.

*%

1

hypothesizing future truck populations are (1) the current
truck population, (2) current trends in the truck population,
and (3) thelikelihood of specific future changesin truck size
and weight laws or regulations. As noted in Chapter 2, the
1982 STAA required al states to permit trucks with single
14.6-m [48-ft] trailers and twin 8.7-m [28.5-ft] trailers to
operate on the National Truck Network. Since 1982, combi-
nation trucks with single 16.2-m [53-ft] trailers have become
common on the National Network (NN) in many states, and
a few states permit combinations with trailers as long as

18.1 m[59.5 ft]. There has been some recent interest in Con-
gressin eliminating trailers longer than 16.2 m [53 ft].
Many states, particularly in the West, allow so-called
Longer Combination Vehicles (LCVs) to operate, often under
permit. LCVs include doubles combinations with trailers
longer than 8.7 m [28.5 ft], B-train doubles (doubles combi-
nations connected with a B-dolly), Rocky Mountain doubles
(combinations with two trailers of unequal length), Turnpike
doubles (combinations of two long trailers), and triple-trailer
combinations. LCV's are used primarily by segments of the

Copyright National Academy of Sciences. All rights reserved.
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TABLE 20 (Continued)

US Customary

Design Pas- Single
Vehicle | senger Unit
Type Car Truck

Inter-city Bus
(Motor Coach)

Transit

Conven-
tional
School
Bus (65
pass.)

Large®
School
Bus (84
pass.)

Intermed-|Intermed-
iate Semi-|iate Semi-
trailer trailer

Articu-
lated Bus

Symbol P SU BUS-40

BUS-45 |CITY-BUS|S-BUS36| S-BUS40

A-BUS WB-40 WB-50

Minimum
Design
Turning 24 42 45 45
Radius

(f)

38.9 39.4 39.8 40 45

Center-
line*
Turning 21 38 40.8 40.8
Radius
(CTR)

34.9 354 35.5 36 41

Minimum
Inside
Radius

(f)

14.4 28.3 27.6 25.5

23.8 254 21.3 19.3 17.0

“Double

Bottom”

Interstate Semi- |Combina-
trailer tion

Triple
Semi-
trailer/
trailers

Design
Vehicle
Type

Turnpike
Double
Semi-
trailer/
trailer

Farm?®
Tractor
w/One
Wagon

Motor
Home
and Boat
Trailer

Car and | Car and
Camper Boat
Trailer Trailer

Motor
Home

WB-65**

_RO*
WB-62 or WB-67

Symbol

WB-67D | WB-100T |WB-109D* MH PIT P/B

MH/B TR/W

Minimum
Design
Turning 45 45 45 45
Radius

(m)

40 33 24 50 18

Center-
line*
Turning 41 41 41 41
Radius
(CTR)

36 30 21 46 14

Minimum
Inside
Radius

(m)

7.9 4.4 19.3 9.9

25.9 17.4 8.0 35.1 10.5

*k

Design vehicle with 48 ft trailer as adopted in 1982 Surface Transportation Assistance Act (STAA).
Design vehicle with 53 ft trailer as grandfathered in with 1982 Surface Transportation Assistance Act (STAA).
The turning radius assumed by a designer when investigating possible turning paths and is set at the centerline of the front

axle of a vehicle. If the minimum turning path is assumed, the CTR approximately equals the minimum design turning radius

minus one-half the front width of the vehicle.

= School buses are manufactured from 42 passenger to 84 passenger sizes. This corresponds to wheelbase lengths of 132 in

to 237 in, respectively. For these different sizes, the minimum design turning radii vary from 28.8 ft to 39.4 ft and the

minimum inside radii vary from 14.0 ft to 25.4 ft.

and without brakes being applied.

trucking industry that haul bulky, low-density freight. The
ability of states to permit new LCV operations has been
frozen by Congress (limited to operations that were legal
prior to the early 1990s), but LCV volumesare growing where
they are permitted and could grow moreif the Congressional
freeze were ended.

The economics of thetrucking industry strongly influence
the demand for highway agenciesto permit larger and heav-
ier trucks to operate. Serious consideration has been given
in recent yearsto allowing an increase in truck loads, with-

= Turning radius is for 150-200 hp tractor with one 18.5 ft long wagon attached to hitch point. Front wheel drive is disengaged

out increase in axle loads, by adding more axles and spac-
ing the axles differently to minimize potential impacts on
structures and pavements; an example of thisisthe so-called
Turner Truck proposal, named after former Federal High-
way Administrator Frank Turner (12). The state of Michi-
gan already allowstruckswith up to 11 axlesto operate with
much higher gross weights than are normally alowed by
other states.

TRB Special Report 267, Regulation of Weights, Lengths,
and Widths of Commercial Motor Vehicles (13), recently rec-

Copyright National Academy of Sciences. All rights reserved.
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ommended that Federal law be changed to allow two specific
truck types to operate under state permits:

 Six-axletractor-semitrailers with amaximum weight of
35,400 kg [90,000 Ib]; and

» Double-trailer configurations with each trailer up to
10.1 m[33ft] long; with seven, eight, or nine axles; and
with a weight governed by the present Federal bridge
formula

As noted in Chapter 3, NAFTA is likely to result in
increased volumes of trucks entering the United States from
Canada and Mexico, but NAFTA does not change the limits
imposed by existing U.S. truck size and weight regulations.

SINGLE-UNIT TRUCKS

Figure 3, based on Green Book Exhibit 2-4, illustrates the
dimensions of the current single-unit (SU) truck design vehi-
cle. The SU design vehicle is atwo-axle truck with an overall
length of 9.2 m [30 ft] and aturning radius of 12.8 m [42 ft].

Itispotentially confusing that the single-unit truck appears
in the upper portion of Table 19, rather than in section of the
table labeled “ Trucks.” It is recommended that the “ Trucks’
section of thetable should be renamed “ Combination Trucks.”

There is concern that the AASHTO SU design vehicle is
not representative of larger single-unit trucks. The vast major-
ity of single-unit trucks on the road are two-axle trucks. How-
ever, the truck population includes a substantial humber of
three- or four-axle SU trucks. The population of these trucks
issmall compared with the population of two-axle SU trucks,
but large when compared with the population of truck types
larger than an SU truck.

The current SU design vehicle is representative of the
largest two-axle trucks currently in use. Table 21 compares
the current SU design vehicle with several representative

27
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Figure3. Dimensions of single-unit (SU) truck design
vehiclein current Green Book (1).

three-axle SU trucksthat were evaluated in the FHWA Com-
prehensive Truck Size and Weight (CTSW) study (5). Seven
of the 10 representative single-unit trucks shown in the table
are larger than the SU design vehicle, including the larger
van and all of the tank, garbage, grain, and concrete mixer
trucks.

Based onthedatain Tables 11, 13, and 21, theresearch team
recommendsthat athree-axle SU design vehiclewith awheel -
base of 7.6 m[25.0ft] be added to the Green Book, in addition
to the current two-axle SU design vehicle. Figure 4 illustrates
the dimensions of the recommended design vehicle.

TRUCK TRACTORS

Thereisno AASHTO design vehicle representing a truck
tractor (without atrailer), but Figure 5 depicts dimensional
datafor truck tractors shown in Green Book Exhibit 212. No
changes in this exhibit are recommended. Figure 5 depicts
the fifth wheel as located directly over the rear axles of each

TABLE 21 Dimensions of single-unit trucks—SU design vehicle vs. other

representative vehicles

Spacing between
axles or axle
Overall lengths Box length groups
Body type m [ft] m [ft] Number of axles m [ft]

SU Design Vehicle

Van 9.2 [30.0] 2 6.1 [20.0]
Other Representative Vehicles®

Van 9.0 [29.5] 6.1 [20.0] 3 7.6 [25.0]
Van 12.0 [39.5] 9.2 [30.0] 3 7.6 [25.0]
Tank 9.8 [32.0] 6.9 [22.5] 3 6.3 [20.5]
Tank 11.6 [38.0] 8.7 [28.5] 3 7.3[24.0]
Dump 7.5[24.5] 4.6 [15.0] 3 7.3 [24.0]
Dump 9.0 [29.5] 6.1 [20.0] 3 5.8 [19.0]
Garbage 9.9 [32.5] 7.0[23.0] 3 6.3 [20.8]
Grain 12.0 [39.5] 9.2 [30.0] 3 7.6 [25.0]
Concrete mixer 9.8 [32.0] 6.9 [22.5] 3 6.3 [20.5]
Concrete mixer 11.6 [38.0] 8.7 [28.5] 3 7.3 [24.0]

@ Representative vehicles taken from Reference 15.

b Larger concrete mixers may have four or more axles.
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3.20m ‘

7.62 m [25.0 ft] Wheelbase

1.27 m

[105fi]

12.04 m [39.5 fi]

[4.01t]

Figure4. Dimensions of recommended three-axle single-unit (SU-8 [ SU-25]) design vehicle.

tractor; in actual practice, the kingpin is often set forward
about 0.3 m[1 ft] from the axle centerline. Thisforward dis-
placement of the kingpin generally has only asmall effect on
offtracking and swept path width and, therefore, this effect
has not been addressed in this report.

Figure 5 refers to tractors for Rocky Mountain and Turn-
pike doubles configurations. It should be noted that Rocky
M ountain doubles combinations are mentioned nowhere else
in the Green Book, but should be because they may be more
common than Turnpike doubles combinations.

SINGLE-TRAILER COMBINATIONS (FIVE-AXLE
TRACTOR-SEMITRAILERS)

The Green Book includes four design vehicles that are
single-trailer combination trucks. These are as follows:

* WB-12 [WB-40] design vehicle, with a 10.1-m [33-ft]
trailer;

* WB-15[WB-50] design vehicle, witha13.0-m[42.5-ft]
trailer;

* WB-19 [WB-62] design vehicle, with a 14.6-m [48-ft]
trailer; and

+ WB-20[WB-65 or WB-67] design vehicle, witha16.2-m
[53-ft] trailer.

The dimensions and turning paths of these vehicles are
shown in Figures 6 through 9, based on Green Book Exhibits
2-13 through 2-16.

The AASHTO design vehicles are drawn showing these
trucks with van-type trailers. In fact, there are many other
types of tractor-semitrailer combinations, such as flat-bed,
dump, tanker, and container-carrying trailers. Because of
vehicle-weight limitations, these other trailer typestend to be
shorter than those used for van trailers. Thus, it isreasonable
to envision the design vehicles as van trailers.

The WB-12 [WB-40] and WB-15[WB-50] arerarely seen
today on highways, with some exceptions discussed below.
The AASHTO Green Book states that these design vehicles
may be appropriate for design of local roads and streets. Note
that thisis only true if the locations under consideration do
not serve the larger and more common combinations with
14.6-m [48-ft] and 16.2-m [53-ft] trailers.

Another use for the WB-12 [WB-40] design vehicle,
although with a trailer other than a van, is as a container-
carrying vehicle. These trailers are similar to flat-bed trail-
ers, but are designed for carrying containers such as are com-
monly loaded on shipsand trains. It isrecommended that the
WB-12 [WB-40] design vehicle be retained. The Green Book
should state that this design vehicle is appropriate for local
streets not used by larger tractor-semitrailers and for access
roads to ports and train yards where container traffic may
predominate.

The WB-15 [WB-50] design vehicle hasa 13.0-m [42.5-ft]
trailer. Thistrailer size, or similar trailerswith lengths of 12.2
m [40 ft] or 13.7 m[45 ft] was quite common prior to the 1982
STAA. However, since the 1982 STAA mandated that states
allow 14.6-m [48-ft] trailerson the NN, trailersin the 12.2 m
[40ft] to 13.7 m[45ft] length range have largely disappeared.
Table 22, based on VIUS datafor single-semitrailer trucks by
trailer length, showsthat trucksin thelength range of the WB-
15[WB-50] truck constitute only 8% of the popul ation of sin-
gle-semitrailer combination trucks. By contrast, single-semi-
trailer combination trucks with trailer lengths of 13.7 m [45
ft] or more, typically represented in design by either the WB-
19 [WB-62] or alarger design vehicle, constitute more than
65% of the single-semitrailer truck population. Given that the
situations in which the WB-15 [WB-50] is an appropriate
design vehicle are very limited, it is recommended that this
design vehicle be eliminated from the Green Book.

The WB-19 [WB-62] design vehicleisatractor-semitrailer
with a 14.6-m [48-ft] trailer. This was, at one time, nearly
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Figure5. Lengths of commonly used truck tractors (1).

the largest tractor-semitrailer on the highway. The WB-20
[WB-65 or WB-67] with a16.2-m [53-ft] trailer is now per-
haps more common than the 14.6-m [48-ft] trailer. Consider-
ation might be given to dropping the WB-19 [WB-62] design
vehicle because it has become less common, but it is recom-
mended that it be retained becauseit representsavehiclesize
limit specified in Federal law to be allowed to operate any-
where on the NN and it represents very closely the offtrack-

ing performance of longer trucks with their rear axles pulled
forward to meet state KCRT distance requirements. The cur-
rent WB-19 [WB-62] design vehicle hasa KCRT distance of
12.3m[40.5ft]. The most common KCRT distanceis12.5m
[41 ft] because 19 states limit the KCRT distance to about
12.5m[41ft] (see Table 2). Therefore, it isrecommended that
the WB-19 [WB-62] design vehicle be modified slightly
in the next edition of the Green Book to incorporate this
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Figure6. Dimensions of intermediate semitrailer (WB-12 [WB-40]) design

vehicle in current Green Book (1).
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Figure7. Dimensions of intermediate semitrailer (WB-15 [WB-50])
design vehicle in current Green Book (1).
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Figure8. Dimensions of intermediate semitrailer (WB-19 [WB-62]) design vehiclein

current Green Book (1).
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Figure9. Dimensions of interstate semitrailer (WB-20 [WB-65]) design vehicle in current
Green Book (1).
TABLE 22 Distribution of trailer lengthsfor tractor-semitrailersfrom 1997 VIUS data
Number of tractor-semitrailers Estimated vehicle miles traveled (VMT)
Length 1 axle on
of lsemi- | 2axleson | 3axleson 1 axle on 2 axles on 3 axles on
trailer trailer | 1 semi-trailer | 1 semi-trailer Total Percentage 1 semi-trailer 1 semi-trailer 1 semi-trailer Sum of row Percentage
1-20 ft 4,913 12,305 1,297 18,515 13 49,980,417 295,974,708 28,481,053 374,436,178 0.4
21-28 ft 46,507 48,175 5,244 99,926 6.9 1,290,291,305 1,540,429,521 186,823,947 3,017,544,773 3.3
29-35 ft 20,606 70,709 12,600 103,915 7.2 444,861,237 2,231,595,411 543,069,119 3,219,525,767 3.5
36-40 ft 6,638 184,967 15,753 207,358 14.4 141,988,342 8,114,772,425 597,410,431 8,854,171,198 9.6
41-44 ft 1,460 112,331 6,980 120,771 8.4 41,260,168 6,600,238,638 376,937,640 7,018,436,446 7.6
45-47 ft 6,910 195,385 40,473 242,768 16.9 344,488,954 11,404,888,159 3,107,112,371 14,856,489,484 16.1
48-52 ft 2,733 405,086 24,108 431,927 30.0 159,852,808 32,530,535,430 1,487,776,128 34,178,164,366 37.1
53 ft or more 1,303 188,841 22,905 213,049 14.8 140,054,006 19,312,020,893 1,250,456,865 20,702,531,764 22.4
Totals 91,070 | 1,217,799 129,360 1,438,229 100.0 2,612,777,237 82,030,455,185 7,578,067,554 92,221,299,976

12.5-m[41-ft] dimension. Therevised WB-19 [WB-62] design
vehicleisillustrated in Figure 10.

A variant of the WB-19 [WB-62] configuration is becom-
ing more common, especially on flat-bed trailers, and to some
extent on van trailers. This variant involves the use of a split
or spread tandem axle set at therear of thetrailer. The normal
tandem axle set hasanominal spacing of 1.2 m[4 ft] between
axles. The spread option moves these axles apart to distances
up to 3.1 m [10 ft]. Thisincreases the load-carrying capacity

14.63 m [48 ft] Trailer

of thetandem from 15,500 to 18,200 kg [ 34,000 to 40,000 1 b],
in accordance with the Federal bridge formula. Increases of
spread-axle spacing beyond 3.1 m [10 ft] do not provide any
increase in load-carrying capacity because the single-axle
load limit of 9,100 kg [20,000 Ib] becomes a constraint.
Thisincreasein loading of the rear tandem axle by spread-
ing therear axlesfarther apart does not permit the grossvehi-
cle weight (GVW) of the truck to legally exceed 36,400 kg
[80,0001b], but it is popular with truckersin that it provides

\

1.37 m 12.46 m [41.C fi] i 457 m
EsH | (15 1]
| o

! 0  5ft 10ft |

1 1

1 0 1m 25m o76m | | _ 0

| scale [2.51t] D

©) @ —©@
728 m 530m ! 1.22m
1.35m ~

[4.42 ft \|~- Iig-&l_g_gs m 1741

19C5m [6Z.5 ft] Wheelbase

\J

[19.5 ft]

21.C3m [69.C ft]

) o5 8

-

Figure 10. Recommended revision in the dimensions of interstate semitrailer (WB-19

[WB-62]) design vehicle.
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more flexibility in loading the truck, and in keeping the load
on the steering axle of the tractor to a more driver-friendly
level. With a normal tandem spacing, the maximum GVW
of 36,400 kg [80,000 Ib] is met by loading both the trailer
and tractor tandem axles to their maximum of 15,500 kg
[34,000 Ib], and the steering axle to 5,500 kg [12,000 Ib]
(whichisabout the maximum that truckers want, for comfort
and ease of driving.) With a spread tandem at the rear of the
trailer, the 36,400-kg [80,000-Ib] load can be moved some-
what rearward, keeping all axle loads at or below their indi-
vidual maxima. Asan additional (albeit minor) benefit, spread-
ing the axles by an additional 1.8 m [6 ft] also reduces the
KCRT distance by 0.9 m[3 ft], reducing the total offtracking.

Because spreading the rear axles results in a slight reduc-
tion in offtracking and swept path width, the current design
vehicles with a 1.2-m [4-ft] axle spacing are more appropri-
atefor use as design vehiclesthan the comparabletruckswith
3.1-m [10-ft] spread tandem axles. Therefore, there is no
need to consider a tractor-semitrailer design vehicle with a
rear spread tandem axle.

The WB-20 [WB-65] design vehicle, shown in Figure 9,
hasa16.2-m [53-ft] trailer. Tractor-semitrailerswith 16.2-m
[53-ft] trailers can operate in most states; al but three juris-
dictions (i.e., Alaska, the District of Columbia, and Rhode
Island) allow trailers of 16.2 m[53 ft] or larger to operate on
theNN. All but an additional six statesallow them on all state
roads. Table 22 shows 22.4% of veh-mi by trucks with single
semitrailers with length of 16.2 m [53 ft] or more. However,
field studies conducted for this research at rural sitesin three
states found that trucks with 16.2-m [53-ft] trailers congtitute
approximately 47% of al combination trucks (see Appendix
B). A principal reason why 16.2-m [53-ft] trailers are used so
commonly isthat a significant number of loaded trucks do not
weigh 80,000 Ib. Trucks carrying low- or medium-density
cargo often “cube out” (their volume becomes filled) before
they “grossout” (reach the gross vehicle weight limit).

The current Green Book incorporates a design vehicle
very similar to the WB-20 [WB-65], known as the WB-20

[WB-67] design vehicle, which also has a 16.2-m [53-ft]
trailer. The WB-20 [WB-67] design vehicle, illustrated in
Figure 11, is identical to the WB-20 [WB-65] design vehi-
cles, except that the rear tandem axle of the WB-20 [WB-67]
is positioned closer to the rear of the truck. There is no need
for both of these design vehicles to be included in the Green
Book, given that they are variations of one another. It makes
more sense to include the WB-20 [WB-67] design vehicle,
rather than the WB-20 [WB-65], because the WB-20 [WB-67]
design vehicle has a greater turning radius, greater offtrack-
ing, and greater swept path width.

Although the inclusion of the WB-20 [WB-67] design
vehiclein the Green Book isrecommended, thisdesign vehi-
clewill not be applied aswidely asmight be expected because
19 states limit the KCRT distance to a maximum of about
12.5 m [41 ft]. One state (California) is more stringent, two
states (Illinois and Maine) are more liberal, and the remain-
ing states do not limit kingpin-to-rear-axle distance.

Beyond simply complying with state regulations, many
truckersmovetherear axles of thetrailer forward to improve
maneuverability. (Indeed, it is even common to see 14.6-m
[48-ft] trailers with their rear axles moved forward, resulting
in kingpin-to-rear-axle distances of 11.6 m [38.0 ft] or less.)

Although many truckers prefer to movetherear axlesof the
trailer forward, where practical, the use of 16.2-m[53-ft] trail-
ersintroduces a potential axle load limitation. If a 36,400-kg
[80,000-1b] truck carries a 22,700-kg [50,000-1b] payload,
and if that load is spread evenly along a 14.6-m [48-ft] trailer,
theindividual axleloads are close to the maximums described
earlier. However, if such aload is spread evenly aong the
length of a 16.2-m [53-ft] trailer with the rear trailer axles
moved forward, the trailer axle load would reach about
19,500 kg [43,000 Ib], an overload of 4,100 kg [9,000 Ib].
Stated differently, to keep the trailer axle load within legal
limits, a 16.2-m [53-ft] trailer with the axles moved forward
could carry no more than about 18,200 kg [40,000 Ib] if
loaded evenly along the length of the trailer with the axles
forward.

16.15 m [53.0 ft] Trailer

13.87 m [455 ]

L 457Tm[15.01]
|

|| OJF
O

! 20.42 m [67.0 fi] Wheelbase

2240 m [73.5 1]

Figure1l. Recommended dimensions of interstate semitrailer (WB-20 [WB-67]) design vehicle.
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For other configurations, the use of trailer types other than
vans have been discussed. However, it is doubtful that there
are many 16.2-m [53-ft] trailers other than vans, because
trailer types other than vans are used primarily for higher
density cargo for which 16.2-m [53-ft] trailers provide no
advantage.

If adesigner is considering the offtracking and swept path
of a tractor-semitrailer combination truck with a 16.2-m
[53-ft] trailer with the axles moved forward to maintain a
12.5-m [41-ft] KCRT distance, the WB-19 [WB-62] design
vehicle should be used. The offtracking and swept path width
of the WB-20 [WB-67] design vehicle with its axles pulled
forward isidentical to the offtracking and swept path width
of therevised WB-19 [WB-62] shown in Figure 10. Therear
swingout of the WB-20 [WB-67] with its axles pulled for-
ward exceedsthe rear swingout of the WB-19 [WB-62] design
vehicle by approximately 0.15 m [0.5 ft] for a 90-deg turn
with a 15-m [50-ft] radius (see the discussion of thisissuein
Chapter 5 of this report).

Where the length of atractor-semitrailer combination truck
with a 16.2-m [53-ft] trailer is critical to design, its overall
length of 22.4 m [73.5 ft] should be used.

Eight states permit trucks with trailer lengths greater than
16.2 m [53 ft] to operate on the NN. However, even in these
states, trucks with trailer lengths greater than 16.2 m [53 ft]
were found to be very rare. Appendix C reports the results of
field studies in two states that permit trailer lengths greater
than 16.2 m[53 ft]—Kansas and Texas. Thefield studies con-
ducted at weigh stations on mgjor interstate highways found
that only 0.7 percent of trucks in Kansas and 4.4 percent of
trucks in Texas had trailers whose lengths exceeded 16.2 m
[53 ft]. A recent paper by Clayton et al. (14) reported that a
field study at adifferent Texaslocation found only 0.5 percent
of single-semitrailer trucks had lengths over 16.2 m [53 ft].

33

Based on the data reported above, the inclusion in the
Green Book of adesign vehiclewith atrailer length greater
than 16.2 m [53 ft] currently is not recommended. However,
an appropriate design vehicle has been developed for future
consideration, should the number and proportion of trucks
with trailersgreater than 16.2 m [53ft] inlengthincrease. This
design vehicle for possible future use is designated as the
WB-22[WB-71] design vehicleandisillustrated in Figure 12.
The WB-22 [WB-71] design vehicle has a 17.4-m [57-ft]
trailer and a KCRT distance of 15.1 m [49.5 ft] and will off-
track substantially more than the other tractor-semitrailer
design vehicles (see Chapter 5 of thisreport). However, many
truckswith 17.4-m [57-ft] trail ers are operated with maximum
12.5-m [41-ft] KCRT distances to meet state limitations. The
offtracking and swept path width of the WB-22 [WB-71]
design vehiclewith the axles pulled forward can be considered
in design using the WB-19 [WB-62] design vehicle. The
WB-22 [WB-71] with the axles pulled forward will have
rear swingout that exceeds the WB-19 [WB-62] by 0.23 m
[0.76 ft] for a 90-deg turn with a 15-m [50-ft] radius (see
Chapter 5 of thisreport). Where the length of the vehicleis
critical to design, the overall length of 23.6 m [77.5 ft] for
the WB-22 [WB-71] design vehicle should be used.

SINGLE-TRAILER COMBINATIONS
(SIX-AXLE TRACTOR-SEMITRAILERS)

A future change in Federal law may allow states to issue
permitsfor operation of six-axletractor-semitrailerswith max-
imum weights up to 35,400 kg [90,000 Ib]. Six-axle tractor-
semitrailers can operate legally now. However, within current
gross vehicle weight and axle limits, there is no particular
advantage to using a six-axle combination rather than afive-
axle combination. Six-axle tractor-semitrailers are likely to
come into common use only if Federal law were to permit

17.37 m [57.0 ft] Trailer

4.57 m [15.0 1]

~137m, 75.00 m [49.5 fi]

I 1451 ;

@©@
iz

m/ 7 \'.::"o :

21.64 m [71 ft] Wheelbase :

5.95m [19.5 f]

23.62m [7751]

Figure12. Dimensions of long semitrailer (WB-22 [WB-71]) design vehicle for possible future use.
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six-axle trucks to carry greater loads than five-axle trucks.
Such achangein Federal law has been recently recommended
in TRB Special Report 267 (13). A six-axle tractor-
semitrailer would have a single tractor steering axle, a tan-
dem tractor drive axle, and a tridem (triple) axle at the rear
of thetrailer. Although such avehicle would be an important
factor in pavement and bridge design, it would have little
effect on geometric design because six-axle tractor semi-
trailers actually offtrack about 5 percent less than compara-
ble five-axle tractor-semitrailers (15). Therefore, the possi-
ble wider use of six-axle tractor-semitrailer trucks does not
congtitute areason to add a new Green Book design vehicle.

SINGLE-TRAILER COMBINATIONS
(TRUCK/FULL TRAILER COMBINATIONS)

A truck/full trailer combination is created when an SU
truck has afull trailer attached to it. Trucks pulling small to
modest trailers (4.6 m [15 ft] to 6.1 m [20 ft]) are seen quite
commonly in the United States. Conceivably, however, such
a combination could include a long trailer and exhibit sub-
stantial offtracking (more than a tractor-semitrailer combi-
nation). In practice, however, such combinations are not used
routinely, but rather as needed. SU trucks are not designed to

8.69 m[28.5 ft] Trailer

routinely pull a large full trailer—their engines lack the
horsepower of over-the-road tractors, and their drivers are
usually not accustomed to driving them on adaily basis. The
Green Book does not include atruck/full trailer combination
as a design vehicle, and there does not appear to be any
strong reason to add one.

DOUBLE-TRAILER TRUCKS
Tractor/Semitrailer/Full Trailer Combinations

The Green Book includes two double-trailer trucks as
design vehicles. These are as follows:

+ WB-20D [WB-67D] with “twin” 8.7-m[28.5-ft] trailers
and

+ WB-33D [WB-109D] with two 14.6-m [48-ft] trailers,
known as a Turnpike Double.

Figures 13 and 14illustrate their dimensions. Both double-
trailer design vehicles represent combination trucks consist-
ing of atractor, coupled to asemitrailer, followed by atowed
full trailer.

8.69 m[28.5 ft] Trailer
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Figure13. Dimensions of double-trailer combination (WB-20D [WB-67D]) design vehiclein

current Green Book (1).
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Figure 14. Dimensions of turnpike-double combination (WB-33D [WB-109D]) design

vehicle in current Green Book (1).
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The WB-20D [WB-67D] “twin-trailer” truck with two
8.7-m [28.5-ft] trailers has been permitted to operate freely on
the NN since 1982 and has become a very common truck on
intercity roads. It hassmaller offtracking and swept path width
than the 14.6-m [48-ft] and 16.2-m [53-ft] tractor-semitrailer
combinations discussed above. An advantage of having two
shorter trailers, rather than one larger trailer, for over-the-road
operations, is that a tractor pulling a single 8.7-m [28.5-t]
trailer can serve as a highly maneuverable pick-up and deliv-
ery vehicle. The dimensions of the WB-20D [WB-67D]
design vehicle are comparable with those used in the FHWA
CTSW Study.

The circumstances in which the WB-20D [WB-67D]
would be appropriate as a design vehicle are probably quite
limited because it has less offtracking and swept path width
than the WB-19 [WB-62] and WB-20 [WB-65 and WB-67]
tractor-semitrailers that are more numerous and generally
travel the same roads. However, it is recommended that the
WB-20D [WB-67D] be retained as a design vehicle in the
Green Book because it represents a maximum vehicle size
limit specified in Federal law.

If the current LCV freeze were lifted, one vehicle that
might possibly belegalized isa“twin trailer” truck with two
10.1-m[33-ft] trailers. TRB Specia Report 267 (13) recently
recommended that Federal law be changed to alow such
trucks to operate under state permits. It is not recommended
that a design vehicle with two 10.1-m [33-ft] trailers be
included in the Green Book at this time, but an appropriate
design vehicle has been developed for consideration, should
such trucks be permitted and become common in the future.
This design vehicle for possible future use is designated as
the WB-23D [WB-77D] and isillustrated in Figure 15.

The WB-33D [WB-109D] or Turnpike Double design vehi-
cle consists of a truck with two 14.6-m [48-ft] trailers. This
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design vehicle acquired its name because it was first permit-
ted to operate on a number of Eastern toll roads and turn-
pikes. Turnpike Doubles generally operate only under permit
on specific roadways approved for their use. The situations
in which a Turnpike Double is the appropriate design vehi-
cle are typically quite limited because Turnpike Doubles
are often made up and broken down at staging areas at the
entrances to or exits from specific highway facilities; they do
not typically operate beyond that point onto thelocal road sys-
tem. Situationsinwhich aTurnpike Double might be expected
to make aright or left turn at an at-grade intersection arerela-
tively rare. However, for those roadways where Turnpike
Doubles operatein substantial numbers, they may be an appro-
priate design vehicle because they will almost certainly bethe
largest and least maneuverable vehicle on the road.

The dimensions of the Turnpike Double combination are
reasonable, except that the Green Book uses a cab-over trac-
tor with a 3.7-m [12-ft] wheelbase. A conventional tractor
with alarger wheelbase—4.9 m [16 ft] or more—would prob-
ably be morerealistic. However, the effect of the larger trac-
tor on offtracking would be minimal, and it is not recom-
mended that any change in the WB-33D [WB-109D] design
vehicle be made at thistime.

If the current LCV freeze were lifted, there might be inter-
est inthetrucking industry for use of aTurnpike Doubletruck
with two 16.2-m [53-ft] trailers. The trucking industry might
find it economically advantageous to use such trucks to
move low-density commodities because so many 16.2-m
[53-ft] trailersare currently in usein single tractor-semitrailer
combinations. However, it is far from certain whether such
truckswould be permitted to operate by states, evenif allowed
by Federal law, because such trucks would offtrack more
than even the Turnpike Double with 14.6-m [48-ft] trailers.
The Turnpike Doublewith 16.2-m [53-ft] trailers cannot make

10.06 m [33.0 ft] Trailer

10.06 m [33.0 ft] Trailer

121 m 8.04 m [26.5 1] 8.04 m [26.5 1]
e e
76m 121 m
251 40
OI@ T e © -
121 m 2.31 r_rJ 135 [4.424] : 3.08m
201 7. 1.28 m [4.2 ] 10.1 f] 71im
RN s 7.80m [256H] 3.71 |[n[122r|] (2.33f1]
23.46 m [77.2 ft) Wheelbase - -

24.77m (815 ]

Figure15. Dimension of double-trailer combination (WB-23D [WB-77D]) design vehicle for possible

future use.
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a90-deg right turn with a22.9-m [75-ft] radius, whileaTurn- bination has a 14.6-m [48-ft] semitrailer followed by an 8.7-m
pike Double with 14.6-m [48-ft] trailers can. It isnot recom-  [28.5-ft] full trailer. Rocky Mountain Doubles currently oper-
mended that a design vehicle with two 16.2-m [53-ft] trailers  atein 20 states (mostly in the western United States), includ-
beincluded in the Green Book at thistime, but an appropriate  ing 3 states where Turnpike Doubles are not permitted and
design vehicle has been developed for future consideration, 6 states where triples are not permitted.

should such trucks be permitted and become common in the In these states, Rocky Mountain Doubles may offtrack
future. Thisdesign vehiclefor possiblefutureuseisdesignated ~ more than any other relatively common truck type. There-
asthe WB-37D [WB-120D] and isillustrated in Figure 16. fore, a Rocky Mountain Double design vehicle is recom-

In addition to the twin- or double-trailer truck and the ~ mended for inclusion in the Green Book for potential appli-
Turnpike Double truck in the Green Book, there is another ~ cation by state highway agencies that need it. The Rocky
combination, the Rocky Mountain Double, that isalso fairly ~ Mountain Double is designated the WB-28D [WB-92D]
common. It appears asacross between twin-trailer and Turn- design vehicle. The recommended design vehicle has nine
pike Double trucks, combining a longer semitrailer and a  axles and an overall length of 30.0 m [98.3 ft] as shown in
shorter full trailer. A typical Rocky Mountain Double com- Figure 17.

16.10 m [53.0 ft] Trailer 16.10 m [53.0 ft] Trailer
2.74m 12,46 m [41.0 fi] 2.74m 12.46 m [41.0 1] 289m,
i

9.0 o.01]

@ w’ ¥

135m_| |
1.22m 3.04m T 4.70m
401 [10.01] [4.421t] [15.4 f]

12.30 m [40.5 fi] 534 m [17.51]| |L.71m

36.46 m [120.0 ft] Wheelbase
39.31 m [129.33ft]

Figure 16. Dimensions of larger Turnpike Double combination (WB-37D [WB-120D]) design vehicle for possible

future use.
8.69 m [28.5 f] Trailer 14.63 m_[48 ft] Trailer
91m 7.01 m [23.01] 1.22, m 12.47 m [41.0 1t]
[3.01] [4.0( 1 2.89m
76m 91m
[251] [(301]

128 m [4.2 ]
2-1[?;" 135m (421 | 47 m[15.4 ft 0.71m
(7.0f] 12.34 m [40.5 fi ' 534m (175 33n)

28.04 m [92.0 ft] Wheelbase
29.95 m [98.25 f]

Figure17. Recommended dimensions of Rocky Mountain Double combination (WB-28D [WB-92D]) design vehicle.
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Tractor/Semitrailer/Semitrailer Combinations
(B-Trains)

B-Train double-trailer trucksarefairly common in Canada
and are used to some extent in some of the northern tier of
the United States. B-Train doubles are also operating under
permit between Monterey, Mexico, and Brownsville, Texas.
A B-Train has a hitching mechanism that differs from the
common double trailers seen in the United States. The hitch
of theU.S. doubletrailer istypically referred to asan A-hitch.
It is essentially a tow bar, fastened at one end to the dolly
under the front of the full trailer being towed by the first
trailer and at the other end by an eye which is hooked over a
pintle hook attached to the first trailer. The second trailer of
aB-Train is connected to the first by a fifth-wheel arrange-
ment mounted on a dolly, which protrudes from the rear of
thefirst trailer. Thus, therear trailer in aB-Train doubleisa
semitrailer rather than afull trailer.

B-Trains are heavier than their twin-trailer counterparts.
Having one less articulation point, B-Trains offtrack dightly
morethanthe U.S. twin-trailers, but aremoreeasily backed up.
Most importantly, however, they can carry heavier loads (with
their extraaxles), so are used for bulk and other types of loads
that are particularly heavy. (In the United States, therefore,
they are only used in areas where heavier loads are legal.)

There is no design vehicle in the Green Book correspond-
ing to the B-Train, and because of itslimited usein the United
States, thereisno compelling reasonto add it at thistime. How-
ever, a potential B-Train design vehicle is presented in Fig-
ure 18 should future changesin U.S. truck size and weight laws
encourage its use. The B-Train is designated the WB-23BD
[WB-75BD] design vehicle. Its dimensions are based on a
current Canadian design vehicle (16), but might need to be
adapted for future U.S. application, depending on which con-
figurations become most common in the United States.
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TRIPLE-TRAILER TRUCKS

The Green Book includes onetriple-trailer truck asadesign
vehicle. Thisis the WB-30T [WB-100T] with three 8.7-m
[28.5-ft] trailers—one semitrailer and two full trailers. Fig-
ure 19 shows the dimensions for this design vehicle.

The WB-30T [WB-100T] is representative of the most
common triple-trailer combination on the road today. Larger
triple-trailer combinations are not generally permitted, so the
WB-30T [WB-100T] is an appropriate design vehicle, and
no changes in this design vehicle are recommended.

SUMMARY OF DESIGN VEHICLE
RECOMMENDATIONS

The following changes in or additions to the Green Book
design vehicles are recommended.

Single-Unit Trucks

* The current two-axle SU design vehicle should be
retained and designated the SU-30 design vehicle.

» A longer three-axle SU design vehicle should be added
and designated the SU-8 [SU-25] design vehicle.

Single-Trailer Combinations (Five-Axle
Tractor-Semitrailers)

* The WB-12 [WB-40] should be retained for applica-
tion to container trucks and local pickup and delivery
operations.

* The WB-15 [WB-50] is no longer common and should
be dropped.

9.58 m [31.5 ft] Trailer

8.52 m [28.0 ft] Trailer

1.37 m 7.00m [23.011) 7.30m [24.0 f]
@57 2.89 m
[8.51]
1.22 m A6 m 1.22 m|
[4.01] [1.5f] [4.01t]
@ Y o [} o Y o @ @
ij 128 m [4.2 ft]
22m 1.22m 1.22m 1.35
~—HioH GOR™ 40 [4_42“%}-—'* 470m [15.4 i) 71m
.34 ;
22.70 m [74.7 ] Wheelbase ERIESTY [2.33]
24.17 m [79.53 1]

Figure18. Dimension of B-Train double combination (WB-23BD [WB-75BD]) for possible future use.
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8.69 m[28.5 fi] Trailer

8.69m|[28.51] Trailer.

8.69 m [28.5 ft] Trailer

701m[23f]_, |
|

7.01 m[23 ft
Lo,

7.01 m[23 fi]

076 m_|

e r——

|
1<2:91m 25f

[3fi]

13
-
[7 1]
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f'_d[‘gafrﬁ
6.5
| 091 m 0.76m |l L
helall
0.71 35m 0.71m
! l< [2-:3ﬂ3‘ Pt | [([2.331
6.86 m[22.5 ft] |

31.96 m[104.83 ]

Figure19. Dimensions of triple-trailer combination (WB-30T [WB-100T]) design
vehicle in current Green Book (1).

* The WB-19 [WB-62] design vehicle represents a truck

configuration specified in Federa law
retained. The KCRT distance for this

Dou
and should be
design vehicle

should beincreased from 12.3to 12.5 m [40.5to 41 ft] to
correspond to the maximum limits applicablein 19 states.

The WB-19 [WB-62] design vehicle should be used for

design of offtracking and swept path width for all longer
tractor-semitrailer combinations that are configured with

a 12.5-m [41-ft] maximum kingpin-to-

axle-set distance.

center-of-rear-

The WB-20 [WB-65] design vehicle represents an “in
between” axle placement that is neither a best nor a

worst case for design. This design vehicle should be

dropped.

The WB-20 [WB-67] design vehicle should beretained,

but the KCRT distance should be increased from 13.3

to 13.9 m [43.5 to 45.5 ft] to represent
condition.

A tractor-semitrailer design vehiclewith atrailer length

a“worst case”

greater than 16.2 m [53 ft] is not needed at this time.
However, a WB-22 [WB-71] design vehicle has been
developed for future application should such a truck

become more common.

Single-Trailer Combinations
(Six-Axle Trailer-Semitrailer)

* No six-axle tractor-semitrailer design vehicle is needed

because such trucks are not common

because a six-axle tractor-semitrailer is not a critical

Trip
at present and

design consideration because it would offtrack less than
a comparable five-axle tractor-semitrailer.

ble-Trailer Trucks

The WB-20D [WB-67D] design vehiclewith two 8.7-m
[28.5-ft] trailers should beretained becauseit represents
atruck configuration specified in Federal law.

A twin-trailer truck with two 10.1-m [33-ft] trailersis
not needed at thistime but might become more common
if Federal law permitted such atruck to operate at gross
vehicle weights over 36,400 kg [80,000 Ib]. A WB-23D
[WB-77D] design vehicle has been devel oped for poten-
tial future application should such atruck become more
common.

The Turnpike Double design vehicle with two 14.6-m
[48-ft] trailers, known asthe WB-33D [WB-109D] design
vehicle, should be retained.

A Turnpike Double design vehicle with two 16.2-m
[53-ft] trailersisnot needed at thistime. However, aWB-
37D [WB-120D] design vehicle has been developed for
future application should such atruck become common.
A Rocky Mountain Double design vehicle with a14.6-m
[48-ft] semitrailer and a 8.7-m [28.5-t] full trailer cur-
rently operates under permit in 20 states. The addition
of aRocky Mountain Double WB-30D [WB-92D] design
vehicle is recommended.

A B-Train double design vehicle is not needed at this
time. However, aB-Train WB-23BD [WB-75BD] design
vehicle has been developed for future application should
this truck become more common.

le-Trailer Trucks

The current triple-trailer WB-30T [WB-100T] design
vehicle with three 8.7-m [28.5-ft] trailers should be
retained.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/23379

Review of Truck Characteristics as Factors in Roadway Design

CHAPTER 5

39

TRUCK CHARACTERISTICS RELATED TO GEOMETRIC DESIGN

This chapter reviewsthe avail able data on truck character-
istics that should be considered in the development of high-
way design and operational criteria. Thereview of truck char-
acteristicsis based primarily on datafrom existing sourcesin
published and unpublished literature.

The review focuses primarily on the characteristics of the
current truck population. The effects of recent trendsin truck-
ing and recent legislative changes are accounted for when-
ever possible.

Thisreview of truck characteristics providesthe basic data
used in Chapter 6 to consider the highway design and opera-
tional criteriathat would be suitable to accommodate trucks.
Thus, thereview is selective, rather than exhaustive; it focuses
on the data needed for the analyses in Chapter 6. For example,
some frequently discussed truck safety issues, such as rear-
ward amplification in emergency steering maneuvers by multi-
trailler combinations, are addressed only briefly because they
have no clear implicationsfor highway design and operational
criteria. Many such truck safety issuesare moreintherealm of
truck policy and vehicle design than geometric design.

More complete reviews of many specific truck character-
istics can be found in the references cited. In particular, the
National Highway Traffic Safety Administration (NHTSA)
report, Heavy Truck Safety Sudy (17), provides an excellent
overview of many truck design issues, and another NHTSA
report, A Factbook of the Mechanical Properties of the Com-
ponents for Sngle-Unit and Articulated Heavy Trucks (18),
provides the most detailed available data on the ranges of
specific truck characteristics. Some of the material in these
sources is updated in NCHRP Synthesis 241, Truck Operat-
ing Characteristics (19). This section is similar in form to
comparable material presented in the FHWA Truck Charac-
teristics study (2,3), but has been updated, as appropriate, to
describe the current truck fleet.

The truck characteristics reviewed in this chapter include
the following:

* Turning radius,

« Offtracking and swept path width,
 Trailer swingout,

 Braking distance,

 Driver eye height,

+ Acceleration characteristics,
 Speed-maintenance capabilities on grades,

* Vehiclelength,

* Vehicle height,

* Rearward amplification,

+ Suspension characteristics,
 Load transfer ratio, and
 Rollover threshold.

The lengths of trucks, their configurations, their weights,
and recommended design vehicle configurations have been
addressed in preceding chapters.

TURNING RADIUS

The minimum turning radius of atruck is defined as the
path of the outer front wheel, following acircular arc at avery
low speed, and is limited by the vehicle steering mechanism.
Parameters such as weight, weight distribution, and suspen-
sion characteristics have anegligibleroleinturns at very low
speeds (e.g., lessthan 16 km/h [10 mph]). Thedimensionsand
turning radii of the current and recommended Green Book
design vehicles are presented in Chapter 4 of this report.

OFFTRACKING AND SWEPT PATH WIDTH

There are two types of offtracking, referred to as low-
speed and high-speed offtracking. Low-speed offtracking
occurs as vehicles traveling at very low speed make a turn;
in low-speed offtracking, the weight, weight distribution,
suspension characteristics, and other vehicle-dynamic pa-
rameters are negligible factors in the amount of offtracking
that occurs. High-speed offtracking, as its name implies,
incorporates dynamic effects and is more pronounced the
higher the speed. Each type of offtracking isdiscussed below.

Low-Speed Offtracking

A traintravelson tracks and, thus, itsrear wheels precisely
follow the paths of the front wheels. With vehicles that are
not on tracks, such as bicycles, automobiles, and trucks, the
rear wheels do not follow the front ones. During turning at
low speeds, the front wheelstry to drag the rear ones toward
them and across the inside of the curve. The magnitude of
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this phenomenon is small for bicycles and automobiles and
isusualy ignored. For trucks, however, it can be substantial
and is an important factor in the design of intersections,
ramps, and other highway elements.

There are two commonly used descriptors of offtracking:
one is the offtracking amount, defined as the radial offset
between the path of the centerline of the front axle and the
path of the centerline of afollowing axle shown in Figure 20;
the other, and more important descriptor for use in highway
design, isthe swept path width, shown for atractor-semitrailer
in Figure 21 as the difference in paths between the outside
front tractor tire and the inside rear trailer tire.

Offtracking increases gradually as a vehicle proceeds
through a turning maneuver. This developing offtracking is
termed partially-developed offtracking (sometimes referred
to in the literature as nonsteady-state offtracking or transient
offtracking). As the vehicle continues to move in a constant
radius curve, the offtracking eventually reacheswhat istermed
itsfully-developed offtracking value (sometimesreferred toin
the literature as steady-state offtracking or, misleadingly, as
maximum offtracking). Each is discussed more fully in the
following paragraphs.

Fully-Devel oped Offtracking

On longer radius turns, such as typical horizontal curves
on highways or ramps, fully-devel oped offtracking isusually
reached; once this value is attained, offtracking does not
increase further as the vehicle continues around the curve.
Fully-developed offtracking is considered in the geometric

Trailer Axles &

9430 glaia s 100808

Figure20. Illustration of truck offtracking.

M g e 110808

Figure 21.

Illustration of swept path width.

design of horizontal curves, especially on two-lane roads, in
determining whether the roadway needs to be wider on the
curve than on the normal tangent cross section. Similarly, itis
considered in the design of freeway ramps. Even though such
facilitiesare designed primarily for highway speeds (or near-
highway speeds), where low-speed offtracking should not be
afactor, consideration isalso given to situations such ascon-
gestion, where vehicles are forced to travel at low speeds.

In performing offtracking calculations, certain equations
are applied consecutively to the distances between adjacent
pairs of axles or hinge points. The contribution to offtrack-
ing of each inter-axle distanceis roughly proportional to the
square of that distance. Thus, the dominant term for the off-
tracking of most tractor-semitrailersisthe so-called kingpin-
to-rear-axle dimension, the largest distance.

The offtracking of a vehicle with two axles, for example,
may be approximated, using the Pythagorean Theorem (see
Woodroofe et al. (20), for example) as

OT = -R +./(R? - ¢?) 1)

where ¢ isthe distance between the two axles, R istheradius
of the curve, and negative offtracking implies tracking inward
toward the center of the arc. If € << R, then this may be
reduced to the simpler form —0.5(¢?/R), which is the often
used Western Highway Institute formula (21). Equation 1 is
sufficiently accurate for most purposes, but additional effects
of multiple axles (e.g., tandems and tridems), roadway super-
elevation, and body roll may also beincluded (see Glauz and
Harwood (22)). (This formulation also assumes ¢ <<R.)

As noted above, Equation 1, or its equivalent, is applied
consecutively to each pair of axles or hinge points of the
truck; each application gives the offtracking of the center of
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the following axle or hinge point relative to the center of its
leader. These computed offtracking amounts are additive,
except that the sign of the contribution from the center of the
drive axlesto the kingpinisreversed if the kingpinis moved
forward (the usua case), asisthe contribution from the drive
axles to the pintle hook of the first trailer in a doubles com-
bination (which swings outward rather than tracking inward).

Partially-Devel oped Offtracking

Partially-devel oped offtracking is of concern wheretrucks
traverse shorter curves or, moreimportantly, curves of smaller
radius. Partially-developed offtracking is of particular inter-
est as it affects the design of intersections or other locations
where vehicles are required to turn rather sharply.

In contrast to fully-developed offtracking, partialy-
developed offtracking cannot be determined from solving a
simple equation, even for the case where the tractor travels
onasimplecircular path. Early attemptsto estimate thistype
of offtracking were made using amechanical device caled a
Tractrix integrator, basically a simple scale model of the
truck in question. In the early 1980s, computer programs to
compute offtracking and swept path width for any specified
truck configuration began to be developed (23,24,25). A
commercially available software package, known as
AutoTURN, is now commonly used by highway agencies to
determine partially-devel oped offtracking. All such computer
programs operate by moving the front axle of a specified
vehicle forward in small steps or increments along a specified
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path and then computing the resulting location of the rear
axle(s).

Table 23 presents the maximum low-speed offtracking and
swept path width in 90-deg turns of varying radii for selected
design vehicles, including design vehicles from the 2001
Green Book and the proposed new or revised design vehicles
presented in Chapter 4. The derivation of these offtracking
and swept path width valuesis described in Appendix C.

The FHWA Truck Characteristics study (2,3) found, and
thedatain Table 23 devel oped in thisresearch confirm, that
the swept path widths for trucks the size of the WB-19
[WB-62] or larger are so great that the truck cannot make a
90-deg right turn from one two-lane road to another while
remaining within a 3.6-m [12-ft] lanefor turning radii of 23 m
[75 ft] or less. Trucks making such turns at locations with
curb return radii less than 23 m [ 75 ft] must either encroach
on theroadway shoulder (or curbline) or on an opposing lane.
This observation is borne out by the truck turning observa-
tions presented in the next section. On aturn between multi-
lane roads, trucks with sizes up to the WB-23BD [WB-77BD]
can make a 90-deg right turn while encroaching on an adja-
cent same-direction lane, but without encroaching on an
opposing lane. Trucks with sizes greater than or equal to the
WB-30D [WB-92D] are not physically capable of making a
90-deg right turn with aradius of 23 m [75 ft] or less.

Observed Low-Speed Offtracking

The above discussion of offtracking makes use of math-
ematical models. Although drivers may approximate those

TABLE 23 Maximum low-speed offtracking and swept path width for selected design vehiclesin 90-degreeturns

Maximum offtracking (ft) for specified turn

Maximum swept path width (ft) for

radius specified turn radius

Design vehicle type Symbol 50 ft 75 ft 100 ft 150 ft 50 ft 75 ft 100 ft 150 ft
Single-unit truck SuU 3.8 2.7 1.8 11 11.8 10.7 9.8 9.1
Single-unit truck (three-axle) SuU25 6.1 4.3 3.2 21 14.1 12.3 11.2 10.1
Interstate semitrailer WB-62 16.8 12.8 10.1 6.9 25.0 211 18.4 15.1
Interstate semitrailer
(revised)? WB-62 17.0 13.1 10.3 7.0 25.3 21.3 18.6 15.3
Interstate semitrailer WB-67 19.4 15. 12.1 8.3 27.6 23.4 20.3 16.6
Interstate semitrailer” WB-67 (41-ft

KCRT) 17.0 13.1 10.3 7.0 25.3 21.3 18.6 15.3
Long interstate semitrailer WB-71 215 17.0 13.8 9.6 29.8 25.3 22.0 17.9
Long interstate semitrailer® WB-71 (41-ft

KCRT) 17.0 131 10.3 7.0 25.3 21.3 18.6 15.3
“Double-bottom”-
semitrailer/trailer WB-67D 11.5 8.3 6.3 4.2 19.7 16.6 14.6 12.5
Longer “double-bottom™-
semitrailer/trailer WB-77D 14.2 10.6 8.2 5.5 22.4 18.8 16.4 13.7
B-train double-
semitrailer/semitrailer WB-77BD 15.6 11.7 9.1 6.1 23.9 20.0 17.4 14.4
Rocky mountain double-
semitrailer/trailer WB-92D - - 12.7 8.7 - - 21.0 17.0
Turnpike double-
semitrailer/trailer WB-109D - - 17.1 12.0 - - 25.3 19.2
Long turnpike double-
semitrailer/trailer WB-120D - - 17.9 12.6 - - 26.1 20.8

# Proposed revision to WB-62 design vehicle; KCRT distance increased from 40.5 to 41.0 ft.
® WB-67 design vehicle with axles pulled forward to obtain 41.0-ft KCRT distance.
¢ WB-71 design vehicle with axles pulled forward to obtain 41.0-ft KCRT distance.
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findings, inreality thereisafair amount of dispersionin the
actual paths used. DeCabooter and Solberg obtained actual
offtracking paths for a number of intersections in Wiscon-
sin (26). The data were obtained using several synchronized
cameras, whose photos were later analyzed and the actual
paths determined by phototriangulation.

Figure 22 illustrates the results found. Although most
drivers approached the intersection with the left front tire on
the centerline, some were in the opposing lane. The position
where they began their turns varied somewhat. And, at this
particular intersection, most intruded into the opposing lane
of the target intersection, and a few mounted the curb.

High-Speed Offtracking

When avehicle movesthrough acurve at higher speed, the
rear axles of the vehicle tend to move outward. Thistendency
to move outward is called high-speed offtracking. It actsin
the opposite direction to low-speed offtracking, so the two
phenomena tend to counteract each other. At lower speeds,
low-speed offtracking predominates; as the speed increases,

the net offtracking isreduced. At sufficiently high speeds, the
two phenomena exactly cancel, resulting in no net offtrack-
ing, and at still higher speeds the net result is that the rear of
the vehicle tracks outside of the front.

The quantification of fully-developed high-speed offtrack-
ing was initially modeled by Bernard and Vanderploeg (27),
and their model was later expanded by Glauz and Harwood
(22). The model includes the fully-devel oped |ow-speed off-
tracking terms discussed above, plus a speed-dependent por-
tion, which is the high-speed contribution. It is proportional
to the axle spacing, P, not toits square asisthe case with low-
speed offtracking. It is, however, proportional to the square
of the truck speed and increases with decreasing path radius.
In practice, net outward offtracking, due to the high-speed
term becoming dominant, does not occur until speeds reach
the neighborhood of 89 km/h [55 mph], for example, on
highway entrance or exit ramps. Net outward offtracking
rarely exceeds 0.6 m [2.0 ft].

Because net high-speed offtracking is usually not asignif-
icant factor in roadway design, compared with low-speed
offtracking, itstransient or partially-devel oped form has not
been studied.

MUNICIPAL
PARKING LOT

120.7

-

¥ zuNDERWOOD ST
(WIS 23)

MONTELLD

(WIS 23)
MONTELLO ST

MONTELLO TRUCK STUDY
TURNING ANGLE 92°
DIMENSIONS IN FEET & TENTHS

Figure 22. Observed wheelpaths for combination trucks turning right at an intersection

in Montello, Wisconsin (26).
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TRAILER SWINGOUT

The front of atrailer is generally ahead of the front axles
that support the trailer. Similarly, the rear of atrailer gener-
ally overhangs the rear axles. As aresult, during a turn the
front of the trailer swings to the outside of the front trailer
axles (front swingout) and therear of thetrailer swingsto the
outside of the rear axles (rear swingout). Front and rear
swingout areillustrated in Figure 23.

Swingout is (1) a function of the trailer wheelbases and
other dimensions and the radius of the turn and (2) can be
guantified using a modification of the low-speed offtracking
programs discussed above.

On some trailers, the consequences of front swingout are
reduced by beveling or rounding thefront of thetrailer. Never-
theless, in practical trailer configurations, the front overhang
of atrailer isonly of theorder of 1 m[3ft], and front swingout
persists for only afew seconds during aturn. Moreover, it is
clearly visible to, and thus under the control of, the driver. For
these reasons, drafters of NAFTA AN standards have sug-
gested a fairly liberal limitation of no more than 0.45-m
[18-in] front swingout in a 90-deg turn of 14.0 m [45.9 ft].

On the other hand, rear overhang can be substantial. For
example, with a 16.2-m [53-ft] semitrailer with the rear
axles moved forward to satisfy a 12.5-m [41-ft] king-pin-
to-rear-axle limitation, the rear overhang istypically 2.7 m
[9 ft]. Although rear swingout is not as pronounced as front
swingout due to the geometrics involved, it can persist for
much longer periods of time during aturn and is out of view
of the driver. For these reasons, the drafters of the NAFTA
IAN criteria have suggested a limitation of no more than
0.2 m [8in] of rear swingout in a 90-deg turn of 14.0-m
[45.9-ft] radius.

Table 24 shows the maximum rear swingout in 90-deg
turns for varying radii for selected design vehicles, includ-
ing design vehicles from the 2001 Green Book and the pro-
posed new or revised design vehicles presented in Chapter 4.

Rear Swingout

Figure23. lllustration of front and rear swingout for a
tractor-trailer combination making a turn (8).

The derivation of these maximum rear swingout values is
described in Appendix C.

The results for 15.3-m [50-ft] turns in Table 24 indicate
that most of the current and proposed Green Book design
vehicles are well within the proposed NAFTA IAN criteria,
with two exceptions. Firgt, the WB-20 [WB-67] design vehi-
clevery dightly exceedsthel AN criteriaif theaxlesarepulled
forward to obtain a 12.5-m [41-ft] KCRT distance; the mod-
eled valueisso closeto thel AN criterion that it may bewithin
the margin of error. The WB-22 [WB-71] design vehicleisin

TABLE 24 Maximum rear swingout for selected design vehiclesin 90 degreeturns

Maximum rear swingout (ft) for specified turn radius

Design vehicle type Symbol 50 ft 75 ft 100 ft 150 ft
Single-unit truck SuU 0.35 0.24 0.18 0.12
Single-unit truck (three-axle) SuU25 1.07 0.73 0.53 0.35
Interstate semitrailer WB-62 0.18 0.14 0.09 0.06
Interstate semitrailer (revised)? WB-62 0.17 0.13 0.09 0.06
Interstate semitrailer WB-67 0.17 0.14 0.10 0.07
Interstate semitrailer” WB-67 (41-ft KCRT) 0.69 0.51 0.41 0.27
Long interstate semitrailer WB-71 0.17 0.13 0.10 0.07
Long interstate semitrailer® WB-71 (41-ft KCRT) 1.45 1.08 0.84 0.61
“Double-bottom”-semitrailer/trailer WB-67D 0.08 0.05 0.05 0.03
Longer “double-bottom”-semitrailer/trailer WB-77D 0.13 0.11 0.08 0.06
B-train double-semitrailer/semitrailer WB-77BD 0.17 0.12 0.10 0.07
Rocky mountain double-semitrailer/trailer WB-92D - - 0.05 0.04
Turnpike double-semitrailer/trailer WB-109D - - 0.09 0.06
Long turnpike double-semitrailer/trailer WB-120D — - 0.37 0.27

® Proposed revision to WB-62 design vehicle; KCRT distance increased from 40.5 to 41.0 ft.
> WB-67 design vehicle with axles pulled forward to obtain 41.0-ft KCRT distance.
¢ WB-71 design vehicle with axles pulled forward to obtain 41.0-ft KCRT distance.
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compliance with the IAN criterion if the rear axles are
pushed back close to the rear of the trailer, but this design
vehicleissubstantially out of complianceif therear axlesare
pulled forward to obtain a 12.5-m [41-ft] KCRT distance.
Thus, itisnot possiblefor the possiblefuture WB-22 [WB-71]
to simultaneously satisfy thel AN rear swingout criterion and
the KCRT limitations of many states.

It is important to recognize that rear swingout, like low-
speed offtracking, grows as the truck proceeds through aturn.
Although the outside rear corner of thetrailer follows a path
outside of therear trailer wheels, it isinside of the swept path.
The outside of the swept path is determined by the outside
front wheel of the tractor and not by the trailer wheels. This
phenomenon is illustrated by Figure C-23 in Appendix C.
This finding suggests that rear swingout is rarely a concern
to other vehicles, unless they are making a parallel turn.

BRAKING DISTANCE

Braking distance is defined in the Green Book as “the dis-
tance needed to stop the vehicle from the instant brake appli-
cation begins.” Braking distanceis used in the determination
of many highway design and operational criteria, including
stopping sight distance, vehicle change intervals for traffic
signal's, and advance warning sign placement distances. Cur-
rently, all of these design and operational criteria are based
on passenger car braking distances and do not consider the
longer braking distances required for trucks. The process of
bringing a truck to a stop requires a complex interaction
between the driver, the brake system, the truck tires, the
dimensions and loading characteristics of the truck, and the
pavement surface characteristics. Because truck braking is
much more complex than passenger car braking, it is neces-
sary to discuss how each of these characteristics affectstruck
braking distances.

Tire-Pavement Friction in Braking Maneuvers

Vehicles are brought to a stop by brakes that retard the
rotation of thewheelsand 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.

For a horizontal pavement, the coefficient of braking fric-
tion (f,) is defined asthe ratio of the horizontal braking force
(F,) generated at the tire-pavement interface to the vertical
load (F,) carried by thetire. In other words

=
f, = Ey )

Side forces, or “cornering forces,” can interact with the
braking force and affect the ability to stop avehiclein acon-
trolled manner. If a vehicle is being steered to follow a

curved path, tire-pavement friction supplies a cornering
force, tending to keep the vehicle from departing itsintended
path. The coefficient of cornering friction (f,) is the ratio of
the cornering force (F,) generated at the tire-pavement inter-
facetothevertical load (F,) carried by thetire. In other words

-k
fX - Fz (3)

Figure 24 illustrates that both braking and cornering fric-
tion vary as a function of percent dip, 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 diding
across the pavement. Figure 24 shows that the coefficient of
braking friction increases rapidly with percent dlip to a peak

_[ Peak Braking Coefficient, fp

|
|
| 1

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

Sliding Braking Coetfficient, fs

COEFFICIENT OF
BRAKING FRICTION

Maximum Cornering Coefficient, Cp

COEFFICIENT OF
CORNERING FRICTION

liding Cornering Coefficient, Cg |
0% 100%

PERCENT SLIP

(Rolling Wheel) (Locked Wheel)

Figure24. Variation of braking and cornering friction
coefficients with percent dlip.
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value that typically occurs between 10 and 15 percent dlip.
The coefficient of braking friction then decreases as percent
dlip increases, reaching a level known as the coefficient of
diding friction at 100 percent dlip.

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

Locked-Wheel Braking Versus
Controlled Braking

The discussion of Figure 24 implies that braking maneu-
vers can be performed in two general modes: locked-wheel
braking and controlled braking. Locked-wheel braking occurs
when the brakes grip the wheel stightly 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 or skid
over the pavement surface onitstires. Locked-wheel braking
uses dliding friction (100 percent slip) represented by the
right end of the graph in Figure 24, rather than rolling or peak
friction. The dliding coefficient of friction takes advantage of
most of the friction available from the pavement surface, but
is generaly less than the peak available friction. On dry
pavements, the peak coefficient of friction isrelatively high
with very little decrease in friction at 100 percent slip. On
wet pavements, the peak friction is lower, and the decrease
in friction at 100 percent dlip is generally larger.

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

_v?
BD = 307, 4)

where

BD = braking distance (ft)
V =initial speed (mph)
fs = coefficient of dliding friction

The coefficient of dliding friction in Equation 4 is mathe-
matically equivalent to the decel eration rate used by the vehi-
cle expressed as a fraction of the acceleration of gravity (g),
equal to 9.8 m/s? [32.2 ft/s?]. The coefficient of friction and,
thus, the deceleration rate may vary as a function of speed
during the stop, so fs in Equation 4 should be understood as
the average coefficient of friction or deceleration rate during
the stop.

Controlled braking is the application of the brakesin such
a way that the wheels continue to roll without locking up
while the vehicle is decelerating. Drivers of vehicles with
conventional brakes generally achieve controlled braking by
“modulating” the brake pedal to vary the braking force and
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to avoid locking thewheels. Controlled braking distances are
governed by the rolling coefficient of friction, which, for a
typical vehicle, occurs at avalue of percent slip to the left of
the peak available friction shown in Figure 24. Due to the
steep slope of the braking friction curveto theleft of the peak
and due to braking techniques used by driversto avoid wheel
lock up, the average rolling friction utilized by vehicles is
generaly lessthan the diding friction coefficient. Therefore,
controlled braking distances are usually longer than locked-
wheel braking distances, although theoretically they would
be lessif the driver could use pesk braking friction.

L ocked-wheel braking iscommonly used by passenger car
drivers during emergency situations. Passenger cars can
often stop in a stable manner, even with the front wheels
locked. In thissituation, the driver loses steering control, and
the vehicle generally slides straight ahead. On atangent sec-
tion of road this is perhaps acceptable behavior, although on
a horizonta curve the vehicle may leave its lane and possi-
bly the roadway.

Combination trucks, by contrast, have much more diffi-
culty stopping in the locked-wheel mode. Figure 25 illus-
trates the dynamics of atractor-trailer truck if its wheels are
locked during emergency braking (17). The behavior depends
on which axle locks first—they usually do not al lock up
simultaneously. When the steering wheels (front axle) are
locked, steering control iseliminated, but thetruck maintains
rotational stability and it will skid straight ahead. However,
if therear wheels of thetractor arelocked, that axle slidesand
the tractor rotates or spins, resulting in a“jackknife” loss of
control. If thetrailer wheelsarelocked, those axleswill dlide,
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 trucksis considered safe. There-
fore, itisessential that trucksstop inacontrolled braking mode
and that highway geometric design criteria recognize the dis-
tances required for trucks to make a controlled stop.

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

Steering Wheels Tractor Rear Trailer Wheels
Locked Wheels Locked Locked
I 1 I
| | ]
[ ;
: i1/ |
|
|
i {
| 1 |
Plow Out Jockknife Trailer Swing
(Con't Steer) (Troctor Spins) (Troiter Spins)

Figure25. Tractor-trailer dynamics with locked wheels
(17).
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V2
where

BD = braking distance (ft)
f, = coefficient of rolling friction
V =initial speed (mph)

Asin the case of dliding friction, the coefficient of rolling
friction (f,) in Equation 5 represents the average coefficient
of friction or average deceleration rate during the entire con-
trolled stop.

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 brak-
ing. The deceleration rates used by trucks in making a con-
trolled stop are represented by f, in Equation 5. The follow-
ing discussion reviewsthe principal individual pavement and
tire characteristics that affect the value of f, and, thus, the
braking distance of atruck. Additional factorsthat can affect
braking distance include road roughness, brake adjustment,
and brake lining temperature (2,3).

Pavement Properties

The shape of the braking friction curve in Figure 24 is a
function of both pavement and tire properties. Highway agen-
ciesgenerally measure pavement friction by meansof locked-
wheel skid testswith a*“standard” tire. These tests determine
avaueequivalenttofsin Equation 4. Theresults of thesetests
are often multiplied by 100 and referred to as skid numbers
rather than coefficients of friction. Although skid numbersare
usually determined at 64 km/h [40 mph], aprocedureisavail-
able to determine the skid number at any speed from the skid
number at 64 km/h [40 mph] (28,29,30). The peak coefficient
of friction (f) can be estimated from the dliding coefficient of
friction by the following relationship (28):

f, = 1.45f (6)

Equation 6 represents the average relationship for truck
tires between peak and dliding friction; this relationship can
vary markedly between pavements and for the same pave-
ment under wet and dry conditions. Pavements generally
have much lower coefficients of friction under wet condi-
tions than under dry conditions, so highway design criteria
are generally based on wet conditions.

Estimates of braking distance by Olson et al. used an
assumed pavement skid number at 64 km/h [40 mph] (SN )
equal to 28 (28). The Green Book criteria for stopping sight

distance prior to the 2001 edition were based on a pavement
with SN, equal to 32.

Pavement surface condition (wet versus dry) has an impor-
tant bearing on braking distances. Locked-whed braking is
directly related to the tire-pavement friction coefficient, but
controlled braking is less so. Trucks require greater braking
distancesthan passenger carson dry pavements, but NCHRP
Synthesis 241 reports that the braking distances of passenger
cars and trucks on wet pavements are nearly equal.

Tire Properties

Truck tires are designed primarily for wear resistance. For
this reason, they tend to have somewhat lower wet friction
coefficients than passenger car tires. It is generally estimated
that truck tires have coefficients of friction that are about 70%
of those of passenger car tires (28). However, passenger car
tires generally have coefficients of friction that are about
120% of the friction coefficients of the standard tires used in
skid testing. Thus, the peak coefficient of friction can be esti-
mated from skid test results with the following relationship:

f, = (1.20)(0.70)(1.45)f, = 0.0122SN, @

The coefficient of friction for truck tires decreases as the
tires wear and their tread depth decreases. New truck tires
have tread depths of 12 mm [*%/s in] for ribbed tires and
25 mm [3Ys21n] for lug typetires. Olson et al. assumed, based
ontheliterature, that the tread wear of truck tireshasvery lit-
tle effect on their frictional properties until the tread depth
falsbelow 10 mm [¥/zz in] (28,31). Tire tread depth has lit-
tle effect on the coefficient of friction on pavements with
high macrotexture, but the coefficient of friction does
decrease substantially with tread depth for smooth, poorly
textured pavements (32). The following relationship was
used by Olson et al. to estimate the reduction in friction coef-
ficient of tires astheir tread depth decreases (28):

Af,(1-x/n)

TF=1-—"C

(8)

P

where

TF = adjustment factor for tire tread depth
Af, = differencein coefficient of friction between new and
bald (completely worn) tires
X = remaining tread depth (in) (use /a2 if X = 12/3)
n=minimum tread depth with coefficient of friction
equivalent to anew tire (assumed: 3/ in)

Equation 8 is probably based on studies of passenger car
tires, but no equivalent relationship for truck tiresis currently
available.

Data on the coefficients of friction for various types of
truck tires are available in References 18, 32, 33, and 34.
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Both References 32 and 33 indicate that the friction coeffi-
cientsof truck tiresdecrease dightly withincreasing axleload.
Tire inflation pressure has very little effect on peak friction
coefficient (f,), but increasing the inflation pressure from 47
to 70 kPa[68to 102 psi] resultsinavery small loss (lessthan
10%) in the sliding friction coefficient (fs) (34).

Braking Efficiency

Conventional Braking Systems. Conventional truck brak-
ing systems are limited in their ability to take full advantage
of al 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% of the pesk available fric-
tion (35). Both Fancher and Olson et a. assume that this same
level of braking efficiency isapplicableto tractor-trailer trucks
(28,35). A primary reason for thisrelatively low level of brak-
ing efficiency is that most controlled braking takes place at a
value of percent dip less than the level which produces the
peak braking friction coefficient. Several other vehicle-related
factorsthat contributeto low braking efficienciesarereviewed
inthissection. Antilock brake systems, which enableincreases
in braking efficiency, are also discussed.

By way of introduction, the operation of air brakes—the
usual braking system for combination trucks—is reviewed.
Air brake systems use compressed air to transmit and
amplify the driver’ sinput from the brake pedal to the brakes
onindividua wheels. The use of air asan amplifying medium
results in a slight delay in the system response due to the
compressibility of air. (In contrast, hydraulic braking sys-
tems provide an almost immediate response, but are not oper-
ationally feasible for truck combinations that must be fre-
quently disassembled and reassembled.) Oncethe brake pedal
isreleased, theair inthe system isexpelled to the atmosphere
and isreplaced by air from a compressor on board the trac-
tor. Therefore, air brakesare not “pumped,” as might be done
in making a controlled stop with hydraulic brakes. Pumping
of air brakes will result in the rapid depletion of the com-
pressed 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.
Thisbraking practiceis 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 caus-
ing the wheels to lock.

Antilock Brake Systems. The purpose of antilock brakes
isto take full advantage of the available tire-pavement fric-
tion capabilities without locking the wheels and losing vehi-
cle control. Antilock brake systemstry to achieve and main-
tain the peak coefficient of tire-pavement friction shown in
Figure 24, thereby maximizing the braking effort.
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Antilock brake systems operate by monitoring each wheel
for impending lock up. When wheel lock up is anticipated,
the system reduces brake pressure on the wheel. When the
wheel beginsto roll freely again, the system reapplies brak-
ing pressure. The system constantly monitors each wheel and
readjuststhe brake pressure until thewheel torqueisno longer
sufficient to lock the wheel. The antilock brake systemis con-
trolled by an onboard microprocessor.

Antilock brake systems are now required for new trucks,
tractors, and trailersin accordance with Federal Motor Vehicle
Safety Standard (FMVSS) 121 (36). Antilock brake systems
have been required for air-brake-equipped tractors manufac-
tured on or after March 1, 1997; and air-brake-equipped trail-
ers and single-unit trucks manufactured on or after March 1,
1998. Antilock brake systemswere also available as an option
for some of these vehicles before those dates.

Truck tractors have auseful life of approximately 7 years.
Therefore, nearly all truck tractors in the current fleet have
antilock brakes or will soon be replaced by atractor that does.
Thus, the use of antilock brakes in the tractor fleet can be
regarded as nearly 100%.

Truck trailers have a useful life of approximately
20 years. Thus, only about 5% of thetrailer fleet isreplaced
each year. There has not been sufficient time since March 1,
1998, for antilock brake systems to come into use for trail-
ersas completely asthey havefor tractors. A field survey at
truck weigh stations conducted in three states during 2002
as part of thisresearch, and presented in Appendix B of this
report, found that approximately 43% of trailers are equipped
with antilock brake systems. Based on the service life of trail-
ers, it can be expected that within 10 years nearly all trailers
will be equipped with antilock brake systems.

FMVSS 121 specifies a performance standard for truck
braking distance. The required braking distances are sum-
marized in Table 25. These criteria apply to tests of the truck
service brakes on a dry pavement with a peak friction coef-
ficient of 0.9.

Driver Control Efficiency

Most drivers, including truck drivers, havelittle or no prac-
tice in emergency braking situations. Thislack of expertisein
modulating the brakes in critical situations results in braking
distances that are longer than the vehicle capability. Olson et
al. evaluated the effect of driver efficiency on braking distance
using both experienced test drivers and professiona truck
drivers without test track experience (28). Their study found
that the driver efficienciesranged from 62 to 100% of the vehi-
cle capability. The braking performance of the drivers tended
toimprove during thetesting period asthe drivers gained expe-
riencein emergency stopping. Because so many driverson the
road lack experience in emergency braking, the study recom-
mended the use of adriver efficiency of 62% in stopping sight
distance design criteria. However, it should be recognized that
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TABLE 25 Truck braking distances specified as performance criteria for antilock brake

systemsin FMVSS 121 (36)

Truck braking distance (ft)2

Loaded single-unit

Loaded truck tractors

Unloaded truck tractors with an unbraked

Vehicle speed (mph) truck and single-unit trucks control trailer
20 35 38 40
25 54 59 62
30 78 84 89
35 106 114 121
40 138 149 158
45 175 189 200
50 216 233 247
55 261 281 299
60 310 335 355

@ Braking distance for truck service brakes; separate criteria apply to truck emergency brakes.

this is a very conservative choice. The best-performance
drivers can operate at efficiencies approaching 100%. Further-
more, because antilock brake systems are becoming ever more
common, and will soon be the norm, the concern over driver
efficiency is eliminated by providing computer-controlled
modul ation of the brakesto achieve minimum braking distance,
equivalent to adriver efficiency of 100%.

Estimation of Braking Distances

Olson et al. have suggested amodel to predict braking dis-
tance as a function of pavement surface characteristics, tire
characteristics, vehicle braking performance, and driver con-
trol efficiency (28). Parametrically, the model expresses the
coefficient of rolling friction, f,, as

f,=f,x TFxBExCE 9

where

fo = peak braking friction coefficient available given the
pavement surface characteristics

TF = adjustment factor for tiretread depth (see Equation (8))

BE = adjustment factor for braking efficiency (the effi-

ciency of the braking system in using the available

TABLE 26 Truck deceleration ratesand braking distances

friction, typically 0.55t0 0.59 for conventional brak-
ing systems)

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

The factors that influence each term of Equation 9 have
been addressed in the preceding discussion.

Based on Equation 9, the FHWA Truck Characteristics
study (2,3) estimated truck braking distancesfor atruck with
a conventional braking system and the worst-performance
driver, atruck with a conventional braking system and the
best-performance driver, and a truck with an antilock brake
system. Table 26 presents these braking distances along with
the updated assumptions about controlled braking distance
presented in the 2001 Green Book.

DRIVER EYE HEIGHT

Driver eye height is a combined driver and vehicle char-
acteristic that is essential to the evaluation of sight distance
issues. Truck drivers generally have substantially higher eye
heights than passenger car drivers, which meansthat a truck

Deceleration rate (g)*

Braking distance (ft)*

Vehicle Previous Current Worst- Best- Antilock Previous Current Worst- Best- Antilock
speed AASHTO AASHTO performance performance brake AASHTO AASHTO performance performance brake
(mph) policy” policy® driver driver® system policy” policy® driver’ driver® system

20 0.40 0.35 0.17 0.28 0.36 33 38 7 48 37
30 0.35 0.35 0.16 0.26 0.34 86 86 186 115 88
40 0.32 0.35 0.16 0.25 0.31 186 152 344 213 172
50 0.30 0.35 0.16 0.25 0.31 278 238 538 333 269
60 0.29 0.35 0.16 0.26 0.32 414 343 744 462 375
70 0.28 0.35 0.16 0.26 0.32 583 467 1,013 628 510

Z Based on an empty tractor-trailer truck on a wet pavement with SN4o = 32.
Based on 1994 Green Book
¢ Based on 2001 Green Book
Based on driver control efficiency of 0.62.
¢ Based on driver control efficiency of 1.00.
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driver can see farther than a passenger car driver on the
approach to vertical sight restrictions.

The AASHTO Green Book specifies a value of 1,080
mm [3.5 ft] for driver eye height, based on consideration of
a passenger car as the design vehicle. By contrast, a value
of 2,400 mm [8.0 ft] isrecommended by the Green Book for
truck driver eye height. This value is based on relatively
recent field studies by Fambro et al. (37) and does not appear
to be in need of updating.

TRUCK ACCELERATION CHARACTERISTICS

Two aspects of truck acceleration performance are con-
sidered in thissection. Thefirst aspect isthe ability of atruck
to accelerate from afull stop to clear a specified hazard zone
such as an intersection or railroad-highway grade crossing.
Typicaly, ahazard zone of thistypeislessthan 66 m [200 ft]
long; as aresult, the speed attained by the truck islow. This
first aspect of truck acceleration performance is, therefore,
referred to as low-speed acceleration. The second aspect of
truck acceleration is the ability of atruck to accelerate to a
high speed, either from a stop or from a lower speed. This
type of acceleration, referred to here as high-speed acceler-
ation, isneeded by trucksin passing maneuversand in enter-
ing a high-speed facility.

Low-Speed Acceleration

The low-speed (or start-up) acceleration ability of atruck
determines the time required for it to clear arelatively short
hazard zone such as an intersection or railroad-highway
grade crossing. The primary factors that affect the clearance
times of trucks are

 Length of hazard zone,

« Length of truck,

* Truck weight-to-power ratio,

* Truck gear ratio, and

» Roadway geometry (i.e., percent grade and curvature).

State and Federal regulations require vehicles transporting
passengers and hazardous materialsto accelerate at railroad-
highway grade crossingswithout shifting gears. The assump-
tion that the truck does not shift gearsis probably lessrealis-
tic at intersections than at railroad-highway grade crossings.
When shifting gears is allowed, a truck can reach a higher
speed but, simultaneously, it loses speed during the delay
when the driver isshifting gears. Therefore, the overall effect
on clearance time, assuming that there is no gear shift, may
be negligible unless the hazard zone is quite long.

A simplified analytical model of the low-speed accelera
tion of trucks has been developed by Gillespie (38). The
Gillespie model estimates the time required for a truck to
clear ahazard zone, starting from afull stop, as
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_0.682(Ly; +Lr)

mg

te +3.0 (10)

where

t. = timerequired to clear zone (s)
Lz = length of hazard zone (ft)
L+ =length of truck (ft)
Vg = maximum speed in the gear selected by the driver

(mph)

Equation 10 is based on the assumption that the distance
traveled by the truck during the clearance time is the length
of the hazard zone plusthelength of thetruck, Lz + L+. Nei-
ther the weight nor the weight-to-power ratio of the truck is
considered explicitly in Equation 10, althoughitisimplicitly
assumed that the weight-to-power ratio would affect the
driver’ schoice of gears. The model assumesthat, when start-
ing from afull stop, atruck rather quickly reaches the maxi-
mum speed in the gear selected by the driver and then trav-
elsat that constant speed until it clearsthe hazard zone. Thus,
Equation 10 isessentially a constant speed model, and accel-
eration rates, as such, are not meaningful. On a level road,
Vg Can be calculated as

_60

= ay

mg

where gr = gear ratio selected by the driver

This model of low-speed acceleration is based on the
assumption that the gear design, engine speed, and tire size
of the truck are such that its maximum speed in high gear
without overdrive (gear ratio 1: 1) is 97 km/h [60 mph].

The estimated clearance times for a 19.8-m [65-ft] tractor-
trailer truck, obtained from Equation 10, aregivenin Table 27.
The values of clearance times on grades are greater than
those on no grade because the truck speed, V., islower, as
illustrated in Table 27.

The Gillespie model was compared with theresults of field
observations of time versus distance for 77 tractor-trailer
trucks crossing zero-grade intersectionsfrom afull stop (38).
These data are shown in Figure 26. There is no information
on the weights or weight-to-power ratios of these trucks,
athough they probably vary widely. A line representing the
clearance time predicted by Equation 10 for alevel gradeis
also presented in thefigure. Equation 10 providesarelatively
conservative estimate of clearance times, given that most of
the experimental points fall below the prediction.

The experimental data in Figure 26 can be bounded by
two parallel lines representing the maximum and minimum
observed clearance times.

Hutton collected data on the acceleration performance of
31 tractor-trailer combinations (39). Most of the trucks eval-
uated by Hutton were cab-over-engine tractors pulling twin
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TABLE 27 Clearancetime (s) for low-speed acceleration by a 19.8-m [65-ft] tractor-semitrailer
Length of hazard zone (ft)
Percent Ving
grade (mph) 30 40 50 60 70 80 90 100 110 120
0-2 8 11.1 1.9 2.8 3.7 4.5 5.4 16.2 17.1 17.9 18.8
3-5 6 13.8 14.9 16.1 17.2 18.3 19.5 20.6 21.8 22.9 24.0
6-10 5 16.0 17.3 18.7 20.0 21.4 22.8 24.1 255 26.9 28.2
11-13 4 19.2 20.9 22.6 24.3 26.0 27.7 29.4 311 32.8 345

8.2-m [27-ft] trailers. The engine horsepower of the trucks
ranged from 170 to 283 kW [228to 375 hp], whiletheir gross
vehicle weights ranged from 15,100 to 40,900 kg [33,250 to
89,900 Ib]. Figure 27 illustrates the resulting timeversus dis-
tance curves determined by Hutton for initial acceleration by
trucks with weight-to-power ratios of 60, 120, 180, and 240
kg/kW [100, 200, 300, and 400 Ib/hp].

The Hutton data can be used to calculate clearance times
and then compared with the clearance times from the Gil-
lespie data from Figure 26. This comparison shows that the
Hutton data fall within the boundaries shown in Figure 26.
Moreover, all the Hutton data fall below the predictions of
Equation 10.

Based on these findings, the FHWA Truck Characteristics
study recommended that the range for clearance times for
trucks be revised as follows (2):

tmin = 4.2 +0.70,/36 +1.25(L ; +L,) (12)

tmax = 10.8 + 0.075(Lyz + L+) (13)
Table 28 presents the estimated minimum and maximum
clearance times for a 19.8-m [65-ft] truck to cross hazard
zones of varying length.
Fancher compared the results of two studies to the time
versus distance for low-speed accel eration from a stop spec-
ified in the Green Book and found that the average tested
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Figure26. Field observations of times for 19.8-m [ 65-ft]

tractor-trailer trucksto clear intersection distances after
starting from a stop (2, 38).

heavy vehicles performed with more acceleration than the
1984 Green Book criteriafor aWB-15 [WB-50] truck (40).

High-Speed Acceleration

Thereisasubstantial amount of performance datain thelit-
erature for acceleration from a stop to a high-speed. Figure 28
presents speed-versus-distance curves for acceleration to
high-speeds developed in References 41, 42, 43, 44, and 45.
(The values for Reference 45 are shown in Figure 28 as a
range.) All of these sources are dated prior to 1990 and reflect
the performance of past truck populations.

Hutton al so devel oped acceleration datafor trucksclassified
by weight-to-power ratio (39). Although these data were col-
lected in 1970, the fundamental rel ationships between weight-
to-power ratio and truck performance have not changed
substantially.

Figure 29 shows distance-versus-time curves for accel-
eration from a full-stop to higher speeds for 60, 120, 180,
and 240 kg/kW [100, 200, 300, and 400 Ib/hp] trucks (38).
These curves can be approximated by the following anal yt-
ical relationships:

Weight-to-power

ratio

(Ib/hp) Distance-time relationship
100 t = -15.1 ++/229 +1.64x (14)
200 t = —22.8 ++/523 +2.56x (15)
300 t = =22.0 +/480 +2.94x (16)
400 t = —26.6 +/708 +3.57x 17)

Figure 30 shows corresponding speed-versus-time curves
for the same trucks. The average acceleration rates for accel-
eration to 64 km/h [40 mph] from speeds of 0, 16, 32, and
48 km/h [0, 10, 20, and 30 mph] are given in Table 29, based
onthedatain Figure 30. Acceleration rates of trucksat higher
speeds are less than those given in Table 29. For example, the
acceleration rate for a60 kg/kW [100-1b/hp] truck to increase
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Figure 27. Observed time versus distance curves for initial acceleration
from a stop by tractor-trailer trucks (2, 39).
its speed from 56 to 88 km/h [35 to 55 mph] is 0.16 m/s? mV=PV -F - F,- mg sina (18)

[0.53 ft/s?], based on the curve in Figure 30. The corre-
sponding rate for a 120-kg/kW [200-1b/hp] truck is0.11 m/s?
[0.36 ft/?]. Figure 30 illustrates that 180- and 240-kg/kW
[300- and 400-Ib/hp] trucks cannot accelerate to 88 km/h
[55 mph] within the time scale shown on the figure.

SPEED-MAINTENANCE CAPABILITIES
ON GRADES

The primary factorsthat determine the ability of atruck to
maintain speed on an upgrade are

* Weight-to-power ratio,

* Percent grade of roadway,

* Aerodynamic drag,

* Ralling resistance,
 Drivelineéefficiency,

» Length of grade,

» Tiresize, and

» Transmission characteristics.

The speed of atruck on an upgrade can be approximated by
the following equation:

where

m = mass of truck

P = net engine power available at the drive wheels (hp)
V = speed (ft/s)

F, = rolling resistance force (Ib)

F., = aerodynamic drag force (Ib)

(= angle of the grade (degrees)

g = acceleration of gravity (9.8 m/s? [32.2 ft/s7])

The steepness of grade (a) can be expressed in the more con-

ventional percent grade form as 100 tan . The variable, V,

represents the time derivative of truck speed (dV/dt).
Equation 18 can also be written as

mg

mV = Wipv

F. —F, -mgsina (29)

where W/P is weight-to-power ratio in units of 1b/hp.

Another way to view truck performance on agradeis pro-
vided by Gillespie (46). Figure 31 shows the factors of Equa-
tions 18 and 19, expressed asforces propelling atruck forward

TABLE 28 Minimum and maximum clearance times (s) for a 19.8-m [65-ft]

tractor-trailer truck

Range of Length of hazard zone (ft)
clearance
times 30 40 50 60 70 80 90 100 110 120
tmin 45 4.9 5.2 55 5.8 6.1 6.4 6.7 7.0 7.2
tnax 17.9 18.7 194 20.2 20.9 21.7 22.4 23.2 23.9 24.7
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Figure28. Speed-versus-distance curves for truck acceleration froma

stop (2, 39).

or resisting its forward motion. This figure is for a very low
performance truck, by today’ s standards, that is barely able to
achieve 105 km/h [65 mph] on alevel road. At that speed, the
engine power limitisabout 15% of the vehicleweight, but that
is reduced to 13% of the vehicle weight by drive train losses.
Major losses are about 5% of the vehicle weight dueto rolling
resistance and 8% of the vehicle weight due to aerodynamic
losses. Thus, lossesrequireall the available engine power, and
no engine power is left for further acceleration. At speeds
above about 80 to 89 km/h [50 to 55 mph], the aerodynamic
losses dominate; at lower speeds, rolling resistanceis greater.

If the truck is on a grade, overcoming the grade becomes
extremely important. For this truck, even a small 1% grade
requires a force equal to about 8% of the vehicle weight to
overcome, so the maximum speed for this very low perfor-
mance truck is reduced to about 64 km/h [40 mph].

Severa of the key factorsin Equations 18 and 19 are dis-
cussed below.

Literature Review
Weight-to-Power Ratio

The ability of atruck 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 many

years, as tractor engines have become more and more power-
ful. Figure 32 illustrates the long-term trends in the weight-to-
power ratios of trucks. Thefigure showsthe severa linesillus-
trating trends in average wei ght-to-power ratios of trucksasa
function of grossweight from 1949 to 1975. Added to thefig-
ureisaline based on the 1977 Truck Inventory and Use Sur-
vey (TIUS), predecessor of the current VIUS survey, and
points representing the Gillespie data (46,47). A comparison
of the TIUS and Gillespie data demonstrates that the major
reason for the reduced weight-to-power ratios of trucks dur-
ing this period is a substantial increase in average engine
horsepower. The average tractor power in the 1977 TIUS
datawas 170 kg/kW [282 hp], in comparison with 210 kg/kW
[350 hp] inthe Gillespie data of 1984. The trend toward more
powerful engines for tractor-trailer combinations has contin-
ued through the 1980s and 1990s.

Table 30 presents average val ues of weight-to-power ratios
of trucks obtained from field observations at sites located in
the Eastern and Western parts of the United Statesin a 1985
report by Gillespie (46). The table shows the average weight,
power, and weight-to-power ratios of trucks by truck typeand
road class. The number of trucks observed for each road class
isgiven in parentheses following the road class.

Dataon truck performance on grades collected by Gillespie
in 1984 are shown astrianglesin Figure 32. Since the reported
results did not include the explicit distribution of weight-
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Figure29. Observed time versus distance curves for acceleration to high
speed from a stop by a tractor-trailer truck (2, 39).

to-power ratios, the database developed in that study was
obtained and reanalyzed in the FHWA Truck Characteristics
study (2,3). That study presents a detailed discussion of the
procedures used to derive weight-to-power ratios for over
3,000 individual trucks theoretically from their fina climb-
ing speeds and directly from the weights and rated horse-
powers of asample of approximately 500 trucks. Thisanaly-
sis addressed only combination trucks (tractor-trailers) and
addressed several factors including aerodynamic losses that

were not addressed by Gillespie. The distributions of truck
weight-to-power ratio were derived indirectly from the final
climbing speeds and directly from measured gross weights
and rated horsepowers. These distributions showed that the
median weight-to-power ratio for truckswas about 100 kg/kW
[175 Ib/hp], while the 87.5 percentile weight-to-power ratio
was about 150 kg/kW [250 Ib/hp].

There have been no data reported in the literature to indi-
cate how truck weight-to-power ratios have changed sincethe

70-1 10Q ib/hp
60+
50 Ib/hp
g 400 ib/hp
E 40-
[a]
o
o 30 Maximum Acceleration
w Performance Curve
204 Average Curve
Minimum Accelerotion
Performance Curve
10+
cl T 1) | 1 1) 1
O 20 40 60 80 1100 120 140 160 180 200
TIME (s)

Figure 30. Observed speed-versus-time curves for acceleration by truck
with various weight-to-power ratios (39).
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TABLE 29 Average acceleration capabilities of trucksfrom
specified speed to 64 km/h [40 mph] (39)

Weight-to- Acceleration rate (ft/sz)
power ratio
(Ib/hp) 0 mph 10 mph 20 mph 30 mph
100 1.87 1.70 1.47 1.29
200 1.22 1.08 0.96 0.79
300 0.91 0.81 0.72 0.58
400 0.71 0.61 0.50 0.36

NoTe: Based on speed-distance curves shown in Figure 30.

mid-1980s other than the results of afield study by Harwood
et a. (49) performed at one site on a two-lane highway in
Cdlifornia in 1997. Furthermore, the choice of a design
weight-to-power ratio should be based not on an average or
median value like those reported in Table 30, but on avaue
representative of trucksthat perform more poorly, such asthe
85th percentile weight-to-power ratio. To obtain up-to-date
data on the performance abilities on upgrades of the current
truck fleet, field studies were conducted as part of the current
research at nine sites on freeways and two-lane highwaysin
three states: California, Colorado, and Pennsylvania. In addi-
tion, the data from the 1997 study mentioned above for one
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or \\ \\
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two-lane highway sitein Californiawere alsoincluded in the
analysis. Tables 31 and 32 summarize the results for truck
weight-to-power ratios in these three states.

Comparison of Table 30 with Tables 31 and 32 suggests
that, since 1984, average truck weight-to-power ratios on
freeways have improved substantially in the western states
but have stayed about the same in the eastern states. No com-
parative data are available for two-lane highways.

Rolling Resistance

Therolling resistance of tires, F,, is defined as the ratio of
power lost due to rolling resistance to speed. F, can be esti-
mated using the following SAE equations:

F, =0.001(4.1 + 0.041 V) for redial tires (20)
F, =0.001(5.3 + 0.044 V) for mixed tires (21)
F. = 0.001(6.6 + 0.046 V) for bias-ply tires (22)

where V is speed in mph. Experimental rolling resistance
datafor selected truck tires can befound in theliterature (50).
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Figure31. Forcesacting on a vehicle as a function of speed (46).
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Figure32. Trendsin weight-to-power ratios of trucks
from 1949 to 1984 (46, 47, 48).

Aerodynamic Drag

The aerodynamic drag force is estimated by the following
relationship (43):

F.=1.1DC,AV? (23)

where

F. = aerodynamic drag (Ib)
D =air density (Ib/fd)
Cp =drag coefficient (0.6 with aerodynamic aids, 0.7
without)
A =truck frontal area (102 fa for van bodies, 75 fa for
cab only) (fd)
V = truck speed (mph)

VEHICLE LENGTH

Vehicle length is addressed primarily in other sections of
this report. Chapter 2 of this report addresses vehicle length
limits in truck size and weight policies. Chapter 3 addresses
the distribution of vehicle lengthsin the current truck popula-
tion. Chapter 4 addressesthe lengths of the Green Book design
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vehicles (and their individual tractors and trailers) and their
suitability for use to characterize the current truck population.

VEHICLE HEIGHT

Chapter 4 of thisreport addresses the heights of the Green
Book design vehicles. The maximum height of any of the
current design vehiclesis 4.1 m [13.5 ft]. Most trucks have
heights less than this. Chapter 6 addresses the rel ationship of
vehicle height to design criteriafor vertical clearance.

REARWARD AMPLIFICATION

When acombination vehicle makes asudden lateral move-
ment, such asto avoid an obstaclein theroad, itsvarious units
undergo different lateral accelerations. Thefront axlesand the
cab exhibit a certain acceleration, but the following trailer(s)
have greater accelerations. This has been experimentally ver-
ified and quantified (51). The lateral acceleration of the first
trailer may be twice that of the tractor, and the lateral accel-
eration of a second trailer may be four times as much.

Thefactorsthat contribute to increased lateral accelerations
of the trailing units, the phenomenon known as rearward
amplification (also called transient high-speed offtracking),
include the following:

* Number of trailing units;

 Shortnessof trailers (longer ones experience less ampli-
fication);

* Loose dolly connections;

» Greater loadsin rearmost trailers; and

* Increased vehicle speeds.

Quantifying rearward amplification in terms of multiples of
lateral acceleration may be appropriate for vehicle regulation,
but is not generally relevant to highway geometric design. It
has been recommended that a reasonable performance crite-
rion would be that the physical overshoot that a following
trailer exhibits during such a maneuver, relative to its fina
displaced lateral position, be limited to 0.8 m [2.7 ft] (51).

TABLE 30 Averageweightsand power valuesfor trucks (46)

Weight (Ib) 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-trailer

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
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TABLE 31 Summary of truck weight-to-power ratios
by percentilesfor freeway sites

Weight-to-power (Ib/hp) ratio

Percentile California Colorado Pennsylvania
5th 83 69 111
25th 112 87 142
50th 141 115 168
75th 164 152 194
85th 183 169 207
90th 198 179 220
95th 224 199 251

SUSPENSION CHARACTERISTICS

Thissection of thereport reviewsthe characteristics of truck
suspensions. The review is based primarily on a summary of
suspension characteristics from the NHTSA factbook of truck
characteristics (18). Other references are cited in the text as
appropriate.

The suspension of a heavy vehicle affects its dynamic
responses in three major ways:

* Determining dynamic loads on tires,

* Orienting the tires under dynamic loads, and

« Controlling vehicle body motions with respect to the
axles.

Suspension characteristics can be categorized by eight basic
mechanical properties:

» Vertical stiffness,

» Damping,

+ Static load equalization,

* Dynamic inter-axle load transfer,
» Height of roll center,

* Roll stiffness,

* Roll steer coefficient, and

« Compliance steer coefficient.

These suspension characteristics are important in deter-
mining the stability of trucks on horizontal curves.
Vertical Siffness: Dependent on Spring Siffness

Thevertical stiffnessof atruck suspensionismainly deter-
mined by the spring elements. Generally these elements are

TABLE 32 Summary of truck weight-to-power ratios
by percentilesfor two-lane highway sites

Weight-to-Power (Ib/hp) Ratio

Percentile California Colorado Pennsylvania
5th 79 68 79
25th 144 85.5 110
50th 186 107 180
75th 226 149 242
85th 246 180 280
90th 262 193 303
95th 281 214 331

either leaf springs or air springs. The vertical loads on the
tandem axle of thetrailer of aloaded truck can be up to four
times greater than when the trailer is unloaded (51). Given
that the load on the suspension can vary greatly, the springs
must be very stiff for afully loaded truck and much less stiff
for an unloaded truck. Air springsare particularly well suited
for such a range of loadings, because the spring rate can
change significantly with loading. With leaf springs, the stiff-
ness can also change under different loadings, but not quite
as much as with the air suspension. This creates a poor ride
quality for unloaded conditions. The friction of leaf springs
also affects its force-displacement relationship.

The range of vertica stiffnessfor the various types of sus-
pensions has been measured for aload of 4,500 kg [10,0001b]
on the front axles and 7,300 kg [16,000 Ib] on the rear axles.
Therange of vertical stiffness per axleisgivenin Table 33.

Damping: Dependent on Shock Absorbers
and Coulomb Friction of Leaf Springs

Suspensions that have leaf springs rely on coulomb fric-
tion for damping. Coulomb friction comes from the rubbing
at the interfaces of the various leaves of the spring. There-
fore, the damping is a function of mean load and displace-
ment. Air spring suspensions need shock absorbers to pro-
vide damping.

Damping has a moderate effect on rearward amplification
and the transient dynamic behavior of the vehicle. A lack of
damping can create asystem that islikely to oscillate and pro-
duce large dynamic loads on the axles. Damping is set so that
amaximum ride quality can be achieved. Increased damping
usually reduces rearward amplification of steering inputsin
multitrailer combination trucks and can, thus, increase stabil-
ity in emergency maneuvers. A typical range of values for
damping isgivenin Table 34.

Satic Load Equalization: Dependent on Coulomb
Friction and Mechanisms Intended to Distribute
Loads Evenly on Both Axles of a Tandem Set

Static load equalization results because the design of
tandem-ax|e suspensions tends to distribute the load equally
between the two axles of the tandem. Thistype of load equal-

TABLE 33 Typical range of vertical stiffness per
axlefor truck suspensions (18)

Range of vertical

Type of suspension stiffness (Ib/in)

Front suspension 2,000 - 2,750
Air suspension 1,000 - 7,000
Four-spring 8,000 - 21,000
Walking beam 10,000 - 21,000
Single-axle leaf spring 8,500 - 13,750
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TABLE 34 Typical range of damping
for truck suspension (18)

Type of suspension Range of damping (Ib)

Front suspension 800 - 1,250
Air suspension 550 - 1,200
Four-spring 1,200 - 2,700
Walking beam 700 - 2,000
Single-axle leaf spring 1,800 - 2,400

ization is a static quantity; dynamic inter-axle load transfers
are discussed in the next section.

Typically, most tandem axles are very good at distributing
the load evenly between the axles. Static measurements on
tandem axles have shown that the largest variation is on the
order of about 5% more weight on one axle than on the other.

Dynamic Inter-Axle Load Transfer: Dependent
on Coulomb Friction and Mechanisms I ntended
to Distribute Loads Evenly on Both Axles

of a Tandem Set

Inter-axle load transfer can occur in dynamic situations,
such as during braking or acceleration. Unfortunately, the
mechanisms that are used to create good static load equal-
ization have just the opposite effect on dynamic load trans-
fers. When a braking (or accelerating) force is applied on a
tandem axle, there is often aload transfer between the axles
of atandem set. Inter-axle load transfers can be a problem
during braking, because the more lightly loaded axle will
tend to lock up before the other. If the lockup occurs on the
lead axle, then the directional stability isreduced; directional
stability can be completely lost if lockup occurs on the trail-
ing axle. Another unwanted result of poor load transfer isthat
the system can produce an under-damped mode. Occasion-
ally, this can result in “tandem hop,” which can cause a par-
tial degradation of braking and handling performance.

Dynamic inter-axle load transfer is measured in pounds of
load transferred per pound of brakeforce. Thetransfer ispos-
itiveif it is toward the leading axle. A typical range of val-
uesisgivenin Table 35.

Roll Center Height: Dependent on
the Line of Action of the Lateral Suspension Forces

When the chassis of atruck rolls (tilts sideways as when
rounding a horizontal curve), it tends to roll about a theoreti-
cal point, called theroll center. With afour-spring suspension,
the leaf springs will determine the roll center location. Spe-
cia links can be added to provide lateral forces on walking-
beam suspensions and air suspensions, these links affect the
roll center height. Roll center heights are measured from the
ground. Typical values are given in Table 36.

57

TABLE 35 Typical range of inter-axle load
transfer for truck suspension (18)

Range of inter-axle
load transfer

Type of suspension (Ib/Ib)

Air suspension
Four-spring
Walking beam

0.035 - (-0.018)
(0.10) - (-0.185)
0.010 - (~0.030)

Roll Siffness: Dependent on Spring Stiffness,
Lateral Spacing, Roll Center Height, and
Auxiliary Mechanisms Such as Anti-Sway Bars

Roll stiffnessis a measure of a suspension system’sresis-
tance to rolling. As atruck body rolls, the vertical springs
deform to cause aresisting moment. This moment is depen-
dent on the vertical spring constantsand lateral spacing of the
springs.

The height of the roll center plays an important part in the
rolling tendency of avehicle, asillustrated in Figure 33. Asa
truck goes around a horizontal curve, the centrifugal force
causes the truck body to roll about its roll center. This will
also cause the center of gravity to produce a moment about
theroll center, due to its shift in position. The higher therall
center (i.e., the closer it isto the center of gravity), the shorter
the moment arm and the smaller the moment that is produced.

Ideally, the roll stiffness at each axle should be propor-
tional to the weight on that axle, which means that the roll
stiffness of the trailer axles should be about the same as that
of the tractor’s rear axles. However, this is not usually the
case. Moretypically, thetrailer has aharder suspension than
the tractor.

The range of roll stiffnesses for the various suspensions
has been measured with aload of 5,500 kg [12,000 Ib] on the
front axlesand 7,300 kg [16,000 Ib] on therear axles. A typ-
ical range of roll stiffnesses on a per axle basisis givenin
Table 37.

Roll Seer Coefficient: Dependent on
the Layout of Links That Restrain the Axles

Nonsteering axles can deflect dlightly to create a steering
effect asaresult of vehicleroll. Asthe truck body rolls, one
side of the axle moves forward while the other side moves

TABLE 36 Typical range of roll center heights
for truck suspension (18)

Range of roll center

Type of suspension height (in)
Front suspension 8.5-20
Air suspension 24 -29.5
Four-spring 23-31
Walking beam 215-23
Single-axle leaf spring 25-28
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Roll Canter

Figure33. Diagramof roll by trailer body illustrating
location of roll center (18).

aft. This unintentional steering is created by the suspension
and tire forces. The tendency to steer in aroll is measured
with respect to the amount of vehicleroll present. This steer-
ing can greatly affect truck handling, particularly in aturn.

The units used in measuring the roll steer coefficient are
degrees of steer per degree of roll. A positiveroll steer coef-
ficient meansthat the axle will steer toward the outside of the
turn; a negative coefficient means that the axle will steer
toward the inside of the turn. A typical range of valuesis
givenin Table 38 on a per-axle basis.

LOAD TRANSFER RATIO

The extent to which vertical load is transferred from the
tireson onesideof avehicletothose ontheother sideiscalled
the load transfer ratio. Load is transferred when avehicleis
stationary on a lateral incline, when rounding a curve, and
when making a steering maneuver such asto avoid an obsta-
cle. It is calculated asfollows:

Load Transfer Ratio = Sum(F, - F)/Sum(F_ + Fr)  (24)

where F_ and Fy are the tire loads on the |eft and right sides,
respectively.

TABLE 37 Typical range of roll stiffnessfor truck
suspension (18)

Range of roll stiffness

Type of suspension (in-Ib/deg)

Front suspension 0.017 - 0.025
Air suspension 0.025 - 0.090
Four-spring 0.065 - 0.140
Walking beam 0.070-0.160
Single-axle leaf spring 0.052 - 0.089

TABLE 38 Typical rangeof roll steer coefficients
for truck suspension (18)

Range of roll steer
(deg steer)/

Type of suspension (deg roll)
Air suspension 0.01-0.23
Four-spring —-0.04-0.23
Walking beam 0.16 - 0.21
Single-axle leaf spring 0.0 -0.07

The load transfer ratio has a value of 0.0 when the loads
onthetwo sidesare equal and £1.0 when all theload istrans-
ferred to oneside or the other. When the latter situationisjust
reached, the unloaded side is about to lift off from the pave-
ment, and rollover isimminent. Theload transfer ratio for an
automobile or a single-unit truck is, for most practical pur-
poses, a single number. For a combination vehicle, it can be
computed separately for each unit; the unit with the greatest
ratioisusually the most likely to come on theverge of rolling
over. Thetruck properties affected by the load transfer ratio,
other than impending rollover, include handling response
time, roll steer, and rearward amplification.

ROLLOVER THRESHOLD

A vehicle sresistanceto rollover is measured by the max-
imum lateral acceleration that can be achieved without caus-
ing rollover. This maximum acceleration, measured in units
of the acceleration of gravity (g), is known as the rollover
threshold. Gillespie (52) reports the following typical values
of rollover threshold:

Low-slung sports car 179

Normal passenger car 1.1-15¢g
Pickup trucks and vans 0811g
Heavy trucks 0.4-06g

A typical passenger car tracking a horizontal curve or
making aturn at too high aspeed will likely skid off the road
because of inadequate tire-pavement friction long before its
rollover threshold isreached. Trucks, on the other hand, gen-
eraly haverollover thresholdsthat arelessthan the available
tire-pavement friction on dry pavements. Indeed, Navin (53)
states that “data conclusively show that fully laden heavy
trucks, if involved in an accident on acurve, will most likely
have rolled over.”

Truck rollovers are caused by high lateral accelerationsin
a turning maneuver. As lateral acceleration increases, the
load transfer ratio approaches £1.0, and the wheels on the
inside of the turn begin to lift off the pavement. Generally,
because of uneven load distribution and uneven suspension,
tire, and structural stiffness, al of the wheels will not begin
to lift off the pavement at the same time. Typically, the rear
trailer wheelswill bethefirst to lift off. It is possiblefor some
wheels of atruck to lift off the pavement without producing
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a rollover; however, this is a very unstable situation and
could ultimately lead to arollover.

Earlier research, largely based on modeling, indicated
that an extreme rollover threshold as low as 0.24 was pos-
sible (50, 54). However, that work was based on older trucks
that had widths of 2.4 m[8 ft] and incorporated avery unusua
loading condition. But, beginning with the passage of the Sur-
face Transportation Assistance Act (STAA) of 1982, truck
widths increased to 2.6 m [8.5 ft]. This has a net effect of
increasing the rollover threshold by 15 to 18%, as will be
indicated shortly. Also, experimental data (51, 55) show that
actual rollover thresholds tend to be 0.03 to 0.04 g higher
than modeled values. Thus, a worst-case rollover threshold
isnow about 0.31 g.

Therollover threshold of atruck islargely afunction of its
loading configuration. The following parameters of atruck’s
loading configuration affect its rollover threshold:

» Center of gravity (CG) height,

» Overal weight,

Longitudinal weight distribution, and
 Lateral weight distribution.

The sensitivity of truck rollover threshold to these pa-
rametersisreviewed below, based largely on resultsreported
in a1986 FHWA study (55), which have been confirmed by
computer simulation analyses reported in the FHWA Truck
Characteristics study (2, 3). These findings include

* For the baseline case of a 36,400-kg [80,000-1b] semi-
trailer truck, with medium density (34 Ib/ft®) cargo,
loaded evenly left to right and fore and aft on a 2.4-m
[8-ft] wide trailer (a pre-STAA trailer), the computed
rollover threshold is 0.35 g.

« |f thetrailer and tractor arewidened to 2.6 m[8.5ft], and
the tire spacing and spring spacing are widened accord-
ingly, the rollover threshold isincreased by 15 to 18%.

* |If the cargo is less dense, it will fill more of the trailer
and its CG height will beincreased. Therollover thresh-
old isreduced by about 0.005 g for every inchthe CG is
raised. Typical less-than-truckload (LTL) cargo is less
dense, but is not of uniform density. Such cargo is nor-
mally loaded with the denser cargo on the bottom, and the
lighter cargo ontop. A “typica” fully loaded LTL trailer
will have a CG height of 2.4 m [7.9 ft]. The worst-case
scenario is a truck with maximum gross weight with the
trailer filled to the roof (“cubed out™) with uniform den-
sity cargo. The cargo density would be about 18.7 Ib/ft3,
and its CG height would be about 2.7 m [8.8 ft]. Recent
research found arollover threshold of 0.34 g for atruck
loaded with LTL freight (56).

+ Adding weight to the truck by adding more of the same
cargo on top of the existing load raises the CG and low-
ers the rollover threshold. The effect is a reduction of
about 0.01 g per added ton.

« If the load is not centered left to right in the truck, its
rollover threshold is raised on turns in the direction to
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which the load is offset and reduced in turns in the
opposite direction. The effect can be quite large—about
10% for each 76 mm [3in] of offset. Thisamount would
be realized, for example, if pallets designed for 2.4-m
[8.0-ft] wide trailers were loaded along one side of a
2.6-m [8.5-ft] wide trailer.

 For the same width, weight, and CG height, double-
trailer trucks consistently have rollover thresholds 0.03
to 0.05 g higher than semitrailers. Thus, semitrailers
are the vehicles of most concern relative to rollover
threshold.

» Rearward amplification in doubles caused by sudden
maneuvers, such as obstacle avoidance, can lead to
rollover of the rear trailer. However, thisis more of a
concern in emergency maneuversthan in normal track-
ing of acurve or turn, which is the basis of geometric
design.

» Trailer length, per se, has no appreciable effect on
rollover threshold, provided that the axle loads are
thesamefor longer and shorter trailers. Conversely, if the
load on a shorter trailer is placed in alonger trailer, the
CG would belowered and the rollover threshold would
be increased.

* The 1986 FHWA study analyzed accident data repre-
senting 9,000 single-vehicle accidents involving 5-axle
semis (51). Of these, 2,000 resulted in arollover. Using
the reported gross vehicle weight, the authors of said
study assumed medium-density freight (and a 2.4-m
[8.0-ft] width, the standard at that time). With these
assumptions, the CG height was calculated, along with
the resulting rollover threshold. The distribution shown
in Figure 34 was obtained. The lowest rollover thresh-
old obtained was about 0.39 g. Of course, thisrepresents
an average of the actual minimum rollover thresholds
because the actual cargo densities would have varied
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Figure34. Percent of single-truck accidentsin which
rollover occurs as a function of rollover threshold (51).
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about the assumed medium density. No data on cargo
density were available, however.

Most researchers suggest that a reasonable value for a
minimum rollover threshold for loaded trucks is in the
rangefrom 0.35t0 0.40. In an appendix tothe U. S. Com+
prehensive Truck Sze and Weight Sudy (57), it is stated
that fatal accident data show so few cases with rollover

thresholdslessthan 0.35 that rates cannot be cal cul ated.
Theauthors of the study suggest thisisbecausethereare
so few such vehicles on the road. Indeed, they go on to
state that requiring a threshold of 0.38 g would make
future fleets comparable with the current fleet with the
exception of the very few trucks currently under the
threshold.
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HIGHWAY GEOMETRIC DESIGN CRITERIA AND THEIR RELATIONSHIP

TO TRUCK CHARACTERISTICS

This chapter provides a review of the appropriateness of
individual highway geometric design criteria to accommo-
date trucks. The review includes the following highway geo-
metric design criteria

» Stopping sight distance,

 Passing sight distance and passing/no-passing zones on
two-lane highways,

» Decision sight distance,

* Intersection sight distance,

* Railroad-highway grade-crossing sight distance,

* Intersection and channelization geometrics,

 Critical length of grade,

« Downgrades,

» Acceleration lanes,

» Deceleration lanes,

* Lane width,

» Horizontal curve radius and superelevation,

» Pavement widening on horizontal curves,

» Cross-slope breaks, and

* Vertical clearance.

Recommended changesin these geometric design criteriaare
presented in Appendix F.

The review of each individual highway geometric design
criterion includes a discussion of the criterion or policy cur-
rently used by highway agencies, typically based on the Green
Book, and a critique of that criterion based on available data
or recent research concerning truck characteristics or con-
cerning the traffic operational and safety effects of the crite-
rion. These findings have been used to develop recommen-
dations concerning the need to revise existing highway design
policies to better accommodate trucks.

The starting point for many of the geometric design
reviews presented below is the FHWA Truck Characteris-
tics report (2,3). This report reviewed all those design cri-
teriain the 1984 Green Book and all those operational cri-
teriain the 1988 MUTCD that were based on a passenger
vehicle and assessed whether those criteria were adequate
to accommodate trucks. In some cases, the analyses pre-
sented in that report are still valid and are presented here. In
other cases, changes in geometric design policy or in truck
characteristics in the intervening years make the previous
evaluation obsolete; anew review, based on up-to-dateinfor-

mation, has been performed in these cases. Each highway
geometric design criterion is discussed below.

STOPPING SIGHT DISTANCE
Current Geometric Design Criteria

Sight distanceisthelength of roadway ahead that isvisible
to the driver. The minimum sight distance available on the
roadway should be long enough to enable a vehicle traveling
at the design speed to stop before reaching a stationary object
inits path. This minimum sight distance, known as stopping
sight distance, isthe basisfor design criteriafor crest vertical
curvelength and minimum offsetsto horizontal sight obstruc-
tions. Not only is stopping sight distance needed at every
point on the roadway, but stopping sight distance also forms
the basis for anumber of additional highway design criteria,
including intersection sight distance and railroad-highway
grade-crossing sight distance.

Sopping Sght Distance Criteria

Stopping sight distance is determined as the summation of
two terms: brake reaction distance and braking distance. The
brake reaction distance is the distance traveled by the vehi-
cle from when the driver first sights an object necessitating a
stop to the instant the brakes are applied. The braking dis-
tance is the distance required to bring the vehicle to a stop
once the brakes are applied.

Stopping sight distance criteria in the Green Book have
undergone athorough recent review and have been revised in
the 2001 edition based on research by Fambro et a. (37).
Design valuesfor stopping sight distance are based on thefol-
lowing model, which is based on Green Book Equation 3-2:

Metric US Customary

2 2
SSD = 0.278Vt + 0.039\/; SSD = 1.47Vt +1'075VZ (25)

where where

SSD = stopping sight distance, m SSD = stopping sight distance, ft
t = brake reaction time, s; t = brake reaction time, s;

V = design speed, km/h; V = design speed, mph;

a = deceleration rate, m/s? a = deceleration rate, ft/s?
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Thefirst term in Equation 25 represents the brake reaction
distance and the second term represents the braking distance.
Equation 25 is not conceptually different from the stopping
sight distance models used in previous editions of the Green
Book, but the parameters of the model are now defined inways
that more realistically represent traffic situations encountered
in emergency maneuvers.

Thedesign valuesfor stopping sight distance are presented
in Table 39, based on Green Book Exhibit 3-1.

Correction of Stopping Sght Distance Criteria
for Grades

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

Metric

2
o A
% 1+
2sa{;2 )+ GF

US Customary

VZ

_a ), g0 (29
aof{,2,)+ 6T

SSD =

In this equation, G is the percent of grade divided by 100,
and the other terms are as previously stated. The stopping
distances needed on upgrades are shorter than on level road-
ways; those needed on downgrades are longer.

On nearly al roads and streets, the grade is traversed by
trafficin both directions of travel, but the sight distance at any
point on the highway generally is different in each direction,
particularly on straight roads in rolling terrain. As a general
rule, the sight distance available on downgradesislarger than
on upgrades, more or less automatically providing the appro-

TABLE 39 Design valuesfor stopping sight distance (1)

priate corrections for grade. This may explain why designers
do not adjust stopping sight distance because of grade. Excep-
tionsareone-way roadsor streets, ason divided highwayswith
independent design profiles for the two roadways. For these
separate roadway's, adjustments for grade may be needed.

Application of Sopping Sght Distance Criteria
to Crest Vertical Curves

Vertical crests limit the sight distance of the driver. Crest
vertical curves designed in accordance with the AASHTO
Green Book criteria should provide stopping sight distance
at least equal to the design values in Table 39 at all points
along the curve. The minimum length, L, of a crest vertical
curve as a function of stopping sight distance is calculated
based on Green Book Equations 3-43 and 3-44, as

Metric US Customary
When SSD is less than L, When SSD is less than L,
_ A(SSD)? _ A(SSD)?
L= 68 L= 58 @n

When SSD is greater than L, When SSD is greater than L,

L = 2(SSD) —%58 L = 2(SSD) - 21%3 (28)

where
A = algebraic difference in grade

Equations 27 and 28 are based on the mathematical prop-
erties of aparabolic curve. The Green Book suggeststhat itis
typical practiceto useaminimum vertical curvelengththat is
a least three times the value of the design speed (expressed
inmph). For stopping sight distance, thedriver eye height (h,)
used by AASHTO is 1,080 mm [3.5 ft] and the object height
(hy) used is 600 mm [2.0 ft]. Table 40 presents the minimum
vertical curve lengths to attain the desirable stopping sight
distance criteriain Table 39 as a function of design speed.

Metric US Customary
Design Brake Braking Stopping sight distance Design Brake Braking Stopping sight distance
speed reaction distance on Calculated Design speed reaction distance on Calculated
(km/h) distance (m) level (m) (m) (m) (mph) distance (ft) level (ft) (ft) Design (ft)
20 13.9 4.6 185 20 15 55.1 21.6 76.7 80
30 20.9 10.3 31.2 35 20 735 38.4 111.9 115
40 27.8 18.4 46.2 50 25 91.9 60.0 151.9 155
50 34.8 28.7 63.5 65 30 110.3 86.4 196.7 200
60 41.7 41.3 83.0 85 35 128.6 117.6 246.2 250
70 48.7 56.2 104.9 105 40 147.0 153.6 300.6 305
80 55.6 73.4 129.0 130 45 165.4 194.4 359.8 360
90 62.6 92.9 155.5 160 50 183.8 240.0 423.8 425
100 69.5 114.7 184.2 185 55 202.1 290.3 492.4 495
110 76.5 138.8 215.3 220 60 220.5 345.5 566.0 570
120 83.4 165.2 248.6 250 65 238.9 405.5 644.4 645
130 90.4 193.8 284.2 285 70 257.3 470.3 727.6 730
75 275.6 539.9 815.5 820
80 294.0 614.3 908.3 910

Note: Brake reaction distance predicated on a time of 2.5 s; deceleration rate of 3.4 m/s’ [11.2 ft/s’] used to determine calculated sight distance.
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TABLE 40 Design controlsfor stopping sight distance and for rate of

vertical curvature (1)

Metric US Customary
Stopping Rate of vertical Stopping Rate of vertical
Design sight curvature, K? Design sight curvature, K?
speed distance speed distance
(km/h) (m) Calculated  Design (mph) (ft) Calculated  Design
20 20 0.6 1 15 80 3.0 3
30 35 1.9 2 20 115 6.1 7
40 50 3.8 4 25 155 11.1 12
50 65 6.4 7 30 200 18.5 19
60 85 11.0 11 35 250 29.0 29
70 105 16.8 17 40 305 43.1 44
80 130 25.7 26 45 360 60.1 61
90 160 38.9 39 50 425 83.7 84
100 185 52.0 52 55 495 1135 114
110 220 73.6 74 60 570 150.6 151
120 250 95.0 95 65 645 192.8 193
130 285 123.4 124 70 730 246.9 247
75 820 311.6 312
80 910 383.7 384

* Rate of vertical curvature, K, is the length of curve per percent algebraic difference in intersecting

grades (A). K=L/A

Application of Sopping Sght Distance Criteria to
Horizontal Curves

Sight distance can aso be limited by obstructions on the
inside of horizontal curves, such as trees, buildings, retaining
walls, and embankments. Horizontal curvesdesigned in accor-
dance with the Green Book should provide sight distance at
least equal to the design values in Table 39 along the entire
length of the curve. For acircular horizontal curve, the line of
sightisachord of that curve and the sight distanceis measured
along the centerline of the inside lane (see Figure 35). The
minimum offset to a horizontal sight obstruction at the center
of the curve (known as the middle ordinate of the curve) is
computed in accordance with the following equation:

Metric US Customary
M = R{(l_cosza.eszD)] M = R{(l_coszs.eisso) 29)

where where

R = Radius of curve, m;
M = Middle ordinate, m

R = Radius of curve, ft;
M = Middle ordinate, ft

Critique of Geometric Design Criteria

This section reviews the recent literature relevant to stop-
ping sight distance criteria and their application to crest ver-
tical curves and horizontal curves. The criteriaare based on
consideration of the passenger car as the design vehicle.
The critique calls attention to differences between passen-
ger cars and trucks that are relevant to stopping sight dis-
tance design.

Foecific Aspects of Sopping Sght Distance

The critique that follows addresses the following aspects
of stopping sight distance criteria:

» Assumed speed for design,

» Brakereaction time,

» Deceleration rate (or coefficient of tire-pavement fric-
tion) and braking distance,

* Driver eye height, and

+ Object height.

In addition, the critique addresses horizontal sight. Each of
these factors is discussed below.

Assumed Speed for Design. Prior to the 2001 Green Book,
stopping sight distance was based on an assumed range of
speeds, from the average running speed of traffic to the design
speed, which resulted in arange of design valuesfor stopping
sight distance. The rationale for using this range of speeds
was the assumption that drivers travel more slowly on wet
pavements than on dry pavements; however, recent data have
shownthat driverstravel at about the same speeds on both wet
and dry pavements. Therefore, the 2001 Green Book assumes
that the initial speed of the vehicle prior to braking should be
equal to the design speed of the roadway. This assumption
appears to be as applicable to truck drivers as to passenger
car drivers.

Brake Reaction Time. The brake reaction time (t) is set
equal to 2.5 sin the 2001 Green Book, asin past design poli-
cies. This choice for brake reaction time has been confirmed
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as appropriate for most drivers in several older studies (28,
58). Recent research by Fambro et al. (37) has confirmed that
2.5 srepresents the 90th percentile of brake reaction timefor
all drivers.

The brake reaction time is a driver characteristic and is
assumed to be applicable to truck drivers as well as passen-
ger car drivers. In fact, experienced professional truck driv-
ers could reasonably be expected to have shorter brake reac-
tion timesthan the driver population asawhole. On the other
hand, the air brake systems historically used in tractor-trailer
combination trucks have an inherent delay of approximately
0.5 sin brake application (18). It appears to be a reasonable
assumption that the factors offset one another and that the
2.5-s brake reaction time is appropriate for both passenger
car and truck drivers.

Deceleration Rate and Braking Distance. The deceleration
rate, a, in Equation 25 is set equal to 3.4 m/s*[11.2 ft/s?] inthe
2001 Green Book. Thisvaluewasfound by Fambro et al. (37)
to represent the 10th percentile deceleration rate of passen-
ger car drivers. This deceleration rate represents a comfort-
able value for controlled braking by a passenger car and is
within thedriver’s capability to stay within hisor her laneand
maintain steering control during braking maneuvers on wet
surfaces. Previous design policies were based on friction lev-
elsfor locked-wheel braking, which carried with it apotential
for loss of control of the vehicle. Thus, the 2001 Green Book

criteriaare based on an assumed maneuver that is more appro-
priate for trucks than previous editions of the Green Book.

Thereview of braking distancesin Chapter 5 of the report
indicates that trucks equipped with antilock brakes can
achieve deceleration rates in controlled braking nearly equal
to the rate used for passenger car driversin the Green Book.
Thus, as antilock brakes come into widespread use, braking
distances and decel eration ratesfor passenger cars and trucks
should come closer together. NCHRP Synthesis 241 (19) noted
that braking distances for passenger cars and trucks differ on
dry pavement, but are nearly the same on wet pavements; wet
pavements are, of course, the most critical situation for stop-
ping sight distance.

Appendix B discusses data collection activities undertaken
to document the distribution of trailerswith antilock brake sys-
tems in the current vehicle fleet. Results of the field studies
show that approximately 42 percent of trailers are equipped
with antilock brake systems. Asacomparison, Vehiclelnven-
tory and Use Survey (VIUS) datafrom 1997 show that approx-
imately 21 percent of truckswere equipped with antilock brake
systems at that time. Thus, the percentage of trailers equipped
with antilock brake systems has approximately doubled from
1997 to 2002. It is expected that, within 10 years, nearly al
trailers will be equipped with antilock brake systems. Thus,
there is good reason to expect that, within 10 years, most
trucks will be able to stop on wet pavementsin the same dis-
tances as passenger cars. In addition, nearly all truck tractors
are equipped with antilock brake systems.
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Driver Eye Height. The minimum crest vertical curve crite-
ria for stopping sight distance in Table 40 are based on a
driver eye height for passenger carsof 1,080 mm[3.5ft]. The
driver eye heights for trucks are much higher than for passen-
ger cars, which may partialy or completely offset their longer
braking distanceson crest vertical curves. However, the higher
eye heights of truck drivers provide no comparable advantage
at sight obstructions on horizontal curves unless the truck
driver isableto see over the obstruction. The Green Book uses
a value of 2,400 mm [8.0 ft] for truck driver eye height.
Because this value is based on the results of recent research by
Fambro et a. (37), it does not appear to bein need of updating.

Object Height. The object height used in the 2001 Green
Book to determine crest vertical curve lengths is 600 mm
[2.0ft], which was chosen as aconservative val ueto represent
thetaillight height of a passenger car. Previous editions of the
Green Book used aobject heights of 100 and 150 mm [4 and
6 in.]. These lower object heights represented an arbitrary
rationalization of possible hazardous objects that could be
found in the roadway. Some researchers maintain that, histor-
ically, these lower object heights represented a subjective
tradeoff of the cost of providing sight distance to the pavement
and did not represent any particular hazard (59). An accident
study by Fambro et a. (37) found that virtually no accidents
occur involving objects in the 100- to 150-mm [4- to 6-in.]
range. Most collisionsinvolve objects at |east 600 mm [ 2 ft]
high including, predominantly, other vehicles and, to alesser
extent, pedestrians, bicyclists, and animals. The choice of the
600-mm [2-ft] object, representing vehicletaillights, for use
in the Green Book, was based on the work of Fambro et al.

Horizontal Sght Obstructions

Increased eye height provides truck drivers no advantage
over passenger car drivers at a horizontal sight obstruction,
unless the truck driver can see over the obstruction. How-
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ever, Olson et a. indicate that the minimum offset to a hori-
zontal sight obstruction, represented by the middle ordinate
of the curve computed with Equation 29, is normally required
only near the center of a horizontal curve (28). Figure 36
illustratesasight distance envelope or clear sight zonewithin
which horizontal sight obstructions should not be present.
Thefigureillustratesthat | ess of fset to horizontal sight obstruc-
tions is required within a distance to the ends of the curve
equal to one-half the stopping sight distance.

Another problem associated with stopping sight distance
on horizontal curvesis that the tire-pavement friction avail-
able for braking is reduced by the portion of the available
tire-pavement friction that isrequired for cornering (28, 60).
Olson et a. expressed the available friction for braking on a
horizontal curve as (28):

2 g2 _OVZ _ [
2 =1 -qer €0 (30)

where

f = coefficient of friction available for braking
f, = total available coefficient of friction
V =vehicle speed (mph)

R = radius of curvature (ft)

e = superelevation rate (ft/ft)

Equation 30 implies that the required stopping sight dis-
tances on horizontal curves should belonger than ontangents.

Truck Considerations

A sensitivity analysis conducted for the 1990 FHWA
Truck Characteristics study (2, 3) concluded the following:

* The 1984 Green Book stopping sight distance criteria
were adequate for trucks with antilock brake systems.

Figure36. Example sight obstruction envelope on horizontal curves for condition
where the stopping sight distance is less than the length of the curve (28).
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* The 1984 Green Book stopping sight distance criteria
were adequate for trucks with conventional brake sys-
tems and the best-performance driver at vertical sight
restrictions and were nearly adequate at horizontal sight
restrictions.

* The 1984 Green Book stopping sight distance criteria
were not adequate to accommodate trucks with con-
ventional brake systems and poor-performance driv-
ers, but changes in stopping sight distance criteria to
accommodate poor-performance driverswould only be
cost-effective for new construction or major recon-
struction projects on rural two-lane highways that carry
more than 800 trucks per day and rural freeways that
carry more than 4,000 trucks per day.

Given that antilock braking systemsfor trucks are coming
into widespread use, these results suggest that changes to
stopping sight distance policiesto accommodate trucks should
not be needed.

The recommended stopping sight distances in the Green
Book are based on passenger car operation and do not explic-
itly consider design for truck operation. However, it does
appear that the introduction of antilock brake systems on
trucks minimizes any concern about stopping sight distance
criteriafor trucksin the long term.

Onesituation in the Green Book indicates that every effort
should be made to provide stopping sight distances greater
than the design values in Table 39: Where horizontal sight
restrictions occur on downgrades, particularly at the ends of
long downgrades where truck speeds closely approach or
exceed those of passenger cars, the greater height of eye of
the truck driver is of little value, even when the horizontal
sight obstruction is a cut slope. Although the average truck
driver tends to be more experienced than the average pas-
senger car driver and quicker to recognize potential risks, the
Green Book states that it is desirable under such conditions
to provide stopping sight distance that exceeds the valuesin
Table 39 or the values derived from Equation 26.

There is no indication in the literature whether the Green
Book hypothesisthat stopping sight distancefor trucksisespe-
cialy critical at the end of long downgradesis correct. Further
research on thisissue would be desirable. Such research could
be performed using a computer simulation model. The most
critical situation for consideration in such research would
appear to be the combination of a downgrade and a super-
elevated horizontal curve.

PASSING SIGHT DISTANCE AND PASSING/
NO-PASSING ZONES ON TWO-LANE HIGHWAYS

Current Geometric Design and Marking Criteria

Two major aspects of geometric design criteriafor passing
and no-passing zones on two-lane highways are addressed in

this section: passing sight distance and minimum passing zone
length. This discussion addresses the Green Book criteriafor
passing sight distance, but also, for compl eteness, compares
and contrasts these criteriawith the criteria for passing sight
distance and passing zone length in the FHWA Manual on
Uniform Traffic Control Devices for Streets and Highways
(MUTCD) (61).

Passing Sght Distance

Passing sight distance is needed where passing is permit-
ted on two-lane, two-way highways to ensure that passing
vehicles using the lane normally used by opposing traffic
have aclear view ahead for adistance sufficient to minimize
the possibility of collision with an opposing vehicle.

Geometric Design Criteria. The current design criteria
for passing sight distance on two-lane highways set forth in
the 2001 Green Book are essentially unchanged from the
criteria in the 1965 AASHTO policy and are based on the
results of field studies conducted between 1938 and 1941 and
validated by another study conducted in 1958 (62, 63, 64).
Based on these studies, the Green Book policy defines the
minimum passing sight distance as the sum of the following
four distances:

» d =distance traveled during perception and reaction
time and during initial acceleration to the point of
encroachment on the left lane,

+ d, = distance traveled while the passing vehicle occu-
pies the left lane,

* d, = distance between passing vehicle and opposing vehi-
cleat theend of the passing maneuver (i.e., clearance
distance), and

 d, =distance traveled by an opposing vehicle for two-
thirds of the time the passing vehicle occupies the
left lane, or 2/ of d,.

Design valuesfor the four distances described above were
developed using thefield data and the following assumptions
stated in the Green Book:

* The passed vehicle travels at uniform speed.

» The passing vehicle reduces speed and trails the passed
vehicle asit enters the passing section. (Thisiscalled a
delayed pass.)

» When the passing section is reached, the passing driver
requiresashort period of timeto perceivethe clear pass-
ing section and to begin to accelerate.

» Passing is accomplished under what may be termed a
delayed start and a hurried return in the face of oppos-
ing traffic. The passing vehicle accelerates during the
maneuver, and its average speed during the occupancy
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of the left lane is 16 km/h [10 mph] higher than that of
the passed vehicle.

* When the passing vehicle returns to its lane, there is a
suitable clearance length between it and any oncoming
vehiclein the other lane.

The design values for the four components of passing sight
distance are shown in Figure 37, based on Green Book
Exhibit 3-4. Table 41, Figure 38, and Table 42 illustrate the
development of the design valuesfor passing sight distance.
The columns in Table 41 not headed by a value of design
speed represent field data from the sources cited above for
the four components of the passing maneuver identified
above.

FIRST

A

Passing vehicle

67

Figure 38 illustrates the distances for these four compo-
nents of the passing maneuver graphically, aswell asthetotal
passing sight distance, which is the sum of d, through d.,.
Table 42 presents the design values of passing sight distance
for design speeds from 30 to 130 km/h [20 to 80 mph].

In Table 42, the speeds used to compute the design valuesfor
passing sight distance differ from the design speed of the high-
way. The speed of the passed vehicle is assumed to represent
the average running speed of traffic. The speed of the passed
vehicleisup to 36 km/h [22 mph] less than the design speed of
the highway. The speed of the passing vehicleisassumed to be
15 km/h [ 10 mph] higher than the speed of the passed vehicle.

The distance traveled during the initial maneuver period
(d)) is computed in the Green Book as follows:

Opposing vehicle appears
when passing vehicle

reaches Point A. _l

B

PHASE

3

o 5~ (B oIm

__ &

SECOND PHASE

Figure 37. Elements of passing sight distance for two-lane

highways (1).

TABLE 41 Elements of safe passing sight distance for design of two-lane highways (1)

Metric US Customary
Component of passing Speed range (km/h) Speed range (mph)
maneuver
50-65 66-80 81-95 96-110 30-40  40-50 50-60 60-70
Average passing speed (km/h) Average passing speed (mph)

56.2 70.0 84.5 99.8 34.9 43.8 52.6 62.0
Initial maneuver:
a = average acceleration® 2.25 2.30 2.37 2.41 1.40 1.43 1.47 1.50
t; = time (sec)® 3.6 4.0 43 45 3.6 4.0 4.3 4.5
d, = distance traveled 45 66 89 113 145 216 289 366
Occupation of left lane:
t, = time (sec)? 9.3 10.0 10.7 11.3 9.3 10.0 10.7 11.3
d, = distance traveled 145 195 251 314 477 643 827 1030
Clearance length:
d; = distance traveled® 30 55 75 90 100 180 250 300
Opposing vehicle:
d, = distance traveled 97 130 168 209 318 429 552 687
Total distance, d; + d, + d3 + d,4 317 446 583 726 1040 1468 1918 2383

# For consistent speed relation, observed values adjusted slightly.

NoTe: In the metric portion of the table, speed values are in km/h, acceleration rates in km/h/s, and distances are in
meters. In the U.S. customary portion of the table, speed values are in mph, acceleration rates in mph/sec, and
distances are in feet.
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Figure 38. Total passing sight distance and its components—two-

lane highway (1).
Metric US Customary Metric US Customary
d, = 0.278t; (v -m+ %) d;, = 0.47t (v -m +%) (3D do = 02781 o= 14N (32)
where where

where

time of initial maneuver, s;
average acceleration,

t; = time of initial maneuver, s;
a = average acceleration,

km/h/s; mph/s;
v = average speed of passing v = average speed of passing
vehicle, km/h; vehicle, mph;

m = difference in speed of
passed vehicle and
passing vehicle, km/h

m = difference in speed of
passed vehicle and
passing vehicle, mph

The Green Book policy estimates the time for the initial
maneuver (t,) as within the 3.6 to 4.5 s range, based on field
data. Similarly, the average acceleration rate during the initial
maneuver rangesfrom 2.22t02.43 km/h/s[1.38to 1.51 mph/s].

The distance traveled by the passing vehicle while occu-
pying the left lane (d,) is estimated in the Green Book from
the following equation:

t, = time passing vehicle
occupies the left lane, s;

v = average speed of passing
vehicle, km/h

t, = time passing vehicle
occupies the left lane, s;

v = average speed of passing
vehicle, mph

Based on field data, the Green Book assumes that the time
the passing vehicle occupies the | eft lane ranges from 9.3 to
11.3 sfor speed ranges from 50 to 110 km/h [30 to 70 mph].

The clearance distance (ds) is estimated in the Green Book
to rangefrom 30 to 90 m [100 to 300 ft], depending on speed.

The distance traveled by an opposing vehicle (d,) is esti-
mated as two-thirds of the distance traveled by the passing
vehicleintheleft lane. Conservatively, the distances d, and d,
should be equal, but the Green Book assumes that the passing
vehicle could abort its pass and return to the right lane if an
opposing vehicle should appear early in the passing maneuver.
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TABLE 42 Passing sight distance for design of two-lane highways (1)

Metric

US Customary

Assumed speeds Passing sight distance

Assumed speeds

) (km/h) (m) ) (mph) Passing sight distance (ft)
Design Design
speed Passed  Passing Rounded speed Passed Passing Rounded
(km/h) vehicle vehicle Calculated  for design (mph)  vehicle vehicle Calculated for design
30 29 44 200 200 20 18 28 706 710
40 36 51 266 270 25 22 32 897 900
50 44 59 341 345 30 26 36 1088 1090
60 51 66 407 410 35 30 40 1279 1280
70 59 74 482 485 40 34 44 1470 1470
80 65 80 538 540 45 37 47 1625 1625
90 73 88 613 615 50 41 51 1832 1835
100 79 94 670 670 55 44 54 1984 1985
110 85 100 727 730 60 47 57 2133 2135
120 90 105 774 775 65 50 60 2281 2285
130 94 109 812 815 70 54 64 2479 2480
75 56 66 2578 2580
80 58 68 2677 2680

Table 41 illustrates the derivation of the Green Book pass-
ing sight distance criteria, representing the sum of the dis-
tances d, through d,for specific speed ranges. Table 42 pre-
sents the Green Book passing sight distance criteria for
specific design speeds. These design values range from 200
to 815 m [710 to 2,680 ft] for design speeds from 30 to
130 km [20 to 80 mph]. The Green Book criteriaare used in
highway design to determine if a particular highway project
has sufficient length with passing sight distance to ensure an
adequate level of service on the completed highway. The
acceptable level of service for a particular project is consid-
ered to be a design decision and is not specified in the Green
Book. The Green Book criteriafor passing sight distance are
not used in the marking of passing and no-passing zones.

Marking Criteria. Thecriteriafor marking passing and no-
passing zones on two-lane highways are set by the MUTCD.
Passing zones are not marked directly. Rather, thewarrantsfor
no-passing zones are established by the MUTCD, and passing
zones merely happen where no-passing zones are not war-

ranted. Table 43 presentsthe MUTCD passing sight distance
warrants for no-passing zones. These criteria are based on
prevailing off-peak 85th-percentile speeds rather than design
speeds.

The MUTCD passing sight distance warrants are substan-
tialy less than the Green Book passing sight distance design
criteria. For example, at a speed of 100 km/h [60 mph], the
AASHTO and MUTCD passing sight distance criteria are
670 m [2,135 ft] and 320 m [1,000 ft], respectively.

The rationale for the MUTCD passing sight distance crite-
riaisnot stated in the MUTCD. However, the MUTCD war-
rants are identical to those presented in the 1940 AASHTO
policy on marking no-passing zones (65). These earlier
AASHTO warrants represent asubj ective compromise between
distances computed for flying passes and distances computed
for delayed passes. As such, they do not represent any par-
ticular passing situation. Table 44 presents the basic assump-
tions and data used to derive the MUTCD passing sight dis-
tance warrants.

TABLE 43 Minimum passing sight distance for marking passing and no-passing

zones on two-lane highways (61)

Metric U.S. Customary
85th percentile speed Minimum 85th percentile speed Minimum
or posted or statutory passing sight or posted or passing sight
speed limit distance statutory speed limit distance
(km/h) (m) (mph) (ft)
40 140 25 450
50 160 30 500
60 180 35 550
70 210 40 600
80 245 45 700
90 280 50 800
100 320 55 900
110 355 60 1,000
120 395 65 1,100
70 1,200
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TABLE 44 Derivation of MUTCD passing sight distance warrants (based on 1940 AASHTO
policy) (65)
Speed of passing vehicle (mph)
30 40 50 60 70
Assumed speed differential 10 12 15 20 25
between passing and passed
vehicles (mph)
Assumed speed of opposing 25 32 40 46 55
vehicle (mph)
Required sight distance for flying 440 550 660 660 660
pass (ft)
Required sight distance for 510 760 1,090 1,380 1,780
delayed pass (ft)
Recommended minimum sight 500 600 800 1,000 1,200

distance (ft)

Minimum Passing Zone Length

Another consideration in the marking of passing and no-
passing zones on two-lane highwaysis the minimum length of
apassing zone. The Green Book does not address passing zone
lengthsat all. The MUTCD indirectly setsaminimum passing
zone length of 120 m [400 ft] by stating that, when two no-
passing zones come within 120 m [400 ft] of one another, the
no-passing barrier stripe should be continued between them.

Critique of Geometric Design
and Marking Criteria

Passing Sght Distance

Clearly, the AASHTO and MUTCD passing sight distance
criteriaareincompatible. The design valuesfor theindividual
component distancesin the Green Book criteria are question-
able because, at high speeds, they are based on vehicle speeds
less than the design speed of the highway. On the other hand,
the definition of passing sight distance as the sum of the four
distance elements (d, through d,) is extremely conservative,
because it assumes that very early in the passing maneuver,
the passing driver is committed to complete the pass. In fact,
observation of two-lane highway operations shows that pass-
ing drivers frequently abort passing maneuvers.

The MUTCD passing sight distance criteria are based on
a questionable premise, given that they represent a compro-
mise between delayed passes and flying passes. A delayed
passis amaneuver in which the passing vehicle slows to the
speed of the passed vehicle before initiating the passing
maneuver. A flying passis a maneuver in which the passing
vehicle comes up behind the passed vehicle at a speed higher
than the passed vehicle and initiates the passing maneuver
without slowing down to the speed of the passed vehicle.
Furthermore, both the AASHTO and MUTCD criteria are
based on field data collected nearly 50 years ago. These
field studies considered only passenger cars, not passing
maneuvers involving longer and less powerful vehicles

such as trucks. Neither the AASHTO nor MUTCD models
for passing sight distance contain avehiclelength term that
could be used to examine the differences between passing
sight distance requirements for trucks and passenger cars.
Over the last three decades, researchers have recognized the
inconsistencies betweenthe AASHTO and MUTCD policies
and have investigated alternative formulations of passing
sight distance criteria. A total of 13 studies published since
1970 have questioned the premises of the AASHTO and
MUTCD models and/or suggested revisions to those models
(66—78). In the early 1970s, two studies independently rec-
ognized that akey stage of a passing maneuver occurs at the
point where the passing driver can no longer safely abort the
pass and is, therefore, committed to complete it. One study
called this the point of no return and another called it the
critical position (66, 67). A 1976 paper added the insight
that the critical position is the point at which the sight dis-
tancesrequired to abort the pass and to complete the passare
equal (68). Until the critical position is reached, the passing
vehicle can abort the pass and return to the right lane behind
the passed vehicle. Beyond the critical position, the driver
is committed to complete the pass, because the sight dis-
tance required to abort the passis greater than the sight dis-
tance required to complete the pass. The critical position
concept has also been incorporated in research on passing
sight distance requirements published in 1982, 1984, 1988,
and 1989 (69, 70, 75, 76).

Several of the studies cited above formulated passing sight
distance models based on the critical position concept. How-
ever, each of these model s contained one or morelogical flaws
that made the model invalid. In 1988, however, Glennon for-
mulated a new passing sight distance model that accountsfor
the kinematic rel ationships between the passing, passed, and
opposing vehicles (75). The location of the critical position
is determined as follows:

Ac =Lp

M293m+L, +L,) JaVEBm+L, +Lp0(33)

147 mH 1.47(2V - m) d2v - m) |
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where

A = critical separation (distancefrom front of passing vehi-
cleto front of passed vehicle at critical position) (ft)

V = gpeed of passing vehicle and opposing vehicle (mph)

m = speed difference between passed vehicle and passing
vehicle (mph)

d = deceleration rate used in aborting a passing maneu-

ver (ft/s?)

L»=length of passing vehicle (ft)

L, = length of passed vehicle (ft)

When the location of the critical position is known, the
critical passing sight distance can be computed as follows:

Lp—Ac

PSD. _2v§93+ ==

(34)

The assumptions of the Glennon model are asfollows:

* The maximum sight distance during a passing maneu-
ver isrequired at the critical position at which the sight
distances required to complete the pass or to abort the
pass are equal.

» The speeds of the passing vehicle and opposing vehicle
are equal.

» The passing vehicle has sufficient acceleration capabil-
ity to attain the specified speed difference relative to the
passed vehicle by thetimeit reachesthe critical position.

« |If the passing vehicle completesits pass, it returnsto its
normal lanewith a 1-sgap in front of the passed vehicle.

* |If the passing vehicle abortsits pass, it returnstoitsnor-
mal lane with a 1-s gap behind the passed vehicle.

* The minimum clearance time between the passing vehi-
cle and an opposing vehicleis1s.

The derivation of the Glennon model, as given in Equa-
tions 33 and 34, is presented in the literature and will not be
repeated here (75).

The Glennon model combined with accepted enforcement
practices provides a very safety-conservative approach for
marking passing and no-passing zones on two-lane highways.

71

If the passing sight distance determined from Equation 34 is
available throughout a passing zone, then it is ensured that a
passing driver in the critical position at any point within that
zone (even at the very end) has sufficient sight distance to
complete the passing maneuver safely. In most terrain, pass-
ing sight distance substantially greater than the minimum
will be available throughout most of the passing zone. It must
always be recognized that some drivers will illegally start a
passing maneuver before the beginning of a passing zone
(jumping) or complete it beyond the end of the zone (clip-
ping). However, given that the sight distance requirements of
passing drivers are lower in the early and later stages of a
passing maneuver than at the critical position, the model pro-
vides assurance that jumping and clipping driversare unlikely
to be greatly at risk of collision with an opposing vehicle.
Finally, it should be recognized that the assumptions for a
critical passing situation given above (e.g., passing and oppos-
ing vehicles traveling at the design speed of the highway, 1-s
clearancetimeto an opposing vehicle, and so forth) represent
an extremely rare combination of events that does not occur
often on two-lane highways.

An advantage of the Glennon model is that the lengths of
the passing and passed vehicles appear explicitly so that the
sensitivity of the required passing sight distance to vehicle
length can be examined.

Minimum Passing Zone Length

The MUTCD minimum passing zone length of 120 m
[400 ft] is clearly inadequate for high-speed passes. A 1970
study evaluated several very short passing zones (79). In two
passing zones with lengths of 120 and 200 m [400 and 640 ft],
it wasfound that very few passing opportunitieswere accepted
in such short zones and, of those that were accepted, more
than 70 percent resulted in a dightly forced or very forced
return to the right lane in the face of opposing traffic.

A 1971 study recommended that the minimum length of a
passing zone should be the sum of the perception-reaction dis-
tance (d,) and the distance traveled while occupying the left
lane (d.,) (67). Table 45 illustrates several alternative criteria

TABLE 45 Alternative criteriafor minimum length of passing zones on two-lane highways (2,3)

Minimum length of passing zone (ft)
Based on 85th percentile d;
Design speed Based on MUTCD Based on d; + d, from + d, observed in field
(mph) criteria AASHTO policy studies(65)

20 400 505 -

30 400 650 -

40 400 865 -

50 400 1,065 -

55 400 1,155 885

60 400 1,245 -

65 400 1,340 1,185

70 400 1,455 1,335
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that could be used for the minimum length of a passing zone,
including theimplicit MUTCD criteria, the sum of distances
d, and d, based on the assumptionsin Green Book policy, and
the 85th percentile value of the sum of distances d, and d,
based on field observations (2,3).

Sensitivity Analyses Based
on Truck Characteristics

The design criteria for minimum passing sight distance
and minimum passing zone length are sensitive to three
major vehicle characteristics: vehicle length, acceleration/
deceleration capabilities, and driver eye height. Sensitivity
analyses of these variables are presented below. These sen-
sitivity analyses are based on the 1990 FHWA Truck Char-
acteristics study (2,3), but have been updated to account for
changes in truck characteristics and changes in Green Book
and MUTCD criteriasincethose original sensitivity analyses
were performed.

Passing Sght Distance

The existing design and marking criteria for minimum
passing sight distance are based on consideration of passen-
ger cars as both the passing and passed vehicles. The sensi-
tivity analysis presented below considers three other passing
scenarios. a passenger car passing atruck, atruck passing a
passenger car, and atruck passing another truck.

Passenger Car Passing Truck. Neither the AASHTO nor
the MUTCD models can be used to examine the sensitivity
of passing sight distance requirementsto vehiclelength. How-
ever, a magjor advantage of the Glennon model is that the
lengths of the passing and passed vehicles appear explicitly
inthemodel. Therefore, thismodel has been used to compare
the passing sight distance requirements for passenger cars
and trucks.

The lengths of the vehiclesin the sensitivity analyses that
follow are based on thelength of the AASHTO passenger car
design vehicle (6 m [19ft]) and the length of arelatively long
truck (23 m [75 ft]).

In computing passing sight distance requirements with the
Glennon model, presented above in Equations 33 and 34, the
deceleration rate, d, used by a passenger car in aborting a
pass is assumed to be 2.4 m/s? [8 ft/s?]. Thisis arelatively
conservative deceleration rate for a passenger car on a dry
pavement, but it approaches a maximum deceleration ratein
braking on a poor, wet road.

The sengitivity analysis considered two alternative sets of
assumptions concerning the speeds of the passing and passed
vehicles. The first set consists of the standard AASHTO
assumptionsthat the passed vehicletravel sat the averagerun-
ning speed of the highway (see Table 41) and that the speed
differential, m, between the passing and passed vehiclesis a

constant 16 km/h (10 mph) at al design speeds. The second set
of assumptions was that proposed by Glennon, based on field
data (67, 75). Glennon proposed that the passing vehicle should
beassumedtotravel at thedesign speed of the highway, but that
the speed differential, m, between the passing and passed vehi-
clesshould be afunction of design speed asshownin Table 46.

Table 47 presentsthe passing sight distance requirementsfor
apassenger car passing atruck using the Glennon model and
Glennon’s assumptions concerning vehicle speeds, presented
above. (An aternative analysis with the standard AASHTO
assumptions concerning vehicle speeds yielded very similar
results.) For comparative purposes, the passing sight distance
requirementsfor apassenger car passing another passenger car
are presented in three different ways: (1) based on AASHTO
policy, (2) based on the MUTCD warrants, and (3) based on
the Glennon model.

Table 47 shows that the passing sight distance require-
ments for passenger cars obtained from the Glennon model
arevery similar totheMUTCD criteria. The passing sight dis-
tance requirements for a passenger car passing a truck are
8 to 76 m [25 to 250 ft] higher than for a passenger car pass-
ing a passenger car, depending on speed. The Green Book
sight distance requirements are much longer than any of the
other criteria, because of their very conservative assumptions.

Truck Passing Passenger Car. The passing sight distance
requirements for a truck passing a passenger car can be
addressed through adlight modification of the Glennon model.
Itisunlikely that atruck would be able to sustain a speed dif-
ference as large as a passenger car in performing a passing
maneuver. No dataare available on the speed differences actu-
ally used by trucksin passing, but, for purposes of this analy-
sis, it will be assumed that trucks can maintain only one-half
of the speed difference used by passenger cars. This assump-
tion has been implemented in the following analysis by keep-
ing the speed of the passed and opposing vehicles constant and
decreasing the speed of the passing vehicle. Given that the
speeds of the passing and opposing vehicles are no longer
equal, arevised version of the Glennon model was derived
and used for this analysis. This revised model for passing
maneuvers by trucks is equivalent to Equations 33 and 34
with 0.5(V, + V,) substituted for the VV term, where

V,, = speed of the passing vehicle (mph)

V, = speed of the opposing vehicle (mph)

TABLE 46 Speed differentials between
passing and passed vehiclesfor particular

design speeds (75)
Design speed (mph) Speed differential (mph)
30 12
40 11
50 10
60 9
70 8
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TABLE 47 Sight distancerequirementsfor passing by passenger cars based

on Glennon model (75)

Design or Required passing sight distance (ft)
prevailing AASHTO MUTCD Passenger car passing Passenger car
speed (mph) policy criteria passenger car passing truck

20 800 - 325 350

30 1,100 500 525 575

40 1,500 600 700 800

50 1,800 800 875 1,025

60 2,100 1,000 1,025 1,250

70 2,500 1,200 1,200 1,450

A truck isalso not likely to use a deceleration rate as high
as 2.4 m/s?[0.25 g or 8 ft/s?] in aborting a pass except in an
emergency situation. Therefore, adeceleration rate of 1.5 m/s?
[0.15 g or 5 ft/s?], which would be a comfortable decelera-
tion rate on adry pavement, has been assumed.

Table 48 presents the passing sight distance requirements
for a23-m [75-ft] truck passing a 6-m [19-ft] passenger car
under the assumptions discussed above. The passing sight
distance requirementsfor atruck passing a passenger car are
810 130 m [25 to 425 ft] more than for a passenger car pass-
ing a passenger car, depending on speed.

Truck Passing Truck. The passing sight distance require-
mentsfor atruck passing atruck have also been examined and
are also presented in Table 48. Both vehicles are assumed to
be 23 m [75 ft] in length. The passing sight distance require-
mentsfor atruck passing another truck werefound to be 8to
206 m [25 to 675 ft] longer than for a passenger car passing
a passenger car, depending on speed.

Comparison of Results. Figure 39 compares the passing
sight distance requirements determined in the sensitivity
analysis with the current AASHTO and MUTCD policies.

TABLE 48 Sight distancerequirementsfor passing by trucks based

on revised Glennon model

Design or Required passing sight distance (ft)
prevailing AASHTO MUTCD Truck passing Truck passing
speed (mph) policy criteria passenger car truck
20 800 - 350 350
30 1,100 500 600 675
40 1,500 600 875 975
50 1,800 800 1,125 1,275
60 2,100 1,000 1,375 1,575
70 2,500 1,200 1,625 1,875
2600
o 2400 AASHTO cmuu\
o 2008 Toock passi
] passing
§ 2000 b /" Truck
2 1800 |- Truck passing
o /_ Passenger Car
% 1600 1= |~ Passenger Car
= 1400 = passing Truck
2 1200
@ N N
@ 1000 - Passenger Car
& goofp passing
-] Passenger Car
2 sool . o
= MUTCD Criterta
g 40p
-
200 p-
0 L 1 1 [ 3 [{
¢ 10 20 30 40 50 80 70

Design or Prevailing Speed (mlh)

Figure39. Required passing sight distance for passenger cars and trucks in comparison with

current criteria (2,3).
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The figure indicates that the MUTCD criteria are in good
agreement with the requirements for a passenger car passing
another passenger car. The other passing scenarios—passen-
ger car passing truck, truck passing passenger car, and truck
passing truck—each require progressively more sight dis-
tance, but all are substantially lessthan the current AASHTO
Green Book criteria. Figure 40 compares the minimum pass-
ing zone lengths for the same scenarios. The development
and interpretation of these curvesis addressed in the discus-
sion of minimum passing zone length that follows.

Effect of Driver Eye Height at Crest Vertical Curves.
Where passing sight distanceisrestricted by avertical curve,
the truck driver has an advantage over a passenger car driver
due to greater eye height. However, as in the case of stop-
ping sight distance, the truck driver has no such advantage
where passing sight distance is restricted by a horizontal
sight obstruction.

Table 49 presents the required minimum vertical curve
lengths to maintain passing sight distance over a crest as
determined in the FHWA Truck Characteristics study (2, 3)
for the four passing scenarios addressed in Tables 47 and 48.
Table 49 has been updated to use eye heights of 1,080 mm
[3.5ft] for apassenger car driver and 2,330 mm [7.6 ft] for a
truck driver based on the design recommendations of the
2001 Green Book.

Table 49 indicates that increased driver eye height par-
tially, but not completely, offsets the greater passing sight
distance requirements of trucks. At all speedsabove 48 km/h
[30 mph], alonger minimum vertical curvelengthisrequired

to maintain adequate passing sight distancefor passing maneu-
versinvolving trucksthan for apassenger car passing another
passenger car. However, except at high speeds and large
algebraic differencesin grades (e.g., sharp crests), atruck can
safely passapassenger car on any vertical curvewhere apas-
senger car can safely pass atruck.

Minimum Passing Zone Length

There are currently no design or operational criteria for
minimum passing zone length, other than the default 120-m
[400-ft] guideline set by the MUTCD. One possible criterion
for minimum passing zone length is the distance required
for avehicletraveling at or near the design speed of the high-
way to pass a slower vehicle. Recent debate over the role of
trucksin passing sight distance criteriahaslargely ignored the
longer passing distances and, thus, longer passing zonelengths
required for passing maneuversinvolving trucks.

A sensitivity analysis of passing distances has been con-
ducted based on the following assumptions:

» The distance required to complete a pass is the sum of
the initial maneuver distance (d;) and the distance trav-
eled in the left lane (d,).

» Thepassing driver doesnot begin to accelerate in prepa-
ration for the passing maneuver until the beginning of
the passing zone is reached.

* The initial maneuver distance (d)) for passes by both
passenger cars and trucks can be determined using the
AASHTO relationship presented in Equation 31. The

Truck passing
[—Passenger Car
3000
- 2800 = Truck passing /
£ 2600 - Truck Passenger Car
£ 2400 - \ L~ passing Truck
2 2200}~
<
: 2000 = Passenger Car
g 1800 p= N passing
N 1600 = Passenger Car
D 1400 |-
§ 1200 |- \_ AASHTO
o 1000 = d1+d2
g 800 -
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Figure40. Required passing zone length to complete a pass at or near the highway design speed.
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TABLE 49 Minimum vertical curvelength (ft) to maintain required passing sight distance

Algebraic Design speed (mph)
difference in
grade (%) 20 30 40 50 60 70

Passenger car passing passenger car®
2 80 200 350 550 760 1,030
4 160 400 700 1,100 1,510 2,060
6 230 600 1,050 1,650 2,260 3,090
8 310 790 1,400 2,190 3,010 4,120
10 380 990 1,750 2,740 3,760 5,150

Passenger car passing truck®

90 240 460 760 1,120 1,510

4 180 480 920 1,510 2,240 3,010
6 270 710 1,380 2,260 3,350 4,510
8 350 950 1,830 3,010 4,470 6,010
10 440 1,190 2,290 3,760 5,590 7,510

Truck passing passenger car
2 60 170 360 600 890 1,240
4 120 340 720 1,190 1,770 2,470
6 180 510 1,080 1,780 2,650 3,700
8 230 680 1,430 2,370 3,540 4,940
10 290 850 1,790 2,960 4,420 6,170

Truck passing truck”
2 60 220 450 760 1,160 1,650
4 120 430 890 1,520 2,320 3,290
6 180 640 1,340 2,280 3,480 4,930
8 230 860 1,780 3,040 4,640 6,570
10 290 1,070 2,220 3,800 5,800 8,210

& Based on sight distance requirements from Table 47 for passenger car driver eye height of 1,080 mm [3.5 ft].
® Based on sight distance requirements from Table 48 for truck driver eye height of 2,330 mm [7.6 ft].

passing vehicle is assumed to accelerate at a constant
rate, a, until the desired speed differential, m, relative to
the passed vehicle isreached. Thus, t, can be calculated
asm/a

The acceleration rate, a, and initial maneuver time, t,,
for passes by passenger cars as a function of design
speed can be approximated by the AASHTO estimates
in Table 41. Dueto the lower performance capabilities
of trucks, their acceleration ratesduring theinitial maneu-
ver are assumed to be one-half of those used by passen-
ger cars.

The distance traveled in the left lane (d,) can be esti-
mated as follows:

2
o3 -m)+Lp +L, - 9730
O a [J

H " H

This relationship is used in preference to the AASHTO
expressionfor d, becauseit explicitly containsthe lengths
of the passing and passed vehicles (L, and L) and the
speed difference between the vehicles, m. It would be
desirable to cdibrate Equation 35 with field data.

Equation 35 is based on the premise that the passing
vehicle initially trails the passed vehicle by a 1-s gap
and returnsto itsnormal lane leading the passed vehicle
by a 1-s gap. The passing vehicle is assumed to main-

d, =V (35)

tain an average speed differential equal to mduring its
occupancy of the left lane; the latter assumption is con-
sistent with AASHTO poalicy, but ismore restrictive than
the Glennon model, which assumes only that aspeed dif-
ferential equal to m is reached before the passing vehi-
clereachesthe critical position (75).

Passenger cars are assumed to accelerate when passing
and to maintain an average speed equal to the design
speed of the highway and maintain the same average
speed differences used to derive Table 47. When pass-
ing, trucks are assumed to maintain only one-half of the
speed difference of passenger cars, consistent with the
assumptions used to derive Table 48.

The assumed lengths of passenger cars and trucks are
6 and 23 m[19 and 75 ft], respectively.

The sensitivity analysisresults for the distance required to

complete a pass are presented in Table 50 for the four pass-
ing scenarios considered previously—passenger car passing
passenger car, passenger car passing truck, truck passing pas-
senger car, and truck passing truck. Therequired passing dis-
tances for these four scenarios are illustrated in Figure 24.
Except at very low speeds, al of the passing distances are
very much larger than the MUTCD minimum passing zone
length of 122 m [400 ft].

Table 50 and Figure 40 show that, in order to complete a

passing maneuver at speeds of 100 km/h [60 mph] or more

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/23379

Review of Truck Characteristics as Factors in Roadway Design

76

TABLE 50 Passing zone length required to complete a passfor various passing scenarios (2,3)

Speed difference

Minimum length of passing zone (ft)

Passing (mph) used by Passenger Passenger Truck

Design vehicle passing vehicle car car passing Truck

speed speed (V) Passenger passing passing passenger passing

(mph) (mph) car Truck  passenger car truck car truck
20 20 13 6.5 150 225 275 350
30 30 12 6 350 475 600 724
40 40 11 5.5 600 825 975 1,175
50 50 10 5 975 1,250 1,450 1,750
60 60 9 45 1,475 1,850 2,025 2,450
70 70 8 4 2,175 2,650 2,900 3,400

under the stated assumptions, trucks require passing zones
at least 610 m [2,000 ft] long. There are relatively few such
passing zones on two-lane highways and, yet, trucks regularly
make passing maneuvers. The explanation of this apparent
paradox isthat, given that there are very few locations where
atruck can safely make a delayed pass, truck drivers seldom
attempt them. Most passing maneuvers by trucks on two-lane
highways are flying passes that require less passing sight dis-
tance and less passing zone length than delayed passes. Thus,
there may be no need to change current passing sight distance
criteria to accommodate a truck passing a passenger car or a
truck passing atruck asshownin Table48. It makeslittle sense
to provide enough passing sight distancefor delayed passesby
trucks when passing zones are not generally long enough to
permit such maneuvers.

Summary of Findings

The review and sensitivity analysis conducted for the
FHWA Truck Characteristics study found that thereis very
close agreement between the current MUTCD criteria for
passing sight distance and the sight distance requirementsfor
a passenger car passing another passenger car based on an
analytical model recently devel oped by Glennon (75). Appli-
cation of the Glennon model indicatesthat successively longer
passing sight distances are required for a passenger car pass-
ing atruck, atruck passing a passenger car, and atruck pass-
ing a truck. There is no general agreement as to which of
these passing situations is the most reasonable basis for
designing and operating two-lane highways. All of the pass-
ing sight distance criteria derived here are shorter than the
Green Book design criteria, which are based on very conser-
vative assumptions.

The analysis results indicate that, if a passenger car pass-
ing a passenger car is retained as the design situation, only
minor modifications are needed to the MUTCD passing sight
distancecriteria. If amorecritical design situationis selected
(e.g., apassenger car passing atruck), passing sight distances
up to 76 m [250 ft] longer than the current MUTCD criteria
would be required. It is important to recognize that such a
change in passing zone marking criteria would completely
eliminate some existing passing zones and shorten others,
even though passenger cars can safely pass other passenger

cars in those zones. Clearly, this would reduce the level of
service on two-lane highways.

Theincreased driver eye height of trucks partially, but not
completely, offsets the increased passing sight distance
requirements when thetruck isthe passing vehicle. However,
except at very sharp crests on high-speed highways, a truck
can safely pass a passenger car on any crest where a passen-
ger car can safely pass atruck.

No cost-effectiveness analysis of the potential for revising
passing sight distance criteria to accommodate trucks was
conducted in the Truck Characteristics study because of the
lack of data on the operational effects of implementing the
revised criteria. The criteria, presented in Tables 47 and 48,
address design situationsinvolving a passenger car passing a
truck, atruck passing a passenger car, and atruck passing a
truck, in contrast to the current criteria, which are based on a
passenger car passing a passenger car. Adoption of any of
these alternative passing sight distance criteria for marking
passing and no-passing zones on two-lane highways would
be premature without an operational analysis of the extent to
which therevised criteriawould degrade the level of service
for passenger cars.

Thereareno current criteriafor passing zonelengths, except
for the default 120-m [400-ft] guideline set by the MUTCD.
For all design speeds above 48 km/h [30 mph], the distance
required for one vehicle to pass another at or near that design
speed is substantially longer than 120 m [400 ft], indicating
a need for longer passing zones. The required passing dis-
tances and passing zone lengths are increased substantially
when the passing vehicle, the passed vehicle, or both, are
trucks. However, thisanalysisis based on assumptions appro-
priatefor delayed passing maneuvers, which are seldom made
by trucks.

DECISION SIGHT DISTANCE
Current Geometric Design Criteria

Decision sight distance isthe distance required for adriver
to detect an unexpected or otherwise difficult-to-perceive
information source or hazard in a roadway environment that
may be visually cluttered, recognize the hazard or its threat
potential, select an appropriate speed and path, and initiate
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and compl ete the selected maneuver safely and efficiently (1).
Decision sight distance is intended to give drivers an addi-
tional margin for error and to provide them sufficient length
to complete their selected maneuver at the same or reduced
speed, rather than to stop. Therefore, the recommended val-
ues of decision sight distance are substantially greater than
the recommended stopping sight distance criteria. Locations
where it may be desirable to provide decision sight distance
include interchanges and intersection | ocations where unusual
or unexpected maneuvers are required; changesin cross sec-
tion, such astoll plazas and lane drops; and areas of “visua
noise” where multiple sources of information, such as road-
way elements, traffic, traffic control devices, and advertising
signs, compete for the driver’ s attention.

The concept of decision sight distance was first intro-
duced in the 1984 Green Book based on research by McGee
et al. (80). The origina decision sight distance concept con-
sidered only a single maneuver, a lane change to avoid an
obstacle, such asavehicle or atraffic queue, on the roadway
ahead. The decision sight distance design values were defined
empirically from estimates of the premaneuver (i.e., detec-
tion and recognition and decision and response initiation)
and maneuver times required to make a lane change at var-
ious speeds. The decision sight distance was changed in the
1990 Green Book to include multiple scenarios that might
be encountered by a driver approaching a decision point.
Specifically, decision sight distance criteriaare now defined
for five traffic scenarios or avoidance maneuvers. These are
asfollows:

+ Avoidance Maneuver A: Stop on rural road;

» Avoidance Maneuver B: Stop on urban road;

+ Avoidance Maneuver C: Speed/path/direction changeon
rural road;

+ Avoidance Maneuver D: Speed/path/direction change on
suburban road; and

 Avoidance Maneuver E: Speed/path/direction change on
urban road.

The decision sight distances for avoidance maneuvers A
and B are determined as follows:

Metric US Customary

V2 V2
d = 0278Vt +0039" - d=147vt+1075" - (36)

where where

t = pre-maneuver time, s;
V = design speed, mph;
a = driver deceleration, ft/s?

t = pre-maneuver time, s;
V = design speed, km/h;
a = driver deceleration, m/s?

Equation 36 isthe same model used in the Green Book for
stopping sight distance (see Equation 25). However, in appli-
cation to decision sight distance, the first term (premaneuver
time) isincreased above the brake reaction time used for stop-
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ping sight distanceto allow the driver additional timeto detect
and recognize the roadway or traffic situation and initiate a
response. For astop on arura road (Avoidance Maneuver A),
the estimated premaneuver time is 3.0 s. For the more com-
plex situation represented by a stop on an urban road (Avoid-
ance Maneuver B), the estimated premaneuver timeis9.1s.

The decision sight distances for Avoidance Maneuvers C,
D, and E are determined as follows:

Metric US Customary

d=0.278Vt d= 147Vt (37)

where where

t = total pre-maneuver and
maneuver time, s;
V = design speed, km/h

t = total pre-maneuver and
maneuver time, s;
V = design speed, mph

Equation 37 is based on the assumption that in making a
path or direction change, the driver will be traveling at the
design speed of the roadway for aspecified premaneuver and
maneuver time. Thereisno explicit consideration of the pos-
sibility that the appropriate maneuver might be aspeed change
but, if the maneuver appropriate to the traffic situation is a
reduction in speed, then the decision sight distances provided
by Equation 37 will be conservative.

In Equation 37, the parameter, t, represents the total pre-
maneuver-plus-maneuver time. Thetotal premaneuver-plus-
maneuver time varies between 10.2 and 11.2 sfor rural roads,
between 12.1 and 12.9 s for suburban roads, and between
14.0 and 14.5 s for urban roads, with lower values used at
higher speeds. The Green Book does not specify the alloca
tion of time between the premaneuver and maneuver periods
and a so does not specify any particular maneuver to be made.
Rather, it is presumed that the values of t used are sufficient
for whatever maneuver may be required.

The decision sight distance criteria recommended in the
Green Book are presented in Table 51.

Vertical curve lengths to provide these levels of decision
sight distance are based on a 1,080-mm [3.5-ft] driver eye
height and a 600-mm [2-ft] object height, just asfor stopping
sight distance.

The Green Book decision sight distance criteria are meant
to be guidelinesrather than absol ute requirements. The Green
Book emphasizes the importance of traffic control devices,
such as advance signing, where the full decision sight dis-
tance cannot be provided.

Critique of Geometric Design Policy

The Green Book criteria for decision sight distance are
based primarily on consideration of passenger cars and do
not explicitly consider trucks. However, the premaneuver
and maneuver times considered are sufficiently long that itis
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TABLE 51 Design valuesfor decision sight distance (1)

Metric

US Customary

Design

Decision sight distance (m)

Design Decision sight distance (ft)

speed

Avoidance maneuver

speed Avoidance maneuver

kmh) “A B

C D E (mph) A B C D E

50 70 155 145 170 195
60 95 195 170 205 235
70 115 235 200 235 275
80 140 280 230 270 315
90 170 325 270 315 360
100 200 370 315 355 400
110 235 420 330 380 430
120 265 470 360 415 470
130 305 525 390 450 510

Avoidance Maneuver A: Stop on rural road—t = 3.0 s.
Avoidance Maneuver B: Stop on urban road—t = 9.1 s.
Avoidance Maneuver C: Speed/path/direction change on rural road—t varies between 10.2 and

11.2 s.

Avoidance Maneuver D: Speed/path/direction change on suburban road—t varies between 12.1

and 12.9 s.

Avoidance Maneuver E: Speed/path/direction change on urban road—t varies between 14.0 and

145s.

likely that these criteria may accommodate trucks aswell as
passenger cars.

For Avoidance Maneuvers A and B, the model used for
decision sight distance is the same as that used for stopping
sight distance. The premaneuver portion of the design sight
distance criteria provides more reaction time than the stop-
ping sight distance criteria. This should accommodate truck,
aswell as passenger car, drivers, especially given that truck
drivers have an eye height advantage that |ets them see stop
conditions hidden by crest vertical curves before passenger
car drivers.

The decel eration rate used in determining the decision sight
distancecriteriafor Avoidance Maneuvers A and B isthe same
value used in determining stopping sight distance criteria.

A formal sensitivity analysis of decision sight distance
requirements to accommodate trucks for Avoidance Maneu-
versC, D, and Ewill bedifficult because the Green Book does
not distinguish explicitly between premaneuver and maneu-
ver time and because the specific maneuvers to be accommo-
dated are not specified. Given that Avoidance Maneuvers C,
D, and E involve speed/path/direction changes, rather than
braking to a stop, the longer braking distances of trucks may
beless of anissuethan for situations where astop isrequired.
On the other hand, trucks are substantially larger and less
maneuverable than passenger cars and may require more
maneuver time in some situations (e.g., lane changes). The
greater eye height of truck driversisapotential advantagefor
Avoidance ManeuversC, D, and E because atruck driver may
be able to see over the vehicleimmediately ahead and may be
able to perceive traffic situations requiring an avoidance
maneuver before a passenger car driver would.

The FHWA Truck Characteristics study included a cost-
effectivenessanalysisof potential changesto the decision sight
distance policy inthe 1984 Green Book to better accommodate
trucks. This analysis concluded that such changes would not

be cost-effective. A similar analysisindicatesthat changesto
the decision sight distance criteriain the 2001 Green Book to
better accommodate trucks would still not be cost-effective.

INTERSECTION SIGHT DISTANCE
Current Geometric Design Criteria

Intersection sight distance is provided to allow drivers at,
or on the approach to, an intersection to perceive the presence
of potentially conflicting vehicles. This should occur in suf-
ficient time for motorists to stop or adjust speed, as appro-
priate, to avoid colliding in the intersection. The methods for
determining the sight distances needed by drivers approach-
ing intersections are based on the same principles as stopping
sight distance, but incorporate modified assumptions based
on observed driver behavior at intersections.

The driver of avehicle approaching an intersection should
have an unobstructed view of the entire intersection, includ-
ing any traffic control devices, and sufficient lengths along
theintersecting highway to permit the driver to anticipate and
avoid potentia collisions. The sight distance needed under
various assumptions of physical conditions and driver behav-
ior isdirectly related to vehicle speedsand to theresultant dis-
tancestraversed during perception-reaction time and braking.

Sight distanceisalso provided at intersectionsto allow the
drivers of stopped vehicles asufficient view of the intersect-
ing highway to decide when to enter the intersecting highway
or to crossit. If the available sight distance for an entering or
crossing vehicleis at least equal to the appropriate stopping
sight distancefor the major road, then drivers have sufficient
sight distance to anticipate and avoid collisions. However, in
some cases, this may require amajor-road vehicle to stop or
slow to accommodate the maneuver by aminor-road vehicle.
To enhance traffic operations, intersection sight distances
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that exceed stopping sight distances are desirable along the
major road.

Prior to the 2001 Green Book, intersection sight distance
policieswere presented based on akinematic or accel eration-
deceleration model. Research by Harwood et al. (81) docu-
mented conceptual inconsistencies in these models and for-
mulated a revised approach to intersection sight distance
criteria based on gap acceptance. A gap-acceptance model,
calibrated with field data, was used for all intersection sight
distance cases, except for intersectionswith no traffic control
on any of the approaches (Case A).

Sight Triangles

Two types of clear sight triangles are considered in inter-
section design: approach sight triangles and departure sight
triangles.

Approach Sght Triangles

Each quadrant of an intersection should contain a triangu-
lar area free of obstructions that might block an approaching
driver’ sview of potentially conflicting vehicles. Thelength of
the legs of this triangular area, along both intersecting road-
ways, should be such that the drivers can see any potentially
conflicting vehicles in sufficient time to slow or stop before
colliding within the intersection. Figure 41a shows typical
clear sight triangles to the left and to the right for a vehicle
approaching an uncontrolled or yield-controlled intersection.

Departure Sght Triangles

A second type of clear sight triangle provides sight distance
sufficient for a stopped driver on a minor-road approach to
depart from the intersection and enter or cross the mgjor road.
Figure 41b shows typical departure sight triangles to the left
and to the right of the location of a stopped vehicle on the
minor road. Departure sight triangles should be provided in
each quadrant of each intersection approach controlled by stop
or yield signsand for some signali zed intersection approaches.

I dentification of Sght Obstructions
Within Sight Triangles

The profilesof theintersecting roadways should be designed
to provide the recommended sight distances for drivers on
theintersection approaches. Within asight triangle, any object
at aheight above the elevation of the adjacent roadways that
would obstruct the driver’s view should be removed or low-
ered, if practical. Such objects may include buildings, parked
vehicles, highway structures, roadside hardware, hedges, trees,
bushes, unmowed grass, tall crops, walls, fences, and the ter-
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rain itself. Particular attention should be given to the eval-
uation of clear sight triangles at interchange ramp/crossroad
intersections where features such as bridge railings, piers, and
abutments are potential sight obstructions.

The determination of whether an object constitutes a sight
obstruction should consider both the horizontal and vertical
alignment of both intersecting roadways, as well asthe height
and position of the object. In making this determination, it
should be assumed that the driver’s eyeis 1,080 mm [3.5 ft]
above the roadway surface and that the object to be seen is
1,080 mm [3.5 ft] above the surface of the intersecting road.

Thisobject height isbased on avehicle height of 1,330 mm
[4.35ft], which representsthe 15th percentile of vehicleheights
in the current passenger car population less an allowance of
250 mm [10 in]. This allowance represents a near-maximum
value for the portion of a passenger car height that needs to
bevisible for another driver to recognizeit asthe object. The
use of an object height equal to the driver eye height makes
intersection sight distances reciprocal (i.e., if one driver can
see another vehicle, then the driver of that vehicle can also
seethefirst vehicle).

Where the sight-distance value used in design isbased on a
single-unit or combinationtruck asthedesign vehicle, itisalso
appropriate to use the eye height of atruck driver in checking
sight obstructions. The value for a truck driver’s eye height
recommended in the Green Book is 2,330 mm [7.6 ft] above
the roadway surface.

Intersection Sight Distance Cases

The recommended dimensions of the sight triangles vary
with thetype of traffic control used at an intersection because
different types of control impose different legal constraints
on drivers and, therefore, result in different driver behavior.
Procedures to determine sight distances at intersections are
provided in the Green Book for the following cases:

» Case A—Intersections with no control;

» Case B—Intersections with stop control on the minor
road;

» Case B1—Left turn from the minor road;

» Case B2—Right turn from the minor road;

» Case B3—Crossing maneuver from the minor road,

» Case C—Intersections with yield control on the minor
road;

» Case C1—Crossing maneuver from the minor road,;

» Case C2—Léft or right turn from the minor road;

» Case D—Intersections with traffic signal control;

» Case E—Intersections with all-way stop control; and

» Case F—Léeft turns from the major road.

The following discussion addresses Cases B, C, D, E,
and F. Case A isomitted because it is applicable only to very
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Figure4l. Intersection sight triangles.

low-volume intersections at which the appropriate design
vehicleisunlikely to be atruck.

Case B—Intersections With Sop Control on the
Minor Road

Departure sight triangles for intersections with stop con-
trol on the minor road are considered for three situations:

» Case B1—L &ft turns from the minor road;

» Case B2—Right turns from the minor road; and

» Case B3—Crossing the major road from a minor-road
approach.

Intersection sight distance criteria for stop-controlled
intersections are longer than stopping sight distanceto ensure
that the intersection operates smoothly. Minor-road vehicle
operatorscan wait until they can proceed safely without forc-
ing amajor-road vehicle to stop.

Case B1—Left Turn From the Minor Road

The Green Book states that departure sight triangles for
traffic approaching from either theright or theleft, like those
shown in Figure 41b, should be provided for left turns from
the minor road onto the major road for all stop-controlled
approaches. The length of the leg of the departure sight tri-

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/23379

Review of Truck Characteristics as Factors in Roadway Design

angle along the major road in both directions is the recom-
mended intersection sight distance for Case B1.

The vertex (decision point) of the departure sight triangle
on the minor road should be 4.4 m [14.4 ft] from the edge of
the major-road traveled way. Thisrepresentsthetypical posi-
tion of the minor-road driver’ s eye when avehicleis stopped
relatively closeto the major road. Field observations of vehi-
cle stopping positions found that, where necessary, drivers
will stop with the front of their vehicles 2.0 m [6.5 ft] or less
from the edge of the major-road traveled way. M easurements
of passenger cars indicate that the distance from the front of
the vehicle to the driver’s eye for the current U.S. passenger
car population is nearly aways 2.4 m [8 ft] or less (81). The
Green Book states that, where practical, it is desirable to
increase the distance from the edge of the major-road trav-
eled way to the vertex of the clear sight triangle from 4.4 m
to 5.4 m[14.4 to 17.8 ft]. Thisincrease allows 3.0 m [10 ft]
from the edge of the major-road traveled way to the front
of the stopped vehicle, providing alarger sight triangle. The
length of the sight triangle along the minor road (distance “a’
in Figure 41b) is the sum of the distance from the major road
plus one-haf of the lane width for vehicles approaching from
theleft, or one-and-one-half lane width for vehicles approach-
ing from the right.

Field observations of the gaps in major-road traffic actu-
ally accepted by drivers turning onto the major road have
shown that the valuesin Table 52 provide sufficient time for
the minor-road vehicle to accelerate from a stop and com-
plete a left turn without unduly interfering with major-road
traffic operations. The time gap acceptance time does not
vary with approach speed on the magjor road. Studies have
indicated that a constant value of time gap, independent of
approach speed, can be used as a basis for intersection sight
distance determinations. Observations have aso shown that
major-road drivers will reduce their speed to some extent
when minor-road vehicles turn onto the major road. Where
the time gap acceptance valuesin Table 52 are used to deter-
minethelength of theleg of the departure sight triangle, most
major-road drivers should not need to reduce speed to less
than 70 percent of their initial speeds (81).

81

Theintersection sight distance in both directions should be
equal to the distance traveled at the design speed of the major
road during a period of time equal to the time gap. In apply-
ing Table 52, it is usually assumed that the minor-road vehi-
cleisapassenger car. However, where substantial volumes of
heavy vehicles enter the major road, such asfrom aramp ter-
minal, tabulated values for single-unit or combination trucks
are provided. Table 52 includes appropriate adjustments to
the gap times for the number of lanes on the major road and
for the approach grade of the minor road.

The Green Book states that the intersection sight distance
along the major road (dimension b in Figure 41b) is deter-
mined by the following:

Metric

1D = 0.278Vipgior g

US Customary
ISD = 1.47V,guty  (38)

where where

ISD = intersection sight distance | ISD = intersection sight distance
(length of the leg of sight (length of the leg of sight
triangle along the major triangle along the major

road) (m) road) (ft)

Vimaor = design speed of major Vmajor = design speed of major
road (km/h) road (mph)

ty = time gap for minor road ty = time gap for minor road
vehicle to enter the major vehicle to enter the major
road (s) road (s)

The Green Book recommendsthat sight distance design for
left turns at divided-highway intersections should consider
multiple design vehicles and median width. If the design vehi-
cle used to determine sight distance for a divided-highway
intersection islarger than a passenger car, then sight distance
for left turns will need to be checked for that selected design
vehicleand for smaller design vehiclesaswell. If the divided-
highway median is wide enough to store the design vehicle
with a clearance to the through lanes of approximately 1 m
[3ft] a both ends of the vehicle, no separate analysisfor the
departure sight triangle for left turns is needed on the minor-
road approach for the near roadway to theleft. In most cases,
the departure sight triangle for right turns (Case B2) will

TABLE 52 Timegap for Case B1—Ileft turn from stop (1)

Design vehicle

Time gap (s) at design speed
of major road (tg)

Passenger car
Single-unit truck
Combination truck

7.5
9.5
11.5

Note: Time gaps are for a stopped vehicle to turn right or left onto a two-lane highway with

no median and grades 3 percent or less. The table values require adjustment as follows:
For multilane highways: For left turns onto two-way highways with more than two
lanes, add 0.5 seconds for passenger cars or 0.7 seconds for trucks for each
additional lane, from the left, in excess of one, to be crossed by the turning vehicle.

For minor road approach grades: If the approach grade is an upgrade that exceeds
3 percent; add 0.2 seconds for each percent grade for left turns.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/23379

Review of Truck Characteristics as Factors in Roadway Design

82

provide sufficient sight distance for a passenger car to cross
the near roadway to reach the median. Possible exceptions
are addressed in the discussion of Case B3.

If the design vehicle can be stored in the median with ade-
quate clearance to the through lanes, adeparture sight triangle
to the right for left turns should be provided for that design
vehicle turning left from the median roadway. Where the
median isnot wide enough to storethe design vehicle, adepar-
ture sight triangle should be provided for that design vehicle
to turn left from the minor-road approach.

The median width should be considered in determining the
number of lanes to be crossed. The median width should be
converted to equivalent lanes. For example, a 7.2-m [24-ft]
median should be considered as two additional lanes to be
crossed in applying the multilane highway adjustment for
timegapsin Table 52. Furthermore, adeparture sight triangle
for left turns from the median roadway should be provided
for thelargest design vehiclethat can be stored on the median

roadway with adequate clearance to the through lanes. If a
divided highway intersection has a 12-m [40-ft] median
width and the design vehicle for sight distance is a 22-m
[74-ft] combination truck, departure sight triangles should
be provided for the combination truck turning left from the
minor-road approach and through the median. In addition, a
departure sight triangle should also be provided to the right
for a9-m [30-ft] single-unit truck turning left from a stopped
position in the median.

Figure 42 compares the intersection sight distances by
type of design vehicle for Case B1.

Case B2—Right Turns from the Minor Road

The Green Book states that a departure sight triangle for
traffic approaching from the left like that shown in Figure
41b should be provided for right turns from the minor road
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Figure42. Intersection sight distance—Case B1—eft turn
from stop (1).

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/23379

Review of Truck Characteristics as Factors in Roadway Design

onto the major road. The intersection sight distance for right
turnsis determined in the same manner asfor Case B1, except
that the time gaps (t;) in Table 52 are adjusted. Field obser-
vations indicate that, in making right turns, drivers gener-
ally accept gapsthat are slightly shorter than those accepted
in making left turns (81). The time gapsin Table 52 can be
decreased by 1.0 s for right-turn maneuvers without undue
interference with mgjor-road traffic. These adjusted time gaps
for the right turn from the minor road are shown in Table 53.
Figure 43 compares the design valuesfor the design vehicles
for each of the time gaps in Table 53. When the minimum
recommended sight distance for aright-turn maneuver cannot
be provided, even with the reduction of 1.0 sfrom the values
in Table 53, the Green Book recommends that consideration
should be given to installing regul atory speed signing or other
traffic control devices on the major-road approaches.

Case B3—Crossing Maneuver from
the Minor Road

In most cases, the departure sight triangles for left and
right turns onto the major road, as described for CasesB1 and
B2, will aso provide more than adequate sight distance for
minor-road vehicles to cross the major road. However, the
Green Book notesthat, in thefollowing situations, it isadvis-
able to check the availability of sight distance for crossing
maneuvers:

* Where left and/or right turns are not permitted from a
particular approach and the crossing maneuver istheonly
legal maneuver;

Where the crossing vehicle would cross the equivalent
width of more than six lanes; or

Where substantial volumes of heavy vehicles crossthe
highway and steep grades that might slow the vehicle

TABLE 53 Timegap for Case B2—right turn
from stop and Case B3—crossing maneuver (1)

Time gap (s) at
design speed of

Design vehicle major road (t,)

Passenger car 6.5
Single-unit truck 8.5
Combination truck 10.5

Note: Time gaps are for a stopped vehicle to turn right onto
or cross a two-lane highway with no median and
grades 3 percent or less. The table values require
adjustment as follows:

For multilane highways:

For crossing a major road with more than two lanes,
add 0.5 seconds for passenger cars and 0.7 seconds
for trucks for each additional lane to be crossed and
for narrow medians that cannot store the design vehicle.
For minor road approach grades: If the approach

grade is an upgrade that exceeds 3 percent, add

0.1 seconds for each percent grade.
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while its back portion is still in the intersection are
present on the departure roadway on the far side of the
intersection.

The formula for intersection sight distance in Case B1 is
used again for the crossing maneuver except that time gaps
(ty) are obtained from Table 53. At divided highway inter-
sections, depending on the rel ative magnitudes of the median
width and the length of the design vehicle, intersection sight
distance may need to be considered for crossing both road-
ways of the divided highway or for crossing the near lanes
only and stopping in the median before proceeding. The appli-
cation of adjustment factors for median width and grade are
discussed under Case B1.

Case C—Intersections With Yield Control
on the Minor Road

Drivers approaching yield signs are permitted to enter or
cross the major road without stopping, if there are no poten-
tially conflicting vehicles on the major road. The sight dis-
tances needed by drivers on yield-controlled approaches
exceed those for stop-controlled approaches.

For four-leg intersectionswith yield control on the minor
road, two separate pairs of approach sight triangles like
those shown in Figure 41a should be provided. One set of
approach sight triangles is needed to accommodate cross-
ing the major road and a separate set of sight triangles is
needed to accommaodate left and right turns onto the major
road. Both sets of sight triangles should be checked for
potential sight obstructions.

For three-leg intersections with yield control on the minor
road, only the approach sight triangles to accommodate | eft-
and right-turn maneuvers need be considered, because the
crossing maneuver does not exist.

Case C1—Crossing Maneuver From
the Minor Road

The Green Book design values for the length of the leg of
the approach sight triangle along the minor road to accommo-
date the crossing maneuver from ayield-controlled approach
(distance*d’ inFigure4la) isgivenin Table54. Thedistances
in Table 54 are based on the same assumptions as those for
Case A except that, based on field observations, minor-road
vehicles that do not stop are assumed to decelerate to 60 per-
cent of the minor-road design speed, rather than 50 percent.

Sufficient travel time for the major-road vehicle should be
provided to alow the minor-road vehicle: (1) to travel from
the decision point to the intersection, while decelerating at
the rate of 1.5 m/? [5 ft/s?] to 60 percent of the minor-road
design speed; and then (2) to cross and clear the intersec-
tion at that same speed. The intersection sight distance along
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Figure43. Intersection sight distance—Case B2—right turn from stop and

Case B3—crossing maneuver (1).

the major road to accommodate the crossing maneuver (dis-
tance b in Figure 41a) should be computed with Equation 39.

The value of t; should equal or exceed the appropriate
travel timefor crossing the major road from astop-controlled
approach, as shown in Table 53. The design values for the
time gap (ty) shown in Table 54 incorporate these crossing
times for two-lane highways and are used to develop the
length of the leg of the sight triangle along the major road in
Table 55.

Case C2—Left or Right Turn from the Minor Road

The Green Book statesthat length of theleg of the approach
sight triangle aong the minor road to accommodate left and

right turnswithout stopping (distanceain Figure 41a) should
be 25 m[82 ft]. Thisdistance is based on the assumption that
driversmaking | eft and right turnswithout stopping will slow
to aturning speed of 16 km/h [10 mph].

Theleg of the approach sight triangle along the major road
(distance b in Figure 41a) is similar to the major-road leg of
the departure sight triangle for stop-controlled intersections
in Cases B1 and B2. However, the Green Book statesthat the
time gapsin Table 52 should beincreased by 0.5 sto the val-
ues shown in Table 56. The appropriate lengths of the sight
triangle leg are shown in Figure 44 for the various design
vehicle categories. The minor-road vehicle needs 3.5 s to
travel from the decision point to the intersection. This repre-
sentsadditional travel timethat isneeded at ayield-controlled
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TABLE 54 Case Cl—crossing maneuversfrom yield-controlled approaches—length of minor-road leg and travel times (1)

Metric

US Customary

Minor-road approach Travel time (t,) (seconds)

Minor-road approach Travel time (t,) (seconds)

Design Length of Design Length of
speed leg Travel time t,**  Calculated speed leg* Travel time t,"®  Calculated
(km/h) (m) (seconds) value Design value®*  (mph) (ft) (seconds) value Design value®*
20 20 3.2 7.1 7.1 15 75 34 6.7 6.7
30 30 3.6 6.2 6.5 20 100 3.7 6.1 6.5
40 40 4.0 6.0 6.5 25 130 4.0 6.0 6.5
50 55 4.4 6.0 6.5 30 160 4.3 5.9 6.5
60 65 4.8 6.1 6.5 35 195 4.6 6.0 6.5
70 80 51 6.2 6.5 40 235 4.9 6.1 6.5
80 100 55 6.5 6.5 45 275 5.2 6.3 6.5
90 115 5.9 6.8 6.8 50 320 5.5 6.5 6.5
100 135 6.3 7.1 7.1 55 370 5.8 6.7 6.7
110 155 6.7 7.4 7.4 60 420 6.1 6.9 6.9
120 180 7.0 7.7 7.7 65 470 6.4 7.2 7.2
130 205 7.4 8.0 8.0 70 530 6.7 7.4 7.4
75 590 7.0 7.7 7.7
80 660 7.3 7.9 7.9

* For minor-road approach grades that exceed 3 percent, multiply the distance or the time in this table by the appropriate adjustment factor from
Green Book Exhibit 9-53.

% Travel time applies to a vehicle that slows before crossing the intersection but does not stop.

% The value of ty should equal or exceed the appropriate time gap for crossing the major road from a stop-controlled approach.

* Values shown are for a passenger car crossing a two-lane highway with no median and grades 3 percent or less.

intersection, but is not needed at a stop-controlled intersec-

tion (Case B).
Metric US Customary
tg:ta+LLa tg=ta+LLa
0. 167\/minor 0. 88Vmi nor (39)
b = 0.278Vigorty b =147V oty
where where

ty = travel time to reach and ty travel time to reach and
clear the major road (s) clear the major road (s)

b = length of leg of sight b length of leg of sight
triangle along the major triangle along the major
road (m) road (ft)

ta = travel time to reach the ta travel time to reach the
major road from the major road from the
decision point for a decision point for a
vehicle that does not vehicle that does not
stop (s) (use appropriate stop (s) (use appropriate
value for the minor-road value for the minor-road
design speed from design speed from
Exhibit 9-60 adjusted for Exhibit 9-60 adjusted for
approach grade, where approach grade, where
appropriate) appropriate)

w = width of intersectionto be | w width of intersection to be
crossed (m) crossed (ft)

La = length of design vehicle L. length of design vehicle
(m) (o

Vminor = design speed of minor Vminor = design speed of minor
road (km/h) road (mph)

Vmaor = design speed of major Vmajor = design speed of major
road (km/h) road (mph)

However, the acceleration time after entering the major
road is 3.0 slessfor ayield sign than for a stop sign because

the turning vehicle accelerates from 16 km/h (10 mph) rather
than from a stop condition. The net 0.5-s increase in travel
time for a vehicle turning from a yield-controlled approach
isthe difference between the 3.5-sincreasein travel timeand
the 3.0-sreduction in travel time.

The Green Book states that departure sight triangles like
those provided for stop-controlled approaches (see CasesB1,
B2, and B3) should also be provided for yield-controlled
approaches to accommodate minor-road vehicles that stop
at theyield signto avoid conflictswith major-road vehicles.
However, given that approach sight triangles for turning
maneuvers at yield-controlled approaches are larger than the
departure sight triangles used at stop-controlled intersec-
tions, no specific check of departure sight triangles at yield-
controlled intersections should be needed.

Yield-controlled approaches generally need greater sight
distance than stop-controlled approaches, especially at four-
leg yield-controlled intersections where the sight distance
needs of the crossing maneuver should be considered. If sight
distance sufficient for yield control is not available, use of a
stop signinstead of ayield sign should be considered. In addi-
tion, at locations where the recommended sight distance can-
not be provided, consideration should be given to installing
regulatory speed signing or other traffic control devices at
the intersection on the major road to reduce the speeds of
approaching vehicles.

Case D—ntersections with Traffic Sgnal Control

At signalized intersections, thefirst vehicle stopped on one
approach should be visible to the driver of the first vehicle
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TABLE 55 Length of sight triangle leg along major road—Case C1—crossing maneuver at yield-controlled inter sections (1)

Metric US Customary
Minor-road design speed (km/h) Major Minor-road design speed (mph)
Major road 20 30-80 90 100 110 120 130 road Stopping 15 20-50 55 60 65 70 75 80
design Stopping design  sight
speed sight speed distance
(km/h)  distance (m) Design values (m) (mph) (ft) Design values (ft)
20 20 40 40 40 40 45 45 45 15 80 150 145 150 155 160 165 170 175
30 35 60 55 60 60 65 65 70 20 115 200 195 200 205 215 220 230 235
40 50 80 75 80 80 85 90 90 25 155 250 240 250 255 265 275 285 295
50 65 100 95 95 100 105 110 115 30 200 300 290 300 305 320 330 340 350
60 85 120 110 115 120 125 130 135 35 250 345 335 345 360 375 385 400 410
70 105 140 130 135 140 145 150 160 40 305 395 385 395 410 425 440 455 465
80 130 160 145 155 160 165 175 180 45 360 445 430 445 460 480 490 510 525
90 160 180 165 175 180 190 195 205 50 425 495 480 495 510 530 545 570 585
100 185 200 185 190 200 210 215 225 55 495 545 530 545 560 585 600 625 640
110 220 220 200 210 220 230 240 245 60 570 595 575 595 610 640 655 680 700
120 250 240 220 230 240 250 260 270 65 645 645 625 645 660 690 710 740 755
130 285 260 235 250 260 270 280 290 70 730 690 670 690 715 745 765 795 815
75 820 740 720 740 765 795 820 850 875
80 910 790 765 790 815 850 875 910 930

TABLE 56 Timegap for Case C2—Ieft or right turn (1)

Design vehicle

Time gap (ty) seconds

Passenger car
Single-unit truck
Combination truck

8.0
10.0
12.0

Note: Time gaps are for a vehicle to turn right or left onto a two-lane highway
with no median. The table values require adjustments for multilane

highways as follows:

For left turns onto two-way highways with more than two lanes,
add 0.5 seconds for passenger cars or 0.7 seconds for trucks for
each additional lane, from the left, in excess of one, to be crossed by

the turning vehicle.

For right turns, no adjustment is necessary.

stopped on each of the other approaches. Left-turning vehi-
cles should have sufficient sight distance to select gaps in
oncoming traffic and complete left turns. Apart from these
sight conditions, the Green Book states that generally there
are no other approach or departure sight triangles needed for
signalized intersections. Signalization may be an appropriate
crash countermeasure for higher volume intersections with
restricted sight distance that have experienced a pattern of
sight-distance related crashes.

However, if the traffic signal is to be placed on two-way
flashing operation (i.e., flashing yellow on the major-road
approaches and flashing red on the minor-road approaches)
under off-peak or nighttime conditions, then the appropriate
departure sight trianglesfor Case B, both to theleft and to the
right, should be provided for the minor-road approaches. In
addition, if right turnson ared signal areto be permitted from
any approach, then the appropriate departure sight triangle to
theleft for Case B2 should be provided to accommodate right
turns from that approach.

The Green Book criteria for intersection sight distance
Case D reflect the differences between passenger cars and
trucks in that those differences are considered explicitly in
CaseB.

Case E—ntersections with All-Way Sop Control

At intersectionswith all-way stop control, the Green Book
states that the first stopped vehicle on one approach should
be visible to the drivers of the first stopped vehicles on each
of the other approaches. There are no other sight distance cri-
teria applicable to intersections with all-way stop control
and, indeed, all-way stop control may be the best option at a
l[imited number of intersections where sight distance for
other control types cannot be attained. There are no differ-
ences between passenger cars and trucks in the intersection
sight distance criteriafor Case E.

Case F—Left Turns From the Major Road

All locations along a major highway from which vehicles
are permitted to turn left across opposing traffic, including
intersections and driveways, should have sufficient sight dis-
tance to accommodate the left-turn maneuver. Left-turning
drivers need sufficient sight distance to decide when it is safe
to turn left across the lang(s) used by opposing traffic. Sight
distance design should be based on a left turn by a stopped
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Figure44. Intersection sight distance—Case C2—yield-controlled

left or right turn (1).

vehicle, because a vehicle that turns left without stopping
would need less sight distance. The Green Book criteria for
sight distance along the major road to accommodate | eft turns
isthe distance traversed at the design speed of the mgjor road
inthetravel timefor the design vehicle as shownin Table 57.

Critique of Geometric Design Criteria

Because the intersection sight distance criteriain the 2001
Green Book arebased onrelatively recent research that explic-
itly considered the sight distance needs of trucks, there does
not appear to be any need to reeval uate the conceptual or the-
oretical basisof thesecriteriaat thistime. These criteriashould
be reevaluated in the future to reflect highway agency expe-
rience with their implementation.

RAILROAD-HIGHWAY GRADE CROSSING
SIGHT DISTANCE

Current Geometric Design Criteria

Sight distance is provided at railroad-highway grade cross-
ings to accommodate two specific scenarios:

» Case A—sight distance for amoving vehicle approach-
ing the grade crossing on the highway and

» Case B—sight distance for a vehicle stopped on the
highway approach.

These cases are equivalent to the approach and departure
sight triangles for intersections shown in Figure 41 and are
of primary interest at railroad-highway grade crossings with-
out train-activated warning devices. Sight distance design
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TABLE 57 Timegap for Case F—left turnsfrom the major road (1)

Design vehicle

Time gap (s) at design speed

of major road (ty)

Passenger car
Single-unit truck
Combination truck

5.5
6.5
7.5

Adjustment for multilane highways:

For left-turning vehicles that cross more than one opposing lane, add

0.5 seconds for passenger cars and 0.7 seconds for trucks for each additional

lane to be crossed.

criteriafor these cases are presented in the Green Book, but
have been adapted from two other publications (82, 83).

Asinthe case of ahighway intersection, several eventscan
occur at arailroad-highway grade intersection without train-
activated warning devices. Two of these events, which relate
to determining the sight distance in the Case A scenario, are
asfollows:

» Thevehicleoperator can observethe approachingtrainin
asight linethat will alow the vehicle to pass through the
grade crossing prior to thetrain’sarrival at the crossing.

» The vehicle operator can observe the approaching train
inasight line that will permit the vehicle to be brought
to astop prior to encroachment in the crossing area.

Both of these maneuversfor Case A areshownin Figure 45,
based on Green Book Exhibit 9-103. The sight triangle con-
sists of the two major legs (i.e., the sight distance, dy, along
the highway and the sight distance, d;, aong the railroad
tracks). Case A of Table 58, based on Green Book Exhibit
9-104, indicates values of the sight distances for various
speeds of the vehicle and the train. These distances are
developed from Equation 40. This equation incorporates a
driver deceleration of 3.4 m/s? [11.2 ft/s?] for consistency
with the revised stopping sight distance criteriain the 2001
Green Book.

at a distance d; from at a distance d; from the
the crossing or to stop crossing or to stop the
the vehicle without vehicle without encroachment
encroachment of the of the crossing area (ft)
crossing area (m) dr = sight-distance leg along the

dr = sight-distance leg along the railroad tracks to permit the
railroad tracks to permit the maneuvers described as for
maneuvers described as dy (ft)
for dy (m) V, = speed of the vehicle (mph)

V, = speed of the vehicle (km/h) Vr = speed of the train (mph)

V; = speed of the train (km/h) t = perception/reaction time,

t = perception/reaction time, which is assumed to be 2.5 s
which is assumed to be (This is the same value used
2.5 s (This is the same in Chapter 3 to determine the
value used in Chapter 3 to stopping sight distance.)
determine the stopping a = driver deceleration, which is
sight distance.) assumed to be 11.2 ft/s2.

a = driver deceleration, which (This is the same value used
is assumed to be 3.4 m/s? in Chapter 3 to determine
(This is the same value stopping sight distance.)
used in Chapter 3 to D = distance from the stop line or
determine stopping sight front of the vehicle to the
distance.) nearest rail, which is

D = distance from the stop line assumed to be 15 ft
or front of the vehicle to the d. = distance from the driver to
nearest rail, which is the front of the vehicle, which
assumed to be 4.5 m is assumed to be 10 ft

d. = distance from the driver to L = length of vehicle, which is
the front of the vehicle, assumed to be 65 ft
which is assumed to be W = distance between outer rails
3.0m (for a single track, this value

L = length of vehicle, which is is 5 ft)
assumed to be 20 m

W = distance between outer
rails (for a single track,
this value is 1.5 m)

Metric US Customary
BV? BV?
d, = AVt+—= +D +d, dy = AVt +—=+D +d,
a a
v, v,
d, = L d, = — (40)
v, \4
BV’ BV’
(AVt+—=+2D +L +W (AVt+—+2D +L +W
a a
where where
A = constant=0.278 A = constant =1.47
B = constant =0.039 B = constant=1.075
dy = sight-distance leg along the | dy = sight-distance leg along the
highway allows a vehicle highway allows a vehicle
proceeding to speed V, proceeding to speed V,
to cross tracks even though to cross tracks even though
a train is observed a train is observed

The Green Book statesthat corrections should be madefor
skew crossings and highway grades that are other than flat.

Case B in Table 58 contains various values of departure
sight distance for arange of train speeds. When avehicle has
stopped at arailroad crossing, the next maneuver isto depart
from the stopped position. The vehicle operator should have
sufficient sight distance along the tracks to accelerate the
vehicle and clear the crossing prior to the arrival of atrain,
even if the train comesinto view just as the vehicle starts, as
shown in Figure 46, based on Green Book Exhibit 9-105.
These values are obtained from the following equation:
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Metric US Customary
d; = AV, d, = AV,
Ve L+2D+W-d V. L+2D+W -d
7G+73+‘]] j+75+\](41)
a1 VG al VG
where where
A = constant =0.278 A = constant = 1.47
dr = sight distance leg along dr = sight distance leg along

railroad tracks to permit the
maneuvers described as

railroad tracks to permit the
maneuvers described as for

for dy (m) dy (ft)
V; = speed of train (km/h) V: = speed of train (mph)
Ve = maximum speed of vehicle Ve = maximum speed of vehicle

in first gear, which is in first gear, which is
assumed to be 2.7 m/s assumed to be 8.8 fps

a; = acceleration of vehicle in a, = acceleration of vehicle in
first gear, which is first gear, which is
assumed to be 0.45 m/s? assumed to be 1.47 ft/s?

L = length of vehicle, which is L = length of vehicle, which is
assumed to be 20 m assumed to be 65 ft

D = distance from stop line to D = distance from stop line to
nearest rail, which is nearest rail, which is
assumed to be 4.5 m assumed to be 15 ft

J = sum of perception and time J = sum of perception and time
to activate clutch or to activate clutch or
automatic shift, which is automatic shift, which is
assumed to be 2.0 s assumed to be 2.0 s

W = distance between outer rails| W = distance between outer rails
for a single track, this value for a single track, this value

is1.5m is5ft
A A
d =-—=° d, =—
2a, 2a,

or distance vehicle travels
while accelerating to
maximum speed in first gear

or distance vehicle travels
while accelerating to
maximum speed in first gear

s _ (88

28, (24

v (27 ]
=20 g1
23, (2)(0.45)

The Green Book statesthat corrections should be made for
skewed crossings and for highway grades other than flat.

The Green Book states that sight distances of the order
shown in Table 58 are desirable at any railroad grade cross-
ing not controlled by active warning devices, but that their
attainment is difficult and often impractical, except in flat,
open terrain.

In other than flat terrain, the Green Book states that it may
be appropriate to rely on speed control signs and devices and
to predicate sight distance on areduced vehicle speed of oper-
ation. Where sight obstructions are present, it may be appro-
priateto install active traffic control devicesthat will bring all
highway traffic to a stop before crossing the tracks and will
warn drivers automatically in time for an approaching train.

The Green Book states that the driver of a stopped vehicle
at acrossing should see enough of therailroad track to be able
to crossit before atrain reaches the crossing, even though the
train may comeinto view immediately after the vehicle starts

89

to cross. Thelength of therailroad track in view on each side
of the crossing should be greater than the product of thetrain
speed and the time needed for the stopped vehicleto start and
crosstherailroad. The sight distance along the railroad track
may be determined in the same manner asit is for a stopped
vehicle crossing apreference highway, which is covered pre-
viously in this chapter. In order for vehicles to cross two
tracks from a stopped position, with the front of the vehicle
4.5 m [15 ft] from the closest rail, sight distances along the
railroad should be determined from Equation 41 with a proper
adjustment for the W value.

Critique of Geometric Design Criteria

Since the sight distance criteria for highway-railroad grade
crossings have been revised in the 2001 Green Book to reflect
the revised stopping sight distance criteria, the sensitivity
analysis performed in the FHWA Truck Characteristics study
is no longer current and a new sensitivity analysis has been
performed. This sensitivity analysis was performed to com-
pare the sight distance requirements based on the 2001 Green
Book criteria and sight distances derived for trucks with anti-
lock braking systems. Thissensitivity analysisconsidered only
the Case A scenario (i.e., sight distance for amoving vehicle
approaching the grade crossing on the highway). Sight dis-
tances were derived for three vehicle lengths. Results of the
analysis are provided in Table 59. In genera, the sight dis-
tances derived for vehicles with antilock braking systems are
dlightly higher than the sight distances derived from the cur-
rent stopping sight distance criteria, but the differences are
small. Thus, the current sight distance criteria for railroad-
highway grade crossings appear to sufficiently accommodate
trucks, so there is no need to update these criteria at thistime.

INTERSECTION AND CHANNELIZATION
GEOMETRICS

Current Geometric Design Criteria

A key control in the design of at-grade intersections and
ramp terminals is the turning radius and path of a selected
design vehicle. The following portions of the Green Book
incorporate design criteriafor intersections and turning road-
ways that are tied directly to the turning ability of selected
design vehicles:

+ Curvature of turning roadways and curvature at inter-
sections (Green Book Chapter 3, p. 203)

» Widths of turning roadways at intersections (Chapter 3,
p. 223-226)

+ Design of roundabouts (Chapter 9, p. 581)

» Minimum edge-of-travel ed-way designsfor turning road-
ways (Chapter 9, p. 587-614)

» Curb return radii (Chapter 9, p. 623-625)
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* Turning roadways with corner islands (Chapter 9,

p. 638-643)

» Control radii for minimum turning paths at median
openings (Chapter 9, p. 694—704)
» Minimum designsfor U-turnsat median openings (Chap-

ter 9, p 715)

Figure45. Case A: moving vehicleto safely cross or stop at railroad crossing (1).

The minimum turning radii for the current Green Book
design vehicles are presented in Table 20, based on Green
Book Exhibit 2-2. The Green Book establishes the minimum
turning path for design trucks based on the boundaries of the
outer trace of the front overhang and the sharpest turning
radius of the right inner rear wheel. Minimum turning radius
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TABLE 58 Required design sight distance for combination of highway and train vehicle speeds; 20-m [65-t] truck crossing a
single set of tracks at 90 percent (1)
Metric US Customary
Train Case B Case A Train Case B Case A
speed Departure Moving vehicle speed Departure Moving vehicle
(km/h) from stop Vehicle speed (km/h) (mph) from stop Vehicle speed (mph)
0 10 20 30 40 50 60 70 80 90100 110120130 0 10 20 30 40 50 60 70 80
Distance along railroad from crossing, d+(m) Distance along railroad from crossing, d+(ft)
10 45 39 24 21 19 19 19 19 20 21 21 22 23 24 10 240 146 106 99 100 105 111 118 126
20 91 77 49 41 38 38 38 39 40 41 43 45 47 48 20 480 293 212 198 200 209 222 236 252
30 136 116 73 62 57 56 57 58 60 62 64 67 70 73 30 721 439 318 297 300 314 333 355 378
40 181 154 98 82 77 75 76 77 80 83 86 89 93 97 40 961 585 424 396 401 419 444 473 504
50 227 193122103 96 94 95 97 100103107 112116 121 50 1201 732 530 494 501 524 555 591 630
60 272 232 147 123 115 113 113 116 120 124 129 134 140 145 60 1441 878 636 593 601 628 666 709 756
70 317 270 171 144 134 131 132 135 140 145 150 156 163 169 70 1681 1024 742 692 701 733 777 828 882
80 362 309 196 164 153 150 151 155 160 165 172 179 186 194 80 1921 1171 848 791 801 838 888 946 1008
90 408 347 220185 172 169 170 174 179 186 193 201 209 218 90 2162 1317 954 890 901 943 999 1064 1134
100 453 386 245 206 192 188 189 193 199 207 215 223 233 242
110 498 425 269 226 211 207 208 213 219 227 236 246 256 266
120 544 463 294 247 230 225 227 232 239 248 258 268 279 290
130 589 502 318 267 249 244 246 251 259 269 279 290 302 315
140 634 540 343 288 268 263 265 271279 289 301 313 326 339

Distance along highway from crossing, dy(m)

16 26 39 54 71 90112 137 163 192 223 256 292

Distance along highway from crossing, dy(ft)
71 137 222 326 449 591 753 933

isdefined asthe path of the outer front wheel, following acir-
cular arc, at aspeed of lessthan 16 km/h (10 mph), andislim-
ited by the vehicle steering mechanism. Minimum inside
radius is the path traced by the right rear wheel.

Because a truck has along wheelbase, its rear wheels do
not follow the same path asitsfront wheelsduring aturn. The
differences in these paths are referred to as offtracking. Off-
tracking amounts vary directly with the wheelbase of a unit
and inversely with the radius of turn. Swept path width, the
difference in paths of the outside front tractor tire and the
inside rear trailer tire, is a more appropriate parameter for
design consideration. Swept path width determinations delin-
eate the boundaries of the space occupied by the vehicle nego-
tiating itsturn. Offtracking and swept path widths are defined
and discussed more fully in Chapter 4 of this report.

Critique of Geometric Design Criteria
Design Vehicle Changes

The recommendation to drop the WB-15 [WB-50] design
vehicle from the Green Book will require changesto text and
exhibitsin Green Book Chapter 9. The recommended changes
are presented in Appendix F.

Double and Triple Left-Turn Lanes

The use of double left-turn lanes, and even tripleleft-turn
lanes, is becoming more common due to increasing demand
levels. Under certain conditions, double left-turn lanes
accompanied with a separate left-turn signalization phase
can accommodate up to approximately 180 percent of the

volume that can be served by asingle left-turn lane with the
same available green time. The Green Book states that
where sufficient right-of-way, space for along-radius turn,
and awide cross street are available, installation of double
left-turn lanes may be a practical design to serve a heavy
left-turn movement. The Green Book also indicates that the
desirable turning radius for a double left-turn lane is 27 m
[90ft]. Exhibit 9-13A inthe Green Book illustrates an inter-
section configuration with double left-turn lanes for one of
the left-turning movements. In this illustration, the double
left-turn lanes are located within the median of the divided
highway and are separated from the through lanes by either
an elongated island or by pavement markings. Given that
left-turn maneuvers are accomplished simultaneously from
both lanes, the median opening and crossroad pavement
should be sufficiently wide to receive the two side-by-side
traffic streams.

The Green Book provides guidance on ways to accom-
modate left-turn maneuvers of various design vehicles.
Exhibit 9-76 shows the paths of several design vehicles
positioned as they would govern median end design for
vehiclesmaking aleft turn to both leave and enter adivided
highway. Exhibits 9-77 through 9-83 provide guidance on
control radii from minimum practical design of median
openings and indicate how each control radius design
affects larger vehicles and occasional movements other
than those for which the design is devel oped. Exhibits 9-85
and 9-87 provide additional guidance on design of median
openings, and other exhibits and sections of the Green Book
provide general guidance to accommodate | eft-turn maneu-
vers at intersections. However, with the exception of indi-
cating a desirable turning radius for a double left-turn lane
and providing an illustration of an intersection with a double
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Figure46. Case B: departure of vehicle from stopped position to cross

singlerailroad track (1).
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TABLE 59 Sensitivity analysisfor sight distance along railroad from crossing (d+) and along highway from crossing (dy)
Case A (Moving Vehicle)
Train Vehicle Length = 68.5 ft Vehicle Length = 73.5 ft Vehicle Length = 77.5 ft
Speed (WB-62) (WB-67) (WB-71)
(mph) Vehicle Speed (mph)
20 30 40 50 60 70 20 30 40 50 60 70 20 30 40 50 60 70
Sight Distance Along Railroad From Crossing, dr (ft)—Current AASHTO Policy (2001)
10 108 100 101 105 111 118 110 102 102 106 112 119 112 103 103 107 113 120
20 215 200 202 210 222 237 220 203 204 212 224 238 224 206 206 214 225 239
30 323 300 302 315 334 355 330 305 306 318 336 357 336 309 309 321 338 359
40 430 399 403 421 445 473 440 406 408 425 448 476 448 411 412 428 451 478
50 538 499 504 526 556 592 550 508 510 531 560 595 560 514 515 535 564 598
60 645 599 605 631 667 710 660 609 612 637 672 714 672 617 618 642 676 718
70 753 699 705 736 779 828 771 711 714 743 784 833 785 720 721 749 789 837
80 861 799 806 841 890 946 881 812 816 849 897 952 897 823 824 856 902 957
90 968 899 907 946 1,001 1,065 991 914 918 955 1,009 1,071 1,009 926 927 962 1,015 1,076
Sight Distance Along Highway From Crossing, dy (ft)—Current AASHTO Policy (2001)
137 221 325 447 589 750 137 221 325 447 589 750 137 221 325 447 589 750
Sight Distance Along Railroad From Crossing, dr (ft)—Antilock Brake System
10 107 101 106 111 117 125 110 102 107 112 117 125 112 104 108 113 118 126
20 214 201 211 223 233 249 219 205 214 225 235 251 223 207 216 226 236 252
30 321 302 317 33 350 374 329 307 321 337 352 376 335 311 324 339 354 378
40 428 403 423 445 466 498 438 409 428 449 470 501 446 415 432 452 472 503
50 535 504 529 556 583 623 548 512 535 561 587 626 558 519 540 565 590 629
60 642 604 634 668 700 747 657 614 642 674 705 752 669 622 648 679 709 755
70 749 705 740 779 816 872 767 717 749 786 822 877 781 726 756 792 827 881
80 856 806 846 890 933 997 876 819 856 898 939 1,002 892 830 864 905 945 1,007
90 963 906 951 1,002 1,049 1,121 986 921 963 1,011 1,057 1,128 1,004 933 972 1,018 1,063 1,133
Sight Distance Along Highway From Crossing, dy (ft)—Antilock Brake System
136 224 344 478 621 793 136 224 344 478 621 793 136 224 344 478 621 793

left-turn lane, the Green Book does not go into further detail
on the design of double |eft-turn lanes.

The primary factor to consider in designing double |eft-
turn lanes is vehicle offtracking or swept path width. When
vehicles negotiate the turn side by side, the vehicles should
not encroach on the adjacent travel lane. Because many fac-
torsaffect the control turning radius of doubleleft-turn lanes,
it is necessary to provide guidance on the range of offtrack-
ing or swept path width of design vehicles for various turn-
ing radii. The offtracking and resultant swept path widths of
several design vehicles were determined for 90-deg turns
with centerline turning radii of 15.2, 22.9, 30.5, and 45.7 m
(50, 75, 100, and 150 ft) using AutoTURN software. It isrec-
ommended that an exhibit be added to the Green Book that
indicates the swept path width of several design vehiclesfor
centerline turning radii of 22.9, 30.5, and 45.7 m (75, 100,
and 150 ft). This type of exhibit will provide flexibility in
designing adequate turning paths for double left-turn lanes
by allowing for interpol ation of swept path widthsfor arange
of turning radii.

Roundabouts

In Green Book Chapter 9, thereisabrief introduction to
roundabouts (p. 578-583); however, no quantitative dis-

cussion of truck performance at roundabouts is included.
No sources were found in the literature that deal specifi-
cally with the issue of truck stability or rollover at round-
abouts.

The FHWA Roundabout Guide (84) discussesin detail the
geometric design of roundabouts considering large vehicles.
The discussion includes design vehicles to be considered,
and references the Green Book for obtaining dimensions and
turning path requirements for a variety of common highway
vehicles. The Roundabout Guide indicates that for single-
lane roundabouts, the size of the inscribed circle is largely
dependent on the turning requirements of the design vehicle.
Table 60, from the Roundabout Guide, provides recommended
maximum entry design speedsfor specific categoriesof round-
abouts. These were obtained from international studies asthe
optimum design speeds to minimize crashes. Furthermore, the
Roundabout Guide provides recommended inscribed circle
diameter rangesfor various site categories and design vehicles
(seeTable 61).

With respect to superelevation, the Roundabout Guide rec-
ommends, for the circulatory roadway, a cross sope of 2 per-
cent away from the centra idand. This is recommended,
among other reasons, to increase the visbility of the centra
idand and to promote low circulating speeds. V ehicles making
through- and left-turning movements however must negotiate
the roundabout at negative superelevation. High speeds
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TABLE 60 Recommended maximum entry design speed (84)

Site category

Recommended maximum entry design speed

Mini-Roundabout
Urban Roundabout
Urban Single Lane
Urban Double Lane
Rural Single Lane
Rural Double Lane

25 km/h [15 mph]
25 km/h [15 mph]
35 km/h [20 mph]
40 km/h [25 mph]
40 km/h [25 mph]
50 km/h [30 mph]

through the roundabout can result in loss-of-load incidents
for trucks; however, it is indicated in the Roundabout
Guide that drivers generally expect to travel at slower
speeds and will accept the higher side force caused by a
reasonable superelevation rate. In summary, it is recom-
mended that the Green Book section on roundabouts be
expanded to incorporate the design guidelines devel oped
in the Roundabout Guide, particularly those shown in
Tables 60 and 61.

CRITICAL LENGTH OF GRADE
Current Geometric Design Criteria

The Green Book presents the current warrant for the addi-
tion of atruck climbing lane in terms of a critical length of
grade. A climbing laneisnot 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.
Thefinal decisiontoinstall atruck climbing lane may depend
on several factors, but basically is determined by the reduc-
tionin level of service that would occur without the addition.
Thisreduction, inturn, isafunction of thetraffic volume, the
percentage of trucks, the performance capabilitiesof thetrucks,
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
“gradeability” 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:

1. Theweight and power of the representative truck used
asthe design vehicle, which determine its speed main-
tenance capabilities on grades,

2. The expected speed of the truck asit enters the critical
length portion of the grade; and

3. Theminimum speed on the grade below which interfer-
ence to following vehiclesis considered unreasonable.

Based on these factors, the Green Book defines the critical
length of grade as the length of grade that would produce
a speed reduction of 15 km/h (10 mph) for a 120 kg/kwW
(200 Ib/hp) truck. The 120 kg/kW (200 Ib/hp) truck is
intended for use for average conditionsin the United States.
Figure 47 illustrates speed-distance curves for deceleration
of a 120 kg/kW (200 Ib/hp) truck on an upgrade, as pre-
sented in the Green Book. The use of atruck with a higher
weight-to-power ratio is justified at sites with extremely
low-powered or heavily loaded trucks in the traffic stream
(e.g., in coal mining regions or near gravel quarries).
Through the 1994 edition of the Green Book, critical length
of grade was based on a 180-kg/kW (300-Ib/hp) truck,
rather than a 120-kg/kW (200-1b/hp) truck.

Critique of the Geometric Design Criteria

For the most part, the logical approach followed by the
Green Book is well thought out. The procedures to be
applied are straightforward and reasonable. Moreover, the
AASHTO criteriafor Factors 2 and 3 also seem reasonabl e.
Factor 1, on the other hand, was, until recently, determined
using truck performance data that were out of date. The
revision from 180 to 120 kg/kW (300 to 200 Ib/hp) was

TABLE 61 Diameter of inscribed circlefor roundabouts of specific site categories

and design vehicles (84)

Site Category

Typical Design Vehicle

Inscribed Circle Diameter
Range*

Mini-Roundabout
Urban Compact

Single-Unit Truck
Single-Unit Truck/Bus

13— 25 m [45 — 80 f{]
25 — 30 m [80 — 100 fi]

Urban Single Lane WB-15 (WB-50) 30 — 40 m [100 — 130 ft]
Urban Double Lane WB-15 (WB-50) 45 — 55 m [150 — 180 ft]
Rural Single Lane WB-20 (WB-67) 35—-40 m [115 - 130 ft]
Rural Double Lane WB-20 (WB-67) 55 — 60 m [180 — 200 fi]

* Assumes 90° angles between entries and no more than four legs.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/23379

Review of Truck Characteristics as Factors in Roadway Design

METRIC

120 .

110 o

100

w0 DN !

80 I \\\\\ \"\ﬁ.___ 5
R\
£l W\ T ;
1o IR 4

RN :

ol \ '

2¢ . ?

10 .

0 [ : : i : 1 i x i i N i i i i i i i i i i 1

0 1000 2000 3000 4000 5000 8000
Distance {m}
Us CUSTOMARY
70
0
\\—..__
60 1
N

50 \\\\\ \\“‘“‘--—-._.___ -
g 40 \\—_._ -
AL 4
& 30 N Z

N\ s

RN s

10 \9

0 R s . . . ,

0 5000 10000 18000 20000 25000
Distance (ft}
Figure47. Speed-distance curvesfor atypical heavy truck of 120 kg/kKW [200 Ib/hp] for deceleration of
upgrades (1).
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based on judgment, rather than actual field data and, there-
fore, merits closer review. Specific comments on the
AASHTO criteria are presented below.

Unreasonable Interference
with Following Vehicles

The amount of speed reduction used asthe criterion for Fac-
tor 3 in determining the critical length of grade is based on its
expected effect on the accident involvement rate of trucks. It
is argued, based on known effects of speed differences
between vehicles on accident rates, that any speed difference
will increase accident rates to some extent. The amount of this
increase that is “reasonable’ has been determined through
engineering judgment. The 1965 Blue Book used a 24-km/h
(5-mph) speed reduction for critical length of grade; this was
changed to the more conservative 16-km/h (10-mph) speed
reduction in the 1984 Green Book and has been retained since.

Soeed at Entrance to the Critical Length of Grade

The Green Book points out, properly, that the speed of
trucks on a grade depends, in part, on their speed on entering
the grade. It isreasonable to use the average running speed if
the entranceison level terrain. The chart for critical length of
grade presented in Figure 48, based on Green Book Exhibit 3-
63, is based on atruck speed entering the grade of 110 km/h
(70 mph). However, if the upgradein question isimmediately
preceded by a previous upgrade, the truck speed may already
be depressed, which should be accounted for. Similarly, it is
commonly known that truck driverswill accel erate somewhat
on a downgrade immediately preceding an upgrade, to get a
“running start” at it. In that case, the critical length of grade
will be longer than with alevel entrance. It would be desir-
able to provide designers with the capability to readily con-
sider more than one value of entrance speed.

Design Vehicle

Field study results presented in Appendix D indicate that
the 85th-percentile truck weight-to-power ratios range from
102 to 126 kg/kW (170 to 210 Ib/hp) for the truck population
on freeways and 108 to 168 kg/kW (180 to 280 Ib/hp) for the
truck population on two-lane highways. The available data
suggest that truck performanceisbetter for the freeway truck
population than for the two-lane highway truck population
and is better for the truck population in Western states than
in Eastern states.

Final Climbing Speeds

The most common measure used to quantify truck perfor-
mance on grades isthe final climbing speed. Thisis the ulti-

mate, slowest speed (the crawl speed) that the truck would
be reduced to if the grade were sufficiently long. It is often
reported in the literature or used in making comparisons
between different vehicles. It is a useful measure for exam-
ining capacity, for example, on very long grades where
trucks are actually reduced to their final climbing speeds.
However, the important parameter in determining the criti-
cal length of grade is the distance required for the first 15
km/h (10 mph) of speed reduction on the grade. However,
the final climbing speed or crawl speed of a truck can be
used to estimate the truck’s weight-to-power ratio and
thereby determine the distance required for a 15-km/h (10-
mph) speed reduction.

The relationship between truck speed profiles on specified
grades and truck weight-to-power ratios can be made most
readily with truck performance equations like those used
in the TWOPAS computer simulation model (85,86). The
research has devel oped aMicrosoft Excel spreadsheet, known
asthe Truck Speed Performance Model (TSPM), to apply the
TWOPAS performance equations for trucks. This spread-
sheet can be used to plot the speed-distance profilefor atruck
based on the following:

* Truck weight-to-power ratio,

+ Vehicleprofile of theroadway (percent grade and points
of change), and

« Initial speed of the truck at the foot of the grade.

Aerodynamic drag forces on the truck are accounted for
based on the elevation of the site above sea level.

Figure 49 presents an example of atruck speed profile on
agrade developed with the TSPM spreadsheet. This spread-
sheet isrecommended for use asadesign tool because, unlike
Figures 47 and 48 used in the current Green Book, the TSPM
spreadsheet is sensitive to the site-specific truck entrance
speed, the estimated site-specific weight-to power ratios of
trucks, and the actual vertical profile of the site, rather than
an assumed constant grade. Figures 47 and 48 may beretained
in the Green Book as examples, but the TSPM spreadsheet
will provide a more useful tool for considering actua site
conditions.

DOWNGRADES

Any vehicle, when traveling on adowngrade, loses poten-
tial energy because of itsloss of elevation. Thislossis equal
to the product of itsweight and its elevation descent. If there
were no losses such as aerodynamic or rolling drag, and no
braking, all of this energy would be converted to an increase
inkinetic energy, expressed as0.5 MV 2, where M isthe vehi-
cle mass and V is its speed. Fortunately, aerodynamic and
rolling losses absorb some of thisenergy, but not al. (In pas-
senger cars, these drag forces often can absorb most of the
potential energy change, perhaps augmented by some mod-
est braking on all but the most severe grades.)
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Figure48. Critical lengths of grade for design, assumed typical heavy truck of 120 kg/kW [200 Ib/hp],
entering speed = 110 kmvh [ 70 mph] (2).
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TRUCK SPEED PROFILE FOR ROUTE 3
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Figure49. Example of truck speed profile plot from TSPM spreadsheet.

Themajor dissipater of excessenergy intrucksisnormally
its brakes. The energy absorbed by the brakes is converted
into heat, raising the temperature of the brake linings, brake
drumg/disks, and wheel assemblies. Their temperatures are
commonly raised to 500 or 600°F or more. Thisheat, inturn,
isdissipated to the surrounding air, primarily viaconvection,
through fins and other means designed to be effective heat
dissipaters. However, if the heat is not dissipated rapidly
enough, and the brake temperature rises above some thresh-
old, the brakes are said to become overheated, and they can
no longer absorb energy at the samerate. Under these circum-
stances, the truck will begin to gain speed.

The truck driver must anticipate this situation, by select-
ing alower gear ratio. Thishelpsintwo ways. Inalower gear
ratio, the truck engine can absorb more energy per unit dis-
tancetraveled. In addition, by selecting alower gear ratio, the
truck will be traveling at alower speed, V, and thus reduce
its needs to absorb energy as rapidly. FHWA has funded
research regarding means of providing warning information
to drivers (87,88).

Trucks, when“ingear,” can absorb large amounts of energy
because of engine drag. Many truck operators who fregquently
travel inhilly or mountainousterrain use specia engine brakes
such asthe Jacobs engine brake, known asa Jake Brake. These
devices enable the engine's valve timing to be modified so
these devices act as large air compressors, absorbing even
more power. However, they can only operatethrough thedrive
wheels connected to the engine. They are quite effective on
trucks such astractor-semitrailer configurations, where two of
the five axles are driven. However, they are much less effec-

tive on twin-trailer configurations (e.g., 2S-1-2 combinations)
where only one of the five axlesisdriven.

There are two major impacts of truck downhill perfor-
mance on highway design. First, where trucks should use
lower gears, and thus lower “crawl” speeds, they may be
traveling significantly slower than the rest of the traffic. If
such regions are very long, or if there are not significant
passing opportunities on two-lane roads for the other down-
grade traffic, consideration might be given to adding a
downgrade passing lane. The second potential impact isto
provide for trucks whose drivers did not initially select a
low enough gear ratio to enable them to maintain vehicle
control on the downgrade. If a driver, early on the down-
grade section, wishesto changeto alower gear ratio, he can
brake to reduce speed, then downshift the transmission.
However, if the brakes are already overheated from
overusage, they may not be able to slow the truck further,
so downshifting is no longer possible. In this situation, the
driver can only hope that horizontal curvature and other
traffic enable him to avoid an accident by steering the vehi-
cle as it gains speed; another option is for the driver to
intentionally leave the roadway to avoid becoming a “run-
away.” To provide assistance to drivers in this situation,
emergency escape ramps are sometimes added by the high-
way agency. The Green Book provides information on the
design of emergency escape ramps, but not on specific war-
rants for specific criteriafor placement of such ramps.

Guidance on the issues of avoiding runaway trucks and
providing emergency escape rampsisaddressed by Allen et
al. (89) and by Abdelwahab and Morrall (90). In particular,
Allen et a. (89) provide a recommended procedure for
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analysis of truck performance on downgrades that was rec-
ommended for incorporation in FHWA's Interactive High-
way Safety Design Model (IHSDM). Thisprocedureis based
on four speed criteria:

1. The maximum speed at which the specified truck can
descend the specified grade without losing braking
ability;

2. The maximum speed at which the specified truck can
descend the specified grade without rolling over on a
horizontal curve;

3. The maximum speed at which the specified truck can
descend the specified grade without losing the ability to
brake safely to astop using adeceleration rate of 3.4 m/s?
(11.1 ft/s?) or more; and

4. The maximum speed at which the specific truck can
descend the specified grade without losing the ability to
slow to the appropriate desired speed for any horizon-
tal curve.

Criteria 1 and 2 are safety criteria that represent the
thresholds at which accidents are expected. Speeds higher
than the speed for Criterion 1 would be expected to result
in loss of braking control (i.e., a runaway truck). Speeds
higher than Criterion 2 would be expected to result in a
truck rollover.

Criteria 3 and 4 are more conservative and represent
thresholds for good design that do not approach impending
loss of control. Criterion 3 ensures that a truck will be able
to brake to a stop using a deceleration rate of not more than
3.4 m/s? (11.1 ft/s?), the deceleration rate assumed in the
current Green Book design criteria for stopping sight dis-
tance design (1). Criterion 4 ensures that the truck will not
only not roll over on ahorizontal curve, but alsowill beable
to traverse each curve on the grade at the speed that drivers
normally select for such curves when they are not on a
downgrade.

The recommended truck operating speed for the gradeis
the lesser of the speeds determined for Criteria 3 and 4.
The appropriateness of the recommended truck operating
speed can also be judged by the magnitude of its margin of
safety with respect to the loss-of-control speed (i.e., the
lower of the speeds determined with Criteria 1 and 2). To
judge the acceptability of the downgrade design, the
designer must assess whether, with appropriate warning
signs, it is reasonabl e to expect truckers to slow to the rec-
ommended truck operating speed before leaving the tope
of the grade. Appropriate models can then be used to eval-
uate the location on the downgrade at which loss of safety
margin, based on Criterion 3 or 4, would be expected and
the location at which loss of control, based on Criterion 1
or 2, would be expected for various entering truck speeds.
The recommended methodol ogy for downgrade analysisto
determine potential locationsfor emerging escape rampsis
as follows (89):
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* Sep 1—Select a suitable truck for use as the design
vehicle for downgrade analysis. If recreational vehicles
are present in substantial numbers on the downgrade
(e.q., 5 percent of the traffic stream or more), a suitable
recreational vehicle should also be selected for analysis.

* Sep 2—Determine the speeds designated by Criteria 1
through 4. Determine the recommended truck operating
speed and the margin of safety to the loss-of-control
speed.

* Sep 3—Assess whether the recommended truck operat-
ing speed will be maintained by the vast mgjority of truck
drivers. This assessment could be made with formal risk
assessment logic based on further research, or it could be
left to the judgment of the designer.

* Sep 4—Modify the geometrics of thedowngradeif nec-
essary and feasible. This could involve using less steep
slopes, flattening horizontal curves, or both.

» Sep 5f the recommended truck operating speed is
deemed too low and it is physically or economically
infeasible to modify the geometrics of the downgrade,
the loss-of-control locations and the speed profiles fol-
lowing loss of control can be used to identify potential
sitesfor emergency escape ramps. The speed profile data
can also be used to anticipate potential truck entry speeds
to the emergency escape ramp. The truck entry speed is
animportant design parameter in determining therequired
length of the ramp.

While the procedures recommended by Allen et a. (89) for
locating emergency escape ramps would be a desirable addi-
tion to the Green Book, speed prediction models for imple-
menting the procedure have not yet been developed. Allen
et al. (89) present aplan for modifying the existing TWOPAS
and VDANL models to provide suitable speed profiles for
trucks on downgrades. However, these recommended model
revisionshave not yet beenimplemented. Therefore, theinclu-
sion in the Green Book of the procedure presented above
would be premature.

ACCELERATION LANES
Current Geometric Design Criteria

Acceleration lanes are speed-change lanes that provide suf-
ficient distance for vehicles to accelerate to near highway
speeds before entering the through lanes of a highway. Accel-
eration lane length is measured from the point where the |eft
edge of the traveled way of the ramp joins the traveled way of
thethrough roadway to the beginning of the downstream taper.

Table 62 presents the Green Book design valuesfor accel-
eration lane length. Table 63 presents adjustment factors to
those values that are applied to provide longer acceleration
lanes on upgrades. The Green Book states that, to aid truck
acceleration, high-speed entrance ramps should desirably be
located on descending grades and that longer acceleration
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TABLE 62 Minimum acceleration lengthsfor entrance terminalswith flat grades

of 2 percent or less (1)

Metric
Acceleration length, L (m) for entrance curve design speed (km/h)
Stop
Highway condition 20 30 40 50 60 70 B0
Speed And initial speed, V'a (km/h)
Design reached,
speed, V Va
(km/h) (km/h) 0 20 28 35 42 51 63 70
50 37 60 50 30 - - - - -
60 45 95 80 65 45 - - - -
70 53 150 130 110 Q0 65 - - -
80 60 200 180 165 145 115 685 - -
80 67 260 245 225 205 175 125 35 -
100 74 345 325 305 285 255 205 110 40
110 81 430 410 390 370 340 290 200 125
120 88 545 530 515 490 460 410 325 245

NoTe: Uniform 50:1 to 70:1 tapers are recommended where lengths of

acceleration lanes exceed 400 m.

US Customary

Acceleration length, L (ft) for entrance curve design speed (mph)

Stop
Highway condition 15 20 25 30 35 40 45 50
Speed E— ;
Basign  reacbied. And initial speed, Vs (mph)
speed, V Va
(mph) (mph) 0 14 18 22 26 30 36 40 44
30 23 180 140 - - - - - - -
35 27 280 220 160 - - - - -
40 31 360 300 270 210 120 - - - -
45 35 560 4590 440 380 280 160 - - -
50 39 720 660 610 550 450 350 130 - -
55 43 960 900 810 780 670 550 320 150 -
60 47 1200 1140 1100 1020 910 800 550 420 180
65 50 1410 1350 1310 1220 1120 1000 770 600 370
70 53 1620 1560 1520 1420 1380 1230 1000 820 580
75 55 1790 1730 1630 1580 1510 1420 1160 1040 780
Note: Uniform 50:1 to 70:1 tapers are recommended where lengths of acceleration lanes exceed
1,300 ft.
—— —_— — —
e =1 -
"""V Vo 3.6 m (12 1 7 Vg Vg
I e
I s | B =
TAPER TYPE PARALLEL TYPE

TABLE 63 Speed change lane adjustment factors as a function of grade (1)

Metric US Customary
Design
speed of Acceleration lanes Design speed Acceleration lanes
highway Ratio of length on grade to length of level for design speed of of highway Ratio of length on grade to length of level for design speed of
(km/h) turning curve (km/h)* (mph) turning curve (mph)®
40 50 60 70 80 All speeds 20 30 40 50 All speeds
310 4% 310 4%
3 to 4% upgrade downgrade 3 to 4% upgrade downgrade
60 1.3 1.4 1.4 - - 0.7 40 1.3 1.3 - - 0.7
70 13 1.4 1.4 1.5 - 0.65 45 1.3 1.35 - - 0.675
80 1.4 1.5 1.5 1.5 1.6 0.65 50 1.3 1.4 1.4 - 0.65
90 14 1.5 15 1.5 1.6 0.6 55 1.35 1.45 1.45 - 0.625
100 15 1.6 1.7 1.7 1.8 0.6 60 1.4 15 15 1.6 0.6
110 1.5 1.6 1.7 1.7 18 0.6 65 1.45 1.55 1.6 1.7 0.6
120 15 1.6 1.7 1.7 18 0.6 70 15 1.6 1.7 1.8 0.6
510 6% 510 6%
5 to 6% upgrade downgrade 5 to 6% upgrade downgrade
60 1.5 1.5 - - - 0.6 40 1.5 1.5 - - 0.6
70 1.5 1.6 1.7 - - 0.6 45 1.5 1.6 - - 0.575
80 1.5 1.7 1.9 1.8 - 0.55 50 1.5 1.7 1.9 - 0.55
90 1.6 1.8 2.0 2.1 2.2 0.55 55 1.6 18 2.05 - 0.525
100 1.7 1.9 2.2 2.4 25 0.5 60 1.7 1.9 2.2 25 0.5
110 2.0 2.2 2.6 2.8 3.0 0.5 65 1.85 2.05 2.4 2.75 0.5
120 2.3 25 3.0 3.2 3.5 0.5 70 2.0 2.2 2.6 3.0 0.5

@ Ratio from this table multiplied by the length in Table 54 gives length of speed change

lane on grade.
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lanes should be provided on elevated freewayswhere entrance
ramps must necessarily incorporate upgrades.

Critique of Geometric Design Criteria

An evaluation of Table 62 was conducted using the truck
speed profile model (TSPM), described in Appendix E, to
determine the weight-to-power ratios implied by the design
values. To simplify thefollowing discussion, all quantitiesare
presented in U.S. customary units only. Since Table 62 per-
tainsto grades of 2 percent or |ess, separate analyseswere con-
ducted for level (O percent) grades and grades of 2 percent.
Table 64 indicates the maximum weight-to-power ratio of a
truck capable of achieving the given conditions as specified in
Table 62, assuming a 0 percent grade. For example, Table 62
specifiesthat given the design speed of the highway is 30 mph
and vehicles enter the acceleration lane from a stopped condi-
tion, the minimum acceleration lane length is 180 ft. Table 62
also specifiesthat vehiclesare assumed to accel erate to aspeed
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of 23 mph over this 180-ft distance. Table 64 indicates that a
truck with a maximum weight-to-power ratio of 105 Ib/hp is
capable of accelerating from aninitial speed of 0 mphtoafina
speed of 23 mph over adistance of 150 ft onalevel (O percent)
grade. Similarly, given a highway design speed of 30 mph, an
initial speed of 14 mph, afinal speed of 23 mph, and an accel-
eration lane length of 140 ft (as specified in Table 62) on a0
percent grade, Table 64 indicatesthat atruck with amaximum
weight-to-power ratio of 140 Ib/hp can achieve these given
conditions. Table 65 indicates the maximum weight-to-power
ratios of vehicles able to achieve the given conditions assum-
ing minimum acceleration lane lengths (as specified in Table
62) and a constant grade of 2 percent.

Table 64 indicates that trucks with weight-to-power ratios
in the range of 100 to 145 Ib/hp have sufficient acceleration
capabilities to achieve the given speeds within the minimum
acceleration lengths, assuming a 0 percent grade. However,
if the acceleration lanes have grades even aslow as 2 percent,
Table 65 indicates that trucks with weight-to-power ratiosin

TABLE 64 Maximum weight-to-power ratios for minimum acceler ation lengths (O per cent

grades)

Maximum weight-to-power ratio (Ib/hp) capable of reaching Va given V', for 0 percent grades over
acceleration lengths as specified in Table 62

Stop
Highway condition 15 20 25 30 35 40 45 50
Speed And initial speed, V'a (mph)
Design reached,
speed, V Va
(mph) (mph) 0 14 18 22 26 30 36 40 44
30 23 105 140 - - - - - - -
35 27 110 120 130 - - - - - -
40 31 105 115 120 125 120 - - - -
45 35 120 120 125 135 135 135 - - -
50 39 120 120 120 120 120 125 145 - -
55 43 120 120 115 120 120 120 120 130 -
60 47 110 115 115 115 110 115 110 120 130
65 50 110 110 110 110 110 115 110 110 110
70 53 105 105 105 105 105 105 105 105 105
75 55 105 105 100 100 105 105 105 105 100

TABLE 65 Maximum weight-to-power ratiosfor minimum acceleration lengths (2 per cent grades)

Maximum weight-to-power ratio (Ib/hp) capable of reaching Va given V', for 2 percent grades over
acceleration lengths as specified in Table 62

Stop
Highway condition 15 20 25 30 35 40 45 50
Speed And initial speed, V'a (mph)
Design reached,
speed, V Va
(mph) (mph) 0 14 18 22 26 30 36 40 44
30 23 65 110 - - - - - - -
35 27 65 100 100 - - - - - -
40 31 80 85 95 95 100 - - - -
45 35 90 95 95 100 100 100 - - -
50 39 90 90 90 95 95 95 110 - -
55 43 90 90 85 90 90 90 90 100 -
60 47 85 85 85 85 85 85 85 85 90
65 50 85 85 80 80 80 80 80 80 80
70 53 80 80 80 80 80 80 80 80 75
75 55 80 80 80 80 80 80 80 80 75
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therange of 65 to 110 Ib/hp have sufficient acceleration capa-
bilitiesto achieve the given speedswithin the minimum accel -
eration lengths. Considering that the 2001 Green Book indi-
cates a 200-1b/hp truck is representative of the size and type
of vehicle normally used for design control of major high-
ways and that current field data indicate that on the free-
ways the 85th percentile weight-to-power ratios of trucksfalls
within a fairly narrow range around 170 to 210 Ib/hp (see
Appendix D), this analysis indicates that the underlying
assumptionsfor estimating the minimum accel eration lengths
in Table 62 do not necessarily account for the performance
capahilities of heavily loaded vehicles. It appears that the cur-
rent Green Book criteria can accommodate an average truck,
but not a heavily loaded truck.

The TSPM once again was used to determine the minimum
acceleration lengths required to enable a 180-1b/hp vehicle to
reach the given conditions as specified in Table 62. Table 66
presents the minimum accel eration lengths assuming a 0 per-
cent grade for the acceleration lane. Table 66 indicates that a
180 Ib/hp truck can accelerate from an initial speed of 0 mph
to afina speed of 23 mph over adistance of 275 ft on alevel
(O percent) grade. The minimum acceleration lengthsgivenin
Table 66 are, on average, about 1.8 timesgreater than the min-
imum acceleration lengths given in Table 62.

Although the sensitivity analysis presented here indicates a
potential need to increase acceleration lengths to accommo-
date heavily loaded trucks better, no accident data indicate
that trucks have difficulties with acceleration lanes designed
according to the current criteria. In addition, some of the
lengths given in Table 66 are rather long, with the extreme
case requiring aminimum accel eration length on the order of
0.6 mi. Therefore, no change to the current Green Book cri-
teriais recommended at thistime. However, future research
should investigate truck-related accidents near acceleration
lanes. If this future research should find that trucks have diffi-
culties with acceleration lanes as currently designed, the

design values in Table 62 should be increased to reflect the
greater lengths as provided in Table 66, or a compromise
should be reached for economic purposes. In addition, Table
63 would also require modification.

DECELERATION LANES

The Green Book design criteriafor deceleration lanes are
intended to provide sufficient distance for vehicles to slow
from the speed of the major roadway to appropriate speed for
any horizontal curve that may be located on the ramp. Such
speed changes are normally made with controlled decelera-
tion rates of which trucks are clearly capable. There is con-
cern that trucks may skid or roll over on ramp curves if the
truck is traveling substantially faster than the design speed
of the curve (see subsequent discussion of horizontal curve
design). However, thereisno indication that driver choice of
faster operating speedsistheresult of short deceleration lanes
or is correctable by using longer deceleration lanes. There-
fore, no changesin the current Green Book design criteriafor
deceleration lane length are recommended.

LANE WIDTH
Current Geometric Design Criteria

The Green Book encourages the use of 3.6-m [12-ft] lanes
for al but the lowest volume highways. In particular, on rura
arterials, lane widthslessthan 3.6 m [12 ft] are normally used
only for roads with design speeds|essthan 100 km/h [60 mph]
and average daily traffic (ADT) less than 1,500 veh/day or
design speeds less than 80 km/h [50 mph] and ADTslessthan
2,000 veh/day (see Green Book Exhibit 7-3). For urban arteri-
als, the AASHTO Green Book states that 3.0-m [10-ft] lanes
should be used only in highly restricted areas having little or

TABLE 66 Minimum acceleration lengths for a 180 Ib/hp truck

Acceleration length, L (ft), necessary for entrance curve to enable a 180 Ib/hp truck to reach V, given V', for a 0
percent grade

Stop
Highway condition 15 20 25 30 35 40 45 50
Speed And initial speed, V'a (mph)
Design  reached,
speed, V Va
(mph) (mph) 0 14 18 22 26 30 36 40 44
30 23 275 160 - - - - - - -
35 27 400 300 230 - - - - - -
40 31 590 475 400 310 170 - - - -
45 35 800 700 630 540 400 240 - - -
50 39 1100 1020 950 850 720 560 200 - -
55 43 1510 1400 1330 1230 1100 920 580 240 -
60 a7 2000 1900 1830 1740 1600 1430 1070 760 330
65 50 2490 2380 2280 2230 2090 1920 1560 1220 800
70 53 3060 2960 2900 2800 2670 2510 2140 1810 1260
75 55 3520 3430 3360 3260 3130 2960 2590 2290 1850
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no truck traffic. However, both 3.3- and 3.6-m [11- and 12-ft]
lane widths are used extensively on urban arterials.

The AASHTO Green Book does encourage wider lanesto
accommodate trucks on some turning roadways at intersec-
tions and some horizontal curves. Theseissues are discussed
later in this section.

Critique of Geometric Design Criteria

The lane width criteriain the AASHTO Green Book were
established without reference to any explicit vehicle width
specification. However, it is implicit in the criteria that the
need for 3.3- and 3.6-m [11- and 12-ft] lanes is based on the
consideration of truck width.

Two older studies have addressed the operational effects of
wider vehicles and the implications of these effects for high-
way design. A joint NHT SA-FHWA assessment conducted in
1973 compared the operational effects of 2.4- and 2.6-m
[8.0- and 8.5-ft] wide buses on two-lane, four-lane, six-lane,
and eight-lane highways based on research reported in the
literature (91,92). Thisresearch found no effect of buswidth
on thelateral placement of adjacent cars, regardless of high-
way type and ambient wind conditions. There was a shift in
the lateral position of cars by 300 to 460 mm [12 to 18 in.]
when a bus was present, but the magnitude of this shift did
not vary between 2.4- and 2.6-m [8.0- and 8.5-ft] wide
buses.

A 1982 FHWA study of the effects of truck width on the
positions of adjacent vehicles found no adverse effects of
increased truck width either in passing maneuvers or at nar-
row bridges (93). The passing maneuver studies were con-
ducted on a two-lane highway with lane widths that varied
from 3.21t0 3.6 m [10.5 to 12 ft]. Vehicle widths of 2.4, 2.6,
2.7,and 2.9m[8.0, 8.5, 9.0, and 9.5 ft] were varied by chang-
ing the width of afabricated wood and aluminum box on the
trailer. Thelateral position of the passing vehicle moved fur-
ther to the left as the truck width increased, but there was no
effect of truck widths on shoulder encroachmentsin passing
maneuvers, which were observed consistently in about 6 per-
cent of the passes. In studies at anarrow bridge on atwo-lane
highway with 3.5-m [11.5-ft] lanes, there was no effect of
truck width on the speed or lateral placement of oncoming
vehicles.

Research has shown a definite relationship between lane
width and safety on two-lane roads (94, 95). However, there
is no indication in this research that the observed effect
relates directly to truck widths. Rearward amplification, dis-
cussed in Chapter 5, refers to amplification of the magnitude
of steering correctionsin the rear trailers of multitrailer truck
combinations. There is no indication that rearward amplifi-
cation of sufficient magnitude to require lane widths greater
than 3.3 to 3.6 m [11 to 12 ft] occurs with sufficient fre-
guency that wider lanes are needed.
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HORIZONTAL CURVE RADIUS AND
SUPERELEVATION

This section of the report examines therole of truck con-
siderations in the design of horizontal curves. Pavement
widening on horizontal curvesisaddressed in the next section.

Current Geometric Design Criteria

The current design criteriafor horizontal curves are estab-
lishedinthe AASHTO Green Book. Under the AASHTO pol-
icy, avehicle on ahorizontal curveis represented as a point
mass. From the basic laws of physics, the lateral acceleration
of apoint masstraveling at constant speed on acircular path
can be represented by the rel ationship:

V2

a= 15R (42

where

a= lateral acceleration (g)
V = vehicle speed (mph)
R =radius of curve (ft)

The lateral acceleration experienced by the vehicle is
expressed in units of the acceleration of gravity (g), which
are equal to 9.8 m/s? [32.2 ft/s?]. On a superelevated curve,
the superelevation offsets a portion of the lateral accelera-
tion, such that

V2

a.na - ﬁ -e (43)

where

a.« = Unbalanced portion of lateral acceleration (g)
e = superelevation (ft/ft)

The unbalanced portion of the lateral acceleration vehicleis
ameasure of the forces acting on the vehicle that tend to make
it skid off the road or overturn. The side frictional demand of
thevehicleis mathematically equivaent to the unbalanced | at-
eral acceleration (a,). For thisreason, Equation 43 appearsin
the AASHTO Green Book in the following form:

V2

f—]?R_e (44)

where f = side friction demand

The tendency of the vehicle to skid off the road must be
resisted by tire/pavement friction. The vehicle will skid off
the road, unless the tire/pavement friction coefficient exceeds
the side friction demand. However, it is also critical for safe
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vehicle operations that vehicles not rollover on horizontal
curves. The tendency of the vehicle to overturn must be
resisted by the roll stability of the vehicle. The vehicle will
roll over unlessthe rollover threshold of the vehicle exceeds
the unbalanced lateral acceleration (a,).

Selection of Radius and Superelevation

The objective of Green Book criteria for horizontal curve
design is to select the radius and superelevation so that the
unbalanced lateral acceleration is kept within tolerable limits.
The Green Book criterialimit the unbalanced | ateral accelera-
tion for horizontal curvesto amaximum of 0.175 g at 24 km/h
[15 mph] decreasing to a maximum of 0.08 g at 129 km/h
[80 mph]. Thislimitation is based on the results of research
performed from 1936 through 1949 that established 0.17 g as
the maximum unbalanced lateral acceleration at which dri-
versfelt comfortable. Thus, these AASHTO criteriaare based
on maintaining comfort levels for passenger car drivers. The
AASHTO criteria are not based explicitly on estimates of
available tire/pavement friction levels or vehicle rollover
thresholds, although it was assumed implicitly that available
friction levels and rollover thresholds were higher than the
specified driver comfort levels.

The Green Book provides design charts for maximum
superelevation rates (€,.) from 4 to 12 percent. Highway
agencies have established their own policies concerning the
maximum superelevation rate that will be used on horizon-
tal curves under their jurisdiction. Most highway agencies
use maximum superel evation rates of either 6 or 8 percent.
Statesthat experience snow and ice conditionstypically use
lower superelevation rates. For any particular maximum
superelevation rate and maximum side friction demand, the
minimum radius of curvature can be determined asfollows:

™ 15 (e + Froa) (45)

where

Riin = minimum radius of curvature (ft)

V4 = design speed of curve (mph)
Enax = Specified maximum superelevation rate (ft/ft)
fmex = Specified maximum side friction demand

Table 67, based on Green Book Exhibit 3-14, presents the
minimum radius of curvature for specific combinations of
maximum superelevation rate and maximum side friction
demand considered in the Green Book.

In the design of a horizontal curve under the Green Book
policy, thefirst major decision isto select itsradius of curva
ture. Next, the selected radius is checked to ensure that it is
not lessthan R, for the design speed of the highway. Finally,
if the selected radiusis greater than R.,,, asuperelevation less
than e, is selected using Exhibits 3-21 through 3-25 of the
Green Book.

TABLE 67 Minimum radiusfor design of
rural highways, urban freeways, and high-
speed urban streetsusing limiting values of

eandf (1)

US Customary
Design Limiting Calculated Rounded
Speed Maximum Values  Total Radius Radius
(mph) e (%) of f (e/100+f)  (ft) (ft)
15 4.0 0.175 0.215 70.0 70
20 4.0 0.170 0.210 127.4 125
25 4.0 0.165 0.205 203.9 205
30 4.0 0.160 0.200 301.0 300
35 4.0 0.155 0.195 420.2 420
40 4.0 0.150 0.190 563.3 565
45 4.0 0.145 0.185 732.2 730
50 4.0 0.140 0.180 929.0 930
55 4.0 0.130 0.170 1190.2 1190
60 4.0 0.120 0.160 1505.0 1505
15 6.0 0.175 0.235 64.0 65
20 6.0 0.170 0.230 116.3 115
25 6.0 0.165 0.225 185.8 185
30 6.0 0.160 0.220 273.6 275
35 6.0 0.155 0.215 381.1 380
40 6.0 0.150 0.210 509.6 510
45 6.0 0.145 0.205 660.7 660
50 6.0 0.140 0.200 836.1 835
55 6.0 0.130 0.190 1065.0 1065
60 6.0 0.120 0.180 1337.8 1340
65 6.0 0.110 0.170 1662.4 1660
70 6.0 0.100 0.160 2048.5 2050
75 6.0 0.090 0.150 2508.4 2510
80 6.0 0.080 0.140 3057.8 3060
15 8.0 0.175 0.255 59.0 60
20 8.0 0.170 0.250 107.0 105
25 8.0 0.185 0.245 170.8 170
30 8.0 0.160 0.240 250.8 250
35 8.0 0.155 0.235 348.7 350
40 8.0 0.150 0.230 465.3 465
45 8.0 0.145 0.225 502.0 500
50 8.0 0.140 0.220 760.1 760
55 8.0 0.130 0.210 963.5 965
60 8.0 0.120 0.200 1204.0 1205
65 8.0 0.110 0.190 1487.4 1485
70 8.0 0.100 0.180 1820.9 1820
75 8.0 0.090 0.170 2213.3 2215
80 8.0 0.080 0.160 2675.6 2675
15 10.0 0.175 0.275 54.7 55
20 10.0 0.170 0.270 99.1 100
25 10.0 0.165 0.265 157.8 160
30 10.0 0.160 0.280 231.5 230
35 10.0 0.155 0.255 321.3 320
40 10.0 0.150 0.250 428.1 430
45 10.0 0.145 0.245 552.9 555
50 10.0 0.140 0.240 696.8 695
55 10.0 0.130 0.230 879.7 880
60 10.0 0.120 0.220 1094.6 1095
65 10.0 0.110 0.210 1345.8 1345
70 10.0 0.100 0.200 1838.8 1840
75 10.0 0.090 0.190 1980.3 1980
80 10.0 0.080 0.180 2378.3 2380
15 12.0 0.175 0.295 51.0 50
20 12.0 0.170  0.290 92.3 90
25 12.0 0.165 0.285 146.7 145
30 12.0 0.160 0.280 215.0 215
35 12.0 0.155 0.275 298.0 300
40 12.0 0.150 0.270 396.4 395
45 12.0 0.145 0.265 511.1 510
50 12.0 0.140 0.260 643.2 845
55 12.0 0.130 0.250 809.4 810
60 12.0 0.120 0.240 1003.4 1005
65 12.0 0.110 0.230 1228.7 1230
70 12.0 0.100 0.220 1489.8 1490
75 12.0 0.090 0.210 1791.7 1790
80 12.0 0.080 0.200 2140.5 2140

NoTEe: In recognition of safety considerations, use
of €nax = 4.0% should be limited to urban
conditions.

Transition Design

Most horizontal curves are circular curves that directly
adjoin tangent roadway sections at either end with no tran-
sition curve. Thus, a vehicle entering a curve theoretically
encounters an instantaneous increase in lateral acceleration
from aminimal level of the tangent section to the full lateral
acceleration required to track the particular curve. The oppo-
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site occurs asavehicleleavesahorizonta curve. Infact, there
is a gradua rather than an instantaneous change in lateral
acceleration, because drivers steer a spiral or transition path
as they enter or leave a horizontal curve. The design of the
superelevation transition sectionisused to partialy offset the
changes in lateral acceleration that do occur. First, a super-
elevation runout section is used on the tangent section to
removethe adverse crown slope. Next, asuperel evation runoff
section isprovided in which the pavement isrotated around its
inside edge to attain the full required superelevation; typical
design practice is to place two-thirds of the superelevation
runoff on the tangent approach and one-third on the curve.

The Green Book encourages the use of spiral transition
curvesto provide a smooth transition between tangents and
circular curves. In a spiral transition curve, the degree of
curvature varies linearly from zero at the tangent end to the
degree of the circular arc at the circular curve end. The
length of the spiral transition curve can be made the same
asthe superelevation runoff, so that the degree of curvature
and pavement cross slope change together.

Critique of Geometric Design Criteria
Consideration of Friction Demand

The point mass representation of a vehicle that forms the
basis for Equations 42, 43, and 44 is not based on any par-

Baseline: R= 127311 V=476 mph
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ticular set of vehicle characteristics and is theoretically as
applicable to trucks as to passenger cars. However, in light
of the differences between passenger cars and trucksin size,
number of tires, tire characteristics, and suspension charac-
teristics, the suitability of the equationsfor truckswas recently
reexamined.

A 1985 FHWA study by MacAdam et a. (96) found that,
given that the basic laws of physics apply to both passenger
cars and trucks, the point mass representation in Equation 44
can be used to determine the net side friction demand of both
passenger cars and trucks. However, they found that while
the friction demands at the four tires of a passenger car are
approximately equal, thefriction demandsat the varioustires
of atractor-trailer truck vary widely, asillustrated in Figure 50.
The net result of thistire-to-tire variationin friction demand is
that trucks typically demand approximately 10 percent higher
side friction than passenger cars. The FHWA Truck Charac-
teristics study termed this higher side friction demand the
effective side friction demand of trucks.

The point mass representation of a vehicle has another
weakness, however, that applies to both passenger cars and
trucks. Equation 42 is based on the assumption that vehicles
traverse curves following a path of constant radius equal to
the radius of the curve. However, field studies have shown
that all vehicles oversteer at some point on ahorizontal curve.
At the point of oversteering, the vehicle is following a path
radius that is less than the radius of the curve (97). Thus, at

e= 0,067 U/

(Tractor-semitrailer)

B Baseline Condition

[2 Empty Vehicle

Friction
Factor

Note:

7 %
? ?
4 4
% %
? ?
; ;

wheel Location

The wheel locations are for a 5-axle tractor-semitrailer and start
at the front axle with wheel location number 1.

0dd numbers

represent the outside wheels on the turn.

Figure50. Example of variation in side friction demand between wheels of a truck on a

horizontal curve (96).
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some point on each curve, the friction demand of each vehicle
will be dightly higher than suggested by Equation 44. Over-
steering by passenger carsis not considered in the AASHTO
design policy for horizontal curves, but it is probably not
critical because the AASHTO maximum lateral acceleration
requirements are based on driver comfort levels rather than
the available pavement friction. No data are available on the
amount of oversteering by trucks relative to passenger cars.

Consideration of Rollover Threshold

As demonstrated above, AASHTO criteria for horizontal
curvedesign do not explicitly consider vehiclerollover thresh-
olds. Therollover threshold for passenger cars may be as high
as 1.2 g, so apassenger car will normally skid off aroad long
beforeit would roll over. Thus, the consideration of rollover
threshold isnot critical for passenger cars. However, tractor-
trailer trucks haverelatively high centers-of-gravity and con-
sequently tend to have low rollover thresholds. Furthermore,
because of suspension characteristics, the rollover threshold
of tractor-trailer trucks is substantially less than it would be
if atruck were arigid body.

Recent research, summarized in Chapter 5 of this report,
has determined that the rollover thresholds of most trucksare
greater than or equal to 0.35 g. Given that AASHTO design
policy permits lateral acceleration aslarge as 0.17 g on hor-
izontal curves, the margin of safety for trucksistypicaly at
least 0.18 g. As discussed above, oversteer will generally
result in alateral acceleration greater than f,,, a some point
on the curve for vehiclestraveling at the design speed.

As an example of truck operations on horizontal curves,
Figure 51 presents the distribution of nominal side friction

demand for trucks from combined data on four curvesin the
Chicago area as part of a NHTSA study (98). The radii of
the four curves range from 67 to 256 m [220 to 840 ft] and
the superelevations range from 0.02 to 0.088. The distribution
in Figure 51 was developed by measuring truck speeds on the
curve and calculating the lateral acceleration for each truck
from the known radius and superel evation using Equation 43.

Thefigureillustrates that trucks generating lateral acceler-
ationsabove 0.30 g are observed, and the lateral accelerations
for some trucks range as high as 0.40 g. No generalizations
should be drawn from these data, because they represent only
four particular horizontal curves, but they do illustrate that
levels of sidefriction demand capable of producing rollovers
for some trucks can occur.

Sensitivity Analyses

Sensitivity analyses have been conducted to determine
whether the existing horizontal curve design criteriaare ade-
guate to accommodate trucks. The adequacy of the existing
criteria was evaluated with respect to both their ability to
keep vehicles from skidding off the road and their ability to
keep vehicles from rolling over. These sensitivity analyses
involved explicit comparisons between the margins of safety
against skidding and rollover for passenger cars and trucks.
There have been particular concerns about vehiclestraveling
faster than the design speed, particularly on freeway ramps.
The sensitivity analysis presented here is an update of the
analysis performed for the FHWA Truck Characteristics
study (2, 3), which resulted in the recent changes in Green
Book design policy for horizontal curves.

All Trucks
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Figure51. Nominal lateral accelerations of trucks based on their observed speeds
on selected horizontal curvesin the Chicago area (98).
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Margin of Safety Against Skidding

Current design criteriafor horizontal curvesareintended to
maintain thevehiclelateral acceleration within driver comfort
levels that are below the lateral acceleration at which the
vehicle would skid on awet pavement. The vehicle' s lateral
acceleration is resisted by superelevation and tire-pavement
friction. Table 68 shows that current design criteria provide
amargin of safety of 0.30 to 0.41 g against a passenger car
skidding off the road on a minimum radius curve on wet
pavement when traveling at the design speed. The margin of
safety is the magnitude of the additional lateral acceleration
that the vehicle could undergo without skidding.

Tire-pavement friction on a given pavement is lower for
truck tires than for passenger car tires. Olson et al. estimate
that truck tires have coefficients of friction that are only
about 70 percent of those of passenger car tires (28). In addi-
tion, the 1985 FHWA study discussed above has shown that
trucks generate friction demands approximately 10 percent
higher than passenger carswhen traversing acurve (96). Thus,
Table 68 showsthat the margin of safety against atruck skid-
ding off the road on a wet pavement is less than for a pas-
senger car. The margin of safety against skidding for atruck
traveling at the design speed on a minimum radius curve on
awet pavement ranges from 0.15t0 0.22 g.

On dry pavements, tire-pavement friction is much higher
than on wet pavement. Locked-wheel pavement friction coef-
ficients of 0.65 or more are typical for passenger cars on dry
surfaces. Thus, peak friction levels would be even higher by
afactor of 1.45. Pesk friction levelsfor trucks were assumed
to be 56 percent of the values for passenger cars. Asshownin
Table 68, the margin of safety for both passenger cars and
trucks on dry surfacesis much higher than on wet surfaces.

A simple example will show how the margin of safety
against skidding is calculated using the data in the first row
of Table 68. This row represents a horizontal curve with a
design speed of 20 mph and a maximum superelevation of
4.0 percent. Under the Green Book policy, ahorizontal curve
with adesign speed of 32 km/h [20 mph] can be designed with
amaximum tolerable lateral acceleration of 0.17 g. An equiv-
alent statement is that the maximum side friction demand for
avehicletraveling at the design speed on a curve with maxi-
mum superelevation is0.17 g. The minimum radius of curva
ture for this situation can be determined as follows:

(20

Rmin = 15(0.04 + 0.17)

=127 ft (46)

The assumed pavement friction coefficient at 32 km/h
[20 mph] for locked-wheel braking by a passenger car tireon
awet pavement is not specified in the current Green Book,
but has been estimated in previous AASHTO policies for
stopping sight distance as 0.40 (48). The peak friction coef-
ficient available for cornering on awet pavement is computed
asfollows:
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0.40(1.45) = 0.58

A peak friction coefficient of 0.58 meansthat avehiclecan
generate up to 0.58 g of unbalanced lateral accel eration with-
out skidding. Therefore, the margin of safety against skid-
ding for a passenger car on a wet pavement traveling at the
design speed under assumed design conditions can be com-
puted as the difference between the maximum lateral accel-
eration that can be developed without exceeding the avail-
ablefriction (0.58 g) and the friction demand (0.17 g):

0.58-0.17=041
The pavement friction coefficient under dry conditions
was estimated as 0.65, as described above. Under dry condi-

tions, the peak friction available for cornering iscomputed as
follows:

0.65(1.45) = 0.94

Therefore, the margin of safety against skidding under dry
conditionsis asfollows:

0.94-0.17=0.77

The calculations of the margin of safety against skidding
for atruck are similar. As discussed above, the maximum
demand friction for a truck is 10 percent higher than for a
passenger car, based on the results of a 1985 FHWA study
(96). Thus, when atruck is traversing a horizontal curve at
the design speed under design conditions at the maximum
tolerable lateral acceleration of 0.17 g, the effective maxi-
mum friction demand is as follows:

0.17(1.1)=0.19

Since research has shown that truck tires can generate only
about 70 percent of the friction of passenger car tires, the
peak friction available under wet conditions for atruck isas
follows:
0.58(0.70) = 0.41
and the margin of safety under wet conditionsis as follows:

041-0.19=0.22

Similarly, under dry conditions, the avail able peak friction
for atruck tireisasfollows:

0.94(0.70) = 0.66
and the margin of safety under dry conditionsis asfollows:

0.66 - 0.19=047
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TABLE 68 Marginsof safety against skidding on horizontal curves

80T

Passenger car

Maximum Maximum

Maximum tolerable Margin Margin tolerable Margin Margin

Design super- lateral Maximum Minimum Available of of lateral Minimum Maximum Available of of
Speed elevation acceleration demand radius f safety safety acceleration radius demand f safety safety
(mph) e (@ f (ft) (wet) (wet) (dry) () (ft) f (wet) (wet) (dry)
20 4.0 0.17 0.17 127 0.58 0.41 0.77 0.17 127 0.19 0.41 0.22 0.47
30 4.0 0.16 0.16 300 0.51 0.35 0.78 0.16 300 0.18 0.36 0.18 0.48
40 4.0 0.15 0.15 561 0.46 0.31 0.79 0.15 561 0.17 0.32 0.16 0.50
50 4.0 0.14 0.14 926 0.44 0.30 0.80 0.14 926 0.15 0.30 0.15 0.51
60 4.0 0.12 0.12 1,500 0.42 0.30 0.82 0.12 1,500 0.13 0.29 0.16 0.53
20 6.0 0.17 0.17 116 0.58 0.41 0.77 0.17 116 0.19 0.41 0.22 0.47
30 6.0 0.16 0.16 273 0.51 0.35 0.78 0.16 273 0.18 0.36 0.18 0.48
40 6.0 0.15 0.15 508 0.46 0.31 0.79 0.15 508 0.17 0.32 0.16 0.50
50 6.0 0.14 0.14 833 0.44 0.30 0.80 0.14 833 0.15 0.30 0.15 0.51
60 6.0 0.12 0.12 1,333 0.42 0.30 0.82 0.12 1,333 0.13 0.29 0.16 0.53
70 6.0 0.10 0.10 2,042 0.41 0.31 0.84 0.10 2,042 0.11 0.29 0.18 0.55
80 6.0 0.08 0.08 3,048 0.40 0.32 0.86 0.08 3,048 0.09 0.28 0.19 0.57
20 8.0 0.17 0.17 107 0.58 0.41 0.77 0.17 107 0.19 0.41 0.22 0.47
30 8.0 0.16 0.16 250 0.51 0.35 0.78 0.16 250 0.18 0.36 0.18 0.48
40 8.0 0.15 0.15 464 0.46 0.31 0.79 0.15 464 0.17 0.32 0.16 0.50
50 8.0 0.14 0.14 758 0.44 0.30 0.80 0.14 758 0.15 0.30 0.15 0.51
60 8.0 0.12 0.12 1,200 0.42 0.30 0.82 0.12 1,200 0.13 0.29 0.16 0.53
70 8.0 0.10 0.10 1,815 0.41 0.31 0.84 0.10 1,815 0.11 0.29 0.18 0.55
80 8.0 0.08 0.08 2,667 0.40 0.32 0.86 0.08 2,667 0.09 0.28 0.19 0.57
20 10.0 0.17 0.17 99 0.58 0.41 0.77 0.17 99 0.19 0.41 0.22 0.47
30 10.0 0.16 0.16 231 0.51 0.35 0.78 0.16 231 0.18 0.36 0.18 0.48
40 10.0 0.15 0.15 427 0.46 0.31 0.79 0.15 427 0.17 0.32 0.16 0.50
50 10.0 0.14 0.14 694 0.44 0.30 0.80 0.14 694 0.15 0.30 0.15 0.51
60 10.0 0.12 0.12 1,091 0.42 0.30 0.82 0.12 1,091 0.13 0.29 0.16 0.53
70 10.0 0.10 0.10 1,633 0.41 0.31 0.84 0.10 1,633 0.11 0.29 0.18 0.55
80 10.0 0.08 0.08 2,370 0.40 0.32 0.86 0.08 2,330 0.09 0.28 0.19 0.57
20 12.0 0.17 0.17 92 0.58 0.41 0.77 0.17 92 0.19 0.41 0.22 0.47
30 12.0 0.16 0.16 214 0.51 0.35 0.78 0.16 214 0.18 0.36 0.18 0.48
40 12.0 0.15 0.15 395 0.46 0.31 0.79 0.15 395 0.17 0.32 0.16 0.50
50 12.0 0.14 0.14 641 0.44 0.30 0.80 0.14 641 0.15 0.30 0.15 0.51
60 12.0 0.12 0.12 1,000 0.42 0.30 0.82 0.12 1,000 0.13 0.29 0.16 0.53
70 12.0 0.10 0.10 1,485 0.41 0.31 0.84 0.10 1,485 0.11 0.29 0.18 0.55
80 12.0 0.08 0.08 2,133 0.40 0.32 0.86 0.08 2,133 0.09 0.28 0.19 0.57

Note: Adapted from Reference 2 to incorporate 2001 Green Book criteria for horizontal curve design.
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The margins of safety for trucks in Table 67 are large
enough to provide safe truck operationsif there are no major
deviations from the basic assumptions used in horizontal
curvedesign. The effects of deviationsfrom the basic assump-
tions are considered below.

Margin of Safety Against Rollover

Table 69 presentsan analysis of the margin of safety against
rollover provided by current horizontal curve design criteria.
The margin of safety is the magnitude of the additional |lat-
eral acceleration that the vehicle could undergo without rolling
over. The table shows the rollover margin of safety for pas-
senger cars with roll over thresholds of 1.20 g and for trucks
with rollover thresholds from 0.35 to 0.40 g.

The margin of safety against rollover for passenger cars
traveling at the design speed ranges from 1.03 to 1.10 g. At
all design speeds, the margin of safety against rollover for a
passenger car ismuch higher than the margin of safety against
skidding on either awet or dry pavement. Thus, rollover isnot
amajor concern for passenger cars because, unless they col-
lide with another vehicle or object, passenger cars will skid
rather than roll over. In contrast to the related issue of skid-
ding off the road, the margin of safety against rollover is not
dependent on whether the pavement is wet or dry.

Chapter 5 of this report establishes that a conservative
value of truck rollover threshold appropriate for usein design
is 0.35 g. The margin of safety for a truck with a rollover
threshold of 0.35 g ranges from 0.18 to 0.27 g. This margin
of safety is adequate to prevent rollover for trucks traveling
at or below the design speed. The margin of safety against
rollover increases with increasing design speed, while the
margin of safety against skidding decreases.

Comparison of Tables 68 and 69 indicates that rollover is
a particular concern for trucks. Under the assumed design
conditionsfor horizontal curves, atruck will roll over before
it will skid on a dry pavement. Under the assumed design
conditions on awet pavement, atruck will roll over beforeit
skids at design speeds of 64 to 80 km/h [40 to 50 mph] and
below; above that speed, atruck will skid beforeit rollsover.
Theeffects of deviationsfrom the basic assumptions are con-
sidered below.

Deviations from Assumed Design Conditions

The margins of safety against skidding and rollover are a
measure of the extent to which real-world drivers, vehicles,
and highways can deviate from the assumed conditions with-
out resulting in askid or arollover. Deviationsfrom assumed
conditionsthat canincreasethelikelihood of skiddinginclude
the following:

» Vehiclestraveling faster than the design speed,
» Vehicles turning more sharply than the curve radius,
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» Lower pavement friction than assumed by the Green
Book, and
* Poorer tires than assumed by the Green Book.

Traveling faster than the design speed and turning more
sharply than the curve radius would also increase the likeli-
hood of rollovers. In addition, the likelihood of a rollover
would also beincreased for atruck with arollover threshold
less than the assumed value of 0.35 g.

It would seem logical that the practice of providing less
than full superelevation at the point of curvature (PC) would
alsoincreasethelikelihood of rollovers, but thisisnot always
the case. Horizontal curveswithout spiral transitions are typ-
ically designed with %/ of the superelevation runoff on the
tangent in advance of the PC and /s of the superelevation
runoff on the curveitself. Thus, only s of the design super-
elevation is available at the PC, and this lack of full super-
elevation at the PC would appear to have the potential to off-
set up to approximately 0.03 g of the available margin of
safety. However, the Green Book assumes, and field and sim-
ulation studies confirm, that even on horizontal curveswith-
out spiral transitions, driverstend to steer aspiral path. Thus,
where maximum superelevationisnot available, thedriver is
usually not steering a minimum-radius path.

Computer simulation studies of trucks traversing horizon-
tal curvesreported in the FHWA Truck Characteristics study
(2, 3) found that devel oping full superel evation on the tangent
approach to aconventional circular curve actually developed
dlightly morelateral acceleration than devel opment of super-
elevation with the %/ to /s rule. While the difference in lat-
eral acceleration is small—at most 0.03 g—it isin thewrong
direction, so development of full superelevation on the tan-
gent is not a desirable approach to reducing truck rollovers.
The same study found a small decrease in lateral accelera-
tion—typically less than 0.01 g—when spiral transitions
were used to devel op the superel evation. Thus, the use of spi-
ral transitionsis desirable but, because of the small reduction
inlateral acceleration, the use of spiralsisunlikely to provide
amajor reduction in rollover accidents.

Field data show that vehicles traversing a curve do not
precisely follow the curve. Thus, while the path may have a
larger radius than the curve at the PC, it will also have a
smaller radiusthan the curve at some point in the curve. Sim-
ulation results show that the maximum lateral acceleration
occurs severa hundred feet after entering a curve. However,
simulation results also show that the maximum excursion of
lateral acceleration above the value obtained from the stan-
dard curve formula is approximately 0.02 g, which would
offset asmall portion of the margins of safety against rolling
and skidding. Field studies for passenger cars suggest that
this is a reasonable average value, but more extreme values
can occur. Truck drivers may have lower excursions of lat-
era acceleration than passenger car drivers, but there are no
dataon thisissue.
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TABLE 69 Marginsof safety against rollover on horizontal curves

Passenger car Truck

Design Maximum Minimum Rollover margin of Maximum Minimum Rollover margin of safety

Speed Maximum tolerable lateral radius safety tolerable lateral radius

(mph) e acceleration (ft) RT=1.20g acceleration (ft) RT=0.35¢g RT=0.40g9
20 4.0 0.17 127 1.03 0.17 127 0.18 0.23
30 4.0 0.16 300 1.04 0.16 300 0.19 0.24
40 4.0 0.15 561 1.05 0.15 561 0.20 0.25
50 4.0 0.14 926 1.06 0.14 926 0.21 0.26
60 4.0 0.12 1,500 1.08 0.12 1,500 0.23 0.28
20 6.0 0.17 116 1.03 0.17 116 0.18 0.23
30 6.0 0.16 273 1.04 0.16 273 0.19 0.24
40 6.0 0.15 508 1.05 0.15 508 0.20 0.25
50 6.0 0.14 833 1.06 0.14 833 0.21 0.26
60 6.0 0.12 1,333 1.08 0.12 1,333 0.23 0.28
70 6.0 0.10 2,042 1.10 0.10 2,042 0.25 0.30
80 6.0 0.08 3,048 112 0.08 3,048 0.27 0.32
20 8.0 0.17 107 1.03 0.17 107 0.18 0.23
30 8.0 0.16 250 1.04 0.16 250 0.19 0.24
40 8.0 0.15 464 1.05 0.15 464 0.20 0.25
50 8.0 0.14 758 1.06 0.14 758 0.21 0.26
60 8.0 0.12 1,200 1.08 0.12 1,200 0.23 0.28
70 8.0 0.10 1,815 1.10 0.10 1,815 0.25 0.30
80 8.0 0.08 2,667 112 0.08 2,667 0.27 0.32
20 10.0 0.17 99 1.03 0.17 99 0.18 0.23
30 10.0 0.16 231 1.04 0.16 231 0.19 0.24
40 10.0 0.15 427 1.05 0.15 427 0.20 0.25
50 10.0 0.14 694 1.06 0.14 694 0.21 0.26
60 10.0 0.12 1,091 1.08 0.12 1,091 0.23 0.28
70 10.0 0.10 1,633 1.10 0.10 1,633 0.25 0.30
80 10.0 0.08 2,370 1.12 0.08 2,330 0.27 0.32
20 12.0 0.17 92 1.03 0.17 92 0.18 0.23
30 12.0 0.16 214 1.04 0.16 214 0.19 0.24
40 12.0 0.15 395 1.05 0.15 395 0.20 0.25
50 12.0 0.14 641 1.06 0.14 641 0.21 0.26
60 12.0 0.12 1,000 1.08 0.12 1,000 0.23 0.28
70 12.0 0.10 1,485 1.10 0.10 1,485 0.25 0.30
80 12.0 0.08 2,133 1.12 0.08 2,133 0.27 0.32

Note: Adapted from Reference 2 to incorporate 2001 Green Book criteria for horizontal curve design.
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The Green Book criteria for tire-pavement friction are
based on apoor, wet pavement and (apparently) onworntires.
Table 68 has provided an adjustment to these values for the
differences between passenger cars and trucks. The assump-
tions appear to be conservative for design purposes. In fact,
an interesting aspect of this factor discussed below is what
happens when the likelihood of skidding is reduced because
tire pavement-friction is higher than the design value.

Thereview of the potential for safety problems created by
deviations from the design assumptionsindicates that travel-
ing faster than the design speed of the curve is the single
greatest concern. This is a particular concern on freeway
ramps for two reasons. First, freeway ramps generally have
lower design speeds than major roadways, which means that
they have lower margins of safety against rollover (but higher
margins of safety against skidding). Second, traveling faster
than the design speed isespecially likely on off-ramps, where
vehicles traveling at higher speeds enter the ramp from the
major roadway .

Table 70 compares the speeds at which skidding or rollover
would occur for passenger cars and truckstraversing minimum
radius curvesdesigned in accordance with current Green Book
criteria. The table shows that, on a dry pavement, a passen-
ger car will skid at alower speed than it will roll over, and a
truck with rollover threshold of 0.35 g will roll over at a
lower speed than it will skid. On awet pavement, a passen-
ger car will still skid at alower speed than it will roll over.
A truck, on the other hand, will roll over before it skids at
design speeds of 32 km/h [20 mph] or |ess under the assumed
values for pavement friction on wet pavements. At higher
speeds, a truck generally will skid before it will roll over.
However, if a wet pavement has above-minimum friction,
the truck may still roll over at alower speed than it will skid.

PAVEMENT WIDENING ON HORIZONTAL
CURVES

Current Geometric Design Criteria

The Green Book presentsthe current criteriafor pavement
widening on horizontal curves to accommodate offtracking
of trucks. Offtracking is the phenomenon, common to all
vehicles although much more pronounced with large trucks,
in which the rear wheels do not track precisely behind the
front wheels when the vehicle negotiates a horizontal curve.

The Green Book criteriacall for widening of curves accord-
ing to tabulated criteria that depend on the pavement width
on the tangent, the design speed, and the degree of curve.
The pavement-widening criteriaare presented in Green Book
Exhibits 3-51 and 35-2. These exhibits note that pavement-
widening is not needed when the widening valueislessthan
0.6 m[2ft]. Thetabulated valuesapply to the WB-15 [WB-50]
design vehicle; adjustmentsfor other design vehiclesare pro-
vided. The Green Book tables apply only to two-lane roads
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(one- or two-way); the values given are to be adjusted upward
for three- or four-lane roads.

The Green Book also details how the widening should be
accomplished. In other words, it notes whether the added
width should be on the inside or outside of the curve, how
it should be transitioned, and how the center line should be
adjusted.

Critique of Geometric Design Criteria

The current design criteriafor pavement widening on hor-
izontal curves was updated to reflect recommended changes
to the Green Book design vehicles. Green Book Exhibits 3-51
and 3-52 are affected primarily because of the recommenda-
tion to eliminate the WB-15 [WB-50] as a design vehicle,
and the values shown for traveled way widening are based on
the WB-15 [WB-50] design vehicle. The values in Green
Book Exhibits 3-51 and 3-52 were adjusted accordingly to
reflect the WB-19 [WB-62] as the base vehicle, and the pre-
vious column for the WB-19 [WB-62] design vehicle was
removed (see Appendix F).

CROSS-SLOPE BREAKS
Current Geometric Design Criteria

The following represents a brief summary of the Green
Book criteriafor cross-slope rates:

« On tangent or long-radius curved alignment with nor-
mal crown and turf shoulders, the maximum shoulder
slope rates result in algebraic differences of 6 to 7 per-
cent between the pavement and the shoulder.

* For desirable operation, all or part of the shoulder onthe
outside of a horizontal curve should be sloped upward
at about the same rate or at alesser rate than the super-
elevated pavement.

» The cross-slope break at the edge of the paved surface
islimited to a maximum of approximately 8 percent.

» Toaleviate severe cross-slope breaks, the use of acon-
tinuously rounded shoulder cross section may be used
on the outside of superelevated pavements.

Critique of Geometric Design Criteria
Cross-Sope Breaks

A 1982 FHWA study investigated the operational effects
of cross-slope breaks on highway curves (99). Using the
Highway-V ehicle-Object Simulation Model (HV OSM), vehi-
cle traversals were simulated for various combinations of
pavement and shoulder slopes for arange of horizontal cur-
vature. The objective criterion was to limit lateral accelera
tion to alevel that was stable at the tire-pavement interface

Copyright National Academy of Sciences. All rights reserved.
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TABLE 70 Vehicle speed at impending skidding or rollover on horizontal curves

Passenger car speed (mph)

Truck speed (mph)

Passenger car @ rollover
Design Maximum Minimum available rollover RT = RT =
speed Maximum tolerable lateral radius cornering @ impending @ impending RT = @ impending @ impending 0.35 0.40
(mph) e acceleration (ft) f skid (wet) skid (dry) 1.20g skid (wet) skid (dry) g g
20 4.0 0.17 127 0.58 34.4 43.2 48.6 27.9 34.9 27.3 29.0
30 4.0 0.16 300 0.51 49.7 66.4 747 40.5 53.7 41.9 445
40 4.0 0.15 561 0.46 64.9 90.8 102.1 52.9 73.4 57.3 60.8
50 4.0 0.14 926 0.44 81.7 116.7 131.2 66.7 94.3 73.6 78.2
60 4.0 0.12 1,500 0.42 101.7 148.5 167.0 83.1 120.0 93.7 99.5
20 6.0 0.17 116 0.58 334 41.7 46.8 27.3 33.9 26.7 28.3
30 6.0 0.16 273 0.51 48.3 64.0 71.8 39.7 52.0 41.0 434
40 6.0 0.15 508 0.46 62.9 87.3 98.0 51.8 70.9 55.9 59.2
50 6.0 0.14 833 0.44 79.0 111.8 125.5 65.2 90.8 71.6 75.8
60 6.0 0.12 1,333 0.42 98.0 141.4 158.7 80.9 114.9 90.5 95.9
70 6.0 0.10 2,042 0.41 120.0 175.0 196.5 99.1 142.2 112.1 118.7
80 6.0 0.08 3,048 0.40 145.0 213.8 240.0 119.1 173.7 136.9 145.0
20 8.0 0.17 107 0.58 325 40.5 453 26.8 33.0 26.3 27.8
30 8.0 0.16 250 0.51 47.0 61.8 69.3 38.9 50.5 40.2 42.4
40 8.0 0.15 464 0.46 61.3 84.3 94.4 50.9 68.8 54.7 57.8
50 8.0 0.14 758 0.44 76.9 107.7 120.6 64.0 87.9 69.9 73.9
60 8.0 0.12 1,200 0.42 94.9 135.5 151.8 79.1 110.6 88.0 93.0
70 8.0 0.10 1,815 0.41 1155 166.6 186.7 96.3 136.1 108.2 114.3
80 8.0 0.08 2,667 0.40 138.6 202.0 226.3 115.7 164.9 131.2 138.6
20 10.0 0.17 99 0.58 31.8 39.3 439 26.4 322 259 27.2
30 10.0 0.16 231 0.51 46.0 60.0 67.1 38.4 49.2 39.5 41.6
40 10.0 0.15 427 0.46 59.9 81.6 91.2 50.2 67.0 53.7 56.6
50 10.0 0.14 694 0.44 75.0 104.0 116.3 62.9 85.4 68.4 721
60 10.0 0.12 1,091 0.42 92.2 130.5 145.9 775 107.0 85.8 90.5
70 10.0 0.10 1,633 0.41 111.8 159.6 178.7 94.0 130.9 105.0 110.7
80 10.0 0.08 2,370 0.40 133.3 192.3 215.0 112.3 157.7 126.5 133.3
20 12.0 0.17 92 0.58 311 38.2 427 26.0 315 255 26.8
30 12.0 0.16 214 0.51 45.0 58.3 65.1 37.8 48.1 38.8 40.9
40 12.0 0.15 395 0.46 58.6 79.2 88.4 49.5 65.3 52.8 55.5
50 12.0 0.14 641 0.44 73.4 101.0 112.7 62.0 83.2 67.2 70.7
60 12.0 0.12 1,000 0.42 90.0 126.1 140.7 76.2 103.9 84.0 88.3
70 12.0 0.10 1,485 0.41 108.7 153.7 1715 92.1 126.6 102.3 107.6
80 12.0 0.08 2,133 0.40 129.0 184.2 205.5 109.5 151.8 122.6 129.0

Note: Adapted from Reference 6 to incorporate 2001 Green Book criteria for horizontal curve design.
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and tolerable to the driver. A 1971 Dodge Coronet was the
passenger car used in the smulations.

The study resultsindicated that afour-wheel traversal and
entry to across-slope break produce amore extreme response
than atwo-wheel traversal. The dynamic effects were found
to be most sensitive to shoulder cross slope and to exceed
reasonable driver discomfort levelsfor the design conditions
that reduce the conditions associated with higher cross-slope
breaks. It was determined that relatively large negative slopes
are tolerable on very narrow shoulders. As shoulder width
increases, permissible shoulder slopes should decrease to
maintain the established maximum driver discomfort level.
Specifically, the study found that maximum driver discom-
fort occurred when all four wheels were on the shoulder, not
when the vehicle crosses the break.

The FHWA study identified two unanswered questions
regarding the sensitivity of trucks to cross-slope break tra-
versals (99):

1. Do professional (truck) drivers exhibit higher tolerable
levels of driver discomfort?

2. Do shoulder traversals by trucks occur often enough to
justify the truck asthe“design” vehiclefor cross-slope
break recommendations?

No further datawere found in the literature to shed any addi-
tional light on these issues.

Centerline Crowns

In another portion of the same FHWA study discussed
above, the dynamic effects of centerline crowns on expected
vehicle maneuvers were evaluated for the purpose of rec-
ommending maximum centerline crown designs as a func-
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tion of vehicle type and design speed (100). The controlling
operational maneuver was the passing situation. Research
was limited to tangent roadway sections. Vehicle types con-
sidered included compact and midsize passenger cars, |oaded
and empty tractor-trailer truck combinations, and single-unit
trucks.

The pertinent truck-related findingsinclude the following:

» A loaded or empty tractor-trailer truck generates lower
tire friction demand than automobiles on 2-percent cross
slopes.

* Driver discomfort levels and vehicleroll angle are al'so
lessfor trucksthan automobiles on 2-percent cross slopes
at high speed (approximately 121 km/h [75 mph].

* An empty tractor-trailer produces similar tire friction
demands (approximately 0.30 g), but has significantly
lower driver discomfort and roll angle values.

Theimplication of the findingsis that cross slopes should
be kept to aminimum on high-speed highways. The primary
reason is that the simulation of nominally critical passing
behavior produced vehicle dynamic responses on the order of
0.28t00.34 gfor crossslopesof 2 percent for al vehicletypes.

VERTICAL CLEARANCES

The Green Book criteriafor vertical clearance are gener-
ally 4.3 m [14 ft] on local roads and collectors and 4.9 m
[16ft] on arteriadlsand freeways. The design vehicles specified
in the Green Book have amaximum height of 4.1 m[13.5 ft].
Most trucks have heights less than 4.1 m [13.5 ft], so verti-
cal clearanceisgenerally not anissuefor overhead structures
designed in accordance with the Green Book.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/23379

Review of Truck Characteristics as Factors in Roadway Design

114

CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS

The conclusions of the research are as follows:

1

NAFTA may lead to increased truck volumes using
U.S. highways, but it is unlikely that new truck types
not currently considered in highway geometric design
will be entering the United States. Although trucks
larger and heavier than currently permitted in the
United States do operate in both Canada and Mexico,
any trucks entering the United States are required to
comply with current federal and state laws governing
truck size and weight. The creation of aNAFTA inter-
national access network of roadsis being considered,
but the proposed criteriafor the truck sizesthat would
operate on that network do not differ substantively
from current U.S. limits applicable in many states.

A substantial number of three- and four-axle single-
unit trucksin the current truck fleet are larger than the
two-axle single-unit design vehicle presented in the
Green Book.

TheWB-15[WB-50] design vehicleisno longer com-
mon in the U.S. truck fleet.

The WB-19 [WB-62] design vehicle shown in the
Green Book has a KCRT distance of 12.3 m [40.5 ft].
The laws of many states allow KCRT distances up to
125 m[41ft].

The WB-20 [WB-65] design vehicle shown in the
Green Book involves neither the best nor worst case
of the rear tandem axles of the truck.

Where trucks larger than the WB-19 [WB-62] design
vehicle operate with the rear axles pulled forward to a
KCRT distanceof 12.5m[41ft], their offtracking and
swept path width are the same as that of the WB-19
[WB-62] design vehicle. Pulling the axles forward to
a KCRT distance of 12.5 m [41 ft] is required by
many states and, even when not required, is preferred
by truckersto increase the maneuverability of such a
vehicle.

In states where combination trucks with semitrailers
longer than 16.2 m [53 ft] are permitted to operate,
they constitute only 0.5 to 4 percent of all trucks.
Combination trucks, known as Rocky Mountain Dou-
bles, with one 14.6-m [48-ft] semitrailer and one 8.7-m
[28.5-ft] full trailer, operate in 20 states (mostly in the
western United States), including 3 stateswhere Turn-

10.

11

pike Doubles are not permitted and 6 states where
triple-trailer trucks are not permitted. In such states,
Rocky Mountain Doubles may be the largest combi-
nation trucks that can legally operate.
TRB Special Report 267 (13) has recommended that
single-semitrailer truckswith six axles, including arear
tridem axle, be permitted to operate with gross vehicle
weight up to 40,900 kg [90,000 Ib]. Implementation of
thisrecommendation would not have any effect on geo-
metric design because single-semitrailer truckswith six
axles have offtracking and swept path width that are
dlightly less than a comparable five-axle truck.

Design vehicles that might be needed in the Green

Book at some future time include the following:

« A combination truck with a single 17.4-m [53-ft]
semitrailer, designated the WB-22 [WB-71] design
vehicle;

A combination truck with two 10.1-m [33-ft] trailers,
designated the WB-23D [WB-77D] design vehicle;

» A Turnpike Double combination truck, with two
16.1-m [53-ft] trailers, designated the WB-37D
[WB-120D] design vehicle; and

« A B-Train double combination with one 8.5-m
[28-ft] trailer and one 9.6-m [31.5-ft] trailer.

None of these vehiclescurrently operatewith sufficient
frequency to warrant adoption as a design vehicle,
althoughin TRB Special Report 267 (13), the WB-23D
[WB-77D] has been proposed for wider operation.
Therefore, the dimensionsand turning performance of
these vehicles have been documented in the research,
but no recommendation has been madeto include these
design vehicles in the Green Book. Their incorpora-
tion in the Green Book should be considered if truck
size and weight laws are changed to permit such vehi-
cles to operate more widely and if they are actually
present in sufficient numbers to warrant their consid-
eration as design vehicles.

Rear swingout is the phenomenon by which the rear

outside corner of atruck follows a path outside the

rear outside axle of thetruck during aturn. Rear swing-
out increases as the distance from the rear axle to the
rear of the truck, known as rear overhang, increases.

However, turning plots show that, while the outside

rear corner of thetrailer followsapath outside the rear

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/23379

Review of Truck Characteristics as Factors in Roadway Design

12.

13.

14.

15.

16.

17.

18.

19.

trailer wheels, it isinside the swept path of the truck.
For this reason, rear swingout is rarely a concern to
other vehicles, unless they are making a paralel turn.
None of the current Green Book design vehiclesor the
new design vehicles recommended in this report for
inclusion in the Green Book have rear swingout that
exceeds 0.21 m [0.69 ft] for a turn with a radius of
15 m [50 ft], even with the rear axles pulled forward
to maintain a K CRT distance of 12.5 m [41 ft].
Trucksthe size of the WB-19 [WB-62] or larger have
swept path widths so great that the truck cannot make
a 90-deg right turn from one two-lane road to another
while remaining within a 3.6-m [12-ft] lane for turn-
ing radii of 23 m [75 ft] or less. Trucks making such
turnsat locationswith curb return radii of 23 m[75ft]
or less must either encroach on the roadway shoulder
(or curb line) or on an opposing lane.

The minimum rollover threshold for trucks is gener-
aly in the range from 0.35 to 0.40 g. This minimum
rollover threshold generally applies to trucks fully
loaded with uniform density cargo.

Antilock brake systemsimprove the braking distances
of trucks by reducing the variability in driver control
efficiency observed with conventional braking sys-
tems. An antilock brake system applies the vehicle
brakes and then releases them, as needed, to prevent
wheel lock-up, which may lead to loss of control.
Truckswith antilock brakes requirelonger braking dis-
tances than passenger cars, but the braking distances of
passenger cars and trucks on wet pavement are nearly
the same.

Antilock brake systems are now available on nearly
all truck tractors. Field observations during 2002 found
that antilock brake systems are available on approxi-
mately 43 percent of trailers. Based on the expected
service life of trailers, it can be expected that within
10 years nearly all trailers will be equipped with
antilock brake systems.

The current Green Book design criteria for passing
sight distance are such that a truck can safely pass a
passenger car on any crest vertical curve where apas-
senger car can safely pass atruck.

The current Green Book criteriafor intersection sight
distance were recently updated and include explicit
adjustment factorsfor trucks. Thereisno indication of
aneed for further changes in these design criteria.
Current Green Book design criteria for sight distance
at railroad-highway grade crossings appear to be appro-
priate for the current truck fleet.

The 85th-percentile weight/power ratios of trucks in
the current truck fleet range from 102 to 126 kg/kW
[170to 210 Ib/hp] for the truck population using free-
ways and from 108 to 168 kg/kW [180 to 280 Ib/hp]
for the truck population using two-lane highways.

20.

21.

22.

23.
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Analysisindicatesthat the minimum lengths of accel-
eration lanes presented in the Green Book may be
sufficient to accommodate average trucks but not to
accommodate heavily loaded trucks. No change is
recommended at this time because there is no indica-
tion that trucks are encountering specific problems on
acceleration lanes designed in accordance with the
Green Book criteria.

The current Green Book criteria for lane width and
pavement widening on horizontal curves appear to be
appropriate for the current truck fleet.

The current Green Book criteria for horizontal curve
design provide an adequate margin of safety against
skidding and rollover by trucks traveling at the design
speed. The lowest margins of safety are for horizontal
curveswith design speeds of 30 km/h [20 mph] or less.
It isimportant that the design speed for such curves
be selected based on consideration of likely operat-
ing speeds because exceeding the design speed of a
30-km/h [20-mph] curveby aslittleas 13 km/h[8 mph]
could lead to skidding on awet pavement or rollover.
The current Green Book criteriafor cross-slope breaks
and vertical clearances appear to be appropriate for the
current truck fleet.

The recommendations of the research are as follows:

. A design vehicle representing a three-axle single-unit

truck should be added to the Green Book.

. TheWB-15[WB-50] design vehicle should be dropped

from the Green Book.

. The KCRT distance for the WB-19 [WB-62] design

vehicle should be increased from 12.3 to 12.5 m
[40.5 to 41 ft].

. The WB-20[WB-65] design vehicle should be dropped

from the Green Book, and the WB-20 [WB-67]
design vehicle, which representsthe worst-case place-
ment of the rear axlesfor atruck with asingle 16.2-m
[53-ft] semitrailer, should be retained.

. Where trucks larger than the WB-19 [WB-62] design

vehicle operate with the rear axles pulled forward to a
KCRT distance of 12.5 m [41 ft], design elements
such asintersection geometrics should be based on the
WB-19 [WB-62] design vehicle. However, where the
overal length of the vehicle is the basis for design,
such as for sight distance at railroad-highway grade
crossings, the length of the actual design vehicle
should be used.

. A design vehicle representing a Rocky Mountain Dou-

ble combination should be added to the Green Book.

. Based on the comparable braking distances for pas-

senger carsand trucks on wet pavement, there does not
appear to be any need for a change in the Green Book
design criteriafor stopping sight distance. The Green
Book expresses a concern that stopping sight distance
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10.

for trucks may be particularly critical at the end of a
long downgrade. Computer simulation research to
assess truck braking capability for a superelevated
horizontal curve at the end of a downgrade would be
desirable.

Thereisnoindicationthat achangein passing sight dis-
tance criteriais needed to better accommodate trucks.
Although passing maneuversinvolving trucksrequire
longer distances than passing maneuvers involving
only passenger cars, there is no indication that trucks
encounter any particular safety problems in passing
zones marked with current criteria.
Wheretrucksthe size of the WB-19 [WB-62] or larger
are present and make right turns in substantial num-
bers, curb return radii larger than 23 m [75 ft] arerec-
ommended. In many cases, such radii can best be pro-
vided in conjunction with a channelized right-turn
roadway. The offtracking and swept path width of the
specific selected design vehicle should be considered
in developing the channelization geometrics.
Thedesign of double- and triple-left-turn lanesrequires
consideration of the swept path width of left-turning
trucks. Although this issue can be addressed in the

11

12.

13.

design process with computer modeling of truck paths,
it is recommended that a table showing the swept path
widths of various design vehicles making left turns
with radii of 22.9 to 47.7 m [75 to 150 ft] be added to
the Green Book for use by designers.

Additional guidance should be provided in the Green
Book on the maximum entry speeds and diameter of
the inscribed circle for roundabouts of specific site
categories for specific design vehicles.

A truck speed profile model (TSPM) has been devel-
oped in the form of a spreadsheet that can be used to
estimate the truck speed profile on an upgrade for any
specified truck weight/power ratio, initial speed, and
vertical alignment. This spreadsheet is recommended
for design application as an aternative to the charts
for critical length of grade currently presented in the
Green Book, which are based on asingle value of truck
weight/power ratio, asingle value of initial speed, and
auniform (constant percent) grade.

Additional research is recommended to determine
whether trucks encounter any specific saf ety problems
on acceleration lanes designed in accordance with
Green Book criteria

Copyright National Academy of Sciences. All rights reserved.
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APPENDIX A
SUMMARY OF TRUCK CHARACTERISTICS
This appendix presents tables from the VIUS database (9) * Primary operator classification,
of the number of trucks, truck miles of travel, and average  Primary products carried,
annual mileage per truck overall and broken down by abroad » Hazardous materias carried,
variety of variables including the following:  Truck fleet size,
* Miles per galon,
* Mgor use, « Equipment type,
* Body type, * Full conservation equipment,
* Annual miles, . « Maintenance responsibility,
e Pri mary range of operation, . Eng| ne type and size,
* Weeks operated per year, + Refueling location,
* Baseof operation, « Truck type and axle arrangement, and
* Vehiclesize, . Cabtype.
» Average weight,
» Total length,
* Year model, The VIUS database can be used to look at selected combina-
» Vehicle acquisition, tions of the variablesthat are not availablein tables published
* Lease characteristics, by the Bureau of the Census.
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TABLE 3a. Trucks, truck miles, and average annual milesfor trucks, excluding pickups, panels, minivans, sport utilities, and
station wagons: 1997 and 1992

[Detslk may not add 1o total becauss of rounding. For meaning of abtvevistions and symbols, ase Introductory text}
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440.4 4383 5 14 753.6 12 3874 19.0 33.5 283 184
4692.3 4349 7.9 11 528.8 8 552.3 34.8 246 18.7 249
9382 7696 219 89 019.0 49 164.5 404 738 839 15.2
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. ceeresen 188.8 144.1 17.0 2 2838 1 .6 144 13.4 17 2.2
vesereenns 108 a1 3 1138 52.1 118.4 ! 64 84.1
26.1 26.5 ~1.5 440.7 3536 .6 16.9 13.3 27.1
. crreenesneone 299.1 310.8 -3.8 271725 2482 11.7 .3 8.0 18.3
% . iraveren 91.8 72.4 285 2 3070 1 65147 52.3 25.2 209 208
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Yank tuck OF GABOB) +ovvvvvrvavrroes 249.4 2319 7.5 8 8048 2M3 181 4.5 314 2.9
Tank truck (drybulk) ........... ven 9.7 338 175 185853 1 5885 19.0 .7 46.1
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. sne snerners shevaesses 28 3.7 -4,8 5700 620.4 ~8.1 26.2
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1554.2 1 1 -6.5 2 553.0 27529 ~7.3 1.8 1.7 -5.9
7534 751.9 2 5 1025 5 045.1 1.t 6.8 8.7 15
11288 9 15.3 15 8158 13 0784 174 13.8 134 1.5
5854 512.6 142 13 535.1 11 8269 14.4 23.1 2.1 v
vesrnrereranar 571.4 .8 235 20 903.8 16 830.0 24. 6.6 8.7 -3
. vivnaanes teerenoar 3745 284.9 314 2 2699 18 844.9 59.5 59.1 7
sesseesisrteasestectenaseenarransen 897.3 462.3 77 6838 S0 191.3 548 1114 108.8 26
2 9712 2 968.2 .4 38 2253 a5 7378 7.0 129 12.0 75
927.1 740.9 25.1 26 1558 9 731 326 282 268 6.0
426.6 28974 436 19 733.2 13 618.7 44.9 483 458 1.3
A21.7 2581 a8 28 2738 18 1366 55.9 67.1 700 -4.1
4344 3014 44.1 42 884.3 463.8 56.1 8.7 4 8.3
350.6 431.1 -18.7 2 0942 18018 10.7 6.0 44 364
NOtrOPORBA o.vvueiiricrieierneeatenesnanronsssrsorerses 133.1 1148 16.1 v v N v v N
WEEKS OPERATED
227.5 2644 ~140 438 95.0 ~53.8 2 4 -50.0
328.7 348.2 62 526.9 575.8 ~8.5 18 1.7 -59
303.3 304.0 -2 12789 11875 7.7 4.2 a9 7.7
237.5 231.8 25 1 6209 1 363.5 189 88 5.9 153
159.7 1774 ~40.0 1 676.2 1 5158 10.7 105 -2 238
138.9 143.6 ~-33 1 757.6 1 679.7 46 12.8 17 7.7
199.8 209.5 -4.6 2 857.1 2 5415 124 143 121 182
251.4 240.4 47 4 1817 3 8127 9.7 168 159 4.4
165.9 135.5 24 4 196.1 2 6289 5§9.6 253 194 304
1806 184.4 15.9 4 260.3 3 4898 24 24 212 5.7
257.0 2271 13.2 8 9783 5 281.2 321 27.2 167
2872 2242 2841 9 827.2 6 897.2 425 34.2 308 11.6
509.8 380.2 0.7 22 128.4 14 2413 554 43.4 368 18.9
2 217.7 2 008.4 10.4 89 9392 70 622.1 274 408 153
1916 439 338.4 8 089.0 848.0 830.7 38 148 4.9
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TABLE 3a. (Continued)
{Detak may not add o tobel b o munding. For ing of abbreviations and symbols, see introductory text]
1907 1992 it haesd
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625.8 5202 183 11 4309 8 4759 49 183 180 144
156.1 1413 10.5 3 0231 2 617.8 155 18.4 185 49
80.1 658 1 1 8204 t §56.2 17.1 27 23 1.8
1 536.0 116845 319 101 166.4 69 420.6 457 859 58.6 10.6
v 8 8 v s 8 v s 8
. sereas 50.7 N N 23249 N N 458 N N
ceaen 275.4 N N 14 996.5 N N 545 N N
[ R 3129 N N 19 2234 N N 814 N N
1 vesaen 4207 N N 22 1164 N N 5286 N N
- . a310.3 N N 15 470.1 N N 499 N N
B .2 PP 251.0 8 8 12 084.2 S s 48.1 8 8
Petereseersuansbertirestietrntriovstentocer 1980.4 159.3 19.5 8 2855 8 2885 v 435 52.0 ~18.3
g 205.8 2122 -3.1 7 2111 9 768.4 -28.2 351 46.0 -23.7
B S 260.1 2744 -1.9 8 4810 12 102.3 ~20.8 ale 44.1 -28.3
1 PYPPPP erersesbecincsransernces Meeeqseoncunas . 288.0 304.9 -8.2 B 046.1 13 188.6 ~30.0 28.1 433 ~35.1
L. 2077 302.9 -1.7 7 3178 14 439.9 ~36.0 248 378 ~34.9
Pro-1 cerrsercrersencesreresretsantessonssnirbeinars 2 751 3 8180 -4 31 7974 a0 700.7 -47.8 1.4 158 -28.3
Not Ceveeearretiterreretatrrertatiretarsubbanes v v N Y A4 N \'2 v N
VEHICLE ACQUISITION
PurchB880NBW ... ccaveiieirsincrrassernenes tesesvaes 23238 2 0812 11.4 83 4188 81 078.8 3.6 359 292 29
Puchased Cennnens sesetesereresersotnrransvens . 2 762.8 2 801.1 8.2 44 648.1 37 28 193 18.2 4.4 125
Leased from someons elss ...........con0ninnnn 522.2 3738 30.8 27 900.7 17 045.0 837 534 458 174
Other N 62 N N 189.0 N N 0.3 N
563 403 307 1 396.0 29043 54.4 248 224 10.7
775.0 501.7 54.5 a6 2819 20 427.3 778 468 407 15.0
e 76.1 22 3 9990 4 014.7 -4 514 527 ~25
194.1 154.9 5.3 9 856.0 7 2418 36.1 508 487 88
.0 84.8 46.1 14 874.8 8 3314 78.4 55.1 45.1 22
2518 161.8 55.6 14 007.0 8 538.5 840 568 528 53
25.4 133 88.7 12718 7028 81.0 50.7 527 38
2454 134.7 822 13 8955 7 3816 88.0 56.6 548 37
284.6 179.7 584 17 221.9 10 857.2 68.3 805 578 50
222.7 1235 803 3 5848 7 433.0 828 81.0 802 1.3
40.4 28.2 542 . 22102 1 8262 44.9 54.7 58.3 ~8.2
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TABLE 3a. (Continued)
[Doindl may not add 1o fotal becsise of rouding. For meaning of ablvevielions and symbols, see Introductory text]

1997 1992
1997 1902 n'v:'mgo e
truck truck milas per mbes per
Vehicidar and gparational 1907 trucks! | 1992 trucks Percent miles? miles? Percent tuck? truck? Percent
Qhousands) | (thousands) change (mikions) {mitions) change | (thousands) | (thousands) changs
A 8 [+ D E £ a H 1
PRIMARY OPERATOR CLASSIFICATION
Notfor e, .v.oviveereeeresanans terrressesnoancereosars 4 5549 4 2503 7.2 82 4369 684 5533 27.7 8.1 15.2 19.1
BUBHISE LB, . .. oveiierrennsiressnesrarsnnrcnncs 4 327.1 3 968.8 9.1 81 332 83 428 283 188 1680 175
Personal tmnaporBlion ... .o.vceierrrninrirvosinnrsanns 2118 2687.8 ~21 o827 10158 -5.2 45 38 18.4
Mixed p P seeassraerene 162 155 45 1309 1146 14.2 81 74 85
FOTNIM®, . uuiiivennsiissscncnssicsrsassnsnsnssosossssene $38.6 7714 21.7 €9 019.0 49 180.0 404 738 &7 154
MOLOF CATHBT .\ 0oierrecciisianecssnrstosrsaritiossosene 606.3 567.3 27 52 51 37 2330 41,0 754 656 1
MBI OPBIBOr . .o veirecnnesnarsnrenssassasosssnssas 1872 1538 21.7 13 1423 9 905.7 327 70.2 844 2.0
Mt ereirescconrerrartoriocsriasiosearsanas 100.7 #1.9 230 5 832.8 4 3318 34.7 57.9 52.8 95
Leased {02 COMPANY ....convsirecaseas reresiarsseces 885 749 203 7 309.3 5 573.9 311 84.5 778 9
e s O O 2115 23 212 1 588.0 9642 64.8 738 108.5
Dafly rental..... ceasraeeas verenens seevecenennas veaevacees 1712 20.7 888 5 907.8 2 8654 106.2 M5 318 92
Mixed~not for hirefor hire .........c.... 28.1 8 8 1 4003 8 ] 482 8§ 8§
Fot-hire juriadiction:
intersiate ..... 5770 4124 0.9 51 788.4 34 698.7 .3 89.7 841 8.7
intrasiate .., 1834 B 9 1722 B 1382 127 49.6 444 1.7
Local......... . 11568 968.4 20.3 3 283.0 2 5288 298 284 283
Not reported ........... 58.3 564 34 4 6824 2 7363 718 805 485 66.0
2519 187.5 504 24 4555 956.2 835 7.4 893 87
302.2 226.7 333 25 3148 18 189.3 39.2 80.2 4.5
f 15.8 14.8 8.9 13978 1 2603 10.8 B87.8 88.1 20
NOLIBpOM®d ...ovverrrreerienrinnrrervenanrinnsarcases 1.7 as 1200 aas.8 2028 134.1 83,0 72
Kind of service:
FrUCKION .+ e overreesnsronrsnrsirssssercetastnrnranran 579.8 453.1 28.0 46 815.6 33 8472 383 80.7 7
Losa than truckiond .....ocvusnvsensnnossesesaornonnsans 2832 2312 25 16 4718 11 085.7 48.9 582 479 215
NOLrOPORBd .. iovineeiieieiiiiencnnrereresurcorsenees 728 84.4 133 5 848.6 3 190.0 770 778
PRIMARY PRODUCTS CARRIED
Famm prodUctS. . oveecereerrcrorsrrensensrroannsrsstress 8178 8148 5 10 0204 8 838.2 18,0 16.2 14.1 149
Lve animals ......coeniirrvertionnracsciacarcssnnconnns 1452 148.7 ~-230 2 7885 2 5430 24.0 17.0 41.2
Animalfeed ......ccoovervearnescssrnrcriecrssesanannssoes 885 1014 -28 2 1716 2023 220 200 10.0
Mining ProdUCS oovcuuuirrsesvasecasanressssrssocsssvaens 387 35,9 7.8 18525 1 3829 123 40.1 385 4.2
Logs and other forest products .....oeeeerrirereareossensns 118.1 1122 6.1 3 7048 3 0985 196 311 218 127
1568 1372 183 5 087.3 3 BOO.Y 338 319 217 15.2
8 4478 0.9 23 7418 17 547.3 353 482 39.2 230
107.7 v4 4 .3 2 523.1 26.0 459 342 2
848.2 15 571.4 12 0413 203 19.6 185
147.8 85.0 127.1 4 0149 20718 238 212 318 -14.5
ul e Of vreeereresnenen 88.2 21.8 -39 32783 2 8042 133 ar.2 315 18.4
Paper products ... .. seatsesesercacenresariiatanasasen 103.8 94.7 2.6 8 .4 5 2550 218 61.7 1.2
{ 1472 .3 8.4 .5 3 5364 270 339 285 8.9
1704 171.0 —4 4 9421 4 580.8 7.8 200 288 2
4 482 394 2 710.1 t 887.4 436 42.1 409 28
ki 44 4 748.9 377785 25.7 473 8.3 204
108.8 1114 1 3 3594 2 8942 18,1 3.5 26.0 212
285.4 201.4 41.7 7 3 6780 101.2 259 183 41.8
2138 2058 a8 6 2078 5 1086 212 205 3 188
.. 115 115 8256 5873 86 544 5.1 65
h prod of HRCUANG o ovvverrenrnnrenres 108.8 848 28.3 5 1959 2 9203 779 47.8 345 8
Industrial “waste® 6.2 84 -28.2 2104 201.4 43 337 238 418
1668.8 152.5 9.4 2 5278 3is 19.9 188 19.9
ixed 359.8 257.1 399 18 4116 10 788.7 707 51.2 420 218
32.5 14.5 7 3 9244 288 137 122 123
483 381 26.1 1 286.4 8781 48.5 28.1 224 185
75 7.3 2. 485.8 424.2 2.8 58.0 2
2.2 3.1 ~29. B2.7 114.7 -27.9 378 372 1.8
183.0 2308 -207 952.5 ~4.3 52 4.3 209
190 2455 2na 1174 1382 14.6 212 -at.1
1793 ~14.4 1 7936 1 045 -5.8 10.0 8.1 29
168.6 180.0 31.8 81.3 2 3 ~33.3
580 4.7 1 944.0 418 320 238 358
Not B T T T T ST T TP PO PPN N v N v v N
HAZARDOUS MATERIALS CARRIED
403.3 N N 24 7873 N N &t.5 N N
7.2 14.9 -51.7 57.9 46 208 8.1 3.0 170.0
38 4.5 =15.8 5 189 s ] 38 8
4.5 8.2 5 .9 50.4 ~40.7 6.7 62 8.1
ara 27.8 .2 120.1 138.2 ~13.1 32 5.0 -36.0
27 16.1 410 B8a.6 1174 262 38 73 -47.9
253 20.7 222 88.4 1147 249 3.4 5.5 -38.2
1153 103.9 11.0 1 4535 1 580.7 -8.9 126 15.0 -16.0
83.0 4.7 11.9 730.5 6923 5.5 [ ] 8.3 54
28.9 18.0 101.0 161.3 -37.4 3.0 3.6 ~46.4
218.0 1 19.8 3 860.7 2 5822 495 17.7 142 24.6
1275 1103 15.6 1 7919 1 1361 57.7 14.1 103 B9
854 23 -1.8 2374 3140 -24.4 38 4.7 ~23.4
Sp ly combustble y ) I 414 204 40.8 168.7 1184 425 4.1 4.0 25
g:m«ouswﬂen wet (formerly flammmable solid W . 47.4 8.2 0.9 160.6 1424 128 34 39 ~12.8
£ S [PPPPORNN tevsnineasiennaes [ 20.8 818 11.0 4788 5424 ~11.7 53 &8 197
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TABLE 3a. (Continued)
{Dolall may not add to total becauss of rounding. For meaning of abbreviations and symbols, see introdctory text]
1897 1902
1007 1982 -'v:‘fm average
truck truck miles per miles per
Vehicular and cperational 1997 trucks’ | 1992 rucke Percent miea miles? Perosnt trIcke truck? Peccent
(thousands) | (thousands) change (milions) (mililons) change | {thousands) | (thousands) change
A 8 c D E F G H 1
HAZARDOUS MATERIALS CARRIED—Con.
Hazmat placard namee—~Con,
OXYGON..eoivevruicinrrinencnns secvescantrsoriersens 39.0 324 204 190.8 2349 —14.9 5.1 73 -30.1
m ......... vesesesverseianae weacparana 48.5 308 520 123.5 154.5 ~20.1 27 50 ~48.0
(formerly A and B, sofids, and liquids) . 70.8 518 369 287.9 1 27.3 4.1 44 -£.8
away from . . 408 , 81.0 1774 131.2 35.2 a8 43 ~18.3
...... Meesrasrenisaassenecatacsnerenranen 19.2 28 ~15.0 787 1064 ~26.0 4.1 4.7 ~12.8
COITOBIVE ... vivvvicnivennascsnersrsasscrcesnnnsoces 158.2 120.3 2.1 2 10583 1 4758 42.7 13.2 114 158
Class 8. .ooeuviciiinnsee 535 384 39. 506,0 7 11.1 9.8 133
Hazardous materials not 40.8 266 5268 .5 1 2863 1109 674 48.8 38.1
4 482.5 4 1498 8.0 113 704.9 89 001.9 27.8 254 214 18.7
778.8 548.7 42.5 1. B 4427 1235 242 5. 57.1
751.4 7243 a7 16 12 043,0 34.9 216 188 1
1 4068 13948 B 21 4167 18 420.4 16.3 15.2 132 152
458.3 4477 26 8 5595 83 20.2 19.1 58
584.7 5681.9 5 14 679.9 14 373.0 3.5 254 24.7 28
557.5 14.1 21 968.0 18 2739 202 345 5.2
1 003.0 24 271 58 871.5 36 6527 55.2 52.0 2.1
7338 & 2 16 717.2 8 257.0 1028 28 15.1 510
522.9 £580.7 ~10.0 14 6824 18 7794 -7.0 281 272
1 841.8 1 6539 114 B84 527.2 43 3539 334 45.9 383 18.8
1 040.8 (3 .3 22 2180 14 890.2 492 244 158 a7,
8415 7781 8.1 12 008.7 9 9285 21.0 143 128 1.7
4113 3773 9.0 7730 4 8142 199 14.0 128 A
163.0 1328 2.7 2 590.7 19178 35.1 15.9 144 10.4
5 2408 207 4 3084 3 050.5 413 148 2.7 185
275.0 2224 38 4 007.8 27573 453 14.6 124 17.7
89 2.3 ~4.3 118.1 119.2 -9 13.3 129 a4
8.8 8.2 -28.3 S 1740 8 E 19.0 8
553.0 397.3 82 11 285.3 4 2953 204 72 1833
5 664.7 5 093.9 112 157 383.7 116 4808 354 278 2.9 214
12528 12048 13 883.0 12 9226 8.3 112 10.0 120
1 453.8 1 504.9 ~34 229.7 18 537.4 3.7 18.2 123 73
2 4574 19733 245 112 845.0 80 3185 40.2 45.8 40.7 125
78.7 71.0 108 1 018.0 0274 9.8 12.9 13.1 -1.8
249.7 0 478.0 3 754.9 179.0 248 150 653
748.9 1062 37 1955 12 420.7 199.5 48.7 342 45.3
4 398.3 3 749.0 173 134 988.2 98 8554 36'3 30‘7,‘ 28.6 18.3
2 2423 15138 481 110 508.1 73 me 49.3 493 48.7 12
831.5 540.0 54.0 58 248.5 30 3868.0 81.8 86.4 563 179
11828 6 7 28 78.7 42.7 334 27.8
468.9 1756 187.0 38 1579 11 4747 216.2 77.1 653 18.4
147.9 6 2174 13 1342 3 6858 264 88.8 79.1 123
Ti . 408.1 199.9 104.7 28 440.0 11 950.7 138.0 635 598 16.2
Navigational Systems...v.....cevivennnes [P 64.9 31.0 1094 5 768.0 2 051.5 181.2 88.8 682 1
Arbag(eP.......cooviiirrirnananes cedeersrniraiievenans 427.4 N N 28 107.6 N N 858 N
FUEL CONSERVATION EQUIPMENT*
ASrOSYNBMIC FOBIKES . .....ooviiirrrrsineinervonavsines 853.0 5759 48.1 907.8 38 664.8 629 739 671 10.4
Axie or drive ratio ,.,.. 1 2674 1 0208 26.1 71 247.1 46 800.9 822 55.3 459 205
Fuel sconomy angine 1 508.3 1 112.7 349 709.3 55 447.5 482 54.8 49.6 105
Radial tires. ..... 3 7322 2 954.8 250 127 736.3 95 947.3 33.1 342 32.1 8.5
Foad spead 14514 11376 278 8383 41 700.8 718 49.4 38.7 e
Variable fan wrre 1 303.2 999.3 30.4 72 215.0 50 968.1 41.6 55.4 510 8.8
Other fual conservation devices .. 326.7 258.3 8.5 24 M5.7 15 632.8 504 76.3 005 281
MAINTENANCE*
peik i by—
OWIBT . toeeeuiossvroentsenssrunasranorssassannanaanaes] 1 8754 19319 29| 328574| 289%2 13.5 17.5 150 187
4 . 2 1323 1 958.7 8.9 79 BS6.Y 62 638.7 27.5 37.5 320 7.2
. 525.1 410.0 28.1 20 458.9 13 3525 532 38.0 328 196
. 102.8 81 265 5 689.8 4 323.2 31.6 55.4 52.8 4.9
1 348.1 1 153.9 18.7 38 2085 25 951.7 395 289 25 198
737 59.9 230 4 2464 3 4014 248 578 568 14
38 283 15.9 2524 1434 76.0 7.7 5.1 51.0
30.1 3.2 29.7 1 175.8 10338 13.7 39.0 44.6 ~t28
551.3 308.5 805 16 679.9 5 084.0 X 303 168 825

(continued on next page)
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TABLE 3a. (Continued)
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{Detall may not add fo total because of rounding. For menning of atibraviations snd symbuols, see infroductory taxt}

1997 1992
1997 1092 average avetage
Vehicular and operstional 1987 frucks! | 1990 wucks Percent miles? mhes Percent ks et Percent
fthousands) | {thousands) (miliions) (mikions) change | (thousands) | (thousands) change
A B c 3] € F a H {
MAINTENANCE*—Con.
Major overhauls performed by —
RBF oo yoveuravssronrnannconansasns 441 5159 ~14.4 8 5344 7 580.0 -13.8 14.8 14.7 7
1137.7 1 100. 3.3 40 0427 36 523.2 9.6 36.2 33.2 6.0
824.1 <X 20.6 38 015.2 25 564.7 486 46.1 374 23
68,1 82.0 0.8 3 581.2 3 045.1 17.8 528 49.1 74
12125 11412 62 27 038.4 24 388.1 108 23 214 42
268.0 2374 12.0 14 691.1 10 577.0 389 852 M“M5 240
1448 140.5 341 27013 952.0 384 18.7 13.9 3435
19.0 19.4 2.1 632.9 937.5 -32.5 3833 48.3 -31.1
Not D 1 5834 16814 200 43 0305 23 748.8 812 216 143 510
ENGINE TYPE AND SIZE
E 5 864.7 5 112.4 108 157 363.7 118 5795 350 278 28 218
2 1553 2 4738 -12.9 676.1 20 3614 -8.3 8.7 8.2 6.1
3 3234 2 484.1 34.9 138 516.5 94 719.3 44.1 41.1 384 70
54.0 65.5 ~17.6 7028 7822 -10.2 13.0 119 8.2
132.0 109.4 20.7 1 4685 716.7 104.9 111 86 68.2
5 884.7 5 1124 10.8 157 383.7 116 579.5 35.0 278 28 219
118.1 784 50.6 2 4858 1 685.1 48.1 211 215 -9
2 407.7 15292 57.4 119 110.0 72 862.2 635 4905 47.6 4.0
2 084.0 18972 8.8 360.7 22 994.6 10.3 123 1229 17
6.4 1.9 2388 83.3 28.0 2240 14.6 15.1 -33
1 068.5 1 608.7 ~33.5 10 2959 19 008.8 -45.8 9.6 118 -18.6
Cubic Inch dispiacement” e 5 864.7 5 003.1 132 157 3643.7 115 862.8 358 278 232 198
wm% 2 155.3 24735 ~12.9 18 676.1 20 361.4 -8.3 8.7 82 8.1
Less resnererverbenieteretranns 24.8 234 6.0 340.3 480.3 ~26.1 137 19.7 ~30.5
200 88.0 733 20.1 1 3608 1 0256 32.7 155 14.0 10.7
67.2 713 -5.8 692.1 527.3 313 103 7.4 P2
847.4 B52.4 ~8 9 0758 9 5169 4.8 10.7 112 -45
382.7 3218 19.0 4 687.8 3 976.2 17.9 122 124 -1.8
745.6 11316 ~34.1 2 5193 4 858.0 ~48.1 34 43 209
3 3234 2 46841 34.9 136 518.5 84 718.3 44.1 41.1 384 70
4258 2789 528 8 7183 5 900. 47.7 205 21.2 ~33
8425 548.9 535 18 1044 11 7169 54.5 215 213 B
750.8 3611 1104 44 581.0 16 409, 174.7 8.7 454 283
742.8 5684.3 271 48 059.0 42 987.5 118 847 738 -12.1
veoanr 552.9 680.9 17 0559 17 7052 ~3.7 2.8 28 203
Otherengin®s .........cociirvinnssrrivacarsersones 54.0 655 -17.8 702.8 7822 -10.2 13.0 11.9 9.2
Leas than 400 .... . 233 26.9 -134 3336 4174 -20.4 14.3 155 -1.7
400 0r more.......... 173 142 218 a08.7 2274 358 17.9 18.0 118
Not reported ..... 134 244 ~45.1 €0.3 137.4 ~66.1 A8 -1 -19.8
NOLrOPOMBd ..uveiveercionronsancnsnnsse carerran (TN 1320 109.4 20.7 1 4645 716.7 104.9 1. 6.6 882
REFUELING LOCATION
Centrat fusling facllky .......oconvenenne ver 1 5154 1 5408 ~1.6 49 156.8 41 184.7 194 324 26.7 213
Si'allgcornmd facility located off-site .. . 318.7 2718 16.2 9 895.6 1968 are 313 265 18.1
Publicfueling stations .........ccvueein, 3 1420 27570 14.0 84 0143 &0 717.7 384 28.7 220 214
e 215.7 238.7 -B.5 3 6377 3 8177 4.7 16.9 16.1 5.0
[YPPN , 2879 4.2 10 083.2 547.0 164.8 235 123 811
TRUCK TYPE AND AXLE ARRANGEMENT
Single-unt trucks 3 853.1 3 6842 46 51 4674 42 413.9 213 134 15 185
2axes ....... 3 266.0 31774 28 3208 34 7948 188 126 1.0 145
38K08 ...o.iiuieinnns 475.0 430.1 10.4 7 18688 5 7635 24.7 15.1 13.4 127
48XOB OO ...c.uvviieriveerorsananes crerreeniinens 1142 770 44. 2 959.7 1 855.8 95 206 24.4 104
Ceresgieresaveevesenesvarnnaiy PO P 1 8115 14282 26.8 105 8983 74 165.8 428 58.5 51.9 127
Sk?le-umtrmkwhm. . 1058 3.7 -8.9 2 8738 2 3491 138 253 20.7 22
. 48.7 855 -25.8 7828 814.4 -39 16.1 124 28
Saxlesormore,.....,..... . s7.1 482 18.5 1 891.1 534.8 232 a3.1 3.8 38
Single-unk truck with utiiity trailer . 182.0 1485 9.1 2 0980 1 8%9 143 139 124 48
3axies .....coiiiniinniriens 4.9 46.3 ~4.8 488.7 5220 ~8.4 114 113 -8
96.8 765 265 1 2854 917.0 40.2 133 120 108
21.1 25.7 -17.9 3238 396.9 -18.4 15.3 155 ~1.3
1 4382 11071 20.9 9° 213 €5 3184 4“2 64.1 500 88
78.0 76.7 1.7 2 16832 1 980.1 103 280 258 85
2117 1723 29 8 808.7 6 8032 29.5 418 95 53
11485 858.2 3.8 81 2204 56 535.0 437 707 858 7.3
101.0 58.0 74.1 8 466.7 4 584.3 84.7 83.8 78.1 59
56. 39.2 43.8 4 7303 3 2568 45.2 84.4 83.1 1.2
240 58 3138 2 2393 4542 333.0 933 78.8 184
208 130 60.0 1 4974 8733 714 724 g7.0 7.8
Truck-ractor with triple trailers. ... bervieesaereseanaaees 45 9 400.0 436.6 e 480.5 97.1 854 137
7 ceaiserernanenas . cevirontiansas s 4 ] -] 402 ] -] a2 s
Baxesormon..........oeeaivnnnnn rrrenriaesanenan 43 5 780.0 4148 arr 1 0003 973 .9 218
Trailler notspecified .........coovveeenn seeraersenneinnss v v N v v N v v N
Powered axles ....... 5 6684.7 5 1124 10.8 157 363.7 116 5785 35.0 278 228 218
1 oieiiiiirraseisanens 3 802.7 3 718.7 2.3 82 7558.3 52 741.2 18.0 168.5 14.2 162
2 iiesnineesariinens 1 800.0 1 368.7 31.7 81 0286 098.8 44.3 50.6 48.2 9.5
BOIMOM® . vuivrenreancrnonionorsresnanse 62.0 20 1138 3 579.8 7395 384.1 578 255 128.7
NOLPBPOMBU .. i\viinreirnieerienscrrercnansnassensors v v v v N v v N

See foolnotes at end of table.
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TABLE 3a. (Continued)
[Deiall may not add 1o total because of rounding. For meaning of abbrevistions and symbols, sew introductory text)

1097 1992
1097 1992 nmm nr“rm

truck truck m) ml
Vehicular and cperational 1907 tucks! | 1982%ucks | Perosnt mios? mibeo? | Percont ok e
{thousands) | (thousands) change (miions) (millons) change | (thousands) | (thousands)
A B8 c 3] E F a H

CAB TYPE

Cabforward of 6ngiN . ..ovevvvenerernnnnvetvosvariorsrens 1818 110.0 65.0 3 335, 1 724.2 935 18.4 15.7
Caboverengine...........orseee 7058 804.0 -122 19 008.4 26 540.4 284 269 330
Cotrver 42404 38514 1011 124 1687 83 490.8 48.7 293 217
376 43.0 ~12.8 5314 559.9 =6.1 14.2 130
88.0 1013 -13.1 1 1900 1 405.1 -153 13.5 139
365.0 184.1 9.3 8 5670 27316 2138 238 148

Note: Some estimates may have high relative standard errors of estimate (RSEs). The U.S, eatimates may differ from the sum of the state eatimates because of rounding.

includes trucks registered in one state with & maiing address of another state. These trucks were excluded from the 1992 survey.
2Truck miles distribution shown for hazerdous carried.
:'f»tﬂ:oetnmuu ng”mm :mmwwlr% n;usbhh. ort o

were or PESPONBes Wer:
SNew or modifiad data line from 1992.
lounmmmummmwummmam oylinders ara
TOnia were derived from adminiatrative reconds, *Not reported” MMNWMMWWMMhM
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APPENDIX B
WEIGH STATION DATA COLLECTION

This appendix discusses the data collection activities con-
ducted at weigh stations to gather data on trailer length, rear
overhang, and the usage of antilock brake systems (ABS) in
the existing truck population. Data collection activities were
performed during spring 2002 at three weigh stations in the
states of Kansas, Texas, and Missouri. Data were collected
over aperiod of two days at each weigh station. This appen-
dix discussesthe primary objectivesfor theweigh station data
collection activities, the locations of the weigh stations, the
data collection procedures, and the analysis of the field data.

The goal of theweigh station data collection activitieswas
to obtain a better understanding of the characteristics and
composition of the current U.S. truck fleet, focusing on data
elements that were not readily available in existing sources.
In particular, information on trailer length, rear overhang,
and ABS usage was sought. The primary objectives were to
document the following:

» The proportion of single-semitrailer trucks with trailers
over 16.2 m [53 ft] in length;

» Thedistribution of rear overhang lengths; and

* The percentage of trailerswith ABS.

Thisinformation was needed for use in decisions concerning
potential changes to design vehicle dimensions and for eval-
uating sight distance/decel eration issues.

WEIGH STATION LOCATIONS

Information on thelocations of theweigh stationswherethe
data collection activities were conducted is summarized in
Table B-1. Thethree weigh stations where datawere collected
arelocated in the states of Kansas, Texas, and Missouri. Weigh
stationsin theserespective stateswere sel ected for specificrea
sons. Missouri was included because the state does not gener-
ally allow truckswith trailerslonger than 16.2 m [53 ft]; such
vehicles can only operate legally with a permit. Kansas and
Texaswere selected because they do alow trailersover 16.2m
[53ft] inlength to operate on all state highwayswithout a per-
mit; the maximum trailer length in Kansasis 18.1 m [59.5 ft],
and the maximum trailer length in Texasis 18.0 m [59 ft]. The
specific weigh stations in Kansas and Texas were selected, in
consultation with these states, at locations that were consid-
ered most likely to have truck trailers over 16.2 m [53 ft] in
length. The Kansas site was |l ocated between Wichitaand the
Oklahoma state line; Oklahoma also permits trucks up to
18.2 m [59.6 ft] in length. The Texas site was located on a
major intrastate trucking route between Houston and Dallas.

B-1

DATA COLLECTION PROCEDURES

Three types of data were collected at each weigh station
for the trailers of combination trucks:

+ Trailer length,
* Rear overhang, and
+ Antilock brakes.

Trailer length and rear overhang were measured while
each truck stopped on the scales to be weighed. As a truck
approached the scale, one data collector was positioned near
the rear of the trailer with a measuring wheel, and one data
collector was positioned near the front of the trailer. When
the truck came to a complete stop, the data collector posi-
tioned near the front of the trailer marked, with his foot, the
location of the front of the trailer, and the data collector at the
rear of the trailer began measuring from the rear bumper of
thetrailer to the center of therear axle group, to obtaintherear
overhang, and continued measuring to the front of the trailer
to obtain the full length of the trailer (Figure B-1). The data
collector positioned near the front of the trailer recorded both
lengths. The only exception to this procedure relatesto mea-
surement of the trailer length and rear overhang for automo-
bile transport trucks (auto carriers). Since this type of trailer
often carriesvehiclesthat extend beyond the rear bumper, the
trailer length and rear overhang were measured from the rear-
most portion of the vehicles being transported to the front of
thetrailer.

To obtain an accurate measurement of the trailer length
and rear overhang, atruck needed to be stopped for approx-
imately 5 seconds. At the weigh scalesin Missouri and Texas,
it is common procedure to have trucks come to a complete
stop on the scales to be weighed, so the data collection pro-
cedures did not disrupt the normal scale operations. How-
ever, at the weigh station in Kansas, trucks typically roll
through the scal e at speeds of approximately 8 km/h [5 mph],
but the scale operators were very cooperative and had trucks
cometo acomplete stop so measurements could be made for
thisresearch.

In Missouri and Texas, not al trucks that enter the weigh
station proceed through the scales. As trucks approach the
facilities, they pass over weigh-in-motion scales. Based on
their readings, trucks areinstructed viatraffic signalsto either
bypass the static scales or proceed to the static scales. This
process can be manually overridden by the scale operators
to either bypass al vehicles or to weigh al vehicles. Trailer
lengths and rear overhangs were measured only for those
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B-2

TABLE B-1 Locationsof truck weigh stationswherefield studies were conducted

State Location Interstate Direction of travel
KS South of Wichita 1-35 NB
X North of Houston 1-45 NB
MO East of Kansas City 1-70 EB

trucks that were instructed by the scale operator to proceed to
the static scales. A large percentage of the trucks that passed
over the static scales during the data collection period were
measured for this research.

In Kansas, the weigh station had a bypass lane, but it was
closed during the two-day data collection period so al trucks
that entered the weigh station proceeded over the scale. A
large percentage of the trucks that passed over the static
scales during the data collection period were measured for
thisresearch.

To collect information on whether a trailer was equipped
with ABS, data collectors looked for the presence of an
amber light located on the driver’ s side of the trailer near the
rear. Figure B-2 provides severa illustrations of the amber
ABSindicators observed on several typesof trailers. In Mis-
souri, data collectors positioned themselves such that ABS
data were collected for al trucks passing through the weigh
station, including those in the bypass lane. In Texas and
Kansas, ABS data were collected only for vehicles that
passed over the scales.

In Missouri and Texas, the layout of the weigh stations
made it easier and safer for data collectors to measure
trailer lengths and rear overhangs on the passenger side
of the vehicles. This prohibited simultaneous collection of
lengths (trailer lengths and rear overhang) and ABS data
because the amber light is located on the driver’s side of
the trailer. Therefore, trailer length and rear overhang data
were collected during certain periods of each day, while
ABS datawere collected during different periods. Over the
two-day data collection period in Missouri, length datawere

FigureB-1. Measuring trailer length and rear overhang.

collected for approximately 8.5 hours, while ABS data were
collected for approximately 3.5 hours. Over the two-day data
collection period in Texas, length data were collected for a
period of approximately 11 hours, while ABS data were col-
lected for approximately 2 hours.

In Kansas al three types of trailer data were collected at
the sametime. Trailer lengths and rear overhangs were mea-
sured from the driver’s side of the vehicle, which permitted
observation of ABS lights. Approximately 12 hours of data
were collected over the two-day period.

When recording all three types of trailer data, each vehi-
cle was classified according to the truck configuration.
Trailer length and rear overhang data were collected for
single-semitrailer trucks, but not for double- or triple-semi-
trailers nor for single unit vehicles. ABS data were col-
lected for single-, double-, and triple-semitrailer trucks, but
not for single unit vehicles. When collecting ABS data for
double- and triple-semitrailer trucks, the data were recorded
separately for each trailer.

SUMMARY OF FIELD DATA

Table B-2 shows the number of trailers measured that
were 16.2 m [53 ft] in length or less and the number of trail-
ersgreater than 16.2 m [53 ft] inlength. Thefrequency isbro-
ken down by truck configuration and state. The last two
columns give the total number of trailers measured and the
percentage (by row) of trailers greater than 16.2 m [53 ft] in
length. In Kansas, atotal of 543 trailers were measured, and
only 4 trailers (0.7 percent) were greater than 16.2 m [53 ft]
inlength. In Texas, atotal of 524 trailers were measured, and
23 trailers (or 4.4 percent) were greater than 53 ft in length.
In Missouri, 1 of 432 trailers (0.2 percent) measured was
greater than 53 ft in length.

Thelast two rows of Table B-2 combinethetrailer length
data for Kansas, Texas, and Missouri and for Kansas and
Texas. Combining thetrailer length datafor Kansas, Texas,
and Missouri, atotal of 1,499 trailers were measured with
1.9 percent of thetrailers being greater than 16.2 m [53 ft] in
length. Combining the data for the two states that permit
trailersover 16.2 m [53ft] inlength (Kansas and Texas) data,
2.5 percent of the 1,067 trailers were greater than 16.2 m
[53ft] inlength.

Table B-3 summarizes the trailer length data by configu-
ration for al three states. Several points are of interest. First
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FigureB-2. Amber ABSindicators.

the table shows that van type configurations are the most
prevalent on highways. Of the 1,499 trailers measured, 1,026
werevans. Vans had the greatest frequency of trailers greater
than 16.2 m [53 ft] in length, but this only accounted for 1.7
percent of van trailers. On the other hand, 21.6 percent of the
automobile transporters were greater than 16.2 m [53 ft] in
length. Recall that since automobile transporters often have
vehicles that extend beyond the rear bumper, trailer length
was measured from the rearmost portion of the vehicles
being transported to the front of the trailer. The other types
of configurationsthat had trailers greater than 16.2 m [53 ft]
in length were flat beds (2 trucks) and low boy (1 truck).

Table B-4 presents the rear overhang data by configura-
tion and by state. The rear overhang data are categorized
into groups of 1.2-m[4-ft] intervals. Inall three states, most
of the trailers had a rear overhang of between 1.2t0 3.6 m
[4to 12 ft].

B-3

_AIR RIDE SUSPENSION
e -

Table B-5 presents the ABS data by truck configuration
and by state. The table shows the total humber of trailers
with ABS, the total number without ABS, the total number
of trailers observed, and the percentage of trailerswith ABS.
In Kansas, approximately 39 percent of the trailers were
equipped with ABS. In Texas, approximately 37 percent of
the trailers were equipped with ABS. In Missouri, approxi-
mately 46 percent of the trailerswere equipped with ABS. In
all three states combined, approximately 43 percent of the
trailers were equipped with ABS; if equal weight is given to
the data from each state, the average ABS penetration for
truck trailersis 41 percent.

Table B-6 summarizes the ABS data by configuration
for all three states combined. Van trailers had the highest
percentage (49 percent) of trailers equipped with ABS,
while triple trailers had the lowest percentage (16.7) of
trailers equipped with ABS. However, it should be noted
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TABLE B-2 Frequency of trailer greater than 53 ft in length by truck configuration and by

state
Number of Percentage of
Number of trailers Number of trailers greater
trailers 53 ftin  greater than trailers than 53 ft in

State Configuration length or less 53 ftin length measured length
Van 348 2 350 0.6
Flat Bed 104 0 104 0.0
Grain 17 0 17 0.0
KS Tanker 35 0 35 0.0
Low Boy 7 0 7 0.0
Auto 10 2 12 16.7
Other 18 0 18 0.0
Totals 539 4 543 0.7
Van 317 15 332 45
Flat Bed 99 2 101 2.0
Grain 4 0 4 0.0
T Tanker 44 0 44 0.0
Low Boy 9 1 10 10.0
Auto 7 5 12 41.7
Other 21 0 21 0.0
Totals 501 23 524 4.4
Van 344 0 344 0.0
Flat Bed 34 0 34 0.0
Grain 12 0 12 0.0
MO® Tanker 19 0 19 0.0
Low Boy 8 0 8 0.0
Auto 12 1 13 7.7
Other 2 0 2 0.0
Totals 431 1 432 0.2
Total for All 3 States 1471 28 1499 19
Totals for KS & TX 1040 27 1067 25

! Trailers over 53 ft in length are not permitted to operate on Missouri highways without a permit.

TABLE B-3 Frequency of trailersgreater than 53 ft in length by truck configuration

Number of Number of trailers Number of Percentage of trailers
trailers 53 ft in greater than 53 ft trailers greater than 53 ft in
Configuration length or less in length measured length
Van 1009 17 1026 1.7
Flat Bed 237 2 239 0.8
Grain 33 0 33 0.0
Tanker 98 0 98 0.0
Low Boy 24 1 25 4.0
Auto 29 8 37 21.6
Other 41 0 41 0.0
Totals 1471 28 1499 1.9

Norte: Data for all three states combined.
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TABLE B-4 Frequency of rear overhang length by truck configuration and by state

Length of rear overhang

State  Configuration 0-4ft 4-8ft 8-12ft 12-16ft 16-20ft 20-24ft Total

Van 2 79 217 54 0 0 352

Flat Bed 1 76 24 3 0 0 104

Grain 5 11 1 0 0 0 17

KS Tanker 8 27 0 0 0 0 35

Low Boy 3 3 0 1 0 0 7

Auto 1 3 1 3 4 0 12

Other 5 12 1 0 0 0 18

Totals 25 211 244 61 4 0 545

Van 7 68 150 79 1 0 335

Flat Bed 1 67 28 5 0 0 101

Grain 1 3 0 0 0 0 4

T Tanker 1 41 0 2 0 0 44

Low Boy 0 8 0 2 0 0 10

Auto 0 0 0 4 7 1 12

Other 4 14 1 1 1 0 21

Totals 14 201 209 93 9 1 527

Van 1 7 204 61 0 0 343

Flat Bed 0 21 12 1 0 0 34

Grain 8 4 0 0 0 0 12

MO Tanker 5 14 0 0 0 0 19

Low Boy 2 2 2 2 0 0 8

Auto 0 1 1 4 7 0 13

Other 1 0 0 1 0 0 2

Totals 17 119 219 69 7 0 431

Total for All 3 States 56 531 672 223 20 1 1503
Percentage of Totals 3.73 35.33 44.71 14.84 1.33 0.07

TABLE B-5 Frequency of trailerswith ABS by configuration and by state

Number of Percent of
trailers Number of Number of trailers
Trailer with trailers without trailers with
State configuration ABS ABS observed ABS
Van 161 190 351 45.9
Flat Bed 36 67 103 35.0
Grain 7 11 18 38.9
Tanker 11 27 38 29.0
KS Low Boy 2 5 7 28.6
Auto 1 8 9 11.1
Double 4 20 24 16.7
Triple 2 10 12 16.7
Other 5 13 18 27.8
Total 229 351 580 39.5
Van 35 50 85 41.2
Flat Bed 9 14 23 39.1
Grain 1 0 1 100.0
Tanker 4 11 15 26.7
Low Boy 0 3 3 0.0
™ Auto 3 2 5 60.0
Double 4 10 14 28.6
Triple 0 0 0 0.0
Other 2 9 11 18.2
Total 58 99 157 36.9
Van 261 239 500 52.2
Flat Bed 27 47 74 36.5
Grain 6 14 20 30.0
Tanker 4 19 23 17.4
Low Boy 2 4 6 333
MO Auto 7 6 13 53.9
Double 21 39 60 35.0
Triple 0 0 0 0.0
Other 2 14 16 12.5
Total 330 382 712 46.4
Total for All 3 States 617 832 1449 42.6
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B-6

TABLE B-6 Frequency of trailerswith ABS by truck configuration

Number of Number of Percent of

Trailer trailers with trailers without Number of trailers with
configuration ABS ABS trailers observed ABS
Van 457 479 936 48.8
Flat Bed 72 128 200 36.0
Grain 14 25 39 35.9
Tanker 19 57 76 25.0
Low Boy 4 12 16 25.0
Auto 11 16 27 40.7
Double 29 69 98 29.6
Triple 2 10 12 16.7
Other 9 36 45 20.0
Total 617 832 1449 42.6

Note: Data for all three states combined.

that the sample size of triple trailers was small (12 trailers ~ [53ft] inlength. Thisdoesnot suggest acurrent need toinclude
observed). adesign vehicle with atrailer length greater than 16.2 m [53
The field data presented in Tables B-2 through B-6 provide  ft] inthe Green Book. Thefield dataon trailer lengths and rear
useful datato characterize the current truck population. Inthe  overhangswas considered in the offtracking investigation (see
two states that permitted longer trailers, only approximately  Appendix C). Finally, thefield data suggest that the ABS pen-
2.5 percent of the trailers measured were, in fact, over 16.2m  etration in the trailer population is approximately 42 percent.
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APPENDIX C

C-1

TURNING PERFORMANCE ANALYSIS OF SPECIFIC DESIGN VEHICLES

One of the overall objectives of the research is to recom-
mend appropriate changes to the design vehiclesin the 2001
Green Book (1) and recommend vehiclesfor consideration as
future design vehicles. This appendix presents an evaluation
of the turning performance characteristics for several of the
design vehicles included in the 2001 Green Book and addi-
tional vehiclesbeing considered for inclusion asdesign vehi-
clesin future versions of the Green Book. This comparison
was conducted using AutoTURN, a commercially available
vehicle turn simulation software program.

The evaluation was conducted in three phases. Phase | was
defining the parameters of each vehicle to be investigated.
Phasell consisted of modeling 180° turnswith minimum turn-
ing radii and determining the minimum distance between the
center of the turning radius and the path of the rear axle set
and the maximum distance between the center of the turning
radius and the path of the front overhang. Phase |11 consisted
of defining four 90° turns with turning radii of 15.2, 22.9,
30.5, and 45.7 m (50, 75, 100, and 150 ft), guiding each vehi-
cle through each predefined turning path, and measuring the
maximum offtracking, swept path width, and rear swingouit.
The remainder of this appendix presents each phase of the
analysis.

PHASE ONE—DEFINING VEHICLE
PARAMETERS

A total of 13 vehicles were modeled within AutoTURN,
including 4 of the design vehicles defined in the 2001 Green
Book and 9 vehicles considered for inclusion as design vehi-
cles in future versions of the Green Book. The first step in
evaluating the turning performance of each vehicle was to
define the parameters of each vehicle. Within AutoTURN,
the basic parameters to be defined include the longitudinal
dimensions of the vehicle, thewidths of thetractorsand trail-
ers, the tracks of the tractors and trailers, the minimum turn-
ing radii, the maximum steering angles, and the maximum
articulating angles.

The user has several means to define the parameters of a
vehiclein AutoTURN. The user can (1) create a customized
vehicle by providing the input for all the vehicle parameters,
(2) select a predefined design vehicle from within the soft-
ware program in which case the vehicle parameters are pro-
vided, or (3) select a predefined design vehicle from within
the software program and modify the parameters as neces-
sary. When selecting a predefined vehicle from within the
program, the user can select design vehicles from sources
such asthe 2001 Green Book and the Canadian design guide.

One of the limitations of AutoTURN concerns axle set-
tings. The program does not account for the difference in
turning performance between asingle axle, double (tandem)
axle, or tridem axle group. Because the type of axle has only
aminor impact on the turning performance of avehicle, this
limitation of the program is not aconcern. The program sim-
ulates the turning performance of vehicles using calculations
based upon the center of the axle groups for both the tractor
and thetrailer. Thus, when defining avehicle, it isimportant
to accurately specify thelocation of the center of the axle set
or group.

Selected Design Vehicles from the 2001
Green Book

Four design vehicles in the 2001 Green Book were simu-
lated within AutoTURN for comparison purposes. The sim-
ulated vehiclesincluded:

* Single unit truck (SU)

* WB-19 (WB-62) tractor-semitrailer
* WB-20D (WB-67D) double trailer
* WB-33B (WB-109D) double trailer

The parameters of each design vehicle as defined in the
2001 Green Book areillustrated in Figures C-1to C-4.

Vehicles Considered for Inclusion as Future
Design Vehicles

Chapter 4 of thisreport presents the vehicles being consid-
ered for inclusion asfuture design vehiclesin the Green Book.
This includes one single unit truck, four tractor-semitrailer
combinations, and four double trailer combinations. This
section presents figures that show the detailed parameters of
each vehicle. More details are presented in the figures than
arerequired for input into AutoTURN.

When inputting the design parametersinto AutoTURN, in
most cases the design vehicle from the 2001 Green Book
most similar to the proposed vehicle was selected from the
AutoTURN program and then modified as appropriate. In
doing so, default values for vehicle parameters such as max-
imum steering angles and the maximum articulating angles
were applied. For example, the WB-20 [WB-65 and WB-67]
design vehiclein the 2001 Green Book isvery similar to sev-
era of the proposed new design vehicles. Thus, the assumed
steering angle for the WB-20 [WB-65 and WB-67] as speci-
fied inthe 2001 Green Book, or avaluevery similar toit, was
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C-2
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Figure C-1. 2001 Green Book design vehicle: single unit (SU).

input as the steering angle for the respective proposed new
design vehicles.

Thebasisfor selecting avaluefor an input parameter such
as the maximum steering angle is significant because, in par-
ticular, this parameter impacts the minimum turning radius
of avehicle. The minimum turning radius of a vehicleis a
function of the maximum steering angle and the wheelbase
of the tractor. The minimum turning radius of each vehicle
was calculated as shown in Figure C-5.

These calculations were verified with AutoTURN. In sev-
eral cases, there were slight differences between the calcu-
lated minimum turning radii and the minimum turning radii
permitted within AutoTURN, in which case the minimum
turning radii permitted within AutoTURN were recorded as
the minimum turning radii for the vehicles.

When defining the vehicle parameters for double-trailer
combinations, thereisadifferencein theway the 2001 Green
Book specifies articulation capabilities of doubletrailer com-
binations and the way AutoTURN defines the articulation
capabilities of double trailer combinations. The 2001 Green
Book specifies an assumed steering angle, an assumed tractor/
trailer angle, and an assumed trailer/trailer angle. By con-
trast, AutoTURN requires the input of two angles, the steer-
ing angle and the articulating angle. When defining the param-
eters of the proposed new double-trailer combinations, the
design vehicles from the 2001 Green Book most similar to
the proposed tractor doubletrailer combinations were selected
as predefined design vehicles from within the software pro-
gram, and the parameters were modified as appropriate. The
default articulating angles were applied. For example, one

14.63 m[48 ft] Trailer
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Figure C-2. 2001 Green Book design vehicle: WB-19 [WB-62] tractor semi-trailer.
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Tractor Width: 8.00 ft
Trailer Width: 8.50 ft
Steering Angle: 15.70°

Tractor/Traler Angle:  35.10°

Tractor Track: 8.00 ft
Trailer Track: 8.50 ft
Trailer/Trailer Angle: 56.00°

Figure C-3. 2001 Green Book design vehicle: WB-20D [WB-67D] doubletrailer.

of the proposed design vehiclesis adouble trailer combina-
tion with two 16.15 m [53 ft] trailers. In the 2001 Green
Book, the most similar vehicle to this double trailer combi-
nation isthe WB-33D [WB-109D], with two 14.63 m [48 ft]
trailers. The WB-33D [WB-109D] was selected as prede-
fined in the software program and modified to include 16.15m
[53 ft] trailersrather than 14.63 m [48 ft] trailers. The artic-
ulating angle of the WB-33D [WB-109D], as predefined
within AutoTURN, was used as the articulating angle for

the proposed double trailer combination with 16.15 m [53 ft]
trailers.

Single-Unit Truck

The new single-unit truck design vehicle recommended
for inclusion in the Green Book is a three-axle truck with an
overall length of 12.0 m [39.5ft] (Figure C-6), designated as

14.63 m[48 ft] Trailer

14.63 m[48 ft] Trailer

i
1

137m 1234 m[40.5 1 37m  12.34m405+t N
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|
|
|
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1< 33.29 m[109.2 ff] Wheelbase
5 B 34.77 m[114.03 ft]

Tractor Width: 8.00 ft
Trailer Width: 8.50 ft
Steering Angle: 12.70°

Tractor/Traler Angle: 45.00°

Tractor Track: 8.00 ft
Trailer Track: 8.50 ft
Trailer/Trailer Angle: 70.00°

Figure C-4. 2001 Green Book design vehicle: WB-33B [WB-109D] doubletrailer.
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Figure C-5. Minimum centerline turning radius calculations.

the SU-8 [SU-25] design vehicle. The minimum centerline
turning radius of this single unit truck is 14.5 m [47.5ft]. In
comparison, the single-unit design vehiclein the 2001 Green
Book is a two-axle truck with an overall length of 9.15 m
[30ft]. The primary differences between thetwo vehiclesare
the number of axles, the overall length of the vehicles, and
the wheelbases.

WB-20 [WB-67] Tractor-Semitrailer

The WB-20 [WB-67] tractor-semitrailer design vehicle
isavariation of the WB-20 [WB-65] design vehicle already
illustrated in the 2001 Green Book. This configuration has a
16.2 m[53 ft] trailer; therear axlesare located at the extreme

rear of the trailer, with aKCRT of 13.9 m [45.5 ft] (see Fig-
ure C-7). The minimum centerline turning radius of this
WB-20[WB-67] tractor-semitrailer configurationis 12.50 m
[41.0 ft]. The only difference between the WB-20 [WB-67]
design vehicle and the WB-20 [WB-65] design vehicle shown
in the Green Book is the KCRT distance, which is 13.9 m
[45.5 ft], rather than 13.3 m [43.5ft].

WB-20 [WB-67] Tractor-Semitrailer:
12.5 m [41 ft] KCRT

Another vehicle investigated is a variation of the WB-20
[WB-67] design vehicle discussed above. This variation,
shown in Figure C-8, has the rear trailer axles pulled for-

L]

3.20m 7.62 m [25.0 ft] Wheelbase 1.27m
[1o.s1 12.04 m [39.5 ft] [407]
Width: 8.00 ft Track: 8.00 ft Steering Angle: 31.80°

FigureC-6. Single unit truck.
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Figure C-7. WB-20 [WB-67] tractor-semitrailer.

ward to a KCRT distance of 12.5 m [41 ft], which is the
maximum permitted KCRT distance permitted in many
states. Pulling the rear axlesforward creates arear overhang
of 27 m[9ft].

WB-22 [WB-71] Tractor-Semitrailer

Another vehicle considered for possible future inclusion in
the Green Book is the WB-22 [WB-71] design vehicle. This
vehicle is a tractor-semitrailer configuration with a 17.34 m
[57 ft] trailer (see Figure C-9). The rear axles are located
at the extremerear of thetrailer, withaKCRT distance of 15.1

m [49.5 ft]. Theminimum centerline turning radius of thisWB-
22 [WB-71] tractor-semitrailer configurationis12.7 m[41.5ft].

WB-22 [WB-71]: Tractor-Semitrailer—
12.5 m [41 ft] KCRT Distance

A variation of the WB-22 [WB-71] design vehicle was
also investigated. This variation, shown in Figure C-10, has
the rear axles pulled forward to a KCRT distance of 12.5 m
[41 ft], which is the maximum permitted KCRT distance in
many states. Pulling the rear axles forward creates a rear
overhang of 4.0 m [13ft].

. 16.15m [53.0 ft] Trailer
[ 274m 12.50 m [41 f] . 4.57 m[15.0 ft]
= [9ff] "—;'
091 m
Bofg |
0 k.
© I OO —©
%.42(2)][?] [4421] 5.30 m[17.4ft] ,122m
' 19.05 m [62.5 ff] Wheslbase 595m[195f] (4.0t
2240 m[735ff
Tractor Width: 8.00 ft Trailer Width: 8.50 ft Steering Angle: 28.40°
Tractor Track: 8.00 ft Trailer Track: 8.50 ft Articulating Angle:  75.00°

FigureC-8. WB-20 [WB-67] tractor-semitrailer—12.5 m[41 ft] KCRT distance.
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. 17.37 m [57.0 ft] Trailer | 1
15.09 m [49.5f]

4.57 m [15.0 i)

51_?.1 m_,

D I

O ke

TR S— ) R, o

Tractor Track: 8.00 ft

-0_@_ T N 6 :
22 | 1.35m o '//m 122m
:[;1 m’g 442 ] 53m[1741] = ~p5H
[ 21.64 m [71 ft] Wheelpase . aEbm TBO R |
) 23.62m [77.51t] '
Tractor Width: 8.00 ft Trailer Width: 8.50 ft Steering Angle: 28.40°

Trailer Track: 8.50 ft

Articulating Angle:  75.00°

Figure C-9. WB-22 [WB-71] tractor-semitrailer.

WB-23D [WB-77D]: Double-Trailer Combination
with Twin 10.1-m [33-ft] Trailers

Thisdouble-trailer combination for possiblefutureinclusion
inthe Green Book hasan overall length of 24.8 m[81.5ft] with
two 10.1-m [33-ft] trailers (see Figure C-11). It has tandem
axlesat both thefront and rear of eachtrailer. TheKCRT dis-
tanceis 8.0 m[26.5 ft]. It has a minimum centerline turning
radius of 13.7 m [45.0 ft].

WB-37D [WB-120D]: Turnpike Double
Combination with Two 16.2 m [53 ft] Trailers

This Turnpike Double combination for possible future
inclusion in the Green Book has an overall length of 39.3 m

[129.3 ft] with two 16.2 m [53 ft] trailers (see Figure C-12).
It has tandem axles at both the front and rear of each trailer.
TheKCRT distanceis12.5m[41ft]. It hasaminimum center-
line turning radius of 23.8 m [78.0 ft].

WB-28D (WB-92D): Rocky Mountain Double
Trailer Combination

Thisdouble-trailer combination recommended for inclusion
inthe Green Book hasan overall length of 30.0m [98.3ft] (see
Figure C-13). Thefirst trailer has alength of 14.6 m[48.0 ft],
whilethe second trailer hasalength of 8.7 m[28.5ft]. Thefirst
trailer hastandem axles at both the front and rear of thetrailer,
while the second trailer has single axles at both the front and

17.37 m [57.0 ft] Trailer

457 m [15.0f]

3.96m 12.50 m [41 1]

il

IR

[13 ft]

0.91m
[3.0f]

[
0

Tractor Track: 8.00 ft

© T ‘g@ﬁ@ Tm ®
1.22m 1.35m 421 1.22m
- [‘-1 o1l [442f ' 5.30m [17.41ft] ™ 4.0
! 19.05 m [62.5 ff] Wheelbase 5.95m [19.5 ]
23.62m [77.51]
Tractor Width: 8.00 ft Trailer Width: 8.50 ft Steering Angle: 28.40°

Trailer Track: 8.50 ft

Articulating Angle: 75.00°

Figure C-10. WB-22 [WB-71]: Tractor-semitrailer: 12.5 m[41 ft] KCRT distance.
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10.06 m [33.0 ft] Trailer 10.06 m [33.0 ft] Trailer
1.21m 8.04m [26.5 fi] 8.04 m [26.5 f
ot m [26.5 ] 1.98m
[6.51]
76m t.21m 76m n
251 [4.0f(] 257
© T PO © e OIOBE=©
1.21m 231 m 85m [4.421] 3.08m
401 707 128m [4.2H] [10.1 71m
(4.01] [rof 7.80m [25.6 ] 371 m226 | |233f
23.46 m [77.2 ft] Wheelbase - -
2477 m [81.5f]
Tractor Width: 8.00 ft Trailer Width: 8.50 ft Steering Angle: 15.60°
Tractor Track: 8.00 ft Trailer Track: 8.50ft Articulating Angle:  70.00°
Figure C-11. WB-23D [WB-77D] doubletrailer combination.
16.10 m [53.0 ft] Trailer 16.10 m [53.0 ft] Trailer
2.74m 12,46 m [41.0 ft] 274m 12.46 m [41.0 1] 2.89m
9.0 To.01] 957
—© Y Y -
1.28 m [4.2 ]
| l1.22m 3.04m 135m, | | 270m
[40f] 0.0 f] (4.42f] 154 1]
12.30 m [40.5 ] 534m[1751)| |71 m
[2.33ft]
36.46 m [120.0 ft] Wheelbase
39.31 m [129.33ft]
Tractor Width: 8.00 ft Trailer Width: 8.50 ft Steering Angle: 12.60°
Tractor Track: 8.00 ft Trailer Track: 8.50ft Articulating Angle:  70.00°
Figure C-12. WB-37D [WB-120D] double trailer combination.
8.69 m [28.5 ft] Trailer 14.63 m [48 ft] Trailer
91im 7.01 m [23.0ft] 1.22, m 12.47 m [41.0 fi]
[3.0f] [@.01H —2Bom_
951
76m 91m F—=
[251] [3.01]
E; T © T : ®1,28m[4.2n] O
213m 1.35m (421 | ' 4.7 m[15.4 1] 071m
(7.0f] 12.34 m [40.5 1) ' 534 m [17.5f] 12331
28.04 m [92.0 ft] Wheelbase
29.95 m [98.25 ft]
Tractor Width: 8.00 ft Trailer Width: 8.50 ft Steering Angle: 12.60°
Tractor Track: 8.00 ft Trailer Track: 8.50 ft Articulating Angle:  70.00°

Figure C-13. WB-28D [WB-92D] double trailer combination.
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rear of thetrailer. It has a minimum centerline turning radius
of 23.8m[78.0 ft].

WB-23BD [WB-75BD]: B-Train Double-Trailer
Combination

ThisB-train doubletrailer combination for potential future
inclusion in the Green Book has an overall length of 24.2 m
[79.5ft] (see Figure C-14). A B-train combination has afirst
trailer with afifth wheel mounted on a dolly at the rear. The
second trailer is a semitrailer that rests on the fifth wheel
attached to the first trailer. The length of the first trailer is
8.5 m [28.0 ft], and the length of the second trailer is9.6 m
[31.5ft]. It hasaminimum turning radius of 12.07 m [39.6 ft].
The dimensions of this proposed truck are similar to those
found in the Geometric Design Guidefor Canadian Roads (16).

SUMMARY OF INPUT PARAMETERS FOR
VEHICLES CONSIDERED

Table C-1 presents a summary of the input parameters of
each vehicle modeled within AutoTURN. The top portion of
the table provides the input parameters for selected design
vehicles from the 2001 Green Book, while the bottom por-
tion of the table provides the input parameters for the pro-
posed new design vehicles.

PHASE II—MODELING OF MINIMUM
180-DEGREE TURNS

In Phase 11, 180-degree turns with minimum turning radii
were modeled for seven vehiclesbeing considered for possible

inclusionin the Green Book. These vehiclesincluded the seven
SU-8 [SU-25], WB-20 [WB-67], WB-22 [WB-71], WB-23D
[WB-77D], WB-37D [WB-120D], WB-28D [WB-92D], and
WB-23BD [WB-75BD] design vehicles. The capabilities of
these seven vehiclesto negotiate 180-degree turnsat minimum
turning radii arepresented in Figures C-15to C-21. Thefigures
show the centerline turning radius of the front axle, the mini-
mum turning radius of the driver’ ssidefront tire, the minimum
distance between center of the turning radius and the path of
the rear axle set, and the maximum distance between the cen-
ter of theturning radius and the path of thefront overhang. Fig-
ures C-15 to C-21 can be used in future versions of the Green
Book if adecision is made to add these design vehicles.

Minimum 180-degree turns were not modeled for two of
the proposed new design vehicles presented earlier in this
appendix, the WB-20 [WB-67] and WB-22 [WB-71] with
KCRT distances of 12.5 m [41 ft]. These trucks have nearly
identical turning performance to the very similar turning
capabilities of the WB-19 [WB-62] design vehicle, so no
separate turning plots are needed. The revised WB-19 [WB-
62] design vehicle proposed for future use in the Green Book
also has a KCRT distance of 12.5 m [41 ft].

Table C-2 summarizes the critical turning parameters
shown in Figures C-15 to C-21. For comparative purposes,
Table C-2 also summarizes these same critical turning para-
metersfor the single unit truck (SU), WB-19 (WB-62) tractor-
semitrailer, WB-20D (WB-67D) double trailer, and WB-33B
(WB-109D) double trailer design vehicles from the 2001
Green Book. The results are presented by vehicle classifica
tion: single unit, tractor-semitrailer, and double trailer com-
bination. When comparing the turning characteristics of the
respective vehicles in the different vehicle classes, several
points are worth noting:

9.58 m [31.5 ft] Trailer 8.52 m [28.0 ft] Trailer
1.37m 7.00 m [23.0 fi] 7.30m [24.0 ft]
[4.5 1] 2.89m
[9.51]
1.22m A46m 1.22m
T401] [15f] [4.01]
— -
@ Y o ) o Y o o M
128 m [4.2 ft]
1.22 1.22 1.22 f
T O AR 7Y 1[f2’2r?ﬂ 470m [15.4 fi] 71m
5.34m [17.5 1] [2.331t]
22.70 m [74.7 fi] Wheelbase
24.17 m [79.53 1]
Tractor Width: 8.00 ft Traile Width: 8.50 ft Steering Arngle: 29.50°
Tractor Track: 8.00 ft Traile Track: 8.50 ft Atticuaing Argle: 70.00°

Figure C-14. WB-23BD [WB-75BD] double trailer combination.
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TABLE C-1 Input parameters of vehicles considered in turning performance evaluation

2nd 3rd 4th
Steer | King | Axle | Axle | Axle Min.
Width Width Axle Pin Set Set Set Centerline
and and to to to to To Rear Rear Overall | Overall Turning Max. Max.
Track Track 2nd Rear 3rd 4th 5th Overhang | Overhang | Length | Length Radius Steering Articulating
of of Overall Overall Cab Front Axle | Axle | Axle | Axle | Axle of 1% of 2™ of 1% of 2™ of Front Angle Angle
Design Tractor | Trailer | Length [ Wheelbase | Length | Overhang Set Set Set Set Set Trailer Trailer Trailer Trailer Axle (Degrees) (Degrees)
Vehicles (G (B) ©) ()] E) ()] ©) (H) 0] @ 1 K () M) (N) ©) ) Q R)
AASHTO 2001 Green Book Design Vehicles
SuU 8 30 20 4 20 6 38.0 31.7

WB-62 8 8.5 68.5 62 15 4 19.5 | 40.5 | 40.5 4.5 48 41.0 28.4 65

2’7"33 8.5 72.33 67 6.5 2.33 11 23 23 10 23 3 3 28.5 28.5 41.0 15.7 70

:I\.,(\)/S?D 8 8.5 114.03 109.2 6.5 2.33 12.2 40.5 | 40.0 | 145 | 40.5 4.5 45 48 48 56.0 12.7 70

Possible New Design Vehicles

SU-25 8 39.5 25 4 25 10.5 47.5 31.8

WB-67 8 8.5 73.5 67 15 4 19.5 455 | 45.5 4.5 53 41.0 28.4 75
WB-67

(41 ft 8 8.5 73.5 62.5 15 4 19.5 41 41 9 53 41.0 28.4 75
KCRT)

WB-71 8 8.5 77.5 71 15 4 19.5 | 495 | 49.5 4.5 57 415 28.4 75
WB-71

(41 ft 8 8.5 775 62.5 15 4 19.5 41 41 13 57 41.0 28.4 75
KCRT)

\;\/7?3 8 8.5 81.50 77.2 6.5 2.33 12.2 26.5 | 255 11 26.5 4 4 33 33 45.0 15.6 70

i/\zlgD 8 8.5 129.33 120.0 9.5 2.33 17.5 41 40.5 19 41 9 9 53 53 78.0 12.6 70

\évz% 8 8.5 98.25 92.0 9.5 2.33 17.5 41 40.5 11 23 4 3 48 28.5 78.0 12.6 70

7\?,/5[) 8 8.5 79.53 74.53 9.5 2.33 17.5 29.5 | 295 31 27.7 4.5 28 31.5 39.6 29.5 70

A — Width and track of tractor or vehicle body if SU.

B — Width and tract of trailer body.

C — Overall length of vehicle, measured from front bumper to rear bumper.

D — Overall length of wheelbase, measured from center of steering axle to center of rear axle.
E — Length of cab, measured from front bumper to rear of cab.

F — Front overhang, measured from front bumper to center of steering axle.

G — Distance between center of steer axle to center of second axle group.

H — Distance from kingpin to center of rear axle group

| — Distance between center of second axle group to center of third axle group.

J — Distance between center of third axle group to center of fourth axle group.

K — Distance between center of fourth axle group to center of fifth axle group.

L — Rear overhang on first trailer or first vehicle, measured from center of rear axle group to rear bumper.
M — Rear overhang on second trailer, measured from center of rear axle group to rear bumper.
N — Overall length of first trailer.

O — Overall length of second trailer.

P — Minimum centerline turning radius of front axle.

Q — Maximum steering angle.

R — Maximum articulating angle.

Note: All lengths and widths are in feet.
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Figure C-15. Minimum 180° turn: single unit truck.

* Theminimum distance between the path of therear axle

Single Unit Vehicles
set and the center of the turn is greater for the proposed

* Theminimum turning radius of the proposed single unit single unit design vehicle than the single unit design
design vehicle is 2.9 m [9.5 ft] greater than the mini- vehiclein the 2001 Green Book.
mum turning radius of the single unit design vehicle in » The difference between minimum turning radius and
the 2001 Green Book. the minimum distance between the path of the rear axle
 Thedifference between the minimum turning radius and set and the center of the turn is greater for the proposed
the maximum distance to the path of the front overhang single unit design vehicle than for the single unit design

is equivalent for both vehicles. vehiclein the 2001 Green Book which indicates that the
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Figure C-16. Minimum 180° turn: WB-20 [WB-67] tractor-semitrailer.

proposed single unit design vehicle has greater offtrack-
ing and a wider swept path width than the single unit
design vehicle in the 2001 Green Book.

Tractor-Semitrailers

* The minimum turning radius of the proposed WB-22
[WB-71] design vehicleis 0.15 m [0.5 ft] greater than

the turning radii of the other tractor-semitrailer design
vehicles, but for practical purposes the minimum turn-
ing radii of all the proposed tractor-semitrailer design
vehicles and the WB-19 [WB-62] design vehicle in the
2001 Green Book are equivalent. Direct cal culations of
the minimum turning radii for all tractor-semitrailers (as
per Figure C-5) indicates a minimum turning radii of
13.7 m [45 ft] for all tractor-semitrailers.
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Figure C-17. Minimum 180° turn: WB-22 [WB-71] tractor-semitrailer.
Although the minimum turning radii for all the tractor- Double Trailer Combinations
semitrailers are approximately equivalent, the longer wheel-
bases of the WB-20 [WB-67] and the WB-22 [WB-71] * The proposed WB-37D [WB-120D] and WB-28D [WB-
proposed design vehicles result in considerably smaller min- 92D] design vehicles have significantly greater mini-
imum distances between the path of the rear axle set and the mum turning radii compared to the other double trailer
center of the turn for these two vehicles compared to the other combinations.
tractor-semitrailer combinations. In fact, the rear axle set of » Thereisawide range in the minimum distances between
the WB-22 [WB-71] tracks on the inside of the turning center. the path of the rear axle set and the center of the turn for
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Figure C-18. Minimum 180° turn: WB-23D [WB-77D] double trailer combination.
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the double trailer combinations, with aminimum of 2.36
m [7.7 ft] and amaximum of 16.9 m [55.4 ft].

PHASE IIl—MODELING OF 90-DEGREE TURNS

Phase 111 consisted of modeling 90-degree right turnswith
centerline turning radii of 15.2, 22.9, 30.5, and 45.7 m (50,
75, 100, and 150 ft) and comparing the capabilities of the pro-
posed design vehicles as they negotiated through the respec-

tive turns to the capabilities of similar design vehiclesin the
2001 Green Book. The parameters of specific interest in this
sengitivity analysi sincluded maximum offtracking, swept path
width, and rear swingout. These parameters were measured
directly from turning path plots generated by AutoTURN.
The procedures for measuring the three parameters from the
plots are described, and the results are then presented by
vehicle classification: single unit, tractor-semitrailer, and
double trailer combination.
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Figure C-19. Minimum 180° turn: WB-37D [WB-120D] double trailer combination.

Estimating Maximum Offtracking

Offtracking is defined as the radial offset between the
path of the centerline of the front axle of the tractor and the
path of the centerline of the rearmost trailer axle set. There
are two types of offtracking, referred to as low-speed and
high-speed offtracking. This analysis focuses on low-speed
offtracking which occurs as vehicles traverse horizontal
curves at low speed.

To estimate the maximum offtracking as a vehicle negoti-
ates a 90-degree right turn, the path of the center of the front
tractor axle (steering axle) is specified and the path of the
insiderear axle set of thetrailer generated by AutoTURN. Fig-
ure C-22 provides an example of one of the turning path
plots. The example shows the proposed WB-23D [WB-77D]
double trailer combination negotiating a 90-degree turn with
a 15.2 m [50 ft] turning radius. The figure also shows the
paths of other vehicle parts. The offtracking was quantified
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Figure C-20. Minimum 180° turn: WB-28D [WB-92D] doubletrailer combination.

by bringing the AutoTURN plot into AutoCAD and scaling
the appropriate distances. Thelargest radial distance between
the two paths (that of the center of the front axle and that of
the inside rear axle set) was scaled. Measurements were
taken along the entire length of the curve until a maximum
radial distance was determined. In Figure C-22, severd of the
actual measurements are displayed with the maximum dis-
tance shown with a box around it. Since offtracking is mea-
sured to the centerline of both the front and rear axle set, half
thewidth of therear axle set was subtracted from the measured

radial distance to provide an estimate of the maximum off-
tracking. For example, the tractor-semitrailers and the double
trailer combinations had 2.6 m [8.5 ft] wide trailers. There-
fore, 1.3 m [4.25 ft] was subtracted from the measured radial
distance to determine the maximum offtracking of these
vehicle types, while 1.2 m [4.0 ft] was subtracted for the sin-
gleunit trucks. Thus, for the given example of the proposed
WB-23D [WB-77D] design vehicle negotiating a 90-degree
turn with a15.2 m [50 ft] radius, the maximum offtracking is
4.3 m[14.2ft].
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FigureC-21. Minimum 180° turn: WB-23BD [WB-75BD] double trailer combination.

Estimating Maximum Swept Path Width

Swept path width is defined astheradial distance between
the two paths of the outside front tractor tire and the inside
rear axle set of thetrailer. Conceptually, the maximum swept
path width of avehicle negotiating aturn occurs at the same
location as the maximum offtracking. Thus, to estimate the
maximum swept path width, half the width of the front trac-
tor axle and half the width of the rearmost trailer axle were
added to the maximum offtracking estimate. Continuing
with the given example of the proposed WB-23D [WB-77D]

design vehicle negotiating a 90-degree turn with a 15.2 m
[50ft] radius, the maximum offtrackingis4.3 m[14.2 ft]. Half
thewidth of thefront tractor axleis 1.2 m [4.0 ft], and half the
width of the rear trailer axleis 1.3 m [4.25 ft]. Thus, the max-
imum swept path width for the proposed WB-23D [WB-77D]
design vehicle under the given scenario is 6.8 m [22.4 ft].

Estimating Maximum Rear Swingout

Therear of atrailer generally overhangsthe rear axle set.
During aturn the rear of the trailer swings to the outside of
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TABLE C-2 Summary of minimum 180-degree turning

capabilities

distance to path

Minimum distance
between path of

Maximum

Minimum of front rear axle set and
turning overhang center of turn

Design vehicles  radius (ft) (ft) (ft)
Single Unit Vehicles

SU-25 51.5 53.0 36.4

SU 42.0 435 28.3
Tractor-Semitrailers

WB-67 45.0 46.4 1.8

WB-67*

(41 ft KCRT) 45.0 46.4 7.9
WB-71 455 46.9 2.5%*
WB-71*

(41 ft KCRT) 45.0 46.4 7.9
WB-62 45.0 46.4 7.9

Double Trailer Combinations
WB-77D 49.0 49.5 19.8
WB-120D 82.0 82.4 46.3
WB-92D 82.0 82.4 55.4
WB-75BD 43.6 44.2 7.7
WB-67D 45.0 455 19.3
WB-109D 60.0 60.4 14.9

*  Measurements same as for WB-62 in 2001 Green Book
**  Measured to the inside of the center of the turning radius

the path of the rear axle set. This rear swingout is a func-
tion of the trailer wheelbases, the radius of the turn, and
other dimensions of the vehicle. The procedures for esti-
mating the maximum rear swingout were slightly different
than for estimating the maximum offtracking and swept
path width. Conceptually, maximum rear swingout is the
maximum radial distance between the path of the outside
rear axle set and the path of the outside rear corner of the
trailer. AutoTURN is able to trace the path of the rear axle
set of thetrailer asit negotiates aturn but is unable to trace
the path of the outside rear portion of the trailer. Therefore,
it isnot feasible to measure the radial distance between the
continuous paths of the respective portions of a vehicle.
However, AutoTURN has afunction that draws vehicles at
different intervals along the curve. Using this function,
vehiclesweredrawn at very small intervals (i.e., 10 percent
of thevehiclelength) through the entire curve. These draw-
ings showed the location of the outside rear corner of the
trailer with respect to the path of the rear axle set and
enabled measurement of the rear swingout. This proce-
dure introduces some error in the measurement of the rear
swingout because distances are not measured between
continuous paths of the respective portions of the vehicle,
but drawing the vehicles at very small intervals minimized
this error. Figure C-23 illustrates measurement of the rear

swingout for the WB-19 [WB-62] design vehicle while
negotiating a 90-degree turn with a 15.2-m [50-ft] radius.
The upper left portion of the figure shows vehicles drawn at
various intervals along the same curve. The bottom right por-
tion of the figure is a close-up of the rear portion of the vehi-
cle at a particular location/instant along the curve and shows
theradial distance between the path of the outside rear axle set
and the location of the outside rear of thetrailer.

Summary of Results

This section presents a summary of the turning perfor-
mance results. The results are presented by vehicle classifi-
cation. Table C-3 provides a comparison of turning capabil-
ities of the proposed single unit design vehicle to the single
unit design vehicle in the 2001 Green Book. Table C-4 pro-
vides a comparison of the turning capabilities of the pro-
posed tractor-semitrailer combinations to that of the WB-19
[WB-62] design vehicle. Table C-5 providesacomparison of
the turning capabilities of the proposed doubletrailer combi-
nations to those of the WB-20D [WB-67D] and WB-33D
[WB-109D] design vehiclesin the 2001 Green Book.

When comparing the turning characteristics of the respec-
tive vehicles while negotiating 90-degree turns with various
turning radii, several points are worth noting:
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Figure C-22. Sample offtracking estimates.
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Figure C-23. Samplerear swingout estimates.

TABLE C-3 Turning capabilities of selected single-unit trucks

Design vehicle
Proposed design vehicle 2001 Green Book

Single Unit (SU) Single Unit (SU)

Turning capabilities Wheelbase = 25 ft Wheelbase = 20 ft
Minimum turning radius 475 ft 38.0ft
50 ft turning radius® 6.13 ft 3.80 ft
Maximum 75 ft turning radius 4.26 ft 2.74 ft
Offtracking 100 ft turning radius 3.21 ft 1.81 ft
150 ft turning radius 2.13 ft 1.12 ft
Maximum 50 ft turning radius 14.13 ft 11.80 ft
Swept 75 ft turning radius 12.26 ft 10.74 ft
Path 100 ft turning radius 11.21 ft 9.81 ft
Width 150 ft turning radius 10.13 ft 9.12 ft
Maximum 50 ft turn?ng rad?us 1.07 ft 0.35ft
Rear 75 ft turning radlu_s 0.73 ft 0.24 ft
Swingout 100 ft turning rad!us 0.53 ft 0.18 ft
150 ft turning radius 0.35ft 0.12 ft

# Centerline turning radius.
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TABLE C-4 Turning capabilities of selected tractor-semitrailer combinations

Design vehicle

2001 Green

Proposed design vehicle Book

WB-67 WB-71

(41 ft (41t
Turning capabilities WB-67 KCRT) WB-71 KCRT) WB-62
Minimum turning radius 41.0 ft 41.0 ft 41.5ft 41.0 ft 41.0 ft
50 ft turning radius® 19.38ft 17.02ft 21.51ft 17.02ft 16.76 ft
Maximum 75 ft turning radius 15.10ft 13.06ft 17.01ft 13.06ft 12.83 ft
Offtracking 100 ft turning radius 12.08 ft 10.32ft 13.75ft 10.32ft 10.12 ft
150 ft turning radius 8.34 ft 7.04 ft 9.60 ft 7.04 ft 6.90 ft
Maximum 50 ft turning radius 27.63ft 25.27ft 29.76ft 25.27ft 25.01 ft
Swept 75 ft turning radius 23.35ft 21.31ft 25.26ft 21.31ft 21.08 ft
Path 100 ft turning radius 20.33ft 18.57ft 22.00ft 18.57ft 18.37 ft
Width 150 ft turning radius 16.59ft 15.29ft 17.85ft 15.29ft 15.15 ft
Maximum 50 ft turn?ng rad@us 0.17 ft 0.69 ft 0.17 ft 145t 0.18 ft
Rear 75 ft turnln_g radlu_s 0.14 ft 0.51 ft 0.13 ft 1.08 ft 0.14 ft
Swingout 100 ft turning radius 0.10 ft 0.41 ft 0.10 ft 0.84 ft 0.09 ft
150 ft turning radius 0.07 ft 0.27 ft 0.07 ft 0.61 ft 0.06 ft

@ Centerline turning radius.

TABLE C-5 Turning capabilities of select double-trailer combinations

Design vehicle

Proposed design Vehicle

2001 Green Book

WB- WB- WB- WB- WB- WB-
Turning capabilities 77D 120D 92D 77BD 67D 109D
Minimum turning radius 49.0 82.0ft 82.0ft 435ft 45.0ft 60.0ft
50 ft turning radius® 14.18 ft ok ik 15.63ft 11.47 ft ik
Maximum 75 ft turning radius 10.56 ft rkk Fkk 11.70ft 8.31ft rkk
Offtracking 100 ft turning radius 8.16ft 17.87ft 12.71ft 9.10ft 6.31ft 17.05ft
150 ft turning radius 545ft 1259ft 8.73ft 6.10ft 4.20ft 11.97ft
Maximum 50 ft turning radius 22.43 ft ik i 23.88ft 19.72ft ik
Swept 75 ft turning radius 18.81 ft ik i 19.95ft 16.56 ft ik
Path 100 ft turning radius ~ 16.41ft 26.12ft 20.96ft 17.35ft 14.56ft 25.30 ft
Width 150 ft turning radius ~ 13.70 ft 20.84ft 16.98ft 14.35ft 12.45ft 19.22ft
Maximum 50 ft turn@ng rad!us 0.13 ft rkk 0.17ft  0.08ft Fkk
Rear 75 ft turning rad|u_s 0.11 ft rxx 0.12ft  0.05ft rxx
Swingout 100 ft turn!ng rad!us 0.08ft 0.37ft 0.05ft 0.10ft 0.05ft 0.09ft
150 ft turning radius 0.06ft 0.27ft 0.04ft 0.07ft 0.03ft 0.06 ft

*** \/ehicle unable to negotiate a turn with the respective turning radius.
& Centerline turning radius.

» The greatest differences in the turning characteristics
between the respective vehicles occur along turns with
smaller turning radii.

* |t appearsthat rear swingout is not as much of aconcern
aspreviously thought by many designersand researchers,
for two reasons:

1. Maximum rear swingout values are relatively small,
and

2. Maximum rear swingout occurs within the bound-
aries of the swept path width of the vehicle as it
negotiates the turn (see Figure C-23), which implies
that the path of the front outside of the tractor is
more critical to intersection and horizontal curve
design than the path of the rear outside corner of the
trailer.
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D-1

FIELD ESTIMATES OF TRUCK WEIGHT-TO-POWER RATIOS

A key issuein need of resolution isthe distribution of truck
characteristics related to performance on upgrades, particu-
larly truck weight-to-power ratios. For over 30 years, from
the 1950s through the 1980s, truck weight-to-power ratios
decreased dramatically as truck engines became more and
more powerful. Trucks with weight-to-power ratios greater
than 150 kg/kW [250 Ib/hp] have largely disappeared, with
the exception of certain bulk haul operations like coal trucks
and trucks hauling construction materials. Limited data sug-
gest the distribution of truck weight-to-power ratios may
have changed only a little since the mid-1980s, but this is
uncertain. For the 2001 Green Book, atruck with aweight-to-
power ratio of 120 kg/kW [200 Ib/hp] was chosen asthe basis
for computation of critical length of grade. Thisseems area-
sonable choice, but the data currently available could also
support a choicein the 90- to 108-kg/kW [150- to 180-1b/hp]
range. Therefore, field data were collected to document the
actual distribution of truck weight-to-power ratios in the
current truck fleet. This appendix describes the alternative
approaches that were considered to collect the needed data,
the site selection process for data collection locations, the
data collection procedures, the data reduction procedures,
and the field study results.

DATA COLLECTION APPROACH

Two fundamentally different approaches were considered
to collect field dataon truck weight-to-power ratios. Theseare:

» Measuretruck weightsand record marked engine power
(referred to as nameplate horsepower) at weigh scales

» Record crawl speeds of trucks near the top of extended
grades whose geometric profiles are known

In the first approach, weight-to-power ratio is computed
directly asaratio. The weight can be determined accurately
from weigh scale data. The actual net horsepower (after
mechanical losses) must be estimated from the nameplate
horsepower. This approach requires substantial cooperation
from weigh scale operators, because all trucks (including
empty trucks) must be weighed to get a representative sam-
ple; many weigh scale operators allow empty trucksto bypass
the scales because there is little point in weighing them for
enforcement purposes. Cooperation of truckers is needed to
determine the engine characteristics of their vehicles. This
data collection approach requires a substantial amount of
time per truck measured.

In the second approach, weight-to-power ratios are com-
puted from the truck crawl speeds on steep upgrades measured
with aradar or lidar device. This computation requires esti-
mates of the frontal area of the truck and its aerodynamic drag
coefficient, although for trucks with substantially reduced
crawl speeds, aerodynamic drag is relatively unimportant.
However, the field measurement—truck speed—is also a
guantity of direct interest in highway design, since critical
length of grade is based on a speed reduction criterion. The
speed measurement approach has the advantages that data
can be gathered relatively inexpensively and that no cooper-
ation from weigh scale operators or truckers is needed; the
only permission needed is permission from a highway agency
to conduct a speed study from the roadside.

In previous research for the Korean Institute of Construc-
tion Technology, both field data collection methods described
above were shown to provide comparable results in terms
of the distribution of weight-to-power ratios. Therefore, the
speed measurement approach was employed because it is
more efficient.

SITE SELECTION

Data collection locations were selected through a three-
step process. It was decided to use both freeway and two-lane
highway locations because there were expected to be poten-
tial differences in the truck population between these two
types of highways. In addition, it was decided to use sitesin
both eastern and western states to investigate differencesin
the truck population in different regions of the country.

Thefirst stepin site sel ection wasto obtain datathat would
aid in selection of appropriate states and sites. Highway Per-
formance Monitoring System (HPMS) data were utilized for
this purpose. Table D-1 presents the mileage of rural free-
ways and two-lane highways with grades over 4.5 percent
by region of the U.S. Listings of the mileage of grades over
4.5 percent by state were also obtained (15). Based on the
HPM S data and the proximity of potential siteswithin area
sonabl e traveling distance, achoicewas madeto collect truck
crawl speeds on sustained grades in California, Colorado,
and Pennsylvania.

The second step in site selection was to conduct site visits
in the respective states to identify and review candidate data
collection locations.

A total of 15 freeway sites and 15 two-lane highway sites
were visited. In addition, truck crawl speed data from one
rural two-lane highway sitein Californiawere available from
a1997 field study for NCHRP Project 3-55 (3) and were used
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TABLE D-1 Roadway mileageswith steep grades (15)

Length of rural two-lane highway

Length of rural freeway (mi) (mi)

Region 4.5-6.4% > 6.4% 4.5-6.4% > 6.4%
Northeast 244.7 19.9 407.3 284.9
Southeast 34.6 9.0 539.6 239.2
Midwest 50.6 16.0 521.2 153.9
West 254.1 15.6 948.8 109.3
California 108.8 4.0 287.6 48.8
TOTAL 692.8 64.5 2,704.5 836.1

inthisstudy. Thefollowing criteriawere used to evaluate the
appropriateness of a grade for purposes of this study. The
characteristics of an ideal site include:

» Steep grade (at least 4 percent or more)
» Long grade (at least 1 milein length)

* No sharp horizontal curves

+ Good observation locations

* Relatively constant grade

Figures D-1 to D-4 provide illustrations of several candi-
date data collection sites in Colorado and Pennsylvania.

The final step in verifying the suitability of sites for data
collection was to review the actual values of percent grade  FigureD-2. U.S 285 NB (Crow Hill) in Colorado.
from vertical profiles in as-built construction plans or from
HPMSdata. The actual local percent gradeis needed to com-
pute truck weight-to-power ratio from the truck crawl speed.
Copies of vertical profile sheets from as-built plans and
HPMS data were obtained. Based upon areview of the ver-
tical profiles, 10 sites were selected for data collection: four
sitesin Colorado, three sitesin Pennsylvania, and three sites
in California (including the site for which data were already
available). Table D-2 summarizes the characteristics of each
site. The last three columns of the table present the average
grade, the local grade in the vicinity of the data collection
location, and the length of the grade from the foot of the

Figure D-3. 1-80 WB in Pennsylvania.

FigureD-1. [-70 WB in Colorado on the approach to the
Eisenhower Tunnel. FigureD-4. State Route 26 SB in Pennsylvania.
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TABLE D-2 Siteinformation on data collection locations

Avera Length
Dates of ge Local of
MP/Segmen  Directi Name of Type of data grade grade grade
State Route t on pass/area site collection (%) (%) (mi)
8/12/02
CA 1-80 Pla/51 EB Baxter Freeway & 4.8 5.0 2.0
8/14/02
CA 1-80 Nev/3.7 EB Donner creeway  8/13/02 42 3.8 4.1
Summit
o 6/9/97
CA  Rt97 Siskiyou o & 43 43
Y 6/10/97
co 1-70 MP 210.9 Ep  EiSenhower  ooway 8/2/02 6.4 6.5 5.9
Tunnel
Eisenhower 8/5/02
CcO 1-70 MP 215.8 wB Tunnel Freeway & 4.0 6.5 11.7
8/6/02
Monarch Two- 7131/02
CcO UsS 50 MP 192.7 EB Pass Lane & 4.6 5.5 2.8
8/1/02
. Two- 7/129/02
CcO US 285 MP 224 NB Crow Hill Lane & 6.9 7.0 1.9
7/30/02
PA 1-80 Sel%rggm WB ggﬂ;rt‘; Freeway  11/08/02 3 3 15
Centre Two- 10/11/02
PA Rt 26 Segment 20 SB County Lane & 6.3 7.44 1.3
11/11/02
' 11/04/02
PA  Rt153 Se%”oem NB C(':earf'f'd [Wo' & 6.3 8 12
ounty ane 11/05/02

gradeto the datacollection location. Several typical datacol-
lection sites are illustrated in Figures D-1 through D4.

DATA COLLECTION PROCEDURES

Speed data were collected near the top of each grade to
ensure that all or most trucks were operating at crawl speeds
(i.e., the maximum speed of which thetruck is capable at that
point on the grade). Speeds were measured using alidar gun.
Speeds were recorded to the nearest mile per hour, and the
configuration or type of each truck was recorded as follows:

+ Single unit

+ Single unit bulk carrier

* Van semitrailer

+ Fat bed semitrailer

+ Bulk semitrailer

+ Low-boy semitrailer

+ Auto carrier semitrailer

+ Tank semitrailer

+ Log semitrailer

 Single unit truck with trailer
» Double-trailer combination
* Triple-trailer combination
+ Other

The goal was to collect the speeds of 100 trucks at each
two-lane highway site and 400 trucks at each freeway site.

Speeds were measured only for unimpeded trucks; if atruck
was traveling behind another vehicle, the truck’ s speed may
have been limited by its leader, so the truck speed was not
measured. The speeds of trucks traveling in the through
travel lanes were recorded, but the speeds of trucks driving
on the shoulders were not recorded.

DATA REDUCTION AND ANALYSIS

The field study database included the truck type and speeds
for each truck measured. The site-specific distribution of
truck speeds is, in itsdlf, of interest in highway design, but
the primary purpose for conducting the field studies was to
estimate the distribution of truck weight-to-power ratios in
the current truck fleet. Therefore, the speed data were con-
verted into truck weight-to-power estimates.

The conversion of truck speeds to weight-to-power ratios
was accomplished using the vehicle performance equations
from the TWOPAS model (85, 86). Appendix E presents a
truck speed profile model (TSPM) based on the TWOPAS
vehicle performance equations. The TSPM can estimate the
speed profile for the unimpeded truck on any specified verti-
cal alignment given the truck’s weight-to-power ratio. For
the analysis of the field data, the TWOPAS model was
appliedin reverseto estimate the truck weight-to-power ratio
that would have produced the observed truck crawl speed on
the known vertical aignment.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/23379

Review of Truck Characteristics as Factors in Roadway Design

D-4
RESULTS

The distributions of weight-to-power ratios, categorized
by type of site and by state, are presented below.

Freeways

Figures D-5, D-6, and D-7 show the distributions of weight-
to-power ratiosfound for California, Colorado, and Pennsyl-
vania freeways, respectively. The cumulative percentiles (by
state) are presented in Table D-3. The 85th-percentile weight-
to-power ratio from each stateranged from alow of 101 kg/kW
[169 Ib/hp] in Colorado to a high of 124 kg/kW [207 Ib/hp] in
Pennsylvania.

Two-Lane Highways

Figures D-8, D-9, and D-10 show the distributions of
weight-to-power ratios found on California, Colorado, and
Pennsylvania two-lane highways, respectively. The cumula
tive percentiles (by state) are presented in Table D-4. The
85th-percentile weight-to-power ratio from each state ranged
from alow of 108 kg/kwW [180 Ib/hp] in Colorado to a high
of 168 kg/kW [280 Ib/hp] in Pennsylvania.

Speed Distributions

Table D-5 presents a summary of the speed distributions
as measured at the respective data collection locations. In

general, truck crawl speeds were greater on the freeways as
compared to the two-lane highways, as would be expected
due to the character of service they are intended to provide
and the higher criteria to which they are designed.

SUMMARY OF RESULTS

It isdifficult to decidewhether the truck populationsfound
in the three states differ by state or geographic region (east-
ern states vs. western states). However, it is clear from the
results obtained that the truck population on two-lane high-
ways generally has greater weight-to-power ratios than the
truck population on freeways.

Clearly, the best performing truck fleet isin Colorado, and
the poorest performing truck fleet is in Pennsylvania. Fur-
ther, thereis much morevariability in truck weight-to-power
ratios on two-lane highways than on freeways. Long-haul
trucks may have the best weight-to-power ratios, and one
would expect the long-haul trucks to be more prevalent on
the freeways and less so on two-lane highways.

In summary, the 85th-percentile weight-to-power ratio
on freeways fallswithin afairly narrow range, from 102 to
126 kg/kW [170 to 210 Ib/hp] nationally, with California
and Colorado at the low end of that range and Pennsylva-
nia at the high end. For design purposes, it appears that a
truck with weight-to-power ratio of 102 to 108 kg/kW [170
to 180 Ib/hp] would be appropriate for freeways in Cali-
fornia and Colorado, while a weight-to-power ratio of
126 kg/kW [210 Ib/hp] would be more appropriate in

Percent

1] T | | I I | | I I | I I | | I I

Number of observations 1,195
25 percentile ratio 112
Median ratio 141
75 percentile ratio 164
85t percentile ratio 183
90 percentile ratio 198

T |-f- ;L — A —

60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350 360 370 380
Weight-to-Power Ratio (Ib/hp)

Figure D-5. Distribution of estimated weight-to-power ratios for California freeways.
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Figure D-6. Distribution of estimated weight-to-power ratios for Colorado freeways.

15
: Number of observations 431
L 5 25t percentile ratio 142
e i Median ratio 168
5 75t percentile ratio 194
= i 85t percentile ratio 207
11— ; 90t percentile ratio 220
10 —
= |
E s
g,
6
5
4
3
2
.

0~ I I 1

G0 70 80 90 100 110 120 130 140 150 160 170 180 180 200 210 220 230 240 250 260 270 280 2590 300 310 320 330 340 350 360 370 380

Weight-to-Power Ratio (Ib/hp)

FigureD-7. Distribution of estimated weight-to-power ratios for Pennsylvania freeways.
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TABLE D-3 Summary of truck weight-to-power ratios for

freeway sites
Weight-to-power (Ib/hp) ratio
Percentile California Colorado Pennsylvania
5th 83 69 111
25th 112 87 142
50th 141 115 168
75th 164 152 194
85th 183 169 207
90th 198 179 220
95th 224 199 251
15 -
Number of observations 250
14 7 ' 25t percentile ratio 144
15 Median ratio 186
' 75t percentile ratio
127 85t percentile ratio
1 - 90t percentile ratio

10 —

Percent

o0 | | | I | | I I | | T T | T | T

60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350 360 370 380
Weight-to-Power Ratio (Ib/hp)

FigureD-8. Distribution of weight-to-power ratios for California two-lane highways.

15 —
Number of observations 264

14 7 25t percentile ratio 86
43 Median ratio 107
75t percentile ratio 150

127 85t percentile ratio 180
e 90t percentile ratio 193
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FigureD-9. Distribution of estimated weight-to-power ratios for Colorado two-lane highways.
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Number of observations 297

14 ' 25t percentile ratio 110
i3 = | Medianratio 180

. 75" percentileratio 242
12 7 1 85" percentileratio 280
1" . 90" percentile ratio 303

Percent
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Figure D-10. Distribution of weight-to-power ratios for Pennsylvania two-lane highways.

D-7

Pennsylvania. For two-lane highways, a 108-kg/kW [180-  TABLE D-4 Summary of truck weight-to-power ratios for

Ib/hp] design vehicle may be appropriate in Colorado,  two-lanehighway sites

while less powerful design vehicles in the 150 to _ Weight-to-Power (Ib/hp) Ratio

168 kg/kW [250 to 280 Ib/hp] range may be appropriatefor ~ "*'go' Caltone Culorado Pennsylvania
California and Pennsylvania. All of these design vehicle 25th 144 86 110
weight-to-power ratios represent the 85th percentile of the oo e e 2
truck population; so, of course, most of the truck popula- 85th 246 180 280
tion performs substantially better. o o e o

TABLE D-5 Speed distributions at data collection locations

Speed (mph)

Directi Type of Number of 15th 50th 85th
State Route MP/Segment on site observations percentile percentile  percentile
CA 1-80 Pla/51 EB Freeway 600 29 36 52
CA 1-80 Nev/3.7 EB Freeway 600 32 41 53
CA Rt 97 Two-Lane 250 25 32 52
CcO 1-70 MP 210.9 EB Freeway 400 26 39 54
CcO 1-70 MP 215.8 wB Freeway 350 26 36 50
CcO l;g MP 192.7 EB Two-Lane 97 27 41 50
CcO ;8% MP 224 NB Two-Lane 169 22 40 51
PA 180  Segment WB  Freeway 434 38 45 55
1505
PA Rt26  Segment 20 SB Two-Lane 109 17 31 41
PA 1F;t3 Segment 730 NB Two-Lane 189 12 19 33
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APPENDIX E
TRUCK SPEED PROFILE MODEL

A truck speed profile model (TSPM) for truck perfor-
mance on upgrades has been developed as a design tool to
permit highway agenciesto anticipate when an added climb-
ing lane may be warranted. TSPM isimplemented inaMicro-
soft Excel spreadsheet. Thisappendix illustrates how the speed
profile model operates and documentsthe truck performance
equations that form the basis for that model.

The current Green Book contains severa truck speed pro-
file plots (i.e., plots of truck speed versus distance along a
grade) for use in determining the critical length of grade that
might warrant a climbing lane. These plots are not as useful
as they might be because they assume a single initia truck
speed, a constant percent grade, and a single truck weight-to-
power ratio (120 kg/kW [200 Ib/hp]). The TSPM spreadsheet
allows the user to input the actual vertical alignment for any
site of interest and to choose any appropriate value for initial
truck speed and weight-to-power ratio. Thisflexibility should
improvetheability of highway agenciesto determine whether
the climbing lane criteria are met at any particular site.

INPUT DATA

The input data for the TSPM include both roadway and
truck characteristics. The specific input data are as follows:

* Roadway Characteristics:
— Vertical profile—percent grade for specific ranges of
position coordinates
— Elevation above sealevel (ft)
* Truck Characteristics:
— Desired speed (mph)
— Initial speed of truck at beginning of analysis section
(mph)
— Weight-to-power ratio (Ib/hp)
— Weight-to-front-arearatio (1b/ft2)

The input data are entered on the first page of the TSPM
spreadsheet, whichisillustrated in Figure E-1. The gradesthat
constitutethe vertical profile of the analysissite are entered for
ranges of position coordinates, such as stationing, in units of
feet. The profile should begin at coordinate zero and subse-
quent grade ranges should appear in order of increasing coor-
dinates. The end of each coordinate range should be equal to
the beginning of the next coordinate range. Vertical curves
have little effect on truck speeds, so grades can be entered as
continuous constant grades from one vertica point of inter-
section (VPI) to the next. Gradesfor any number of coordinate
ranges may be entered.

E-1

The desired speed of the truck, entered in miles per hour,
isthe speed that the truck driver would prefer to travel where
not limited by the presence of an upgrade. The TSPM logic
will never show the trucks astraveling faster than this speed.

Theinitial speed of the truck, entered in miles per hour, is
the speed of thetruck at coordinate zero. Thisspeed typically
represents the truck speed prior to entering the grade and can
be any speed greater than or equal to zero. If the truck is
entering the grade from level terrain, theinitial speed may be
equal to the desired speed. If the truck is entering the grade
from a stopped position, the initial speed may be zero.

The weight-to-power ratio, entered in Ib/hp, representsthe
performance ability of the truck. The lower the weight-to-
power ratio, the better will be the truck performance on any
grade and the greater will be the truck’s final crawl speed.

The weight-to-frontal-area ratio, entered in Ib/ft?, repre-
sents the ability of the truck to overcome aerodynamic resis-
tance. If the cell representing weight-to-frontal-area ratio is
left blank or set equal to zero, the spreadsheet will estimate
atypical default value of weight-to-frontal-arearatio, based
on the weight-to-power ratio. In general, aerodynamic resis-
tance has limited effect on truck speed profiles, so it is best
in most cases to use the typical default value. However, the
TSPM permitsthe user to include a specific value for weight-
to-frontal-area ratio where thisis available.

The elevation above sea level, in feet, of the site being
evaluated isalso entered for the site being evaluated. The ele-
vation of the site influences the aerodynamic resistance.
However, as noted above, the effect of aerodynamic resis-
tance on truck performanceisminimal, so the accuracy of the
elevation used is not critical.

TSPM is applicable to diesel trucks, so there is no horse-
power correction for elevation asthere would befor gasoline
engines.

When all input data for a problem have been entered, the
user should click the button marked “Calculate Speed Pro-
file” to generate output data.

OUTPUT DATA

TSPM generates two types of output data. On the sheet
labeled “Results,” TSPM displays the speed profile calcula
tions for each second of elapsed time after the truck passes
coordinate zero. The tabulated values include all position
coordinates from zero to the maximum coordinate specified
in the input data. This detailed, second-by-second output is
illustrated in Figure E-2. Theindividual columnsin the spread-
sheet are defined in the next section of this appendix.
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E-2

Vertical Profile

(Beginning of first segment must equal 0)

Position (ft)

Percent Grade

Begin | End

0 528 6.1
529 1056 5.9
1057 1584 5.8
1585 2112 57
2113 2640 5.6
2641 3168 6.2
3169 3696 6.1
3607 4224 57
4225 4752 5.8
4753 5426 56
5427 6052 5.8

TRUCK SPEED PERFORMANCE MODEL

Desired speed (mph) = 65.0
Initial speed (mph) = 65.0
100.0

Weight/power ratio (Ib/hp) =
Weight/frontal area ratio (Ib/ft2) =

Location (legend) = ROUTE 3

0.0 «g—enter volume or enter zero to
use default estimate

Elevation (ft) = 1000.0

Calculate Speed

‘\ Profile y

Figure E-1. Input screen for TSPM.

The speed profile spreadsheet includes the minimum and
maximum truck speeds computed by the spreadsheet and their
difference. If the maximum speed represents the truck speed
in advance of the upgrade, then the difference between the
maximum and minimum speeds represents the speed reduc-
tion on the grade. If the speed reduction is 16 km/h [10 mph]
or more, aclimbing lane may be warranted.

The sheet labeled “ Chartl” presents a speed versus dis-
tance plot that illustrates the truck speed profile. The speed
profile plot is simply agraph of Columns 17 and 19. A typi-
cal plot isillustrated in Figure E-3. Such a plot allows the
user to review the expected speed of the truck at each loca
tion along the specified grade.

SPEED PROFILE COMPUTATIONS

The speed profile computations are conducted as follows,
using the truck performance equations from the TWOPAS
model (85, 86):

» Column 1 represents the elapsed time, in seconds, since
the vehicle passed coordinate zero.

» Columns 2 and 3 represent the user-specified desired
speed, in units of miles per hour and feet per second, for
the truck in question.

» Columns4 and 5 represent the actual speed of the truck,
in miles per hour and feet per second, at the time shown
in Column 1.

» Column 6 represents the position of the truck (distance
from coordinate zero) at the time shown in Column 1.

» Columns 8 through 10 represent the coasting accel-
eration, horsepower-limited-accel eration, and effective
acceleration, respectively, during the 1-sinterval begin-
ning at the time shown in Column 1. The accelerations
are determined as follows:

0.021C (V)2

a, = —0.2445 -0.004V' - (WIA)

| 2226C, @
(WINHP)V' 9
15368C 0
o~ (WINHP)V’
P, 14080
(W/NHP)V 2

2

0.4V'a,

= 15a,
04V’ +=2%0 (g -
a| (@ ~2c)

,  V=10ft/s
©)

a, = 1;;)03" , V <10ft/s
10+‘-3'T(ap -ac)

(4)

where

a, = coasting acceleration (ft/s?) during gear shifts

a, = horsepower-limited acceleration (ft/s?)

a, = effective acceleration (ft/s?) including an allow-
ance of 1.5 sfor gear shift delays
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TRUCK SPEED PROFILE FOR ROUTE 3

Desired speed (mph) = 65.0 Maximum speed (mph) = 63.9
Initial speed (mph) = 65.0 Minimum speed (mph) = 41.9
Weight/horsepower ratio (Ib/hp) = 100.0 Speed difference (mph) = 22.0
Weight/frontal area ratio (Ib/ft2) = 221.0
Elevation (ft) =  1000.0
Horsepower correction factor for elevation = 1.0000
Aerodynamic drag correction factor for elevation = 0.9710
(1) (2 (3) 4) (5) (6) ()] (8) 9 (10) (11) (12) (13) (14) (15) (16) 7 (18) (19)
Limiting acceleration (ft/sec2) Limiting acceleration and speed End of 1-sec Interval
Elapsed | Desired speed Start of 1-sec Interval Local New speed based on based on driver preferences Actual New
time Speed Position | grade vehicle performance Speed | Acceleration | acceleration New speed position
(sec) [ (mph) [ (fisec) [ (mph) T (fUsec) (ft) (%) |Coasting | Power [ Effective (mph) [ (fsec) (mph) | (ftsec) | (fusec2) (ft/sec2) (mph)  (ft/sec) (f)
0.0 65.0 95.3 65.0 95.3 0.0 6.1 -3.11 -1.47 -1.57 63.9 93.8 65.0 95.3 0.00 -1.57 63.9 93.8 94.5
1.0 65.0 95.3 63.9 93.8 94.5 6.1 -3.08 -1.42 -1.52 62.9 92.2 64.9 95.1 1.37 -1.52 62.9 92.2 187.5
2.0 65.0 95.3 62.9 92.2 187.5 6.1 -3.05 -1.36 -1.46 61.9 90.8 63.9 93.8 1.53 -1.46 61.9 90.8 279.1
3.0 65.0 95.3 61.9 90.8 279.1 6.1 -3.03 -1.31 -1.41 60.9 89.4 63.0 925 1.69 -1.41 60.9 89.4 369.1
4.0 65.0 95.3 60.9 89.4 369.1 6.1 -3.00 -1.26 -1.36 60.0 88.0 62.2 91.2 1.84 -1.36 60.0 88.0 457.8
5.0 65.0 95.3 60.0 88.0 457.8 6.1 -2.98 -1.21 -1.31 59.1 86.7 61.4 90.0 1.99 -1.31 59.1 86.7 545.2
6.0 65.0 95.3 59.1 86.7 545.2 59 -2.90 -1.10 -1.20 58.3 85.5 60.6 88.8 2.13 -1.20 58.3 85.5 631.2
7.0 65.0 95.3 58.3 85.5 631.2 59 -2.88 -1.06 -1.15 575 84.3 59.8 87.8 2.26 -1.15 575 84.3 716.2
8.0 65.0 95.3 57.5 84.3 716.2 59 -2.86 -1.02 -1.11 56.8 83.2 59.1 86.7 2.39 -1.11 56.8 83.2 800.0
9.0 65.0 95.3 56.8 83.2 800.0 5.9 -2.84 -0.98 -1.07 56.0 82.2 58.5 85.7 2.51 -1.07 56.0 82.2 882.7
10.0 65.0 95.3 56.0 82.2 882.7 59 -2.83 -0.94 -1.02 55.3 81.1 57.8 84.8 2.62 -1.02 55.3 81.1 964.3
11.0 65.0 95.3 55.3 81.1 964.3 5.9 -2.81 -0.90 -0.98 54.7 80.2 57.2 83.9 2.73 -0.98 54.7 80.2 1045.0
12.0 65.0 95.3 54.7 80.2 1045.0 5.9 -2.80 -0.86 -0.94 54.0 79.2 56.6 83.0 2.84 -0.94 54.0 79.2 1124.7
13.0 65.0 95.3 54.0 79.2 1124.7 5.8 -2.75 -0.79 -0.87 53.4 78.3 56.0 82.2 2.94 -0.87 53.4 78.3 1203.4
14.0 65.0 95.3 53.4 78.3 1203.4 5.8 -2.74 -0.76 -0.84 52.8 77.5 55.5 81.4 3.03 -0.84 52.8 775 1281.4
15.0 65.0 95.3 52.8 775 12814 5.8 -2.72 -0.72 -0.80 52.3 76.7 55.0 80.6 3.13 -0.80 52.3 76.7 13585
16.0 65.0 95.3 52.3 76.7 1358.5 5.8 -2.71 -0.69 -0.77 51.8 75.9 54.5 79.9 3.21 -0.77 51.8 75.9 1434.8
17.0 65.0 95.3 51.8 75.9 1434.8 5.8 -2.70 -0.66 -0.74 51.3 75.2 54.0 79.2 3.29 -0.74 51.3 75.2 1510.4
18.0 65.0 95.3 51.3 75.2 1510.4 5.8 -2.69 -0.63 -0.70 50.8 74.5 53.6 78.6 3.37 -0.70 50.8 74.5 1585.2
19.0 65.0 95.3 50.8 74.5 1585.2 5.7 -2.65 -0.57 -0.64 50.4 73.9 53.1 77.9 3.45 -0.64 50.4 73.9 1659.4
20.0 65.0 95.3 50.4 73.9 1659.4 5.7 -2.64 -0.55 -0.61 49.9 73.2 52.8 77.4 3.52 -0.61 49.9 73.2 1732.9
21.0 65.0 95.3 49.9 73.2 1732.9 5.7 -2.63 -0.52 -0.58 49.5 72.7 52.4 76.8 3.59 -0.58 49.5 72.7 1805.9
22.0 65.0 95.3 49.5 72.7 1805.9 5.7 -2.63 -0.50 -0.56 49.2 72.1 52.0 76.3 3.65 -0.56 49.2 72.1 1878.3
23.0 65.0 95.3 49.2 72.1 1878.3 5.7 -2.62 -0.47 -0.53 48.8 71.6 51.7 75.8 3.71 -0.53 48.8 71.6 1950.1
24.0 65.0 95.3 48.8 71.6 1950.1 5.7 -2.61 -0.45 -0.51 48.5 71.1 51.4 75.3 3.77 -0.51 48.5 711 2021.4
25.0 65.0 95.3 48.5 711 2021.4 57 -2.60 -0.43 -0.48 48.1 70.6 51.1 74.9 3.82 -0.48 48.1 70.6 2092.2
26.0 65.0 95.3 48.1 70.6 2092.2 57 -2.60 -0.41 -0.46 47.8 70.1 50.8 74.5 3.87 -0.46 47.8 70.1 2162.6
27.0 65.0 95.3 47.8 70.1 2162.6 5.6 -2.56 -0.36 -0.41 47.5 69.7 50.5 74.0 3.92 -0.41 475 69.7 22325
28.0 65.0 95.3 47.5 69.7 22325 5.6 -2.55 -0.34 -0.39 47.3 69.3 50.2 73.7 3.97 -0.39 47.3 69.3 2302.0
29.0 65.0 95.3 47.3 69.3 2302.0 5.6 -2.55 -0.32 -0.37 47.0 69.0 50.0 73.3 4.01 -0.37 47.0 69.0 2371.2
30.0 65.0 95.3 47.0 69.0 2371.2 5.6 -2.54 -0.31 -0.35 46.8 68.6 49.8 73.0 4.05 -0.35 46.8 68.6 2439.9
31.0 65.0 95.3 46.8 68.6 2439.9 5.6 -2.54 -0.29 -0.33 46.6 68.3 49.6 72.7 4.09 -0.33 46.6 68.3 2508.4
32.0 65.0 95.3 46.6 68.3 2508.4 5.6 -2.54 -0.28 -0.32 46.3 68.0 49.4 72.4 4.12 -0.32 46.3 68.0 2576.5
33.0 65.0 95.3 46.3 68.0 2576.5 5.6 -2.53 -0.26 -0.30 46.1 67.7 49.2 72.1 4.16 -0.30 46.1 67.7 2644.3
34.0 65.0 95.3 46.1 67.7 2644.3 6.2 -2.72 -0.44 -0.50 45.8 67.2 49.0 71.8 4.19 -0.50 45.8 67.2 27117
35.0 65.0 95.3 45.8 67.2 27117 6.2 -2.72 -0.41 -0.48 45.5 66.7 48.7 71.4 4.24 -0.48 45.5 66.7 2778.6
36.0 65.0 95.3 45.5 66.7 2778.6 6.2 -2.71 -0.39 -0.45 45.2 66.2 48.4 71.0 4.29 -0.45 45.2 66.2 2845.1
37.0 65.0 95.3 45.2 66.2 2845.1 6.2 -2.70 -0.37 -0.43 44.9 65.8 48.1 70.6 4.34 -0.43 44.9 65.8 2911.1
38.0 65.0 95.3 44.9 65.8 2911.1 6.2 -2.70 -0.35 -0.41 44.6 65.4 47.9 70.2 4.39 -0.41 44.6 65.4 2976.7
39.0 65.0 95.3 44.6 65.4 2976.7 6.2 -2.69 -0.33 -0.39 44.3 65.0 47.6 69.8 4.43 -0.39 44.3 65.0 3041.9
40.0 65.0 95.3 443 65.0 3041.9 6.2 -2.69 -0.31 -0.36 44.1 64.6 47.4 69.5 4.47 -0.36 44.1 64.6 3106.8
41.0 65.0 95.3 44.1 64.6 3106.8 6.2 -2.68 -0.30 -0.35 43.8 64.3 47.2 69.2 4.51 -0.35 43.8 64.3 3171.2
42.0 65.0 95.3 43.8 64.3 3171.2 6.1 -2.65 -0.25 -0.29 43.6 64.0 46.9 68.9 4.55 -0.29 43.6 64.0 3235.4
43.0 65.0 95.3 43.6 64.0 3235.4 6.1 -2.65 -0.24 -0.28 43.5 63.7 46.8 68.6 4.58 -0.28 43.5 63.7 3299.3
44.0 65.0 95.3 435 63.7 3299.3 6.1 -2.64 -0.22 -0.26 43.3 63.5 46.6 68.3 4.61 -0.26 43.3 63.5 3362.9
45.0 65.0 95.3 43.3 63.5 3362.9 6.1 -2.64 -0.21 -0.25 43.1 63.2 46.4 68.1 4.64 -0.25 43.1 63.2 3426.2
46.0 65.0 95.3 43.1 63.2 3426.2 6.1 -2.64 -0.20 -0.23 43.0 63.0 46.3 67.9 4.67 -0.23 43.0 63.0 3489.3
47.0 65.0 95.3 43.0 63.0 3489.3 6.1 -2.63 -0.19 -0.22 42.8 62.8 46.2 67.7 4.69 -0.22 42.8 62.8 3552.2
48.0 65.0 95.3 42.8 62.8 3552.2 6.1 -2.63 -0.18 -0.21 42.7 62.6 46.0 67.5 4.72 -0.21 42.7 62.6 3614.9

Figure E-2. Tabular printout from TSPM.
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TRUCK SPEED PROFILE FOR ROUTE 3

Desired speed (mph) = 65.0 Maximum speed (mph) = 63.9
Initial speed (mph) = 65.0 Minimum speed (mph) = 41.9
Weight/horsepower ratio (Ib/hp) = 100.0 Speed difference (mph) = 22.0
Weight/frontal area ratio (Ib/ft2) = 221.0
Elevation (ft) =  1000.0
Horsepower correction factor for elevation = 1.0000
Aerodynamic drag correction factor for elevation = 0.9710
1) (2) (3 (4) (5) (6) ()] (8) 9) (10) (11) (12) (13) (14) (15) (16) @an (18) (19)
Limiting acceleration (ft/sec2) Limiting acceleration and speed End of 1-sec Interval
Elapsed | Desired speed Start of 1-sec Interval Local New speed based on based on driver preferences Actual New
time Speed [ Position grade vehicle performance Speed [ Acceleration | acceleration New speed position
(sec) (mph) | (ft/sec) | (mph) | (f/sec) |  (ft) (%) |Coasting | Power | Effective (mph) [ (ft/sec) (mph) [ (ft/sec) | (ft/sec2) (ft/sec2) (mph) __ (ft/sec) (ft)
49.0 65.0 95.3 42.7 62.6 3614.9 6.1 -2.63 -0.17 -0.20 425 62.4 45.9 67.3 4.74 -0.20 42,5 62.4 3677.4
50.0 65.0 95.3 425 62.4  3677.4 6.1 -2.63 -0.16 -0.18 424 62.2 45.8 67.1 4.76 -0.18 42.4 62.2 3739.7
51.0 65.0 95.3 42.4 62.2  3739.7 5.7 -2.50 -0.02 -0.03 424 62.2 45.7 67.0 4,78 -0.03 42.4 62.2  3801.8
52.0 65.0 95.3 42.4 62.2  3801.8 5.7 -2.50 -0.02 -0.03 42.4 62.1 45.6 66.9 4.78 -0.03 42.4 62.1 3864.0
53.0 65.0 95.3 42.4 62.1  3864.0 5.7 -2.50 -0.02 -0.02 42.3 62.1 45.6 66.9 4.79 -0.02 42.3 62.1 3926.1
54.0 65.0 95.3 42.3 62.1  3926.1 5.7 -2.49 -0.02 -0.02 42.3 62.1 45.6 66.9 4.79 -0.02 423 62.1 3988.2
55.0 65.0 95.3 423 62.1  3988.2 5.7 -2.49 -0.02 -0.02 423 62.1 45.6 66.9 4.79 -0.02 42.3 62.1  4050.3
56.0 65.0 95.3 42.3 62.1  4050.3 5.7 -2.49 -0.02 -0.02 42.3 62.0 45.6 66.9 4.79 -0.02 42.3 62.0 41123
57.0 65.0 95.3 42.3 62.0 4112.3 5.7 -2.49 -0.02 -0.02 42.3 62.0 45.6 66.8 4.80 -0.02 42.3 62.0 41744
58.0 65.0 95.3 42.3 62.0 41744 5.7 -2.49 -0.02 -0.02 423 62.0 45.6 66.8 4.80 -0.02 423 62.0 4236.4
59.0 65.0 95.3 42.3 62.0 4236.4 5.8 -2.53 -0.05 -0.05 422 62.0 45.6 66.8 4.80 -0.05 422 62.0 4298.4
60.0 65.0 95.3 42.2 62.0 4298.4 5.8 -2.53 -0.04 -0.05 42.2 61.9 45.5 66.8 4.80 -0.05 42.2 61.9  4360.3
61.0 65.0 95.3 42.2 61.9  4360.3 5.8 -2.52 -0.04 -0.05 422 61.9 45.5 66.7 4.81 -0.05 42.2 61.9 44222
62.0 65.0 95.3 422 61.9 44222 5.8 -2.52 -0.04 -0.05 421 61.8 45.5 66.7 4.82 -0.05 421 61.8  4484.0
63.0 65.0 95.3 421 61.8  4484.0 5.8 -2.52 -0.04 -0.04 421 61.8 45.4 66.6 4.82 -0.04 42.1 61.8 45458
64.0 65.0 95.3 421 61.8  4545.8 5.8 -2.52 -0.03 -0.04 421 61.7 45.4 66.6 4.83 -0.04 42.1 61.7  4607.6
65.0 65.0 95.3 421 61.7  4607.6 5.8 -2.52 -0.03 -0.04 421 61.7 45.4 66.6 4.83 -0.04 42.1 61.7  4669.3
66.0 65.0 95.3 42.1 61.7  4669.3 5.8 -2.52 -0.03 -0.04 42.0 61.7 45.4 66.5 4.83 -0.04 42.0 61.7  4730.9
67.0 65.0 95.3 42.0 61.7  4730.9 5.8 -2.52 -0.03 -0.03 42.0 61.6 45.3 66.5 4.84 -0.03 42.0 61.6  4792.6
68.0 65.0 95.3 42.0 61.6 4792.6 5.6 -2.46 0.04 0.03 42.0 61.7 45.3 66.5 4.84 0.03 42.0 61.7  4854.2
69.0 65.0 95.3 42.0 61.7 4854.2 5.6 -2.46 0.03 0.03 42.1 61.7 45.3 66.5 4.84 0.03 42.1 61.7  4915.9
70.0 65.0 95.3 421 61.7  4915.9 5.6 -2.46 0.03 0.03 421 61.7 45.4 66.5 4.83 0.03 42.1 61.7  4977.6
71.0 65.0 95.3 42.1 61.7 4977.6 5.6 -2.46 0.03 0.03 42.1 61.7 45.4 66.5 4.83 0.03 42.1 61.7 5039.3
72.0 65.0 95.3 42.1 61.7 5039.3 5.6 -2.46 0.03 0.03 42.1 61.8 45.4 66.6 4.83 0.03 42.1 61.8 5101.1
73.0 65.0 95.3 421 61.8 5101.1 5.6 -2.46 0.03 0.02 421 61.8 45.4 66.6 4.83 0.02 42.1 61.8 5162.8
74.0 65.0 95.3 42.1 61.8 5162.8 5.6 -2.46 0.03 0.02 42.1 61.8 45.4 66.6 4.82 0.02 42.1 61.8 5224.6
75.0 65.0 95.3 42.1 61.8 5224.6 5.6 -2.46 0.03 0.02 42.2 61.8 45.4 66.6 4.82 0.02 42.2 61.8 5286.5
76.0 65.0 95.3 422 61.8 5286.5 5.6 -2.46 0.02 0.02 422 61.9 45.4 66.7 4.82 0.02 42.2 61.9 5348.3
77.0 65.0 95.3 42.2 61.9 5348.3 5.6 -2.46 0.02 0.02 42.2 61.9 45.5 66.7 4.82 0.02 42.2 61.9 5410.2
78.0 65.0 95.3 42.2 61.9 5410.2 5.6 -2.46 0.02 0.02 42.2 61.9 45.5 66.7 4.81 0.02 42.2 61.9 5472.0
79.0 65.0 95.3 42.2 61.9 5472.0 5.8 -2.52 -0.04 -0.05 42.2 61.8 45.5 66.7 4.81 -0.05 42.2 61.8 5533.9
80.0 65.0 95.3 42.2 61.8 5533.9 5.8 -2.52 -0.04 -0.04 42.1 61.8 45.5 66.7 4.82 -0.04 42.1 61.8 5595.7
81.0 65.0 95.3 42.1 61.8 5595.7 5.8 -2.52 -0.04 -0.04 42.1 61.8 45.4 66.6 4.82 -0.04 42.1 61.8 5657.5
82.0 65.0 95.3 42.1 61.8 5657.5 5.8 -2.52 -0.03 -0.04 42.1 61.7 45.4 66.6 4.83 -0.04 42.1 61.7 5719.3
83.0 65.0 95.3 42.1 61.7 5719.3 5.8 -2.52 -0.03 -0.04 42.1 61.7 45.4 66.6 4.83 -0.04 42.1 61.7 5781.0
84.0 65.0 95.3 42.1 61.7 5781.0 5.8 -2.52 -0.03 -0.04 42.0 61.7 45.4 66.5 4.83 -0.04 42.0 61.7 5842.6
85.0 65.0 95.3 42.0 61.7 5842.6 5.8 -2.52 -0.03 -0.03 42.0 61.6 45.3 66.5 4.84 -0.03 42.0 61.6 5904.3
86.0 65.0 95.3 42.0 61.6 5904.3 5.8 -2.52 -0.03 -0.03 42.0 61.6 45.3 66.5 4.84 -0.03 42.0 61.6 5965.9
87.0 65.0 95.3 42.0 61.6  5965.9 5.8 -2.52 -0.02 -0.03 42.0 61.6 45.3 66.4 4.84 -0.03 42.0 61.6 6027.5
88.0 65.0 95.3 42.0 61.6 6027.5 5.8 -2.52 -0.02 -0.03 42.0 61.5 45.3 66.4 4.85 -0.03 42.0 61.5 6089.0
89.0 65.0 95.3 42.0 61.5 6089.0 5.8 -2.52 -0.02 -0.03 41.9 61.5 45.3 66.4 4.85 -0.03 41.9 61.5 6150.5

FigureE-2. Tabular printout from TSPM (continued).
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Figure E-3. Example of TSPM speed profile plot.

V' = larger of speed at beginning of interval (V) and
10 ft/s

Ce = correction factor for converting sea-level
aerodynamic drag to local elevation = (1 -
0.000006887E) 4%

C, = dltitude correction factor for converting sea-
level net horsepower to local elevation = 1 for
diesel engines

E = local elevation (ft)
WI/A = weight to projected frontal arearatio (Ib/ft?)
W/NHP = weight to net horsepower ratio (1b/hp)

Equation 1 represents the coasting acceleration of the truck.
Equation 2 represents the accel eration as limited by engine
horsepower. Equations 3 and 4 combine the coasting and
horsepower-limited accelerations into an effective accelera-
tion that alowsthe truck to use maximum horsepower, except
during gear shift delays of 1.5 s, during which the truck is
coasting (with no power supplied by the engine). This model
of truck performance is based on SAE truck-performance
equationswhich were adapted by St. John and K obett toincor-
porate gear shift delays (86). There are no driver restraints on
using maximum accel eration or maximum speed on upgrades

because, unlike passenger car engines, truck engines are
designed to operate at full power for sustained periods.

» Columns 11 and 12 represent the cal culated speed at the
end of the 1-sinterval in units of miles per hour and feet
per second, based on vehicle performance. The speed in
feet per second shown in Column 12 is simply the sum
of the speed shown in Column 6 and change in speed
computed asthe accel eration shown in Column 12, mul-
tiplied by the interval duration of 1 s.

» Columns 13 through 15 show the limiting speed, in units
of miles per hour and feet per second, and the limiting
acceleration, in units of ft/s?, based on driver prefer-
ences. These driver preference limitations are based on
research which shows that, even when drivers are not
limited by vehicle performance, the driver’s preferred
acceleration rate will be limited as a function of the
magnitude of the difference between thedriver’ scurrent
speed and the desired speed (64). Such driver prefer-
ences generally come into play only when the accelera-
tion rate that would need to be used by the driver in
returning to desired speed exceeds 1.2 ft/s*. The follow-
ing three equations represent limitations on new speed

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/23379

Review of Truck Characteristics as Factors in Roadway Design

E-6

based on maximum preferred accel erations (or deceler-
ations) for driversfor three specific cases:

If Vq— V| <1.2then,

Vn,=Vy4 (5)
If V¢—V|>12andVd-V >0then,

Vo=V + (1.2 +0.108 V4 - V|t (6)
If V¢—V|>12andVd-V <O0then,

Vo=V -12t (7)

where

Vq=driver desired speed
V = vehicle speed (ft/s) at the start of time interval t
V, =new speed (ft/s) at the end of timeinterval t

t = duration of timeinterval (sec) (generaly,t=159)

Columns 16 through 18 show the actual acceleration
over the 1-sinterval and the new vehicle speed at the
end of the 1-sinterval considering both vehicle perfor-
mancelimitationsand driver preferences. The new speed,
in feet per second, shown in Column 18 isthe minimum
of the speeds shown in Columns 12 and 14. In other
words, if the new speed (based on Equations 5, 6, or 7,
as appropriate) is lower than the new speed based on

Equations 1 through 4, then the lower speed based on
Equations 5, 6, or 7 will govern. The maximum accel-
eration preferences of drivers generally govern speed
choices on the level, on downgrades, and on minor
upgrades, but not on steep upgrades.

Once the speed at the end of the 1-sinterval is known,
the acceleration during theinterval shownin Column 16
can be computed as follows:

a=V”t_V ®)

Column 19 presents the new position of the vehicle at
theend of the 1-sinterval, expressed asadistancein feet
from coordinate zero. The new position isdetermined as
follows:

X, =X, + Vt +0.5 at? 9)

where

X, = position at end of time interval of length t
X, = position at beginning of time interval of length t

The new speed in Columns 17 and 18 and the new posi-
tion in Column 19 on oneline of the spreadsheet become
the speed at the start of the interval in Columns4 and 5
and the position at the start of the interval in Column 6
on the next line of the spreadsheet.
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APPENDIX F

F1

RECOMMENDED CHANGES TO THE AASHTO POLICY ON GEOMETRIC DESIGN

OF HIGHWAYS AND STREETS

This appendix presents recommended changes in the
AASHTO Policy on Geometric Design of Highways and
Streets (1), commonly known as the Green Book, based on
the research presented in this report. The appendix presents
appropriate changes to the text of the Green Book and sug-
gested modification to Green Book exhibits. For key rec-

Chapter 1—Highway Functions
No changes recommended.

Chapter 2—Design Controlsand Criteria

ommended changes to the Green Book, the modified text is
presented in redline format, with additions underlined and
deletions indicated with strikethroughs. The rationale for
these changesis presented in Chapters 4 and 6 of thisreport.
The appendix is arranged by Green Book chapters, in page-
order sequence based on the 2001 edition of the Green Book.

The text of the sections on general characteristics and minimum turning radius of design
vehicles from p. 15 to 43 should be revised as follows:

GENERAL CHARACTERISTICS

Key controls in geometric highway design are the physical
characteristics and the proportions of vehicles of various sizes using the
highway. Therefore, it is appropriate to examine all vehicle types, establish
genera class groupings, and select vehicles of representative size within
each class for design use. These selected vehicles, with representative
weight, dimensions, and operating characteristics, used to establish
highway design controls for accommodating vehicles of designated classes,
are known as design vehicles. For purposes of geometric design, each
design vehicle has larger physical dimensions and alarger minimum
turning radius than most vehiclesin its class. The largest design vehicles
are usually accommodated in freeway design.

Four general classes of design vehicles have been established,
including: (1) passenger cars, (2) buses, (3) trucks, and (4) recreational
vehicles. The passenger-car class includes passenger cars of all sizes,
gport/utility vehicles, minivans, vans, and pick-up trucks. Buses include
inter-city (motor coaches), city transit, school, and articulated buses.

The truck class includes single-unit trucks, truck tractor-semitrailer
combinations, and truck tractors with semitrailers in combination with full
trailers. Recreational vehicles include motor homes, cars with camper
trailers, cars with boat trailers, motor homes with boat trailers, and motor
homes pulling cars. In addition, the bicycle should also be considered a
design vehicle where bicycle use is allowed on a highway.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/23379

Review of Truck Characteristics as Factors in Roadway Design

F-2

Dimensions for 20 design vehicles representing vehicles within
these general classes are given in Exhibit 2-1. In the design of any highway
facility, the designer should consider the largest design vehicle likely to use
that facility with considerable frequency or a design vehicle with special
characteristics appropriate to a particular intersection in determining the
design of such critical features as radii at intersections and radii of turning
roadways. In addition, as a general guide, the following may be considered
when selecting a design vehicle:

A passenger car may be selected when the main traffic generator isa
parking lot or series of parking lots.

A two-axle single-unit truck may be used for intersection design of
residential streets and park roads.

A three-axle single-unit truck may be used for design of collector streets
and other facilities where larger single-unit trucks are likely.

A city transit bus may be used in the design of state highway intersections
with city streets that are designated bus routes and that have relatively few
large trucks using them.

Depending on expected usage, alarge school bus (84 passengers) or a
conventional school bus (65 passengers) may be used for the design of
intersections of highways with low-volume county highways and
township/local roads under 400 ADT. The school bus may also be
appropriate for the design of some subdivision street intersections.

The WB-20 [WB-67] truck should generally be the minimum size
design vehicle considered for intersections of freeway ramp terminals with
arterial crossroads and for other intersections on state highways and
industrialized streets that carry high volumes of traffic and/or that provide
local access for large trucks. In many cases, operators of WB-20 [WB-67]
and larger vehicles pull the rear axles of the vehicle forward to maintain a
kingpin-to-rear-axle distance of 12.5 m [41 ft], which makes the truck more
maneuverable for the operator and is required by law in many jurisdictions.
Where this practice is prevalent, the WB-19 [WB-62] may be used in the
design of turning maneuvers, but the WB-20 [WB-67] should be used in
design situations where the overall length of the vehicle is considered, such
asfor sight distance at railroad-highway grade crossings.

In addition to the 20 design vehicles, dimensions for atypical farm
tractor are shown in Exhibit 2-1, and the minimum turning radius for afarm
tractor with one wagon is shown in Exhibit 2-2. Turning paths of design
vehicles can be determined from the dimensions shown in Exhibit 2-1 and
2-2 and through the use of commercially available computer programs.
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Metric
Dimensions (m)
Overall Overhang Typical
Kingpin
to Center
of Rear
Design Vehicle Type Symbol Height Width Length Front Rear WB, WB, S T WB; WB, Axle
Passenger Car P 1.3 2.1 5.8 0.9 15 3.4 — — — — — —
Single Unit Truck SU 3.4-4.1 2.4 9.2 1.2 1.8 6.1 — — — — — —
Single Unit Truck (three-axle) SU-8 3.4-4.1 2.4 12.0 1.3 3.2 25.0 - - - — — —
Buses
) BUS-12 3.7 2.6 12.2 1.8 1.9° 7.3 1.1 - - - - -
Inter-city Bus (Motor Coaches) BUS 14 37 26 13.7 18 26" 8.1 12 - - _ - -
City Transit Bus CITY-BUS 3.2 2.6 12.2 2.1 2.4 7.6 — - — - - —
Conventional School Bus (65 pass.) S-BUS 11 3.2 2.4 10.9 0.8 3.7 6.5 — — — — — —
Large School Bus (84 pass.) S-BUS 12 3.2 24 12.2 2.1 4.0 6.1 - — — - - —
Articulated Bus A-BUS 3.4 2.6 18.3 2.6 3.1 6.7 5.9 1.9° 4.0° — - —
Combination Trucks
Rocky Mountain Double-Semitrailer/Trailer WB-28D 4.1 2.6 13.9 0.7 0.9 5.3 12.3 0.9° 2.1° 7.0 - 13.0
Intermediate Semitrailer WB-12 4.1 2.4 16.8 0.9 0.8" 3.8 8.4 - — — — 7.8
Interstate Semitrailer WB-19* 4.1 2.6 20.9 1.2 0.8% 6.6 12.3 - — - - 12.5
Interstate Semitrailer WB-20** 4.1 2.6 22.4 1.2 1.4-0.8% 6.6 13.2-13.8 - - — - 13.9
“Double-Bottom”-Semitrailer/Trailer WB-20D 4.1 26 22.4 0.7 0.9 3.4 7.0 0.9° 2.1° 7.0 - 6.4
Triple-Semitrailer/ Trailers WB-30T 4.1 2.6 32.0 0.7 0.9 3.4 6.9 0.9° 2.1° 7.0 7.0 6.4
Turnpike Double-Semitrailer/Trailer WB-33D* 4.1 2.6 34.8 0.7 0.8% 4.4 12.2 0.8° 3.1° 13.6 — 12.3
Recreational Vehicles
Motor Home MH 3.7 2.4 9.2 1.2 1.8 6.1 - - - - - -
Car and Camper Trailer P/T 3.1 2.4 14.8 0.9 3.1 3.4 — 1.5 5.8 — — -
Car and Boat Trailer P/B - 24 12.8 0.9 2.4 3.4 - 15 4.6 - - -
Motor Home and Boat Trailer MH/B 3.7 2.4 16.2 1.2 2.4 6.1 — 1.8 4.6 — — —
Farm Tractor TR 3.1 2.4-3.1 4.99 — — 3.1 2.7 0.9 2.0 — — —

Norte: Since vehicles are manufactured in U.S. Customary dimensions and to provide only one physical size for each design vehicle, the values shown in the design vehicle drawings have been soft
converted from numbers listed in feet, and then the numbers in this table have been rounded to the nearest tenth of a meter.
Design vehicle with 14.63 m trailer as adopted in 1982 Surface Transportation Assistance Act (STAA).

*

*k
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EXHIBIT 2-1 Design vehicle Dimensions—REVISED

Design vehicle with 16.16 m trailer as grandfathered in with 1982 Surface Transportation Assistance Act (STAA).

Combined dimension is 5.91 m and articulating section is 1.22 m wide.

Combined dimension is typically 3.05 m.
Combined dimension is typically 3.05 m.
Combined dimension is typically 3.81 m.

This is overhang from the back axle of the tandem axle assembly.

Dimensions are for a 150-200 hp tractor excluding any wagon length.

To obtain the total length of tractor and one wagon, add 5.64 m to tractor length. Wagon length is measured from front of drawbar to rear of wagon, and drawbar is 1.98 m long.

*  WBj, WB2, and WBy4 are the effective vehicle wheelbases, or distances between axle groups, starting at the front and working towards the back of each unit.

* Sis the distance from the rear effective axle to the hitch point or point of articulation.

» T is the distance from the hitch point or point of articulation measured back to the center of the next axle or center of tandem axle assembly.

e
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US Customary

Dimensions (ft)

Overall Overhang Typical
Kingpin
to Center
of Rear
Tandem
Design Vehicle Type Symbol Height | Width | Length Front Rear WB, WB, S T WB; WB, Axle
Passenger Car P 4.25 7 19 3 5 11 - - - - - -
Single Unit Truck SuU 11-13.5 8.0 30 4 6 20 - - - - - -
Single Unit Truck (three-axle) SU-25 11-13.5 8.0 39.5 4 10.5 25 — — — — — —
Buses
. BUS-40 12.0 8.5 40 6 6.3° 24 3.7 - - - - -
Inter-city Bus (Motor Coaches) BUSA5 12.0 85 13 3 85 6.5 70 — — — — —
City Transit Bus CITY-BUS 10.5 8.5 40 7 8 25 - - - - - -
Conventional School Bus (65 pass.) S-BUS 36 10.5 8.0 35.8 25 12 21.3 - - - - - -
Large School Bus (84 pass.) S-BUS 40 10.5 8.0 40 7 13 20 — — — — — —
Articulated Bus A-BUS 11.0 8.5 60 8.6 10 22.0 19.4 6.2° 13.2° — — —
Combination Trucks
Rocky Mountain Double-Semitrailer/Trailer WB-92D 13.5 8.5 98.3 2.33 3 17.5 40.5 3.0° 7.0° 23.0 - 42.5
Intermediate Semitrailer WB-40 13.5 8.0 45.5 3 2.5° 12.5 275 — - - - 25.5
Interstate Semitrailer WB-62* 13.5 8.5 68.5 4 2.5° 21.6 40.4 — — - — 41.0
Interstate Semitrailer WB-67** 13.5 8.5 73.5 4 4.5-2.5" 21.6 43.4-45.4 — - — - 45.5
“Double-Bottom”-Semitrailer/Trailer WB-67D 13.5 8.5 73.3 2.33 3 11.0 23.0 3.0° 7.0° 23.0 - 21.0
Triple-Semitrailer/ Trailers WB-100T 13.5 8.5 104.8 2.33 3 11.0 22.5 3.0° 7.0° 23.0 23.0 21.0
Turnpike Double-Semitrailer/Trailer WB-109D* 13.5 8.5 114 2.33 2.5° 14.3 39.9 2.5° 10.0° 44.5 — 40.5
Recreational Vehicles
Motor Home MH 12 8 30 4 6 20 - - - - - -
Car and Camper Trailer P/T 10 8 48.7 3 10 11 — 5 19 — — —
Car and Boat Trailer P/B - 8 42 3 8 11 - 5 15 = - -
Motor Home and Boat Trailer MH/B 12 8 53 4 8 20 — 6 15 — — —
Farm Tractorf TR 10 8-10 16° — — 10 9 3 6.5 — — —

@ - o a o T o

EXHIBIT 2-1 Design vehicle Dimensions—REVISED (continued)

Combined dimension is typically 10.0 ft.
Combined dimension is typically 10.0 ft.
Combined dimension is typically 12.5 ft.

This is overhang from the back axle of the tandem axle assembly.
Dimensions are for a 150-200 hp tractor excluding any wagon length.
To obtain the total length of tractor and one wagon, add 18.5 ft to tractor length. Wagon length is measured from front of drawbar to rear of wagon, and drawbar is 6.5 ft long.

Design vehicle with 48 ft trailer as adopted in 1982 Surface Transportation Assistance Act (STAA).
Design vehicle with 53 ft trailer as grandfathered in with 1982 Surface Transportation Assistance Act (STAA).
Combined dimension is 19.4 ft and articulating section is 4 ft wide.

. WB;, WB,, and WB; are the effective vehicle wheelbases, or distances between axle groups, starting at the front and working towards the back of each unit.

. S is the distance from the rear effective axle to the hitch point or point of articulation.
. T is the distance from the hitch point or point of articulation measured back to the center of the next axle or center of tandem axle assembly.

-4

uBisaq Aempeoy Ul S1010B SB SoisualoeIeyD YoNIL JO MaIADY


http://www.nap.edu/23379

Review of Truck Characteristics as Factors in Roadway Design

F-5
Metric
Conven-
tional Large®

Design Single Unit City School | School Intermed-
Vehicle Passenger Single Truck Inter-city Bus Transit | Bus (65 | Bus (84 | Articu- |iate Semi-
Type Car Unit Truck|(Three Axle) (Motor Coach) Bus pass.) pass.) |lated Bus| trailer
Symbol P SU SU-8 BUS-12 BUS-14 [ CITY-BUS |S-BUS11| S-BUS12 | A-BUS WB-12
Minimum

Design 7.3 12.8 15.7 13.7 13.7 12.8 11.9 12.0 12.1 12.2
Turning

Radius (ft)

Center-line’

Turning 6.4 11.6 14.5 12.4 12.4 11.5 10.6 10.8 10.8 11.0
Radius

(CTR)

Minimum

Inside 4.4 8.6 11.1 8.4 7.8 7.5 7.3 7.7 6.5 5.9
Radius (ft)

Turnpike
“Double Triple | Double Motor Farm?®
Design Bottom” | Rocky Semi- Semi- Car and | Car and Home Tractor
Vehicle Interstate Combina-| Mtn trailer/ | trailer/ Motor Camper Boat |[and Boat| w/One
Type Semi-trailer tion Double | trailers | trailer Home Trailer Trailer Trailer Wagon
%%k

symbol  |wB-19+| W20 | wB-20D | wB-28D | WB-30T |WB-33D%|  MH PIT P/B MHB | TRW
Minimum

Design 13.7 13.7 13.7 25.0 13.7 18.3 12.2 10.1 7.3 15.2 55
Turning

Radius (ft)
Center-line’

Turning 12.5 12.5 12.5 23.8 12.5 17.1 11.0 9.1 6.4 14.0 43
Radius

(CTR)

Minimum

Inside 2.4 1.3 59 25.1 3.0 4.5 7.9 53 2.8 10.7 3.2
Radius (ft)

Note: Numbers in table have been rounded to the nearest tenth of a meter.
* Design vehicle with 14.63 m trailer as adopted in 1982 Surface Transportation Assistance Act (STAA).

Design vehicle with 16.16 m trailer as grandfathered in with 1982 Surface Transportation Assistance Act (STAA).
The turning radius assumed by a designer when investigating possible turning paths and is set at the centerline of the front axle of a vehicle.
If the minimum turning path is assumed, the CTR approximately equals the minimum design turning radius minus one-half the front width of
the vehicle.
School buses are manufactured from 42 passenger to 84 passenger sizes. This corresponds to wheelbase lengths of 3,350 mm to 6,020
mm, respectively. For these different sizes, the minimum design turning radii vary from 8.78 m to 12.01 m and the minimum inside radii vary
from 4.27 m to 7.74 m.

Turning radius is for 150-200 hp tractor with one 5.64 m long wagon attached to hitch point. Front wheel drive is disengaged and without
brakes being applied.

Hk
1

EXHIBIT 2-2 Minimum turning radii of design vehicles—REVISED

Recent research has devel oped several design vehicles larger than
those presented here, with overall lengths up to 39.3 m [129.3 ft]. These
larger design vehicles are not generally needed for design to accommodate
the current truck fleet. However, if needed to address conditions at specific

sites, their dimensions and turning performance can be found in NCHRP
Report 505.

MINIMUM TURNING PATHS OF DESIGN VEHICLES

Exhibits 2-3 through 2-23 present the minimum turning paths for 20
typical design vehicles. The principal dimensions affecting design are the
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http://www.nap.edu/23379

Review of Truck Characteristics as Factors in Roadway Design

F-6
US Customary
Conven-
tional Large?
Design Single Unit School | School Intermed-
Vehicle Passenger Single Truck Inter-city Bus City Transit | Bus (65 | Bus (84 | Articu- |iate Semi-
Type Car Unit Truck|(Three Axle) (Motor Coach) Bus pass.) pass.) |lated Bus| trailer
Symbol P SU SU-25 BUS-40 BUS-45 CITY-BUS |S-BUS36| S-BUS40 | A-BUS WB-40
Minimum
Design 24 42 515 45 45 420 38.9 39.4 39.8 40
Turning
Radius (ft)
Center-line’
Turning 21 38 475 40.8 40.8 37.8 34.9 35.4 355 36
Radius
(CTR)
Minimum
Inside 14.4 28.3 36.4 27.6 25.5 24.5 23.8 25.4 21.3 19.3
Radius (ft)
Turnpike
“Double Triple Double Motor Farm®
Design Bottom” | Rocky Semi- Semi- Car and | Car and Home Tractor
Vehicle Interstate Combina-| Mtn trailer/ trailer/ Motor Camper Boat |[and Boat| w/One
Type Semi-trailer tion Double | trailers trailer Home Trailer Trailer Trailer Wagon
*%k
Symbol | we-62* | WO | we-67D | wB-92D | WB-100T |WB-109D*|  MH PIT PB | MHB | TRW
Minimum
Design 45 45 45 82.0 45 60 40 33 24 50 18
Turning
Radius (ft)
Center-line’
Tnggilng a1 M 41 78.0 M 56 36 30 21 46 14
(CTR)
Minimum
Inside 7.9 4.4 19.3 82.4 9.9 14.9 25.9 17.4 8.0 35.1 10.5
Radius (ft)

Note: Numbers in table have been rounded to the nearest tenth of a meter.
* Design vehicle with 14.63 m trailer as adopted in 1982 Surface Transportation Assistance Act (STAA).

Design vehicle with 16.16 m trailer as grandfathered in with 1982 Surface Transportation Assistance Act (STAA).
The turning radius assumed by a designer when investigating possible turning paths and is set at the centerline of the front axle of a vehicle. If
the minimum turning path is assumed, the CTR approximately equals the minimum design turning radius minus one-half the front width of the
vehicle.
School buses are manufactured from 42 passenger to 84 passenger sizes. This corresponds to wheelbase lengths of 3,350 mm to 6,020 mm,
respectively. For these different sizes, the minimum design turning radii vary from 8.78 m to 12.01 m and the minimum inside radii vary from
4.27 mto 7.74 m.

= Turning radius is for 150-200 hp tractor with one 5.64 m long wagon attached to hitch point. Front wheel drive is disengaged and without
brakes being applied.

ok
1

EXHIBIT 2-2 Minimum turning radii of design vehicles—REVISED (continued)

minimum centerline turning radius (CTR), the out-to-out track width, the
wheelbase, and the path of the inner rear tire. Effects of driver
characteristics (such as the speed at which the driver makes a turn) and of
the dlip angles of wheels are minimized by assuming that the speed of the
vehicle for the minimum turning radiusis less than 15 km/h [10 mph].

The boundaries of the turning paths of each design vehiclefor its
sharpest turns are established by the outer trace of the front overhang and
the path of the inner rear wheel. This turn assumes that the outer front
wheel follows the circular arc defining the minimum centerline turning
radius as determined by the vehicle steering mechanism. The minimum
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radii of the outside and inside wheel paths and the centerline turning radii
(CTR) for specific design vehicles are given in Exhibit 2-2.

Trucks and buses generally require more generous geometric
designs than do passenger vehicles. Thisis largely because trucks and buses
are wider and have longer wheelbases and greater minimum turning radii,
which are the principal vehicle dimensions affecting horizontal alignment
and cross section. Single-unit trucks and buses have smaller minimum
turning radii than most combination vehicles, but because of their greater
offtracking, the longer combination vehicles need greater turning path
widths. Exhibit 2-11 defines the turning characteristics of atypical
tractor/semitrailer combination. Exhibit 2-12 defines the lengths of tractors
commonly used in tractor/semitrailer combinations.

A combination truck is asingle-unit truck with afull trailer, a
truck tractor with a semitrailer, or atruck tractor with a semitrailer and one
or more full trailers. Because combination truck sizes and turning
characteristics vary widely, there are several combination truck design
vehicles. These combination trucks are identified by the designation WB,
together with the wheel base or another length dimension in both metric
and U.S. customary units. The combination truck design vehicles are:
(1) the WB-12 [WB-40] design vehicle representative of intermediate size
tractor-semitrailer combinations, (2) the WB-19 [WB-62] design vehicle
representative of larger tractor semitrailer combinations allowed on selected
highways by the Surface Transportation Assistance Act of 1982, (3) the
WB-20 [WB-67] design vehicle representative of alarger tractor-semitrailer
allowed to operate on selected highways by “grandfather” rights under the
Surface Transportation Assistance Act of 1982, (4) the WB-20D [WB-67D]
design vehicle representative of atractor-semitrailer/full trailer (doubles or
twin trailer) combination commonly in use, (5) the WB-28D [WB-92D]
Rocky Mountain double tractor-semitrailer/full trailer combination with one
longer and one shorter trailer used extensively in a number of Western
states, (6) the WB-30T [WB-100T] design vehicle representative of
tractor-semitrailer/full trailer/full trailer combinations (triples) selectively
in use, and (7) the WB-33D [WB-109D] design vehicle representative of
larger tractor-semitrailer/full trailer combinations (turnpike double)
selectively in use. Although Rocky Mountain doubles, turnpike doubles,
and triple trailers are not permitted on many highways, their occurrence
does warrant inclusion in this publication.

The minimum turning radii and transition lengths shown in the
exhibits are for turns at less than 15 km/h [10 mph]. Longer transition curves
and larger curveradii are needed for roadways with higher speeds. The radii
shown are considered appropriate minimum values for use in design,
although skilled drivers might be able to turn with adlightly smaller radius.

The dimensions of the design vehicles take into account recent
trends in motor vehicle sizes manufactured in the United States and
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represent a composite of vehicles currently in operation. However, the
design vehicle dimensions are intended to represent vehicle sizes that are
critical to geometric design and thus are larger than nearly all vehicles
belonging to their corresponding vehicle classes.

The turning paths shown in Exhibits 2-3 through 2-10 and
Exhibits 2-13 through 2-23 were derived by using commercially available
computer programs.

The P design vehicle, with the dimensions and turning
characteristics shown in Exhibit 2-3, represents alarger passenger car.

The SU design vehicle represents alarger single-unit truck. The
control dimensions indicate the minimum turning path for most single-unit
trucks now in operation (see Exhibit 2-4). On long-distance facilities
serving large over-the-road truck traffic or inter-city buses (motor coaches),
the design vehicle should generally be either a combination truck or an
inter-city bus (see Exhibit 2-5 or Exhibit 2-6).

For intra-city or city transit buses, a design vehicle designated as
CITY-BUS s shown in Exhibit 2-7. This design vehicle has awheel base
of 7.62 m [25 ft] and an overall length of 12.20 m [40 ft]. Buses serving
particular urban areas may not conform to the dimensions shown in
Exhibit 2-7. For example, articulated buses, which are now used in certain
cities, are longer than a conventional bus, with a permanent hinge near the
vehicle' s center that allows more maneuverability. Exhibit 2-10 displays the
critical dimensions for the A-BUS design vehicle. Also, dueto the
importance of school buses, two design vehicles designated as S BUS 11
[S-BUS 36] and S-BUS 12 [S-BUS 40] are shown in Exhibits 2-8 and 2-9,
respectively. The larger design vehicle is an 84-passenger bus and the
smaller design vehicle is a 65-passenger bus. The highway designer should
also be aware that for certain buses the combination of ground clearance,
overhang, and vertical curvature of the roadway may present problemsin
hilly areas.

Exhibits 2-13 through 2-19 show dimensions and the minimum
turning paths of the design vehicles that represent various combination
trucks. For local roads and streets, the WB-12 [WB-40] is often considered
an appropriate design vehicle. The larger combination trucks are
appropriate for design of facilities that serve over-the-road trucks.

Exhibits 2-20 through 2-23 indicate minimum turning paths for
typical recreational vehicles.

In addition to the vehicles shown in Exhibits 2-3 through 2-10 and

Exhibits 2-13 through 2-23, other vehicles may be used for selected design
applications, as appropriate. With the advent of computer programs that can
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derive turning path plots, the designer can determine the path characteristics
of any selected vehicleif it differs from those shown (1).

Exhibit 2-1 (Design Vehicle Dimensions) and Exhibit 2-2 (Minimum Turning Radii of
Design Vehicles) should be revised as shown to incorporate the recommended SU-8 [ SU-25] and
WB-28D [WB-92D] design vehicles and to delete the WB-15 [WB-50] design vehicle. In Exhibit
2-1, it isrecommended that the rightmost column be changed from KCRA distance to KCRT
distance for two reasons. First, most states that regulate the kingpin-to-rear-ax|e distance regul ate
the KCRT distance rather than the KCRA distance. Second, the KCRT distance, rather than the
KCRA distance, isillustrated in Exhibits 2-13 through 2-19.

Exhibit 2-14 (Minimum Turning Path for Intermediate Semitrailer WB-15 [WB-50] Design
Vehicle) should be deleted. New minimum turning path exhibits for the recommended SU-8
[SU-25] and WB-28D [WB-92D] design vehicles should be added. The new exhibits to be used
are shown in Figures C-15 and C-20 of this report.

Exhibit 2-15 (Minimum Turning Path for Intermediate Semitrailer WB-19 [WB-62]
Design Vehicle) needs to be updated to change the KCRT distance from 12.3t0 12.5m
[40.5 to 41.0 ft]. The updated exhibit is presented in Figure 10 in this report.

Exhibit 2-16 (Minimum Turning Path for Intermediate Semitrailer WB-20 [WB-65 or
WB-67] Design Vehicle) should be modified to apply onto a WB-20 [WB-67] design vehicle with
aKCRT distance of 13.9 m [45.5 ft]. The applicable truck is shown in Figure C-7 and the
applicable turning plot is shown in Figure C-16.

Chapter 3—Elements of Design

In Exhibit 3-47 (Track Width for Widening of Traveled Way at Horizontal Curves), itis
recommended that the WB-15 [WB-50] design vehicle be deleted and the WB-19 [WB-62] design
vehicle be added.

In Exhibit 3-48 (Front Overhang for Widening of Traveled Way on Curves), delete the
reference to the WB-15 [WB-50] in the legend for Line P and add a reference to the WB-28D
[WB-92D] in the legend for Line P and a reference to the SU-8 [SU-25] design vehiclein the
legend for Line SU.

In the text for Design Values for Traveled Way Widening on p. 214, replace the reference
to the WB-15 [WB-50] design vehicle with areference to the WB-19 [WB-62] design vehicle. In
addition, replace Exhibit 3-51 (Calculated and Design Values for Traveled Way Widening on Open
Highway Curves [Two-Lane Highways, One-Way or Two-Way]) and Exhibit 3-52 (Adjustments
for Traveled Way Widening Vaues on Open Highway Curves [ Two-Lane Highways, One-Way or
Two-Way]) with the revised versions presented here. These exhibits have been revised to use the
WB-19 [WB-62] design vehicle, rather than the WB-15 [WB-50] design vehicle, as the base.

In Exhibit 3-54 (Derived Pavement Widths for Turning Roadways for Different Design

Vehicles), delete the column for the WB-15 [WB-50] design vehicle and add columns for the
SU-8 [SU-25] and WB-28D [WB-92D] design vehicles.
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Metric
Roadway width = 7.2 m Roadway width = 6.6 m Roadway width = 6.0 m
Radius of Design speed (km/h) Design speed (km/h) Design speed (km/h)
curve (M) 50 60 70 80 90 100 50 60 70 80 90 100 50 60 70 80 90 100
3000 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.2 0.3 0.3 0.3 0.3 0.5 0.5 0.6 0.6 0.6 0.6
2500 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.3 0.3 0.3 0.3 0.3 0.5 0.6 0.6 0.6 06 0.6
2000 0.0 0.0 0.0 0.0 0.0 0.1 0.3 0.3 0.3 0.3 0.3 0.4 0.6 0.6 0.6 0.6 0.6 0.7
1500 0.0 0.0 0.1 0.1 0.1 0.1 0.3 0.3 0.4 0.4 0.4 0.4 0.6 0.6 0.7 0.7 0.7 0.7
1000 0.2 0.2 0.2 0.3 0.3 0.3 0.5 0.5 0.5 0.6 0.6 0.6 0.8 0.8 0.8 0.9 09 09
900 0.2 0.2 0.3 0.3 0.3 0.4 0.5 0.5 0.6 0.6 0.6 0.7 0.8 0.8 0.9 0.9 0.9 1.0
800 0.2 0.3 0.3 0.3 0.4 0.4 0.5 0.6 0.6 0.6 0.7 0.7 0.8 0.9 0.9 0.9 1.0 1.0
700 0.3 0.3 0.3 0.4 0.4 0.5 0.6 0.6 0.6 0.7 0.7 0.8 0.9 0.9 0.9 1.0 1.0 11
600 0.3 0.4 0.4 0.4 0.5 0.5 0.6 0.7 0.7 0.7 0.8 0.8 0.9 1.0 1.0 1.0 1.1 1.1
500 0.4 0.4 0.5 0.5 0.6 0.6 0.7 0.7 0.8 0.8 0.9 0.9 1.0 1.0 11 1.1 1.2 1.2
400 0.6 0.6 0.7 0.7 0.8 0.8 0.9 0.9 1.0 1.0 1.1 1.1 1.2 1.2 1.3 1.3 14 1.4
300 0.7 0.8 0.8 0.9 1.0 1.0 1.0 1.1 11 1.2 1.3 1.3 1.3 1.4 1.4 1.5 1.6 1.6
250 0.8 0.9 1.0 1.0 11 11 1.2 1.3 1.3 1.4 1.4 15 1.6 1.6 1.7
200 1.1 1.2 1.3 1.3 1.4 1.5 1.6 1.6 1.7 1.8 1.9 1.9
150 15 1.6 1.7 1.7 1.8 1.9 2.0 2.0 21 2.2 2.3 2.3
140 1.6 1.7 1.9 2.0 2.2 2.3
130 1.8 1.9 2.1 2.2 2.4 2.5
120 1.9 2.0 2.2 2.3 25 2.6
110 2.1 2.2 2.4 2.5 2.7 2.8
100 2.2 2.3 25 2.6 2.8 29
90 25 2.8 3.1
80 2.8 3.1 3.4
70 3.2 3.5 3.8

Notes: Values shown are for WB-19 design vehicle and represent widening in meters. For other design vehicles, use adjustments in Exhibit 3-52.
Values less than 0.6 m may be disregarded.

For 3-lane roadways, multiply above values by 1.5.

For 4-lane roadways, multiply above values by 2.

EXHIBIT 3-51 Calculated and design valuesfor traveled way widening on open highway curves (two-lane highways, one-way,
or two-way)—REVISED

In the text for Widths for Turning Roadways at Intersections on p. 225, in the discussion of

design values for Traffic Condition C, delete the reference to the WB-15 [WB-50] truck. In the

box at the top of p. 226, replace the references to the WB-15 [WB-50] with the WB-12 [WB-40].

The note in the second to last paragraph on p. 223 addresses the applicability of larger design
vehicles to the cases discussed here.

be mod

Thetext of the section on Critical Lengths of Grade for Design on pp. 242 to 247 should

ified as follows:

Critical Lengths of Grade for Design

Maximum grade in itself is not a complete design control. It isalso
appropriate to consider the length of a particular grade in relation to
desirable vehicle operation. The term “critical length of grade’ is used to
indicate the maximum length of a designated upgrade on which aloaded
truck can operate without an unreasonable reduction in speed. For agiven
grade, lengths less than critical result in acceptable operation in the desired
range of speeds. If the desired freedom of operation is to be maintained on
grades longer than critical, design adjustments such as changes in location
to reduce grades or addition of extralanes should be considered. The data
for critical lengths of grade should be used with other pertinent factors
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US Customary
Radius Roadway width = 24 ft Roadway width = 22 ft Roadway width = 20 ft
of curve Design speed (mph) Design speed (mph) Design speed (mph)

() 40 45 50 55 60
7000 1.8 18 19|20 20
6500 1.8 19 19 |20 21
6000 19 1920 21 21
5500 19 | 20 20 21 22
5000 20 20 21 22 22
4500 20 21 22 22 23
4000 22 23 24 24 25
3500 23 24 25 25 26
3000 24 25 26 27 28
2500 27 28 29 30 31
2000 29 30 31 33 34
1800 32 33 34 35 36
1600 33 34 36 37 38
1400 36 37 39 40 41
1200 39 40 42 43 44
1000 43 45 46 48 50
900 47 48 50 52
800 50 52 54 56
700 55 57 59
600 6.2 64 6.6
500 70 7.2
450 7.5
400 8.3
350 9.2
300
250
200

Nortes: Values shown are for WB-62 design vehicle and represent widening in feet. For other design vehicles, use adjustments in Exhibit 3-52.
Values less than 2.0 ft may be disregarded.
For 3-lane roadways, multiply above values by 1.5.
For 4-lane roadways, multiply above values by 2.

EXHIBIT 3-51 Calculated and design valuesfor traveled way widening on open highway curves (two-lane highways, one-way,
or two-way)—REVISED (continued)

(such astraffic volumein relation to capacity) to determine where added
lanes are warranted.

To establish design values for critical lengths of grade for which
gradeability of trucksis the determining factor, data, or assumptions are
needed for the following:

1 Size and power of arepresentative truck or truck combination to be used as
adesign vehicle along with the gradeability data for this vehicle:

Recent data show that the 85th percentile weight/power ratios for trucks
on main highways are typically in the range from 102 to 126 kg/kW

[170 to 210 Ib/hp] NCHRP Report 505. A typical loaded truck,

powered so that the weight/power ratio is about 120 kg/kW [200 Ib/hp], is
representative of the size and type of vehicle normally used as a design
control for main highways. Data in Exhibits 3-59 and 3-60 apply to such
avehicle. More powerful trucks with weight/power ratios in the range
from 102 to 108 kg/kW may be appropriate in some Western states, while
some two-lane highways that are not major intercity routes may have
distinctly different truck populations with weight/power ratios higher than
126 kg/kW [210 Ib/hp].
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Metric US customary
Radius Design vehicle Radius Design vehicle
of curve of curve

(m) SU WB-12 WB-20 WB-20D WB-30T WB-33D (ft) SU  WB-40 WB-67 WB-67D WB-100T WB-109D
3000 -0.3 -0.3 0.0 0.0 0.0 0.1 7000 -1.2 -1.2 0.0 -0.1 -0.1 0.2
2500 -0.3 -0.3 0.0 0.0 0.0 0.1 6500 -1.2 -1.2 0.0 -0.1 0.0 0.2
2000 -0.3 -0.3 0.0 0.0 0.0 0.1 6000 -1.3 -1.2 0.1 -0.1 0.0 0.2
1500 -0.4 -0.3 0.1 0.0 0.0 0.1 5500 -1.3 -1.2 0.1 -0.1 0.0 0.3
1000 -0.5 -0.5 0.0 0.0 -0.1 0.1 5000 -1.3 -1.2 0.1 -0.1 0.0 0.3
900 -0.5 -0.5 0.0 0.0 -0.1 0.1 4500 -1.3 -1.2 0.1 -0.1 0.0 0.4
800 -0.5 -0.5 0.0 0.0 -0.1 0.1 4000 -1.4 -1.4 0.0 -0.3 -0.1 0.3
700 -0.5 -0.5 0.0 0.0 -0.1 0.2 3500 -1.5 -1.4 0.1 -0.3 -0.1 0.4
600 -0.6 -0.5 0.0 0.0 0.0 0.2 3000 -1.5 -1.4 0.1 -0.3 -0.1 0.5
500 -0.6 -0.5 0.1 0.0 0.0 0.3 2500 -1.7 -1.5 0.1 -0.4 -0.2 0.5
400 -0.7 -0.6 0.0 0.0 -0.1 0.3 2000 -1.8 -1.6 0.2 -0.4 -0.1 0.7
300 -0.8 -0.7 0.1 -0.3 -0.1 0.4 1800 -1.9 -1.7 0.1 -0.5 -0.2 0.7
250 -0.9 -0.7 0.1 -0.3 -0.1 0.6 1600 -2.0 -1.8 0.2 -0.5 -0.2 0.9
200 -1.1 -0.9 0.1 -0.4 -0.1 0.7 1400 -2.2 -1.9 0.1 -0.7 -0.3 1.0
150 -1.3 -1.1 0.2 -0.5 -0.2 0.9 1200 -2.3 -2.0 0.3 -0.7 -0.2 1.2
140 -1.3 -1.1 0.2 -0.5 -0.2 1.0 1000 -2.6 -2.2 0.3 -0.8 -0.3 14
130 -1.5 -1.2 0.1 -0.7 -0.3 1.0 900 -2.8 -2.4 0.3 -0.9 -0.3 1.6
120 -1.6 -1.3 0.2 -0.7 -0.2 11 800 -3.0 -2.6 0.3 -1.1 -0.4 1.8
110 -1.7 -1.4 0.2 -0.8 -0.3 11 700 -3.3 -2.8 0.4 -1.2 -0.4 2.0
100 -1.8 -15 0.2 -0.8 -0.3 1.3 600 -3.7 -3.1 0.4 -15 -0.5 2.3
90 -2.0 -1.6 0.2 -0.9 -0.4 14 500 —4.2 -3.5 0.5 -1.7 -0.6 2.8
80 -2.2 -1.8 0.3 -1.0 -0.4 1.6 450 -4.6 -3.8 0.6 -1.9 -0.7 3.2
70 -2.5 -2.0 0.3 -1.2 -0.4 19 400 -5.0 -4.1 0.7 -2.1 -0.8 35
350 -5.7 4.7 0.7 -2.5 -0.9 4.0

300 -6.5 -5.2 0.8 -2.9 -1.1 4.7

250 -7.5 -6.1 1.1 -3.5 -1.2 5.7

200 -9.2 —7.4 1.3 —4.4 —1.6 7.2

Notes: Adjustments are applied by adding to or subtracting from the values in Exhibit 3-51.
Adjustments depend only on radius and design vehicle; they are independent of roadway width and design speed.
For 3-lane roadways, multiply above values by 1.5.
For 4-lane roadways, multiply above values by 2.0.

EXHIBIT 3-52 Adjustmentsfor traveled way widening values on open highway curves (two-lane highways, one-way, or two-

way)—REVISED

Speed at entrance to critical length of grade:

The average running speed as related to design speed can be used to
approximate the speed of vehicles beginning an uphill climb. This estimate
is, of course, subject to adjustment as approach conditions may determine.
Where vehicles approach on nearly level grades, the running speed can be
used directly. For a downhill approach it should be increased somewhat,
and for an uphill approach it should be decreased.

Minimum speed on the grade below in which interference to following
vehiclesis considered unreasonable:

No specific data are available on which to base minimum tolerable
speeds of trucks on upgrades. It islogical to assume that such minimum
speeds should be in direct relation to the design speed. Minimum truck
speeds of about 40 to 60 km/h [25 to 40 mph] for the majority of highways
(on which design speeds are about 60 to 100 km/h [40 to 60 mph]) probably
are not unreasonably annoying to following drivers unable to pass on
two-lane roads, if the time interval during which they are unable to passis
not too long. Thetimeinterval is not likely to be annoying on two-lane
roads with volumes well below their capacities, whereas it is likely to be
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annoying on two-lane roads with volumes near capacity. Lower minimum
truck speeds can probably be tolerated on multilane highways rather than
on two-lane roads because there is more opportunity for and less difficulty
in passing. Highways should be designed so that the speeds of trucks will
not be reduced enough to cause intolerable conditions for following drivers.

Studies show that, regardless of the average speed on the highway,
the more a vehicle deviates from the average speed, the greater its chances
of becoming involved in a crash. One such study (41) used the speed
distribution of vehicles traveling on highways in one state, and related it to
the crash involvement rate to obtain the rate for trucks of four or more axles
operating on level grades. The crash involvement rates for truck speed
reductions of 10, 15, 25, and 30 km/h [5, 10, 15, and 20 mph] were
developed assuming the reduction in the average speed for all vehicles
on agrade was 30 percent of the truck speed reduction on the same grade.
The results of this analysis are shown in Exhibit 3-62.

A common basis for determining critical length of grade is based on
areduction in speed of trucks below the average running speed of traffic.
Theideal would be for all traffic to operate at the average speed. This,
however, is not practical. In the past, the general practice has been to use a
reduction in truck speed of 25 km/h [15 mph] below the average running
speed of all traffic to identify the critical length of grade. Asshown in
Exhibit 3-62, the crash involvement rate increases significantly when the
truck speed reduction exceeds 15 km/h [10 mph] with the involvement
rate being 2.4 times greater for a 25-km/h [15-mph] reduction than for a
15-km/h [10-mph] reduction. On the basis of these relationships, it is
recommended that a 15-km/h [ 10-mph] reduction criterion be used as the
general guide for determining critical lengths of grade.

The length of any given grade that will cause the speed of a
representative truck (120 kg/kW [200 Ib/hp]) entering the grade at
110 km/h [ 70 mph] to be reduced by various amounts below the average
running speed of all traffic is shown graphically in Exhibit 3-63, which is
based on the truck performance data presented in Exhibit 3-59. The curve
showing a 15-km/h [10-mph] speed reduction is used as the general design
guide for determining the critical lengths of grade. Similar information
on the critical length of grade for recreational vehicles may be found in
Exhibit 3-64, which is based on the recreational vehicle performance data
presented in Exhibit 3-61.

Where the entering speed is less than 110 km/h [70 mph], as may be
the case where the approach is on an upgrade, the speed reductions shown
in Exhibits 3-63 and 3-64 will occur over shorter lengths of grade.
Conversely, where the approach is on a downgrade, the probable approach
speed is greater than 110 km/h [70 mph] and the truck or recreational
vehicle will ascend a greater length of grade than shown in the exhibits
before the speed is reduced to the values shown.
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The method of using Exhibit 3-63 to determine critical lengths of
grade is demonstrated in the following examples.

Assume that a highway is being designed for 100 km/h [60 mph]
and has afairly level approach to a4 percent upgrade. The 15-km/h
[10-mph] speed reduction curve in Exhibit 3-63 shows the critical length
of grade to be 350 m [1,200 ft]. If, instead, the design speed was 60 km/h
[40 mph], the initial and minimum tolerable speeds on the grade would be
different, but for the same permissible speed reduction the critical length
would still be 360 m [1,200 ft].

In another instance, the critical length of a5 percent upgrade
approached by a 500-m [1,650-ft] length of 2 percent upgrade is unknown.
Exhibit 3-63 shows that a 2 percent upgrade of 500 m [1,650 ft] in length
would result in a speed reduction of about 9 km/h [6 mph]. The chart
further shows that the remaining tolerable speed reduction of 6 km/h
[4 mph] would occur on 100 m [325 ft] of the 5 percent upgrade.

Where an upgrade is approached on a momentum grade, heavy
trucks often increase speed, sometimes to a considerable degree in order to
make the climb in the upgrade at as high a speed as practical. This factor
can be recognized in design by increasing the tolerable speed reduction. It
remains for the designer to judge to what extent the speed of trucks would
increase at the bottom of the momentum grade above that generally found
on level approaches. It appears that a speed increase of about 10 km/h
[5 mph] can be considered for moderate downgrades and a speed increase
of 15 km/h [10 mph] for steeper grades of moderate length or longer. On
this basis, the tol erable speed reduction with momentum grades would be
25 or 30 km/h [15 or 20 mph]. For example, where there is a moderate
length of 4 percent downgrade in advance of a6 percent upgrade, a
tolerable speed reduction of 25 km/h [15 mph] can be assumed. For this
case, the critical length of the 6 percent upgrade is about 300 m [1,000 ft].

The critical length of grade in Exhibit 3-63 is derived as the length
of tangent grade. Where a vertical curveispart of acritical length of grade,
an approximate equivalent tangent grade length should be used. Where the
condition involves vertical curves of Types|l and IV shown later in this
chapter in Exhibit 3-73 and the algebraic difference in grades is not too
great, the measurement of critical length of grade may be made between the
vertical points of intersection (VPI). Where vertical curves of Types| and
[ in Exhibit 3-73 are involved, about one-quarter of the vertical curve
length should be considered as part of the grade under consideration.

In many design situations, Exhibit 3-63 may not be directly
applicable to the determination of the critical length of grade for one of
several reasons. First, the truck population for a given site may be such that
aweight/power ratio either less than or greater than the value of 120 kg/kwW
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assumed in Exhibit 3-63 may be appropriate as a design control. Second,

for the reasons described above, the truck speed at the entrance to the grade
may differ from the value of 110 km/h [70 mph] assumed in Exhibit 3-63.
Third, the profile may not consist of a constant percent grade. In such
situations, a spreadsheet program, known as the Truck Speed Profile Model
(TSPM), isavailable and may be used to generate speed truck profiles for
any specified truck weight/power ratio, any specified initial truck speed, and
any specified sequence of grades.

Steep downhill grades can also have a detrimental effect on the
capacity and safety of facilities with high traffic volumes and numerous
heavy trucks. Some downgrades are long and steep enough that some
heavy vehiclestravel at crawl speedsto avoid loss of control on the grade.
Slow-moving vehicles of this type may impede other vehicles. Therefore,
there are instances where consideration should be given to providing a truck
lane for downhill traffic. Procedures have been developed in the HCM (14)
to analyze this situation.

The suggested design criterion for determining the critical length of
grade is not intended as a strict control but as a guideline. In some
instances, the terrain or other physical controls may preclude shortening or
flattening grades to meet these controls. Where a speed reduction greater
than the suggested design guide cannot be avoided, undesirable type
of operation may result on roads with numerous trucks, particularly on
two-lane roads with volumes approaching capacity and in some instances
on multilane highways. Where the length of critical grade is exceeded,
consideration should be given to providing an added uphill lane for
slow-moving vehicles, particularly where volumeis at or near capacity and
the truck volume is high. Datain Exhibit 3-63 can be used along with other
pertinent considerations, particularly volume datain relation to capacity and
volume data for trucks, to determine where such added lanes are warranted.

Chapter 4—Cross Section Elements

No changes recommended.

Chapter 5—L ocal Roads and Streets

No changes recommended.

Chapter 6—Collector Roads and Streets

No changes recommended.
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Chapter 7—Rural and Urban Arterials

No changes recommended.

Chapter 8—Freeways

No changes recommended.

Chapter 9—Intersections

In the discussion on Minimum Edge-of-Traveled-Way Designs on p. 587, eliminate the
reference to the WB-50 design vehicle and add references to the SU-8 [SU-25] and WB-28D
[WB-92D] design vehicles. Also, change the references to Exhibits 2-3 through 2-23, as
appropriate, to reflect the recommended changes in Chapter 2.

In Exhibit 9-19 (Edge-of-Traveled-Way Designs for Turns at Intersections) and
Exhibit 9-20 (Edge of Traveled Way for Turns at Intersections), delete the rows for the WB-15
[WB-50] design vehicles and add rows for the SU-8 [SU-25] and WB-28D [WB-92D] design
vehicles.

In the section on Design for Specific Conditions (Right-Angle Turns) on p. 596 to 625,
delete references to the WB-15 [WB-50] design vehicle and add references to the SU-8 [ SU-25]
design vehicle. References to the WB-15 [WB-50] design vehicle should be replaced with the
WB-12 [WB-40] design vehicle or the WB-19 [WB-62] design vehicle, as appropriate.

Add anew exhibit after Exhibit 9-22 to present minimum traveled way designs for the new
SU-8 [SU-25 design vehicle].

Delete Exhibit 9-24 (Minimum Edge-of-Traveled-Way Designs WB-15 [WB-50] Design
Vehicle Path).

In Exhibit 9-29 (Effect of Curb Radii on Right Turning Paths of Various Design Vehicles)
and Exhibit 9-30 (Effect of Curb Radii on Right Turning Paths of Various Design Vehicles), delete
the line for the WB-15 [WB-50] design vehicle and use the WB-19 [WB-62] design vehicle instead.

In Exhibit 9-31 (Cross Street Width Occupied by Turning Vehicle for Various Angles of
Intersection and Curb Radii) and Exhibit 9-32 (Effect of Curb Radii and Parking on Right Turning
Paths), delete the rows for the WB-15 [WB-50] design vehicle and add rows for the SU-8 [SU-12]
design vehicle.

The fourth paragraph on p. 625 should be edited as follows:
The WB-19 [WB-62] and larger trucks generally are used

principally for “over-the-road” transportation between trucking terminals or
industrial or commercial areas. Ideally, such destinations are located near
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major highway facilities that are designed to accommodate the larger
combination units. Such trucks may be present on urban arterials, but
seldom turn into or out of local urban streets.

Exhibit 9-41 (Minimum Turning Roadway Designs with Corner Islands at Urban L ocations)
should be modified to replace the WB-15 [WB-50] with the WB-19 [WB-62] design vehicle.

In Exhibit 9-42 (Exhibit 9-42. Typical Designs for Turning Roadways), Design
Classification C should be modified to address the WB-19 [WB-62] design vehicle rather than the
WB-15 [WB-50] design vehicle.

Exhibit 9-76 (Control Radii at Intersections for 90-Degree Left Turns) should be modified
to replace the WB-15 [WB-50] and WB-20 [WB-67] design vehicles with the WB-19 [WB-62]
design vehicle. The text on p. 697 should be modified accordingly.

Exhibit 9-78 (Minimum Design of Median Openings—P Design Vehicle, Control Radius
of 12 m [40 ft]), Exhibit 9-81 (Minimum Design of Median Openings—SU Design Vehicle,
Control Radius of 15 m [50 ft]), Exhibit 9-82 (Minimum Design of Median Openings—WB-12
[WB-40] Design Vehicle, Control Radius of 23 m [75 ft]), and Exhibit 9-83 (Minimum Design of
Median Openings—Radius of 30 m [100 ft]) should be modified to replace the WB-15 [WB-50]
design vehicle with the WB-19 [WB-62] design vehicle.

In the sections on Median Openings Based on Control Radii for Design Vehicles and Effect
of Skew on p. 702 through 706, delete the references to the WB-15 [WB-50] design vehicle.

In Exhibit 9-92 (Minimum Designs for U-turns), delete the column for the WB-15
[WB-50] design vehicle. Add a column for the SU-8 [ SU-25] design vehicle and replace the
WB-18 [WB-60] design vehicle with the WB-19 [WB-62] design vehicle.

On p. 726, insert the following new section after the fourth full paragraph:

Doubleor Triple Left-Turn Lanes

Offtracking and swept path width are important factors in designing
double and triple left-turn lanes. At such locations, vehicles should be able
to turn side-by-side without encroaching upon the adjacent turn lane. A
desirable turning radius for double or triple left-turn lane is 27 m [90 ft]
which will accommodate the P, SU, SU12 [SU40], and WB-12 [WB-40]
design vehicles within a swept path width of 3.6 m [12 ft]. L arger vehicles
need greater widths to negotiate double or triple left-turn lanes constructed
with a 27 m [90 ft] turning radius without encroaching on the paths of
vehicles in the adjacent lane. Exhibit 9-## illustrates the swept path widths
for specific design vehicles making 90° |eft turns. Exhibit 9-## can be used
to determine width needed at the center of a turn where the maximum
vehicle offtracking typically occurs. To help drivers maintain their vehicles
within the proper lanes, it is recommended that the longitudinal lane line
markings of double or triple |eft-turn lanes be extended through the
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F-18
Centerline Turning Swept Path Width (m) for Specific Design Vehicles
Radius
(m) SuU SU-8 WB-19 WB-20D
23 3.3 3.7 6.4 5.1
30 3.0 3.4 5.6 4.4
46 2.8 3.1 4.6 3.8
Centerline Turning Swept Path Width (ft) for Specific Design Vehicles
Radius
(ft) SuU SU-25 WB-62 WB-67D
75 10.7 12.3 21.1 16.6
100 9.8 11.2 18.4 14.7
150 9.1 10.1 15.2 12.5

EXHIBIT 9-## Swept path widthsfor 90° left turns

intersection area to provide positive guidance. This type of pavement
marking extension provides a visual cue for lateral positioning of the
vehicle as the driver makes a turning maneuver.

Chapter 10—Grade Separations and | nterchanges

No changes recommended. It is recommended that minimum acceleration lengths for
trucks be considered in future research.
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AASHO
AASHTO
APTA
ASCE
ASME
ASTM
ATA
CTAA
CTBSSP
FAA
FHWA
FMCSA
FRA
FTA
IEEE
ITE
NCHRP
NCTRP
NHTSA
NTSB
SAE
TCRP
TRB
U.S.DOT

Abbreviations used without definitions in TRB publications:

American Association of State Highway Officials
American Association of State Highway and Transportation Officials
American Public Transportation Association
American Society of Civil Engineers

American Society of Mechanical Engineers

American Society for Testing and Materials

American Trucking Associations

Community Transportation Association of America
Commercial Truck and Bus Safety Synthesis Program
Federal Aviation Administration

Federal Highway Administration

Federal Motor Carrier Safety Administration

Federal Railroad Administration

Federal Transit Administration

Institute of Electrical and Electronics Engineers
Institute of Transportation Engineers

National Cooperative Highway Research Program
National Cooperative Transit Research and Development Program
National Highway Traffic Safety Administration
National Transportation Safety Board

Society of Automotive Engineers

Transit Cooperative Research Program
Transportation Research Board

United States Department of Transportation
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