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This report presents capacity and level-of-service techniques that (1) improve transpor-
tation agencies’ abilities to plan, design, manage, and operate streets and highways to serve 
trucks and (2) better evaluate the effects of trucks on other modes of transportation and 
vice versa. These techniques are being incorporated into the Highway Capacity Manual, but 
will be immediately useful to planners and designers working on projects with significant 
truck traffic.

In 2009, trucks moved 10.9 billion tons of freight; by 2040, trucks are expected to move 
18.4 billion tons of freight (FHWA, Freight Facts and Figures 2010). The growth in trucking 
can be attributed to a number of factors including changes in population and employment; 
the modal shift of freight to trucks from other modes; and changes in the economy and 
business practices that affect the freight transportation system. Transportation decisions 
should facilitate and account for freight flows, but analysts lack the tools needed to evaluate 
them.

The Highway Capacity Manual (HCM) is a fundamental reference for the operational 
analysis of streets and highways. While the 1950 HCM was focused on automobile traffic, 
later editions have incorporated research that has been conducted on pedestrians, bicy-
clists, and transit users. The 2010 HCM, however, largely considers trucks only as they 
impact other travelers. Incorporation of truck analysis into the HCM will help transpor-
tation agencies address the freight and highway needs of their community, region, state, 
and nation. 

In NCFRP Project 41, a research team of Kittelson and Associates (prime), Cambridge 
Systematics, Working Energy Enterprises, and the Institute for Transportation Research and 
Education at North Carolina State University took a comprehensive approach to addressing 
this issue. In addition to a literature review, federal, state, regional, and local agencies were 
contacted to document the state of the practice. Carriers and shippers were interviewed to 
determine the critical factors that affect logistical decisions. 

Based on the insights from these activities, the research team developed a truck level-
of-service framework. This framework was refined through two workshops with a wide 
variety of public transportation agency staff to ensure that it would be useful in their 
work, particularly in evaluating the impacts of system improvements on goods move-
ments. The utility of this framework was demonstrated through the development of three 
case studies. 

The research team then collected field data and calibrated simulation models on freeways 
and arterials. These models were used to develop improved methods of estimating perfor-
mance measures for trucks and other vehicles. This effort did determine that both the cur-

F O R E W O R D

By	B. Ray Derr
Staff Officer
Transportation Research Board
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rent HCM methodology and the new methodology are not reliable for long, steep grades. 
Follow-on research to develop a better freeway methodology for these conditions has been 
funded by the National Cooperative Highway Research Program (NCHRP).

The report includes several recommendations for improvements to the HCM, and these 
are being considered in NCHRP Project 03-115, which is updating the HCM for expected 
publication in 2015. 
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National Cooperative Freight Research Program (NCFRP) Project 41 is a 24-month, $500,000 
research project to facilitate the incorporation of trucking industry considerations into all plan-
ning studies by developing performance measures, level-of-service models, and truck analysis 
methodologies that can be applied within the Highway Capacity Manual framework.

1.1 Problem Statement

In 2009, trucks moved 10.9 billion tons—63% of the estimated 16 billion tons of freight shipped 
in the United States; by 2040, trucks are expected to move 18.4 billion tons of freight (FHWA, 2010: 
Freight Facts and Figures 2010). The growth in trucking can be attributed to a number of factors 
including changes in population and employment, the modal shift of freight to trucks from other 
modes, and changes in the economy and business practices that affect the freight transportation 
system. Transportation decisions should facilitate and account for freight flows, but analysts lack 
the tools needed to evaluate them.

State Departments of Transportation (state DOTs) and metropolitan planning organizations 
(MPOs) currently take into account the importance of trucking to state and local economies 
through various specialized freight studies and action plans. However, the vast majority of these 
agencies’ planning efforts do not explicitly incorporate trucking industry perspectives and needs 
when planning and prioritizing general transportation improvements. Freight planning is a par-
allel, specialized effort of these agencies, not part of their mainstream planning practice. This 
“separate but equal” approach to truck planning is caused partly by the specialized nature and 
needs of the trucking industry, but also by the lack of tools for evaluating trucking industry needs 
when performing conventional planning studies.

The Highway Capacity Manual (HCM) is the fundamental reference for the operational analysis 
of streets and highways. It is one of the fundamental analysis tools used in conventional planning 
practice, and while it provides several methods for evaluating the impacts of trucks on automobile 
traffic, it has no methods for evaluating the impacts of facility performance on truck LOS. Incor-
poration of truck analysis into the HCM will help transportation agencies address the freight and 
highway needs of their community, region, state, and nation.

1.2 Research Objective and Products

The objective of the research has been to develop improved, nationally accepted capacity and 
level-of-service techniques suitable for incorporation into the HCM that

•	 Improve transportation agencies’ abilities to plan, design, manage, and operate streets and 
highways to serve trucks and

S e c t i o n  1
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2  I  ncorporating Truck Analysis into the Highway Capacity Manual

•	 Better evaluate the effects of trucks on other modes of transportation and vice versa.

Techniques are needed for uninterrupted and interrupted flow facilities in both rural and 
urban conditions.

1.3 Approach

The research proceeded according to the tasks and schedule described below.

Task 0: Amplified Work Plan

The objective of this task was to provide an expanded version of the approved research plan, 
budget, and schedule in response to comments from the project panel on the draft work plan.

Task 1: Literature Review

The purpose of this task was to analyze, describe, and critique pertinent domestic and inter-
national research on the basis of applicability, conclusiveness of findings, and usefulness for the 
analysis of truck operations on streets and highways.

This task documented how trucks are addressed in the HCM 2010 and identified deficiencies. 
This task also reviewed the HCM equivalents found in research and used in other countries 
to identify techniques and material that could be useful additions to truck application of the 
HCM 2010 (TRB, 2010).

Task 2: DOT and MPO Survey and Interview Data Collection

The purpose of this task was to interview representative state DOT and MPO personnel and 
other practitioners to

•	 Determine how the HCM could be appropriately used in the analysis of truck operations on 
streets and highways (e.g., freight corridors and connectors, rural mountainous freeways and 
multilane highways, and urban streets).

•	 Identify deficiencies in the HCM related to truck analysis.
•	 Identify and describe methods that practitioners have used to successfully adapt the HCM 

methodologies to meet their needs in analyzing truck traffic.
•	 Describe how the results of truck analysis should be considered in the planning and prioritiza-

tion of projects and the performance measurement of the system.

Task 3: Shipper/Carrier Survey and Interview Data Collection

The objective of this task was to identify the critical performance measures that affect truck-
ing industry (shipper/carrier/logistical consultants) perceptions of the operation of streets and 
highways and to develop information on their perceptions of different levels of highway and 
street operation for use in developing and calibrating truck level-of-service models.

Task 4: Truck Classification

The aim of this task was to develop a classification scheme for trucks that is consistent with 
national schemes but suitable for inclusion in the HCM. Performance characteristics (e.g., 
acceleration, deceleration, weight, length, emissions, and operational constraints) for each class 
should be described in both laden and unladen states.

Task 5: Conceptual Framework

The purpose of this task was to develop a conceptual framework for analyzing truck opera-
tions in the HCM. This task identified and described the specific data collection and analysis 
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Introduction    3   

efforts needed to develop the framework and methodologies within the framework. This task 
catalogued the input data that was likely to be needed for the analysis methodologies included 
in the framework and described sources for that data.

Task 6: Interim Report and Panel Meet

A project interim report was prepared summarizing the work done in Tasks 1 through 5 
and presenting an updated work plan for the remaining tasks. The research team met with the 
NCFRP project oversight panel for the review and approval of the interim report.

Task 7: Execute Data Collection Efforts, Develop Models and Methodologies

Data collection and analysis efforts were conducted during this task to develop the framework 
and methodologies as identified in Task 5 and approved at the interim meeting.

Task 8: Case Studies and Panel Meet

This task developed case studies demonstrating how the framework and methodologies devel-
oped in Task 7 could address typical applications identified in Task 2. The case studies were 
intended to highlight improved capabilities over existing methods and to advance the adoption 
and implementation of the NCFRP Project 41 research results by the profession.

Task 9: Supplemental Chapter Development

This task developed a supplemental chapter to the HCM 2010 that fully presents the frame-
work and methodologies. The draft chapter identifies the limitations of these methods as well 
as any special considerations such as for sensitivity analysis. The chapter provides and discusses 
the appropriate use of default values. This chapter is intended to be suitable for publication in 
Volume 4 of the HCM 2010.

Task 10: Computational Engine

A computational engine (software with very basic user interface) was developed to illustrate 
the application of the truck analysis methodology in a way that was more robust than selected 
case studies. In addition, the computational engine was developed to expedite the development 
of the case studies. The computational engines were also intended to promote the development 
of more commercially oriented software products that would greatly facilitate adoption and 
application of the NCFRP Project 41 research results by the profession.

Task 11: Public Agency Workshops to Evaluate Methods

This task involved field testing of the draft chapter through workshops with public agency 
personnel. Public agency participants at the workshops were asked to provide insights and feed-
back for consideration of the panel and the Highway Capacity Committee. The public agency 
workshops also had the serendipitous result of making key local agency practitioners aware of 
the new NCFRP Project 41 methodologies and how to best apply them.

Task 12: Final Report

The purpose of this task was to finalize the draft HCM chapter on truck analysis and to develop 
a final report that documents the entire research effort including the revised HCM chapter as 
a stand-alone appendix. The report also describes how the material in that chapter could be 
incorporated into a future edition of the HCM.

Task 13: Presentations and Webinars

The objective of this task was to keep the TRB Committee on Highway Capacity and Quality 
of Service (HCQS) and the profession informed of study progress and results so as to facilitate 
inclusion of the research results in the next edition of the Highway Capacity Manual.
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4  I  ncorporating Truck Analysis into the Highway Capacity Manual

Project Time Schedule

The project began April 5, 2012 and was completed by April 4, 2014. The time schedule is 
presented in Exhibit 1.

1.4 Relationship to Reliability Research Projects

NCFRP Project 41 and SHRP2-L08 reliability research project are intimately related. The 
reliability performance measures produced by the SHRP2-L08 project are key inputs to the truck 
level-of-service models for NCFRP Project 41.

    2012 2013 2014 
  Task Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 

0 Amplified Work Plan                         
1 Literature Review                         
2 DOT/MPO Interviews                         
3 Shipper/Carrier Interviews                         
4 Truck Classification                         
5 Conceptual Framework                         
6 Interim Report/Panel Meet                         
7 Model Development                         
8 Case Studies/Panel Meet                         
9 Chapter Development                         

10 Software Engines                         
11 Evaluation Workshops                         
12 Final Report                         
13 Presentations TRB         X   X   X     

Exhibit 1.    Planned project time schedule.
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This section reviews how public agencies plan for truck freight movement and establishes a 
context for how public agencies might use a separate level-of-service measure for trucks. Current 
federal, state, and local practices are reviewed with examples drawn from several state agencies 
and MPOs.

Freight planning has only recently come to the fore as a significant planning issue, espe-
cially for state and local agencies—for example, states and localities now see freight planning as 
an essential component of economic development. As another example, effects of freight move-
ment on air quality are an increasing concern in non-attainment areas such as the Los Angeles 
region.

Freight planning is also a national issue. The recent report of the National Surface Trans-
portation Policy and Revenue Study Commission devoted a significant amount of discussion 
to freight planning issues, including the increasing importance of an efficient goods movement 
system for the economic health of the United States (National Surface Transportation Policy and 
Revenue Study Commission, n.d.).

2.1 Federal Agency Practice

The U.S. DOT recently announced the creation of a Freight Policy Council that will focus 
on improving the condition and performance of the national freight network to better ensure 
the ability of the United States to compete in today’s global economy (FHWA, n.d.: Releases 
and Speeches). The formation of the council follows the passage of MAP-21, which calls for the 
creation of a National Freight Strategic Plan.

2.1.1  Federal Highway Administration

FHWA carries out a number of freight-related functions including the following (FHWA, 
n.d.: Freight Management and Operations):

•	 Setting truck size and weight standards (FHWA, n.d.: Truck Size and Weight);
•	 Planning, funding, and maintenance for the National Highway System (NHS) (FHWA, n.d.: 

National Highway System). This includes the interstate system and corridors designated by 
Congress as “high priority corridors”;

•	 Conducting policy studies in support of efficient freight movement; and
•	 Developing and making accessible information on freight commodity flows.

S e c t i o n  2
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2.1.2  National Transportation Safety Board

NTSB has an Office of Highway Safety, which includes the following:

•	 Investigations Division—investigates accidents involving issues with wide ranging safety sig-
nificance and

•	 Report Development Division—researches national highway safety issues, develops accident 
reports, and issues safety recommendations.

2.2 State Agencies

State agencies provide several functions related to freight movement, such as the following:

•	 Include freight planning as part of statewide transportation planning,
•	 Establish weigh stations, and
•	 Set size and weight limits for trucks on the state highway system that is not part of the Inter-

state Highway System.

An example of a state that provides several functions related to freight movement is Cali-
fornia. California performs freight planning research, issues bonds to fund infrastructure 
improvements on trade corridors (i.e., Trade Corridors Improvement Fund), and produces a 
goods-movement action plan.

2.2.1  Caltrans Freight Planning Research

The Freight Planning Branch of the California DOT (Caltrans) conducts analyses of freight 
transportation system performance and future trends, develops freight mobility plans and modal 
studies, and recommends improvements to goods movement systems and operations through 
system planning, regional planning, intergovernmental review, participation on multi-state goods 
movement advisory committees, and other activities.

2.2.2  Trade Corridors Improvement Fund

The Highway Safety, Traffic Reduction, Air Quality, and Port Security Bond Act of 2006—
approved by the voters as Proposition 1B in 2006—made $2 billion available for infrastructure 
improvements along federally designated “Trade Corridors of National Significance” in Cali-
fornia or along other corridors within California that have a high volume of freight movement.

The funds were made available to the California Transportation Commission upon appro-
priation in the annual Budget Bill by the Legislature and subject to such conditions and criteria 
as the Legislature may provide by statute.

This $2 billion program within Proposition 1B is known as the Trade Corridors Improvement 
Fund (TCIF). The types of projects considered under this program include highway expansions, 
grade separations, rail capacity, and port access improvements. In selecting projects, the Goods 
Movement Action Plan was considered, among other factors.

2.2.3  Goods Movement Action Plan

Caltrans is currently updating its Goods Movement Action Plan (GMAP) under the work-
ing title of the “California Freight Mobility Plan.” The GMAP was issued in 2005 and 2007 and 
helped guide project selection for the allocation of funds under the TCIF program.
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Like the GMAP, the Freight Mobility Plan will address current conditions, future trends, and 
major issues in goods movement across all modes and regions of California. Going further than 
what the GMAP addressed, the Freight Mobility Plan will devote more attention to community 
impact issues, take a more in-depth look at trucking, and will identify more thoroughly the 
freight needs of portions of California that did not receive sufficient attention during develop-
ment of the GMAP. This update will also benefit from important regional freight mobility plan-
ning programs that partner agencies have been engaged in and will utilize recent freight industry 
plans developed by seaports, railroads, and others.

New considerations that have emerged for the Freight Mobility Plan include the following:

•	 Climate change goals and greenhouse gas emissions,
•	 New legislative mandates including sustainable communities,
•	 Adaptation to sea-level rise,
•	 New trends in international and interstate goods movement,
•	 Regional differences throughout the state in goods movement and infrastructure,
•	 How to best obtain substantive input from stakeholders,
•	 Identifying and evaluating projects and developing criteria to set priorities, and
•	 Integration with other state plans and programs.

2.3 Multi-Regional Agencies

A number of multi-regional agencies have been created to deal with freight issues that tran-
scend individual regions and states. One example is the Mid-America Freight Coalition (MAFC) 
which was formerly known as the Mississippi Valley Freight Coalition. MAFC is a regional orga-
nization that cooperates in the planning, operation, preservation, and improvement of transpor-
tation infrastructure in the Midwest. Its coalition members include ten states (Illinois, Indiana, 
Iowa, Kansas, Kentucky, Michigan, Minnesota, Missouri, Ohio, and Wisconsin) that share key 
interstate corridors, inland waterways, and the Great Lakes. These ten states signed a Memoran-
dum of Understanding in October 2006 demonstrating their willingness to meet freight demand 
through regional cooperative efforts. The MAFC is built upon the work of the Upper Midwest 
Freight Corridor Study (UMFCS).

2.4 Regional and Local Agencies

Local agencies include MPOs and other regional agencies, counties, cities, and special districts 
such as ports.

2.4.1  Metropolitan Planning Organizations

MPOs provide a regional perspective on freight movement, not only identifying conges-
tion and reliability issues, but also explicitly recognizing freight movement as contributing to 
the economic health of a region. MPO studies of freight movements have brought together a 
wide variety of stakeholders including city and county governments, port authorities, the busi-
ness community (including shippers and freight carriers), environmental groups, and the public 
at large.

A recent presentation on Best Practices for MPO Freight Planning in 2009 noted that there 
is no single best practice for freight planning, and that freight planning issues should match the 
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issues of the MPO (Cambridge Systematics, n.d.). Freight movement issues in the region can be 
seen in a number of ways, including as an

•	 Economic development issue,
•	 Congestion issue,
•	 Safety issue, and
•	 Quality of life issue.

Metropolitan Transportation Commission

MTC developed a regional goods movement study for the San Francisco Bay Area in 2004 
(Metropolitan Transportation Commission, 2004). Phase 1 of the study focused on understand-
ing the movement of goods and the economic effects of this industry on the San Francisco Bay 
Area. Phase 2 assessed both the economic and employment effects of the industry on the Bay 
Area and its sub-regions. It provided a “big picture” analysis of the industry for policymakers 
and focused on the interaction among the trends in the goods-movement industry, local policy 
decisions that affect the goods-movement industry, and the industry’s effects on the regional 
economy.

The intent of the study was to develop strategies for how MTC should allocate investment 
resources to goods movement in the regional transportation plan. As part of the study, a working 
paper was produced on developing land use strategy to support regional goods movement in the 
Bay Area (Hausrath Economics Group and Cambridge Systematics, 2004).

Portland Metro

In 2010 Portland Metro adopted a regional freight plan as an element of its regional transpor-
tation plan (RTP) update (Metro, 2010). The intent of the plan was to position the region for 
the economic rebound after the 2008–2010 recession. The task force targeted the following as 
the main issues for freight movement in the region:

•	 Congestion and hotspots—chronic road and rail network bottlenecks that impede regional 
freight/goods movement;

•	 Reliability—as distinct from congestion, unpredictable travel time due to crashes, construc-
tion, special events and weather (often exacerbated by capacity constraints);

•	 Capacity constraints—caused by physical and operational issues as well as lack of capacity in 
critical corridors;

•	 Network barriers—safety concerns and out-of-direction travel resulting from weight limited 
bridges, low bridge clearances, steep grades, at-grade rail crossings and poorly designed turns 
or intersections;

•	 Land use—system capacity and land for industrial uses that is being lost to other activities; 
and

•	 Environmental and other impacts—managing adverse impacts including diesel emissions, 
greenhouse gas emissions, water quality, noise and land use conflicts.

Sacramento Area Council of Governments

SACOG conducted a regional freight study in 2007 that looked at freight movement in the 
region in relation to transportation and land use policies (Tioga Group, 2007). The study looked 
at existing and planned land use policies and also conducted a project analysis of the Metro-
politan Transportation Plan (MTP) with specific regard to how projects in the MTP would 
affect freight movement in the region. Projects were graded specifically on how well they would 
improve goods movement. Within each grade, the total cost of the projects that received that 
grade was calculated.
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2.4.2  Cities and Counties

Cities and counties regulate freight primarily through their authority to designate loading 
zones, to restrict truck parking, to prohibit trucks from certain roads, and to designate specific 
truck routes. Physical characteristics of city roads can also limit truck movements such as height 
limits imposed by bridges and overpasses (Rhodes et al., 2012). For example, New York City 
regulates truck traffic in several ways including (NY DOT, Trucks and Commercial Vehicles)

•	 Limiting truck parking to certain areas,
•	 Prohibiting standing by trucks except for loading and unloading,
•	 Limiting trailer parking,
•	 Identifying specific truck routes within the city,
•	 Developing a pilot off-hour truck delivery program that restricts truck deliveries to certain 

hours with low traffic, and
•	 Setting weight and size limits on trucks within the city.

Another example is San Francisco, which has instituted a number of regulatory and advisory 
measures for trucks including the following (San Francisco MTA):

•	 Requiring special permits for “extralegal” trucks on city streets (i.e., trucks that exceed 8.5 ft. 
in width, 14.0 ft. in height, or 65.0 ft. in length or are greater than 34,000 lbs. per axle);

•	 Designating streets with specific restrictions on truck weights;
•	 Designating advisory truck routes within the city; and
•	 Providing a special advisory that trucks, like all other motorized traffic in the city, should share 

the road with bicycles.

The City of London’s transportation strategy focuses on a number of strategies to address 
congestion and reduce CO2 emissions. One of the strategies for freight is out-of-hours deliveries 
(OHD). The department for transport has published guidance on how local authorities can 
facilitate OHD. Benefits of OHD include (Rhodes et al., 2012)

•	 Improve driver and fleet productivity,
•	 Improve the environmental footprint of the logistics operation by operating vehicles more 

efficiently during times when there is less congestion, and
•	 Reduce the wider impacts (e.g., crashes, noise, and parking) of logistics operations on the 

local area.

A trial of OHD performed in the borough of Wandsworth at the Sainsbury supermarket chain 
found that (Rhodes et al., 2012)

•	 The average delivery vehicle roundtrip journey times were reduced by 60 minutes from the 
distribution time;

•	 OHD produced a saving in drivers’ time of 2 hours per day, equal to 700 hours or £16,000 
per year; and

•	 OHD removed 700 vehicle journeys from the road annually (2 per day during the congested 
period), which is equivalent to a 68-ton reduction in CO2, and a 700-liter per year savings in fuel.

2.5 Findings from Public Agencies Survey

Surveys and interviews of transportation planners at selected state DOTs and MPOs in 
12 states found

1.	 The majority use HCM methods. The second most common is microsimulation, followed 
by FHWA’s freight analysis framework (which uses the area-wide planning method from 
HCM 2000).
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2.	 There is a strong preference for truck level-of-service (LOS) methodology for ranking goods-
movement investments and evaluating general highway capacity investments.

3.	 Agencies believe that truck LOS should be sensitive to travel time reliability, traffic congestion, 
and average speed.

2.6 Conclusions from State of Practice Review

Freight planning and regulation is conducted by a number of agencies at different levels with 
overlapping authorities. Freight planning issues have been given greater and greater policy 
importance over the past 10 years as public agencies at the national, state, regional, and local 
levels have increasingly recognized the importance of efficient freight movement for economic 
health and regional economic competitiveness.

Freight movement entails a number of issues including economic development, safety, con-
gestion, and environment. Truck LOS is concerned with only some of these issues. This may 
explain in part why there appears to be no specific examples of use of LOS measures that solely 
address trucks other than planning studies that address how congestion affects truck movement 
and shipping reliability.

And yet, recognizing the limitations of LOS, there is strong interest from public agency freight 
planners in having the ability to apply a truck LOS measure in planning and programming 
goods-movement projects. This is driven by the desire to “mainstream” consideration of high-
way freight movement in the process used to identify, prioritize, and program transportation 
improvement projects by speaking the same language as for automobile projects. Automobile 
LOS is often used in transportation planning and traffic impact studies to identify deficiencies, 
determine significant impacts, and develop mitigation measures. The recent development of 
bicycle, transit, and pedestrian LOS measures for urban streets for the 2010 Highway Capacity 
Manual (TRB, 2010), leaves freight movement on highways as the last major mode of travel 
without a LOS measure.
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This section presents available information on the perspectives of truck carriers and shippers 
regarding their use of highway facilities to move goods.

Understanding of commercial vehicle operations by planning agencies has often not moved 
in lockstep with the demands of the industry. A primary reason has been the misconception 
among private enterprise that participation in planning studies will require the sharing of 
proprietary information. A related reason has been the difficulty in recruiting freight establish-
ments to participate in market assessment studies—for example, stated choice surveys—which 
precede planning and investment. A third reason has been the relatively poor quality of survey 
data often collected from the few commercial vehicle operators that do participate in the market 
research efforts.

However, recent efforts in this arena are showing better results, in part because of the grow-
ing sense among establishments that public–private partnerships can help provide solutions 
that improve business performance. This section summarizes key highlights from recent studies 
conducted by the research team across different parts of the country that highlight commercial 
vehicle decisionmaking. These research studies cover large metropolitan areas, such as New 
York, as well as the breadth and width of the country.

The rest of this section is organized as follows: first, an overview of the background of commer-
cial vehicle decisionmaking is presented. Second, the methodology and approach in determining 
shipper carrier decisionmaking is discussed. Finally, the key findings are synthesized specifically 
focusing on the impact of performance measures on commercial vehicle decisionmaking.

3.1 Background

There have been several research studies on the value of time and preferences of freight ship-
pers and motor vehicle carriers:

•	 Smalkoski and Levinson used a stated-preference survey to develop a Tobit model to esti-
mate value of time for shippers. The average time value was $48.72/hour, although the results 
showed considerable variation across respondents. The study recommended an upper bound 
of $185/hour (2011 dollars) on commercial vehicle time (Smalkoski and Levinson, 2005).

•	 Small et al. conducted a stated-preference survey of carriers. They estimated that on average, 
carriers value travel time savings between $265 and $350 per hour and delay costs at $680/hour 
(2011 dollars) (Small et al., 1999). A contributing factor to these high estimates may be the 
types of commodities transported by carriers selected for interview. A number of these carriers 
transport types of commodities (e.g., agriculture, construction materials) for which the shipper 
may have to bear the costs of late shipments.
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•	 Fowkes et al. conducted a stated-preference survey of shippers, haulers, and third-party logis-
tics operators to estimate the value of time reliability for long-haul shipments; the average 
shipping distance for those surveyed was 280 km (174 miles). The results indicate valuations 
of $189/hour for delay time, $151/hour for arrival time spread, and $116/hour of schedule 
delay (2011 dollars)1 (Fowkes et al., 2004).

•	 Shinghal and Fowkes conducted a stated-preference survey of shippers’ mode choice 
and showed that it was highly related to both travel time and reliability (Shinghal and 
Fowkes, 2002).

From these studies and others, the following conclusions can be drawn:

•	 The value of time for trucks is considerably higher than that for passenger vehicles. From 
that perspective, management and investment decisions on highway capacity and operations 
improvements need to place a higher valuation on effects on truck traffic.

•	 Travel time reliability is a prime consideration for the trucking industry. It is typically valued 
much more highly than travel time, especially for high-value cargoes.

The main focus of this study is to understand the key LOS variables that impact truck move-
ment. However, isolating the impact of LOS variables on commercial vehicle movement is dif-
ficult due to the nature of the decisionmaking involved:

•	 First, commercial vehicle decisions such as routing and time-of-day are governed not just by 
LOS variables—which are of most interest to this study—but also are influenced by variables 
such as equipment availability, local governance laws, oversize and overweight permits, and 
driver travel and rest patterns. Further, the relative importance of these variables differs by 
establishment, making it very difficult to develop a generalized impact on behavior.

•	 Second, unlike automobile movements in which all decisions are made by the driver, com-
mercial vehicle movements are controlled by multiple decisionmakers including shippers, 
receivers, and carriers. Therefore, it is important to capture the perspective of all three stake-
holder groups when inferring about the decisionmaking process.

•	 Third, commercial vehicle movements are governed by economic decisions at an establish-
ment level, and establishments are often secretive about the heuristic rules they employ since 
they are proprietary and central to their business. While detailed rule-making procedures are 
unlikely to be fully disclosed by establishments, our research has found that they are willing 
to share the decisionmaking process at an aggregate level.

This section of the report presents summary findings describing the impact of performance 
measures on commercial vehicle decisionmaking using findings from shippers, receivers, and 
carriers. While these findings are not applicable to every truck movement, they provide a good 
framework for an in-depth assessment of decisionmaking. A variety of market assessment 
options including focus groups, executive interviews, and survey efforts (and literature reviews) 
were employed to engage in discussions with commercial vehicle operators in these studies.

3.2 Approach and Methodology

As discussed earlier, findings from three different types of methodology are reported herein: 
focus groups, executive interviews, and survey efforts. Each of these techniques has been used to 
identify different aspects of the decisionmaking process as well as differences in use, audience, 
and findings. Participants are selected based on their relevance to the study, and databases such 
as InfoUSA establishment data serve as the sampling frames for each of the three methods.

1 Conversion to 2011 dollars based on an exchange rate of 1£ = $1.60 and an inflation rate of 1.84 between 2000 and 2011.
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Trade organizations were a good source to identify and connect with the correct person within 
a company for participation in these efforts. It was felt that this kind of approach would lend 
credibility to the survey as well as prepare respondents for receiving the phone call, making 
them less likely to hang up. Reaching the right person in a company was a bigger issue with 
large firms than with small firms with a few employees. A “pre-warning letter” was also used 
to prepare respondents for the study. Letters were seen as a means to potentially help with the 
challenges of getting through front office gate keepers such as receptionists and administrative 
assistants. Recruiting new participants through contacts at participating firms—that is, snowball 
sampling—was suggested as a method to increase participation, although with the caveat that 
using such a method would have selection bias implications.

The three methods used are described below:

•	 Focus groups: Focus group discussions provide a social platform to engage multiple stake-
holders in one discussion. However, they are limited to engaging participants within or close 
to the study area. Typical recruitment methodology is to send out e-mail invites or recruit via 
telephone. Typical sessions tend to last between 90 and 120 minutes and are conducted with 
the help of a moderator. This method has helped capture invaluable qualitative information 
regarding business operations from shippers, carriers, and receivers provided that the infor-
mation steers clear of proprietary information.

•	 Personal interviews: One-on-one telephone interviews supplement findings from the focus 
groups and allow the study team to speak with decisionmakers that operate out of far-off 
headquarters. They are a powerful means to engage individuals from a specific enterprise 
to respond to a variety of policy scenarios. The personal interview format works very well 
to minimize privacy or proprietary information concerns that establishments often have in 
participating in focus groups.

•	 Surveys: Ultimately, most policy decisions must be supported by a quantitative framework that 
assesses the net impact of the decision. Surveys are either administered over the phone, via mail 
or, more recently over the web. Surveys allow study teams to capture information from a large 
number of establishments and are relatively lower cost than either personal interviews or focus 
groups. But, because there is limited interaction between surveyor and participant in a survey 
format, it is important to understand the most relevant decisionmaking variables, the appropri-
ate terminology, and the behavioral aspects of establishments prior to engaging them in a survey. 
Hence, the qualitative efforts are utilized first to help streamline the survey approach. When cre-
ating surveys, it was also critical to provide sufficient descriptions of alternatives so that survey 
participants could picture viable “real world” situations—for example, costs included a detailed 
description of all costs involved such as tolls and parking. In real life, large shippers often receive 
discounts over displayed rates, which must be captured for modeling purposes. Considering a 
“delivery window” (e.g., 1 to 3 days, 2 to 4 hours) was an acceptable way to incorporate travel 
time and on-time delivery factors and reflects how decisions are made by firms.

An example project where these three methods were applied was in New York. For this proj-
ect, which focused on evaluating alternative means of crossing the Hudson River, stakeholders 
were approached in 2010 using a comprehensive three-phase market research study. First, focus 
groups and then interviews were conducted with companies that move significant amounts of 
freight within the New York–New Jersey area (Komanduri, Musti, and Proussaloglou, 2012). 
Then, a customized stated-preference survey was administered to a broader group of partici-
pants to quantify their route, mode, and time-of-day decisionmaking. Appendix C presents 
interview guides used for this study.

•	 Focus groups were conducted in New York City; therefore, participants were recruited from 
a list of companies located within and likely to have freight shipments in the New York 
(Manhattan), Bronx, Kings (Brooklyn), Queens and Nassau counties. The qualification for 
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inclusion included transportation of freight shipments across the Hudson River (the main 
focus of the study). A mix of industries, geographies, and short- and long-haul shippers par-
ticipated in the focus groups.

•	 For interviews, employees from five major logistics companies and three large retailers were 
recruited. All recruited individuals were knowledgeable shipping professionals who held key 
positions within the logistics arms of their organizations such as transportation managers, 
chief operating officers, and vice-presidents of supply chain and were based primarily in areas 
other than the New York–New Jersey region. The three large retailers interviewed include one 
of the largest drugstore chains, a leading discount warehouse club, and a major household 
goods retailer. These establishments reported shipping at least 50 million pounds of freight 
annually. The five freight logistics companies were all large national transportation firms that 
had a huge operational presence in the region.

•	 A total of 854 establishments were recruited using telephone interviews to participate in a 
stated-preference survey. Criteria for selection included firms that moved cross-Hudson ship-
ments, that moved packages of at least 200 pounds, and that use both truck and other modes 
as the focus of the study was to move trucks off existing crossings. In all cases, most respon-
dents reported limited vehicle ownership and a reliance on trucking firms, logistics providers, 
and other support to meet their transportation needs. The actual mode and details of shipping 
was often left to these companies, as long as they fit the cost, timing, and other parameters 
required by the shippers and/or customers.

Other studies have used similar types of forums and recruited participants in a similar man-
ner. Differences include targeting long-distance shippers, focusing on particular industries, 
and/or identifying and approaching a wider industry base. However, focus group sizes still 
remain between 5 and 10 participants to improve the quality of discussion while the number 
of interviews conducted tends to remain small owing to difficulty in recruiting and retaining 
high-profile participants for an hour or so. Surveys were designed using either web-based or 
telephone-based approaches to target larger audiences.

3.3 Shipper Carrier Surveys

As part of this study, a private-sector outreach task was conducted in order to identify the 
dependence on performance measures by the trucking industry (shipper/carrier/logistical con-
sultants) when making shipping and routing decisions, as well as the industry perceptions of the 
quality of service provided by streets and highways for freight transportation.

To accomplish this task, a survey was developed by the research team and distributed through 
a national organization for members of the trucking industry in order to receive a variety of per-
spectives on these issues. This section discusses the methodology and details the results of this 
private-sector survey. This survey was also intended for later use in conjunction with a similar 
public-sector survey to inform the remainder of this study in the development of recommenda-
tions for updating the HCM.

3.3.1  Survey Methodology

Through previous survey research, the research team found that the attributes regarded as 
most important to freight decisionmaking were cost, reliability (on-time delivery), travel time, 
frequency/flexibility, delivery window, and damage prevention/security/equipment availability. 
For the purposes of this study, these attributes were grouped into three categories: cost, travel 
time, and reliability (a category including all of the factors described above, minus cost and 
travel time). This survey attempted to obtain detailed information about what aspects of these 
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three attributes were most important to shippers and carriers and what characteristics influence 
the three attributes. In particular, the survey probed respondents on how these characteristics 
relate to factors such as design and geometry, which are associated with road planning and other 
functions that utilize the HCM.

Survey Instrument

The purpose of developing this survey was to collect industry perspectives about the criti-
cal performance measures that affect the trucking industry. These performance measures were 
based on and serve to expand the research previously conducted by the research team on truck-
ing industry decisionmaking.

It was determined that the most cost-effective method for reaching a wide audience was to 
utilize the NCHRP web-survey instrument (documented in Appendix C). Survey respondents 
were also given a chance to provide additional comments or clarifications after taking the survey.

A total of 21 questions were included in the survey. All questions were marked as optional in 
order to reduce survey fatigue, to allow survey respondents to focus on questions that directly 
applied to their business, and to reduce the amount of noise through allowing respondents to 
skip questions. The questions were divided into seven sections, as follows:

•	 Section 1: Context (six questions). This section asked respondents to provide information 
about their position in their company; mode choice decisions made by their company (includ-
ing identifying factors influencing mode choice, e.g., distance, cost); average shipment distance 
(e.g., long- or short-haul); and the percentage of “just in time” shipments. These questions were 
developed with the intention of understanding the context in which the decisions regarding 
shipping and routing that are addressed in the remainder of the survey sections were developed.

•	 Section 2: Truck-Based Shipping Decisions (four questions). This section asked respondents 
to provide information about how their company makes shipping decisions, who is respon-
sible for making the routing decisions, and factors that affect routing decisions. This section 
also recorded information regarding respondents’ rating on the need for modifying guidelines 
to road design and geometry for different road types (e.g., freeways, interchanges).

•	 Section 3: Overall Values—Cost, Travel Time, and Reliability (two questions). This section 
asked respondents to evaluate cost, travel time, and reliability and to rank changes in one 
attribute to improvements in the other two attributes.

•	 Section 4: Cost (two questions). This section asked respondents to choose factors that affect 
transportation cost.

•	 Section 5: Travel Time (two questions). This section asked respondents to choose factors 
used to determine the travel time of a route and to question them on their willingness to pay 
tolls in order to obtain travel time savings.

•	 Section 6: Reliability (three questions). This section asked respondents to choose charac-
teristics associated with a “reliable” or “unreliable” route. Respondents were also asked their 
willingness to pay tolls in order to obtain an increase in on-time performance.

•	 Section 7: Follow-up (four questions). Respondents were allowed to record any additional 
thoughts regarding items of the survey they felt required explanation. They also provided 
contact information if they were willing to participate in follow-up data collection efforts.

The full survey text is included in Appendix C, unpublished herein but available at www.TRB.
org by searching for NCFRP Project 41.

Approach

There are some difficulties that often occur when attempting to recruit respondents for plan-
ning studies and surveys. These difficulties include the common misconceptions within the indus-
try that participation in these studies requires the sharing of proprietary information, a difficulty 
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of recruiting freight establishments to participate in studies, and a lack of interest or time on the 
part of individuals in private enterprise in participating in these studies. Recent efforts are begin-
ning to show better response to these types of outreach, in particular due to the growing sense 
among establishments that public–private partnerships can help provide solutions that improve 
business performance. Regardless, approaching industry for research purposes can be difficult.

For this study, the research team reached out to a variety of shipping and carrier related 
industry associations for assistance in distributing the survey. The survey was also posted on 
a national trucking-related forum. However, due to various reasons, including unfamiliarity 
with the NCFRP research program and proprietary research involvement requirements, most 
organizations declined to participate in this effort. Exhibit 2 summarizes the results of efforts to 
reach out to various national and online trucking organizations.

One organization, the Truckers Report Forum, was supportive of the survey and gave permis-
sion for the research team to create a forum thread, which was verified and recommended by a 
site administrator. This verification and recommendation was crucial in presenting the survey as a 
legitimate (i.e., not “spam”) research effort. The website reported over 800 “views” for the posting 
during the time the survey was active. This forum was found to be particularly effective in reaching 
truck drivers and trucking fleet owners for the survey. In addition to the survey responses, 18 com-
ments were posted in the Truckers Report Forum thread. Six of these comments are categorized as 
“feedback” and considered within the scope of the study. The remainder are either administrative 
or not within the scope of the study. The responses received are included in Appendix C.

3.3.2  Survey Analysis

This section provides an overview of the online survey results. Responses were scrubbed and a 
total of 39 responses were analyzed. The summary statistics of survey responses for each question 
are included in Appendix C.

Section 1: Context

A majority of respondents identified themselves as drivers (80%), with the remainder identify-
ing as dispatchers or logistics/shipping executives. Of the respondents, 90% reported that they 
worked for a carrier, with the remainder reporting working for an owner/operator or private fleet.

In terms of mode utilization, 82% of respondents reported that they exclusively used the 
truck mode; 8% of respondents also used intermodal or rail. The majority of respondents (72%) 
reported using at least some long-haul shipments (>8 hours travel time); 30% of respondents 
had some shipments that were considered local (<2 hours travel time), while 64% reported some 
shipments as short-haul (2–8 hours travel time). Of the respondents, 28% indicated that greater 
than 50% of their shipments were time critical, or “just in time,” shipments.

Organization Participated? 
(Yes/No) Reason Given 

The Truckers Report Online Forum - www.thetruckersreport.com Yes  

American Trucking Association (ATA)/American Transportation 
Research Institute (ATRI) – www.trucking.org No Declined due to proprietary 

research requirements 
America’s Independent Truckers’ Association (AITA) - 
www.aitaonline.com No Did not respond or declined (no 

reason given) 

Truckingboards Truck Driver Forums – www.truckingboards.com No Did not respond or declined (no 
reason given) 

Truckload Carriers Association – www.truckload.org No Did not respond or declined (no 
reason given) 

Exhibit 2.    Summary of survey placement.
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When asked to rank issues of importance to their shipping mode choice, almost all choices 
were ranked as “very important” or “somewhat important” by a majority of respondents. The 
top choices that were ranked highest as “very important” were on-time performance, delivery 
time frame, cost of shipment, and damage to goods/security. Similarly, the majority of factors 
presented regarding route selection were ranked as “somewhat important” or “very important” 
by most respondents. The top factors ranked as “very important” to route decisionmaking were 
route congestion, travel time, roadway conditions, and delivery time frame.

Section 2: Truck-Based Shipping Decisions

Several questions were included in the survey to determine who at a particular company con-
trols the routing decisions, with the intention of understanding the perspective of the decision-
maker who chooses to use a particular route over another. In every case, respondents indicated 
that the driver was given some control over route selection. For almost half of respondents, the 
driver is the primary selector of the route, while a quarter indicated that the route is selected by 
a dispatcher, but the driver has the ability to modify the route if necessary.

Respondents were asked which road types needed modifications to design/geometry and also 
were asked to rank each independently on a 1 to 5 scale from “no need” to a “pressing need.” 
The road conditions indicated as a “pressing need” include urban streets, intersections, urban 
freeways, and interchanges. Fewer than 10% of respondents indicated that roadway design/
geometry modifications were not needed on any particular road type.

Respondents indicated that a range of factors influenced route selection decisions. Truck 
parking and traffic congestion were rated as “always being considered” by a third of respondents, 
while roadway grade and pavement quality were always considered by a quarter of respondents. 
Availability of truck lanes was the only choice “never” considered at a higher rate than “always” 
considered.

Section 3: Overall Values—Cost, Travel Time, and Reliability

When asked to decide between reduced cost, reduced travel time, or increased reliability, 
responses were close to evenly split: 26% preferred a 10% reduction in travel time, 23% preferred 
a 10% reduction in cost, and 18% preferred a 10% increase in reliability. When asked to make a 
tradeoff between two of these factors (e.g., increased reliability with a corresponding increase in 
cost or decreased travel time with a corresponding decrease in reliability), responses were split 
across the various permutations. The most common response (23%) indicated that respondents 
were unwilling or unable to make a tradeoff and would prefer that the three variables remain static.

Section 4: Cost

Many factors were viewed as adding to the “cost” of a truck route. The factors identified as 
affecting transportation costs were distance, travel time, time of day, delivery window, route 
congestion, and roadway conditions. Factors attributed to the “cost” of travel on a particular 
roadway were tolls, vehicle wear and tear, traffic congestion, and cost of delay. Other factors not 
included in the survey but identified by respondents include fuel prices and reload availability.

Section 5: Travel Time

Less than half of respondents indicated that their company took action to minimize or man-
age travel time on a route. Factors that are adjusted to minimize or manage the travel time of a 
shipment include using the shortest distance route or adjusting the time of day/delivery window. 
Factors not included in the survey but added by respondents included avoiding city rush hours 
and taking the “fastest route.” When asked how much they might be willing to pay to decrease 
travel time by 10% (as a percentage of cost), 43% of respondents indicated “nothing,” while only 
10% of respondents indicated that they would be willing to pay any amount.
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Section 6: Reliability

Out of the three focus characteristics of cost, travel time, and reliability, the latter appears to 
be highly associated with road design and characteristics. The survey asked what characteristics 
would be attributable to a reliable route. The most common response was high quality road 
(e.g., level terrain, wide lanes and shoulders, good pavement), followed by few intersections or 
traffic stops, no known construction, and “route my company uses often.” Conversely, charac-
teristics of an unreliable route rated by a high number of respondents include poor road quality, 
high traffic volume, traffic congestion (51%), multiple intersections or traffic stops, and con-
struction. Lack of truck parking was also selected by more than one-third of respondents as a 
characteristic of an unreliable route, and the truck parking issue was also brought up in several 
respondents’ free response comments. Few respondents reported a willingness to pay to increase 
their reliability.

Section 7: Follow-up

Five respondents indicated that they would be willing to participate in a follow-up interview 
and provided phone and/or email contact information. Four of these respondents, and five 
additional respondents, included additional comments, a sample of which follows:

•	 “As a 10-year driver through 48 states, I will say that our highway system is terrible. I-5 in CA 
is bad, I-70 through IN and OH is bad. Certain states leasing toll roads to companies is really 
bad. There is a huge lack of truck parking in many states. I route myself away from many states 
due to road conditions, so I don’t buy fuel or spend money in these states as a result.”

•	 “I went to school for Civil Engineering/Land Survey—where do I begin other than the fact 
most designers have NO CLUE what it’s like to pilot an OTR truck down the road. I’d make 
every designer in the DOTs get a Class A CDL and have them all get some road experience.”

•	 “We regularly route around toll roads. They are much too expensive and are usually poorly 
maintained. We pay more than enough in fuel taxes to eliminate toll roads completely.”

•	 “On the unreliable delivery time, we haven’t had that problem. We allow flex time for unan-
ticipated delays. We have good reliability and think we know within the company how best 
to improve it.”

3.3.3  Discussion

Although the findings of this survey represent a limited sample of industry perspectives and 
do not represent a detailed cross section of road users, several themes do emerge that provide 
valuable information on the preferences and perceptions of the freight trucking industry. It is 
clear that many aspects of road design and geometry, as well as the issues of congestion and road 
conditions, play a role in the broader decisions made by the freight industry. Overall, this survey 
served as a confirmation that the issues of cost, travel time, and reliability are important and 
often interwoven concerns that influence business decisionmaking.

The interplay between cost, travel time, and reliability is complex, and many of the underly-
ing measures contribute to more than one of these issues. In particular, the distance traveled, 
road congestion and condition, and time of day/delivery window factors play a part in multiple 
issues. Findings show that respondents were able to make the connection between factors of 
road design and geometry and these issues of interest—for example, vehicle wear and tear and 
the cost of delay were both seen as contributing to the “cost” of choosing a road by 40% to 50% 
of respondents. Respondents were also able to identify factors that made a road “reliable” or 
“unreliable,” particularly road quality, traffic volume or congestion, and intersections/traffic 
stops. These factors in particular are influenced by the planning process and road design and, 
thus, represent candidates for truck-specific factors to be incorporated into the HCM.
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When asked about the types of roads needing design/geometry guideline modifications to 
better serve trucks, findings show that overall the respondents believe that there is a high need 
for modifications on all road types. Two out of three respondents reported a need for modifica-
tions to urban and non-urban freeways and other highway types, interchanges, urban streets, 
and intersections. This confirms the intention of this project—that there is a need to better 
incorporate truck considerations into the planning process. When asked about specific types of 
roadway/geometric factors influencing their route selection, truck parking, traffic congestion, 
and pavement quality received the highest number of responses, indicating that they were highly 
influential in route selection.

Respondents were less concerned with the availability of truck lanes or the design of intersec-
tions. These findings indicate that the respondents in the study appear to be aware of road and 
route geometry and characteristics and incorporate these into their planning and operations. 
Hence, it makes sense to have improved standards by incorporating variables that are currently 
missing in the HCM such as reliability, travel time, and transportation cost and to tie them to 
road design or geometry parameters that are used by road planners.

Finally, although respondents were able to identify areas that they felt needed improvement, 
they were less willing to make a tradeoff between different factors of importance (i.e., cost and 
travel time). In the business world, many companies have likely already made these tradeoffs 
to find the business models that work best for their company. Hence, it is understandable that 
companies might be reluctant to pay more or reduce some aspects that are important to them 
even if it does provide a savings in another area.

3.4 Findings from Shipper Carrier Survey

This section synthesizes the key findings from the different studies. They are organized under 
broad topical areas. Special emphasis is placed on the LOS variables that are most relevant to 
this study.

3.4.1  Decisionmakers

Control over decisionmaking varies depending on the size of the establishment and the amount 
of freight the establishment moves annually, as well as the role of the establishment in the logistics 
supply chain:

•	 In general, receivers and shippers that do not own their own fleet tend to control time-of-day 
for pick-up and delivery while leaving the routing decisions up to carriers.

•	 However, small shippers and receivers that move a limited amount of freight each year have 
limited control over decisionmaking and are dependent on rules employed by transportation 
service providers.

•	 In fact, depending on the nature of goods being delivered and the establishments being served, 
delivery windows varied from “a fixed time” to “over six hours.”

•	 Receivers and shippers that manage their private fleet, on the other hand, control all aspects 
of decisionmaking and are involved in developing customized logistics chains.

Many respondents commented that they had limited time during work hours to take a phone 
survey. Most commented they would be willing to give 10 minutes, although a few said they would 
only give 5 minutes. Hearing the name of an official organization early in the call made respon-
dents pay more attention and prevented hang-ups. Some wished to hear answers to “what’s in it 
for me” type questions during the survey.
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3.4.2  Decisionmaking Variables

Establishments evaluate several attributes when making freight decisions. In interviews con-
ducted across our studies, respondents identified transportation costs, travel time and reliability 
as the top factors in making freight decisions. Other related issues such as local governance laws 
for delivery times and routing were also critical to decisionmaking. In some urban areas, toll and 
parking costs are also important inputs to decisionmaking.

Focusing on shipments across the Hudson, respondents developed a list of attributes that 
were important in their consideration of transportation modes and services. Participants were 
asked to rank a list of transportation factors that are considered in mode choice based on their 
importance in the consideration process using a 10-point scale, with 10 being the most impor-
tant and 1 being the least important. The three most important attributes were cost, reliability 
and delivery time, followed by security features and avoidance of shipment damage. In addi-
tion, special needs of certain shipments were found to impact consideration of shipment mode. 
Results are summarized in Exhibit 3.

Other decision factors include the ability to track the shipment from origin to destination. 
Tracking was important to most participants who move freight, although some placed more 
emphasis on this as a decision factor than others. Customer service was not immediately recog-
nized as a key decision factor, although discussions revealed that it was important when selecting 
a transportation service provider. Firms with poor customer service records, particularly related 
to on-time reliability and/or damages, were often not selected to move shipments.

Factor Ranking* Notes 

Cost 10 Ranked consistently across the board 

Reliability (On-Time Delivery) 10 Typically considered slightly less important than cost 

Travel Time 9 
Related to On-Time Delivery. Customers are normally informed of a 
specific timeframe for delivery, developed by using total travel time 
and other factors. 

Frequency – Flexibility 9 Frequency and flexibility of shipment arrangements are a factor in 
mode choice 

Damage Prevention/Security 
Transportation Equipment 

Supply 
9 

Prevention of damage to goods and ensuring safe arrival were very 
important. Having the right equipment and personnel is seen as a 
necessary step. 

Payment Terms 6 Not regarded as important 

Special Handling Equipment 
Customer Service Technology 

Origin and Destination Restraints 
Low (<5) 

These were all rated as relatively less important. However, when 
problems develop in these areas, special equipment needs, customer 
service and technology capabilities, and work rule/time slot restrictions 
can become extremely important. 

Environmental Considerations Very 
Low (<3) 

Respondents whose companies were responsible for the disposal of 
environmentally sensitive materials rated this consideration as 
important. Generally, environmental issues, carbon footprints, etc., 
are not included in the transportation managers’  perspective. 

*10 is “most important” and 1 is “least important.”

Exhibit 3.    Attributes central to freight decisionmaking in New York  
and New Jersey.
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Highway versus Non-Highway Modes of Transportation

Several factors influence modal decisions:

•	 The shipping needs of the business translated as the nature of the goods being moved has a 
critical impact on the modal selection. For instance, bulk goods such as coal are almost always 
shipped on rail irrespective of freeway performance.

•	 Trip length also influences modal selection. For instance, shippers in New York reported that 
they would never choose rail for trips shorter than 400 miles.

•	 The service provided by competing modes is a critical factor in modal determination. For 
instance, rail has a relatively higher mode share to a central location such as Chicago whereas 
New York City, which has poor freight rail service, has about 2% of rail mode share.

•	 Interviewed establishments reported relying on rail for at least some long-haul shipments, pri-
marily motivated by lower costs. In general, establishments identify rail as a low-cost, slow mode 
of transportation. Retailers reported making tradeoffs routinely while making modal decisions.

•	 Some firms reported a strategy of avoiding congested routes at all costs. Approaches using 
alternate roadways or shipping goods by rail or air were preferred.

Participants from larger establishments in focus groups across the country reported dealing 
directly with trucking firms for their shipment needs. A majority were less inclined to deal with 
shipment details (e.g., whether shipment went by rail) and were interested only in knowing that 
shipments arrived as scheduled in undamaged condition. A few respondents reported interest in 
knowing the specifics about all modes and carriers used. The concern was that an intermediate 
carrier might be a “Mom and Pop with no insurance” and, therefore, less reliable. The possibil-
ity of damaged goods or late delivery with the introduction of rail or other modes was also the 
cause of some unease.

Supply Chain Logistics

Most large establishments utilize distribution centers, which operate as “hubs” between ven-
dors and retail establishments. Respondents reported that operating these hubs improved trans-
portation efficiency as vendors were able to ship goods destined for many stores via the same 
carrier. Distribution centers allowed retailers to operate using different shipping strategies:

•	 The most commonly reported—“just in time” type shipping—allows goods to ship to the 
store at the last opportune moment. This type of shipping minimizes warehousing and stock-
ing costs and increases their ability to conform to their customer’s needs; however, it does 
place a higher burden on the transportation system and demands higher reliability.

•	 The second strategy—“managing shipments based on the predictability of lead time”—is 
sometimes used in which store-managers are expected to place orders at the appropriate time 
to supply their inventory needs. This type of shipping may incur inventory stocking fees, but 
allows for more flexibility in delivery and travel times.

These supply chains are dependent, to a large extent, on the reliability of transportation ser-
vices. In fact, several participants reported choosing slower options that were more reliable than 
the fastest service.

Carriers typically break down a long-haul trip into a series of smaller legs depending on the 
location of their distribution centers. Typically, a trip from New York to California may be bro-
ken down into three legs with stops at two intermediate distribution/consolidation centers. At 
each of these distribution centers, carriers consolidate or break down their loads depending on 
the final destination and number of trucks available to make the trip. Should enough trucks be 
not available at any one or more of these intermediate stages, carriers may choose to move goods 
on rail to maintain efficiency and meet the travel time requirements for the goods being shipped.
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Long-Term Contracts

Retailers reported using a bidding process to determine the most efficient way to ship goods 
across the country. The carriers are made aware of the shipping strategy of the company and 
are expected to price their bids accordingly. For instance, a “just in time” shipment may need 
to be delivered in a relatively short timeframe while the general replenishment of an in-stock 
item running low may have a delivery window of a few days. Depending on the volume of 
goods shipped, they are often provided large discounts over the “spot rate” provided to smaller 
shippers. “Spot rate” roughly translates to the highest possible shipping rate between an origin-
destination pair. Retailers reported paying close attention to both on-time delivery and damages. 
While not stated explicitly, it is understood in the commercial movement circles that these fac-
tors play a role in identifying the most competitive bidder.

Typically, goods were classified into four categories based on volume—parcel, less than truck-
load, full truckload, and intermodal load. Some retailers reported selecting different carriers 
for different volumes of goods being shipped. Logistics firms reported tailoring their shipping 
choices to meet the requirements of their client. In several cases, the clients often made modal 
decisions for goods movement. This is more apparent among larger clients who ship enough 
volume to justify making modal decisions for the logistics firms.

Establishments reported that in many cases, customers would specify a shipping preference. 
This was more common when customers had an existing shipping contract or had negotiated a 
lower cost rate with a specific carrier than the manufacturer could quote. Transportation man-
agers usually welcome this because they are unlikely to be held responsible for any transporta-
tion related incidents. In instances where the manufacturer has a better rate for shipping than 
the customer, their routes are selected. In these cases, the transportation manager informs the 
customer, who, in turn, makes the final carrier selection. A similar consideration process occurs 
with regards to suppliers. Depending on the materials being shipped, the manufacturer may 
stipulate shipping requirements, but, in many cases, the supplier makes the shipping decision.

Routing Decisions

Several carriers reported making detailed route maps for their drivers and tracking the move-
ment of trucks along the way. Drivers were instructed to contact their dispatch officer if they 
anticipated having to deviate more than 5 miles from their assigned route. Routing decisions for 
most large firms were made using custom route optimization software products. Routing decisions 
vary depending on the length of the trip. Local deliveries are often carried out on congested, local 
arterials whereas long-haul deliveries are almost always made using freeways and major roadways.

A study in Los Angeles found the following with regard to routing decisions:

•	 More than three-quarters (77%) of companies used a routing system that was either manual 
or a combination of a manual system and an automated system. Twenty-one percent of the 
firms indicated that routing was handled by the drivers, and this was more prevalent among 
firms with 25 or more trucks, whereas 29% said that drivers handled routing, compared with 
18% for firms with fewer than 25 trucks.

•	 Of the companies surveyed, 38% reported that they relied, at least in part, on Automatic 
Vehicle Location (AVL) systems or Global Positioning Systems (GPS) or technologies for fleet 
management. More than one-half of the firms (54%) with a fleet size greater than 25 used 
such a system, compared with just under one-third (32%) of firms with smaller fleet sizes that 
employed AVL/GPS as a fleet management tool.

•	 Information sources with direct impacts on time had the highest overall value to respondents. On 
a 5-point scale where 1 is least valuable and 5 is most valuable, knowledge about queue lengths 
at the Port of Los Angeles and Long Beach scored the highest at 4.03. Real-time route informa-
tion between origin and destinations also had a high value to respondents, with a mean rating 
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of 3.83. Travel times along freeway segments and information about the location of bottlenecks 
with travel time through the obstructed area received similar ratings at 3.74 and 3.70, respectively.

•	 Of the drivers surveyed, 90% used information to change routes as appropriate, either in-
route (47%) or before leaving (43%). However, only 11% used it to change pick-up/delivery 
times or to accept or decline assignments. This suggests that there is limited flexibility in  
drivers’ ability to determine when they are on the road.

•	 Knowing the fastest routes, the location and delay time associated with bottlenecks, and times 
to travel different freeway segments were all assessed as top value information.

•	 The key improvements desired by drivers included better freeway traffic information and 
information that was easier to use, more accurate, and delivered faster. Each of these improve-
ments was rated as useful or very useful by at least 90% of drivers, suggesting that there is a 
strong desire to see better delivery of accurate and actionable information.

Key Routes and Governance Laws

Evidence gathered from the research suggests that truckers prefer using Interstates and major 
roads for the majority of trips. These roadways are preferred for their limited stops, sufficient 
clearance and for providing reasonably fast service between origins and destinations. However, 
research from a project in Los Angeles indicated that the use of surface streets for goods move-
ment also depended on the length of the overall trip. For instance, for trips where the average 
trip distance was less than 50 miles, 80% of the trips involved use of a surface street, compared 
with only 55% of trips longer than 50 miles.

On a related note, truckers are precluded from using certain roadways based on local gover-
nance laws. For instance, in New York City, several parkways preclude commercial vehicles from 
operating on them. Such laws have an impact on routing, and operators are forced to choose less 
optimal routes for travel between an origin-destination pair.

Oversize/Overweight Truck Movements

In addition to the typical LOS attributes considered by most truckers, oversize/overweight 
(OSOW) trucks must focus on additional factors when selecting which roads to travel. Often, OSOW 
vehicles must submit specific routings when applying for a permit. Both the trucking company and 
the permit-issuing agency have concerns specific to or more enhanced for OSOW trucks. In many 
cases, the lowest cost or more direct route may not be available due to infrastructure or classifica-
tion restrictions. Some of the most common factors for OSOW trucks are summarized in Exhibit 4.

3.5 A Model to Quantify Quality-of-Service Perceptions

Numerous studies of freight transport economics and the shippers’ decisionmaking process 
show that the choice to ship via truck and the choice to ship via a specific motor vehicle carrier 
hinge on cost, time, and reliability. Virtually all other factors, such as pavement quality, and 
safety, can be captured via a combination of cost, time, and reliability. For instance, pavement 
quality and collisions affect a carrier’s operating costs (through higher insurance rates, lower 
reliability, and more frequent tire replacements), which translate into higher fees charged to 
shippers and less assurance of making the delivery on time. It is critical to understand the relative 
importance placed on each of these measures so that they can be appropriately weighed and fed 
into a truck LOS calculation. Therefore, researchers have worked towards quantifying the rela-
tionship between travel time, distance, reliability, and shipment costs in freight decisionmaking.

The research team developed a series of choice models that aim to capture this very relation-
ship in a New York and New Jersey study. Key findings include that shippers, receivers, and 
carriers contribute equally to freight decisionmaking; cost, travel time, and on-time reliability 
affect decisions; and respondents value their participation in surveys at $100 per hour and prefer 
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to be recruited over the phone for short surveys. These findings are in line with earlier studies on 
freight decisionmaking such as those performed by Danielis et al. (2005):

•	 Respondents were shown two truck route variations and were asked to make tradeoffs based 
on on-time reliability, travel times, and transportation costs. Through a binomial logit model, 
reliability emerged as an important factor, and high reliability routes (>90%) were preferred 
over medium reliability (85% to 90%) and low (<85%) reliability routes.

•	 As expected, higher transportation costs and travel times negatively impact route choice 
(Danielis et al., 2005). Interestingly, both of these variables were found to impact behavior 
differently for different commodities. In fact, establishments reported varying sensitivities to 
cost based on the commodity being shipped, the distance of travel, and the time taken to travel 
between origin and destination.

•	 There was a non-linear sensitivity to cost—that is, for moves with higher transportation costs, 
respondents were less sensitive to a dollar increase (decrease) in cost when compared with 
moves with lower transportation costs. Similarly, long-haul movers were less sensitive to unit 
increases in travel time when compared with short-haul movers. These results suggest that 
long, expensive shippers are less interested in unit savings in cost and time. This is a critical 
observation which suggests that shippers making long trips must be presented with larger 
travel time (or cost) savings to influence behavior to the same extent as short trips.

Factor Description Truckers’ Responses 

Roadway 
Classification 

Interstates, U.S. highways, and state 
highways are generally built to withstand 
heavier loadings and higher traffic volumes 
than other roads. 

Truck routes must be designed to avoid 
any roads not accessible to trucks and 
often utilize truck routes and/or 
highways when possible. 

Mileage 

Minimize impacts from OSOW vehicles on 
public safety and infrastructure by 
encouraging or requiring agencies to use 
the shortest routes that are possible using 
roads built to handle OSOW traffic (e.g., 
Interstates).  

When selecting a route, may utilize 
strategies such as “ramping,” which 
allow trucks to exit and then re-enter a 
facility in order to avoid a particular 
bridge or obstruction, instead of 
following a longer route avoiding the 
facility with the obstruction all together.  

Local Permits  

States can provide permits for state and 
federal roads. Municipalities can require 
additional permits for locally owned or 
maintained roads.  

Need to balance permitting time, cost, 
and requirements of a local route versus 
a longer bypass route.  

Corridor 
Routes 

Some states have designated corridors or 
“preferred routes” for OSOW traffic. 

Preferred routes can reduce effort 
required to plan a route and receive a 
permit, but may not be the shortest 
possible route.  

Other 
Restrictions 

Routes that would normally be acceptable 
for OSOW traffic can be restricted or 
banned for reasons including time-of-day, 
and political, seasonal, and construction-
related reasons.  

Certain routes or urban areas have time 
restrictions. Depending on the move 
schedule, carriers will use this as a factor 
in selecting a route. If there is a delay on 
a route that will force them to stop 
travel, they will avoid the route. 

Bridge 
Limitations 

Heavier loads are requested or required to 
not cross restricted bridges and 
infrastructure. If a crossing is required, 
trucks may be required to wait for a 
particular time window, obtain pilot cars, 
or follow other restrictions, increasing time 
and cost.  

If possible, carriers will often avoid 
bridges and facilities that have additional 
restrictions.  

Intersection 
Limitations 

Some intersections, including roundabouts 
and traffic circles, are not designed for 
OSOW trucks.  

Routes must avoid these intersections. 
Generally more applicable to larger 
loads. 

Inspection 
Stations 

Fixed or mobile sites where state or federal 
personnel conduct safety, permitting, 
weight, and other inspections of vehicles. 

Trucks may avoid roads with inspection 
stations in order to save travel time 
and/or avoid inspection. 

Exhibit 4.    Impact of local laws on oversize-overweight truck routing decisions.
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The calculated values of time varied from as low as $5.00/hr for long-haul movers shipping 
bulk commodities such as coal to as high as $170/hr for short-haul moves transporting high-end 
consumer electronic goods.

Equation 1 presents the binary route preference utility model fitted to the New York/New 
Jersey panel survey. This model captures the sensitivity of decisionmaking for alternative truck 
routes. The estimated parameter values are presented in Exhibit 5. Exhibit 6 presents the values 
of time suggested by the choice model.

0, 900 1

0, 12 2 0, 25 Equation 1

U LR MR A SC CS Max SC CT ETT TS

Max ETT TS Max ETT

G G

( ) ( )

( )= + + ∗ + ∗ − + ∗ +

∗ − + ∗ −

where

	 U	=	expected utility of shipping route;
	 LR	=	dual value variable;
		 =	-0.758 if shipment is expected to be on-time with less than 85% probability,
		 =	 0 otherwise;

Exhibit 5.    Route preference choice model.

 Coefficient Description Value T-Stat 

On-Time 
Reliability 

Low Reliability (<85% on-time) –0.758 –4.4 

Medium Reliability (85-90% on-time) –0.275 –1.4 

Shipment  
Cost

Cost Agricultural Goods –0.0108 –4.4 

Cost Metal and Mining Goods –0.0095 –5 

Cost Construction Goods –0.0086 –7 

Cost Chemical Goods –0.0092 –6 

Cost Wood and Paper Goods –0.0109 –5.6 

Cost Electronics Goods –0.0099 –5.2 

Cost Transportation and Utility Goods –0.0060 –4.1 

Cost Wholesale and Retail Goods –0.0068 –7 

Cost Spline (Applied if Cost > $900) 0.0053 5.7 

Travel  
Time

Time (hr) –0.320 –5.6 

Time Spline 1 (Applied if TT > 12 hr) Agricultural Goods 0.237 3.6 

Time Spline 1 (Applied if TT > 12 hr) Metal and Mining Goods 0.173 3.1 

Time Spline 1 (Applied if TT > 12 hr) Construction Goods 0.166 3.2 

Time Spline 1 (Applied if TT > 12 hr) Chemical Goods 0.146 2.4 

Time Spline 1 (Applied if TT > 12 hr) Wood and Paper Goods 0.156 2.8 

Time Spline 1 (Applied if TT > 12 hr) Electronics Goods 0.135 1.7 

Time Spline 1 (Applied if TT > 12 hr) Transportation and Utility Goods 0.205 3.8 

Time Spline 1 (Applied if TT > 12 hr) Wholesale and Retail Goods 0.174 3.6 

Time Spline 2 (Applied if Travel Time >= 25 hours) 0.109 2.6 

 Pseudo R2 (0) 0.415 

 Pseudo R2 (c) 0.324 

 Number of Observations 716 

Notes: 
• Student’s “t” statistics greater than 2.0 or less than -2.0 generally indicate that the value of the coefficient

is significantly different from 0 at the 95% confidence level. 
• Pseudo R2(0), the correlation coefficient, indicates the quality of fit compared with a constant 0 value. A 

value of 1.0 is exceptionally good, a value of 0.0 is exceptionally poor. 
• Pseudo R2(c) indicates the quality of fit compared with a constant mean value of the data. 
• A spline is a variable that takes on a specific constant value only for a specific range of another variable.
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	 MR	=	dual value variable,
		 =	-0.275 if shipment is expected to be on-time with between 85% and 90% probability,
		 =	0 otherwise;
	 AG	=	shipping cost parameter for good type “g” values as shown in Exhibit 5;
	 SC	=	shipment cost ($) (note: average shipment size in survey was 2,000 lbs);
	 CS	=	cost spline constant of 0.0053 added for shipments over $900 in cost;
	 CT	=	-0.320, the expected shipping time parameter;
	ETT	=	the expected shipping time (hr);
	TS1G	=	�Time Spline 1, an additive constant for good type “g” that is applied only if the expected 

shipping time exceeds 12 hours; values as shown in Exhibit 5; and
	 TS2	=	�Time Spline 2, an additive constant value of 0.109 that is applied only if expected ship-

ping times are 25 hr or greater.

The route choice models clearly indicate that a single value of time often used in demand mod-
els to describe freight movement is an extreme simplification. This research suggests that values 
of time vary by distance, shipment cost, and commodity. Further, results suggest that shippers 
who move high-value commodity goods over short distances are more likely to embrace policy 
options such as congestion pricing in return for improved travel times than are others.

The model also reveals that short-haul shippers would choose highway alternatives that could 
generate a 1-hr savings in travel time for a toll of up to $30 over current toll rates in the New York 
region. However, most long- and short-haul shippers are likely to switch to less congested and 
circuitous routes that take 1 to 2 hr longer if a new $60 toll were imposed on the most congested 
and direct routes. While unlikely, a variable toll by commodity could be enforced to impact 
congestion and freight behavior at a finer level.

It is important to note that the model highlights findings from a highly customized study 
conducted in New York. The findings from that study should by no means be applied without 
properly understanding the context of that study. We merely present the model to highlight the 
point that decisionmaking is affected by multiple factors such as cost, travel time, and reliability. 
Sensitivity to a host of other qualitative factors such as establishment location, customer prefer-
ences, and urgency, while not explicitly captured by the model, are captured by the constant:

•	 The route preference model helps compute the probability of choosing a particular route. For 
instance, if a shipper is faced with the task of shipping a commodity from Point A to Point B 
and has two potential routes available, the route preference model may be used to calculate 

Value of Time 
(per hr) 

*Cost<$90
0 Time>24 

hr 

Cost<$900  
12<T<24 hr 

Cost<$900 
Time<=12 

hr 

Cost>=$900 
Time>24 hr 

Cost>=$900
12<T<24 hr 

Cost>=$900 
Time<= 12 hr 

Agricultural — $7.69 $29.63 — $15.09 $58.18 

Metal and Mining — $15.47 $33.68 $9.05 $35.00 $76.19 

Construction $5.23 $17.91 $37.21 $13.64 $46.67 $96.97 

Chemical $7.07 $18.91 $34.78 $16.67 $44.62 $82.05 

Wood and Paper $5.05 $15.05 $29.36 $9.82 $29.29 $57.14 

Electronic $7.68 $18.69 $32.32 $16.52 $40.22 $69.57 
Transportation and 
Utility (TU) — $19.17 $53.33 $8.57 $164.29 — 

Wholesale and 
Retail $5.44 $21.47 $47.06 $24.67 $97.33 — 

*Cost is shipment cost.

Exhibit 6.    Values of time suggested by the choice model.
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the probabilities of each route being selected based on measurable characteristics such as 
transportation costs, travel times, and reliability of the routes.

•	 The negative coefficients on travel time in the model suggest that if a particular route has a 
higher travel time, then that route has a lower utility and is more likely not to be chosen for 
the shipment.

•	 A time spline is a variable that indicates the impact of a variable after a specific range on the 
utility of a choice is slightly different. For example, in Exhibit 7, the solid line indicates the 
negative directionality of cost, and the dashed line lowers the negative effect and creates a kink 
in the utility at cost $900.

•	 The t-stat (Student’s t test) is a test to measure the statistical significance of the estimated 
coefficients. A t-stat value greater than 1.96 for positive coefficients and less than -1.96 for 
negative coefficients indicates that the value of the coefficient is significantly different from 0 
at the 95% confidence level (thus, rejecting the null hypothesis).

3.6 Conclusions on Carrier and Shipper Perceptions

The interviews and survey of shippers and carriers indicate that freight decisionmaking is 
complex and often varies by establishment. In addition, the criticality of travel time and on-
time delivery varies by a factor of 10 depending on the cost of the material being hauled and the 
distance hauled (travel time). Lower valued goods hauled for longer distances (or times) have 
the lowest value of time. Therefore, it is very difficult to develop one unique set of criteria that 
fit all establishments. However, it is possible to develop a general assessment of criteria that fit 
most establishments using detailed marketing research approaches.

In general, travel time, cost and reliability (on-time performance) are the key determinants 
of route selection. Local laws, long term contracts between shippers and receivers, the type of 
goods being shipped, transportation costs and travel times, and logistics supply chains all impact 
the relative importance of these attributes in decisionmaking of shippers, receivers, and carriers.

In conclusion, the three most critical highway-related factors affecting motor vehicle carrier 
and shipper perceptions of the quality of service provided by the highway facilities on a given 
route are: the shipment time (travel time), the probability of on-time arrival (reliability), and 
the transport cost for the shipment.

Exhibit 7.    Example of cost spline effect on utility curve.
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S e c t i o n  4

The Transportation Research Information Database (TRID) (TRB) was scanned to identify 
publications within the past 10 years that are relevant to the key topics of this project. The key 
topics investigated in this literature review were

•	 Treatment of effects of other modes on trucks in the HCM 2010, in other guides internation-
ally, and in research;

•	 Treatment of truck effects on other modes (i.e., automobile, bus, bicycle, pedestrian) in the 
HCM 2010, in other guides internationally, and in research;

•	 Truck classification schemes—weight-based, axle-based, and length-based;
•	 Integration of trucking needs into transportation investment decisionmaking—typical plan-

ning studies involving freight movement (case studies);
•	 Key highway performance criteria critical to shippers and carriers; and
•	 Sources of data on truck movements (which will be important to future users of the HCM 

truck analysis method).

The literature review also investigated how the effects of trucks on other modes and the effects 
of highway performance (and other modes) on trucks are treated in major highway capacity 
manuals worldwide. In addition to the United States’ Highway Capacity Manual (TRB, 2010), 
the team evaluated highway capacity guides from several countries, including

•	 Canada’s Capacity Guide for Signalized Intersections (Canadian Institute of Transportation 
Engineers, 2008);

•	 The United Kingdom’s Design Manual for Roads and Bridges (Department of Transport, 
Highways Agency);

•	 Australia’s Guide to Traffic Management (Austroads);
•	 Germany’s Highway Capacity Manual (FGSV, 2001);
•	 India’s Road Congress Guidelines (Indian Roads Congress, 1994); and
•	 The Indonesian Highway Capacity Manual (Indonesian Directorate General of Highways, 1993).

4.1 Critique of the HCM 2010

This section evaluates the 2010 Highway Capacity Manual (HCM) (TRB, 2010) from two 
perspectives: its ability to predict the specific performance of trucks and its ability to model the 
effects of trucks on the traffic stream.

Regarding the ability of the HCM to predict the specific performance of trucks:

•	 The HCM does not provide methods for estimating truck speed and performance as distin-
guished from that of the passenger vehicle stream.

Literature Review
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•	 The HCM methods, MOEs selected, LOS thresholds, and so forth are based on expert opin-
ion and not validated with freight drivers except for the Urban Streets Method (Chapter 17). 
The method does not identify measures of effectiveness that reflect the perspectives of motor 
vehicle shippers and carriers.

•	 The HCM does not currently predict travel time reliability—a performance measure of criti-
cal concern to shippers and carriers.

•	 There is no specific truck LOS methodology in the 2010 HCM. With the exception of the 
Urban Streets Methodology, where adjustments are made to the saturation flow rate, trucks 
are treated using an adjustment factor to the demand (by means of passenger car equivalent 
[PCE] factors).

Regarding the ability of the HCM to model the effects of trucks on the traffic stream:

•	 The HCM truck classification scheme is extremely simplistic, not reflecting the spectrum of 
truck performance capabilities in the U.S. fleet.

•	 The HCM PCEs are too simplistic since they do not reflect the variation in the truck fleet or 
the influence of truck proportion or grades on urban street PCEs.

•	 The HCM PCE look-up tables stop at 25% trucks (as a percentage of total traffic flow) even 
though there are many facilities in the United States where trucks routinely exceed 25% and 
can exceed 50% of the average daily traffic flow.

•	 The HCM treatment of trucks is inconsistent across chapters. Most notably, the uninterrupted 
flow chapters use a volume-to-PCE conversion method early-on in the procedure. Many inter-
rupted flow chapters use PCEs directly to adjust methodology parameters (e.g., saturation flow 
rate adjustment for signals).

4.1.1  How the HCM Currently Models Trucks

The 2010 HCM defines three heavy-vehicle types: transit buses, recreational vehicles (RVs), 
and trucks. These three types are grouped in the HCM under the broader category of heavy vehi-
cles. A heavy vehicle is defined in the HCM as “A vehicle with more than four wheels touching 
the pavement during normal operation.” In the HCM, buses, recreational vehicles, and trucks 
are considered heavy vehicles with the following special characteristics:

•	 A bus is defined as “A self-propelled, rubber-tired road vehicle designed to carry a substan-
tial number of passengers (at least 16) and commonly operated on streets and highways.” 
(Equivalent to FHWA Class 4.)

•	 A RV is defined as “A heavy vehicle, generally operated by a private motorist, for trans-
porting recreational equipment or facilities. Examples include campers, motor homes, and 
vehicles towing boat trailers.” (Generally equivalent to FHWA Class 5.)

•	 A truck is defined as “A heavy vehicle engaged primarily in the transport of goods and materials or 
in the delivery of services other than public transportation.” (Equivalent to FHWA Classes 5–13.)

Each heavy-vehicle type can be assigned its own PCE rating for the purposes of capacity and 
operational analyses. However, in most cases, the HCM groups these vehicle types together. Buses 
and trucks are usually assigned identical PCE values while RVs are generally assigned a slightly 
lower PCE value. The value of PCEs ranges from an assumed fixed number (e.g., signalized inter-
sections, roundabouts) to a detailed PCE-estimation procedure (e.g., uninterrupted flow chapters).

In general, most HCM chapters convert heavy vehicles to equivalent passenger car units and 
add them to the passenger car volumes to obtain the total equivalent passenger car volume that 
is used in the HCM methodologies. The HCM analysis then estimates the capacity, density, 
speed, delay, and LOS for the equivalent passenger car stream. Truck speeds and delays are not 
isolated from the values predicted using the equivalent passenger car stream performance. From 
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a performance perspective, none of these covers weight-to-horsepower ratios, which are a key 
measure of performance.

The impacts of trucks on other modes are modeled differently in the HCM according to the 
facility type:

•	 On freeways, multilane highways, and two-lane highways, the grade affects the PCEs for 
trucks. The number of trucks affects the equivalent passenger car volume, which in turn 
affects the density and speed of traffic.

•	 On urban streets, the PCE equivalent of trucks is independent of grade. The number of trucks 
affects the estimated saturation flow rate, which in turn affects speed and therefore automo-
bile and transit LOS.

•	 The HCM methodologies for estimating bicycle LOS are sensitive to the percentage of trucks 
in the traffic stream. For multilane and two-lane highways, the grade or general terrain affects 
the result by affecting the truck PCEs used to compute the average speed of the passenger 
car equivalent traffic stream. For urban streets, the percentage of trucks directly affects the 
bicycle LOS.

•	 The HCM methodologies for estimating pedestrian LOS are indirectly sensitive to trucks. 
Higher truck volumes result in lower estimated average automobile speeds, which in turn 
positively affect pedestrian LOS. (This is no doubt an unintended side effect of excluding the 
direct effects of trucks in the pedestrian LOS model.)

•	 The HCM methodologies do not explicitly account for the acceleration, top speed, headways, 
and climbing ability of trucks when assessing their impact on other modes.

4.1.2  Critique of How HCM Models Trucks

This section critiques the weaknesses of the current HCM methodology for modeling the 
effects of trucks on the traffic stream and facility performance. Several areas of concern have 
been identified, including underestimation of truck traffic in freight-dominated corridors; sim-
plistic PCE conversions, which homogenize all trucks into a single truck type; and a lack of 
estimates of truck value of time and travel time reliability.

HCM Has Too Narrow of a Range for Truck Percentages

The HCM 2010 does not have a methodology to incorporate truck percentages higher than 
25% on certain freeway segments that have a long grade (greater than 1.0 or 1.5 miles)—for 
example, the HCM can only handle truck percentages of 25% for positive grades (uphill) and 
20% on negative grades (downhill). While 25% is a significant amount of trucks, there are many 
facilities that have truck percentages higher than this (see Exhibit 8). I-81 in Virginia, for exam-
ple, has truck demands of between 40% and 50% (Rakha et al., 2007). This is not an isolated 
situation, with 6% of all counting stations in California (Caltrans, n.d.) and 3% of all counting 
stations in Virginia (Virginia DOT, 2008) recording truck volumes greater than 25%.

HCM PCE Conversions Too Simplistic

The HCM 2010 interrupted flow chapters lump trucks and buses together in computing the 
PCE values of heavy vehicles. The HCM approach is also independent of significant variables 
like the truck type and weight-to-horsepower ratio. Rakha et al. (2007) found that while PCEs 
are constant for low grades (under 2%), they decrease with increasing truck proportions. They 
suggested that different PCE values would be appropriate as truck proportions increased. This 
concept of PCE values needing to be related to proportion was further supported by Webster and 
Elefteriadou (Webster, 1999), who developed recommended PCE values for truck percentages of 
up to 60% using a weight-to-power ratio of 137.5 lb/hp. Their recommended PCEs were further 
adjusted to account for other weight-to-power ratios.
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Control delay at signalized intersections in the current HCM methodology does not consider 
the probability distribution of heavy vehicles within the queue; it only takes into account satura-
tion flow rate using PCE factors. No provision is available to adjust start up loss or end gain with 
heavy vehicles in different queue positions. Ramsay et al. (2004) suggest this should be done in 
computing expected control delay. They propose incorporating a weighted average control delay 
considering vehicles in different queue positions.

The uninterrupted flow chapters currently assume a reduction in PCEs for facilities with a high 
percentage of trucks. This is presumably because the traffic stream becomes more homogeneous, 
which reduces the marginal impact of each heavy vehicle. Although not quantified in the HCM, 
state controls—such as the implementation of electronic toll collection and weigh-in-motion 
technology—surely have an impact on the performance of heavy vehicles in the traffic stream.

Elefteriadou et al. (2007) found that PCEs are highly sensitive to the weight-to-power ratio of 
heavy vehicles. Unfortunately, the HCM assumes a single truck type that was calibrated using 
a mix of trucks and buses with an average weight-to-horsepower (hp) ratio of between 125 
and 150 lb/hp (see Chapter 11, HCM 2010). This does not account for the wide range of heavy 
vehicles on the road today—for example, both Middleton (2006) and Rakha et al. (2001) found 
a variety of trucks that have weight-to-power ratios greater than 150 lb/hp with values reaching 

Exhibit 8.    Percent trucks on National Highway System.

Source: FHWA Office of Freight Management and Operations, 2010.
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as high as 300 lb/hp. It is also important to consider that effective horsepower can vary consider-
ably with various weather, pavement, and vehicle conditions.

Primary Issues in Measuring Facility Performance Effects on Trucks

There are a number of issues with using the Highway Capacity Manual to estimate how facility 
performance will affect trucks as perceived by motor vehicle carriers and shippers. These issues 
include that

•	 Service measures used in the HCM are not relevant to carriers/shippers,
•	 No provision is made in the HCM for evaluating truck LOS separately, and
•	 The current HCM does not deal with travel time reliability for trucks.

Service Measures in the HCM Are Not Relevant to Carriers/Shippers

Service measures are a subset of performance measures, which are used to estimate LOS (letter 
grades A through F). With the exception of two-lane highways, the uninterrupted flow facility 
service measure is density. However, density is not a direct concern to shippers—even though 
density correlates to speed and delay (which is a concern for shippers), density itself is not a 
tangible service measure for movers of freight.

Service measures for two-lane highways vary by facility type: Class I facilities2 use speed and 
percent time following, with Class II facilities relying solely on percent time following. Class III is 
the final type with its service measure based on the percentage of free-flow speed. Of the current 
measures, speed is the only service measure that may be particularly relevant to freight movers. 
The percentage of time that an automobile has to follow a truck is not a significant consideration 
for commercial goods movers.

Interrupted flow facilities such as urban streets with signalized intersections use service mea-
sures that do concern freight movers such as average control delay, but are not consistently sen-
sitive enough to other measures like the number of stops on a route. Furthermore, these service 
measures are often quantified into LOS letter grades ranging from “A” to “F” that are based on 
the expert opinion of the authors of the chapters of the HCM (except Chapter 17: Urban Streets). 
Unfortunately, these perceptions to date have not reflected the perceptions of truck drivers, but 
rather are based on automobile drivers.

No Provision in the HCM for Evaluating Truck LOS Separately

The 2010 HCM does not have any methodology or LOS criteria specifically targeted to the 
needs of truck freight movers. Current HCM analysis methodologies convert trucks to equiv-
alent passenger cars and then analyze the traffic stream as if it were all passenger cars. This 
approach results in a single traffic stream with averaged speeds, densities, and delays that does 
not fully consider the wide range of both vehicles and drivers on the roads today.

While knowing average performance measures is a useful tool in traditional operational analy-
ses, it would still be useful to have a way of measuring truck LOS as its own measure. This is espe-
cially true given the economic importance of freight movement by truck. Unfortunately, there is 
no provision for evaluating truck LOS separately from automobile LOS in the HCM 2010. This 
lack of methodology becomes a critical gap when an agency is considering measures to restrict 
truck activity from certain facilities, lanes, or peak hours. The conventional automobile LOS 
analysis shows significant benefits for automobile drivers by using these measures, but there is 
no corresponding analysis of the disadvantages to trucks or the economic activity of the region.

2 Two-lane highway “classes” are meant to address differences in purpose and driver expectations: Class I highways are con-
nectors, where high speed is valued; Class II highways are recreational or scenic routes in which high speeds are not expected 
nor desired; Class III highways serve moderately developed areas (they may be portions of a Class I or Class II highway).
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HCM 2010 Does Not Deal with Travel Time Reliability

A factor of great concern to movers of commercial goods is travel time reliability, which is 
especially important today because many businesses adhere to what is known as “just-in-time 
delivery,” so they do not have to have large warehousing facilities. This delivery method requires 
coordination and the ability to accurately determine shipping time. The 2010 HCM does not 
provide any methodologies for determining travel time reliability, nor are there any measures 
provided that can be relevant to reliability.

There is major research being performed under the Strategic Highway Research Program 
(SHRP) in travel time reliability: SHRP2-L08 will add content to the HCM that deals with reli-
ability and reliability performance measures. Incorporation of this research into the NCFRP 
Project 41 will be useful in developing truck LOS methodologies given that travel time reliability 
is such an important factor in freight movement.

4.1.3  Deficiencies of Current HCM Methodologies

Based on the results of the literature review, a review of international practice, the agencies 
survey, and the shippers/carriers survey, the deficiencies of the current HCM 2010 methodolo-
gies for evaluating the impacts of trucks on other highway users and the impacts of other high-
way users on trucks are as follows:

•	 The 2010 HCM PCE tables for specific grades on uninterrupted flow facilities stop at 25% 
trucks (e.g., HCM: Chapter 11). They should be extended to higher proportions of trucks in 
the traffic stream, perhaps to 50%.

•	 The 2010 HCM PCE tables for uninterrupted flow facilities and fixed single PCE values for 
interrupted flow facilities have undocumented built-in assumptions as to the distribution of 
weight to equivalent horsepower ratios (WEHPR) and lengths of trucks in the traffic stream. 
This limitation requires the original research to be repeated every few years as the vehicle 
fleet evolves. A methodology to predict PCE as a function of the distribution of WEHPRs 
and length of trucks in the traffic stream would facilitate maintenance and updating of future 
HCM PCE tables as the vehicle fleet changes.

•	 The current HCM heavy-vehicle categories of trucks, buses, and RVs needs to be subdivided 
for trucks into WEHPR and length subtypes to better match PCEs with actual vehicle mix and 
to produce more accurate estimates of the capacity effects of trucks.

•	 Urban Street Method does not have a factor for truck effects on base free-flow speed or run-
ning speeds between signals (HCM: Chapter 17).

•	 There are no truck-specific performance measures producible with the current HCM meth-
odology. The HCM produces only average traffic stream delays and speeds without isolating 
the delays and speeds for trucks separately.

•	 The HCM does not identify a LOS measure specific to trucks.

4.1.4  Appropriate Uses of HCM for Truck Operations Analysis

Many public agencies have typically used HCM methods to compute volume/capacity ratios, 
average speed, average delay, and automobile LOS for the mixed automobile and truck traffic 
stream. The agencies then assume that average results for automobiles and trucks can then be 
used as a proxy for the conditions experienced by trucks in the traffic stream.

Where greater detail is needed, some agencies have used microsimulation analysis models to 
better model the interactions of trucks with each other and the passenger car traffic stream and 
report average traffic stream performance. Relatively little has been done to tease out truck-specific 
performance measures from the output of conventional HCM and microsimulation models.

Incorporating Truck Analysis into the Highway Capacity Manual

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/22311


34  I  ncorporating Truck Analysis into the Highway Capacity Manual

In economic analyses used to prioritize projects for investments, separate values of time 
(VOT) have been assigned to truck movements within the traffic stream. However, due to the 
lack of truck-specific performance measures available from conventional modeling methods, 
truck-specific VOTs have been applied to mixed traffic stream speeds and delays.

The accuracy of the benefit/cost analyses currently used to prioritize transportation system 
investments can be significantly improved if the correct truck-specific performance measures 
were available: average truck speed, average truck delay, and reliability.

The VOT for truck movements used to compute the economic value to the region of trans-
portation investments would also be greatly improved if it could be specified in terms of a distri-
bution rather than a single average value. A framework that could provide truck average speed, 
delay, and reliability according to the specific VOT for each subtype of truck movement would 
greatly improve the accuracy of the economic analyses used to prioritize transportation system 
investments.

Truck LOS letter grades (i.e., A through F) keyed to truck delays, truck speeds, reliability, and 
the VOT for the specific truck movements being evaluated would also greatly facilitate the iden-
tification of freight movement problem spots in the highway network, comparison of alternative 
improvements, the determination of significant impacts, and the determination of acceptable 
and unacceptable performance.

4.1.5  Recent Research on Truck Level of Service

While separate truck LOS methodologies have not been incorporated into the HCM to date, 
there have been a number of research efforts that have been trying to deal with this issue. While 
these research efforts are an excellent foundation, much more is still needed before a working 
truck LOS methodology can be incorporated into the HCM.

One issue is that these prior research efforts have surveyed primarily truck drivers rather than 
carriers or shippers. One can see the bias in the results caused by focusing on drivers rather than 
carriers and shippers. The truck driver responses during these interviews are more concerned 
about comfort and convenience of the trip rather than trip time or reliability.

Hostovsky and Hall

Hostovsky and Hall (2003) conducted a focus group study of truck drivers at the annual 
convention of the Ontario Trucking Association (OTA) in Canada. Members of the OTA 
Road Knights Team were used for the focus group. The OTA Road Knights Team is a group of 
10 professional transport drivers with first-class driving records who make presentations on how 
car and truck drivers can safely share the road.

The Road Knights Team consists of only tractor-trailer drivers and does not include drivers 
of straight trucks, dump trucks, buses, and other heavy vehicles. The goods carried by the OTA 
participants include office products (from Toronto to New York City), general freight around 
Toronto and to the United States from Ontario, and chemical tankers.

Two simple, open-ended questions were used to start the focus group:

1.	 When driving your truck, what makes for a good trip on a freeway for you?
2.	 When driving your truck, what makes for a bad trip on a freeway for you?

The participant responses were grouped under freeway conditions, traffic conditions, atti-
tudes of other drivers, safety, and aggressive driver behavior. Travel time (or speed), traffic 
density (or maneuverability), and traffic flow were three major variables that were all mentioned 
with regard to freeway conditions quality of service.
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For freeway conditions, drivers were worried about factors such as road marking in construction 
zones, narrower lanes, snow being cleared promptly, and evenness of pavements. Drivers tend to 
prefer the middle lanes, which offer the “smoothest ride.” For traffic conditions, a key issue men-
tioned repeatedly was steady traffic flow. Due to the longer time required for trucks to accelerate 
and decelerate (compared with automobiles) drivers have a very negative perception of stop-and-
go traffic. Drivers mentioned that “Traffic moving steadily within an acceptable range” was the 
most important factor to them rather than speed. This does not necessarily imply drivers do not 
value speed, but may rather reflect an implicit understanding from experience (of the drivers) that 
steady speed is more likely to result in a higher overall speed than stop-and-go traffic.

Drivers point out that congestion due to construction, road maintenance, and accidents is 
very problematic for their operations—for example, while closures of major freeways at night 
for maintenance and construction do not bother commuters, it does affect truckers because 
it is considered “premium truck traffic time” where they can travel without interference from 
automobiles. The authors concluded that “truckers are concerned about travel times (or aver-
age speed) and about maneuverability, but there was a stronger consensus on the importance of 
what they termed flow or moving at a steady speed within an acceptable range.”

Another issue mentioned is attitudes toward other road users. Here truck drivers’ general 
perception was that they were more professional and consistent in their driving behavior and 
habits than were other road users. Their perception was that the driving behavior of other non-
truck drivers (lane changing, signaling, etc.) was inconsistent and disconcerting. This behavior 
negatively impacted their perception of a trip. Safety was a recurring theme throughout the focus 
study that included driving behavior of other road users, maintenance of safe driving conditions 
(during winter), clearance of snow, rubbernecking at accident scenes, and so forth.

The key finding of the study was that the very nature of the tractor-trailers (large, heavy 
vehicles with stiff suspensions that require long braking distances and more time to acceler-
ate) makes them place significance on LOS variables other than traffic density, which is used 
by engineers and planners in the HCM. It is not traffic density that mattered to them—it was 
traffic “flow,” which means what mattered most to this particular group of participants was a 
“comfortable operating range of highway speeds that does not require much braking and gear 
changes related to acceleration. Most of the truckers do not mind reduced freeways speeds as 
long as the traffic is flowing steadily.” The primary concern of urban freeway commuters was 
travel time, especially reduced time in light of frequent stops. Therefore, it can be concluded that 
truckers do think of time for their ability to deliver cargo, but they prefer a longer predictable 
time to having an unsteady traffic flow when perceiving their quality of service.

Washburn

A preliminary methodology for assessing truck LOS only for basic freeway segments was 
developed by Washburn in 2002. This methodology was developed without benefit of surveys 
of motor vehicle carriers, shippers, or even truck drivers. The methodology proceeds upon the 
presumption that maneuverability is an important factor for truck drivers (Washburn, 2002).

The methodology is based on a function of the ratio of percent of free-flow speed (FFS) of 
trucks to percent of FFS of passenger cars and is referred to as the “Relative Maneuverability 
Index,” or RMI. It can be expressed as

Equation 2RMI
Percent FFS

Percent FFS
trucks

pcars

=

The intent of the RMI was to capture the effect in which truck drivers are not able to change 
lanes at the same frequency as cars do at various density levels. Thus, trucks experience lower 
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average speeds than cars because they cannot perform as many discretionary lane changes to 
maintain their desired speed. This research did not perform measurements of this presumed 
preference of drivers to change lanes to maintain desired speed nor did this research attempt to 
measure or capture the perceptions of motor vehicle carriers or shippers.

Conceptually, RMI approaches a value of one under both free flow and ideal geometric condi-
tions when most cars and trucks are travelling at their desired (albeit different) FFS. It would also 
approach 1.0 under stop-and-go congested conditions when very few cars and trucks are able to 
maintain their FFS. The RMI would drop below one between these two extremes.

A surrogate value for the numerator and denominator is the ratio of the average speed to 
FFS by vehicle class. A further extension of this concept is the ability to estimate a truck density 
equivalent for truck LOS estimation purposes with a known or estimated RMI. This estimation 
is accomplished using the following relationship:

Equation 3Density
Density

RMI
trucks

pcars=

The numerator in Equation 3 is taken as the computed HCM LOS measure for basic freeway 
segments, while the RMI in the denominator is assumed or estimated.

The approach used in this research was to calibrate/develop speed prediction models for 
both trucks (three types) and passenger cars using a microscopic freeway simulation model 
(FREESIM). Other field based approaches were considered and discarded due to the complex-
ity and cost of flow and speed data collection by vehicle class. The simulation model was first 
calibrated against sensor data extracted on the I-4 freeway in Orlando, FL. These data were 
supplemented with surveillance video data to retrieve actual counts of the various truck classes.

Once the simulation model produced reasonable comparisons to the field data, it was used 
to develop statistical speed models for a representative basic freeway segment for four classes of 
vehicles (one passenger car and three truck categories) by varying factors for total volume (or 
volume per lane), percent trucks, road grade, and number of truck lane restrictions. Thus, each 
of the four speed models takes the form

class intercept, volume, grade, percent trucks, restricted lanes, interaction terms
Equation 4

S i f ( )( ) =

The intercept term therefore represents the FFS for the subject vehicle class. Applying the 
models by class means the RMI, truck density, and LOS can be computed.

This study explored the development of a method to assess LOS for trucks based on a maneu-
verability measure, which was a function of relative percentages of FFS between trucks and pas-
senger cars. There is some work needed to be done, such as revising the model to use a variable 
for the segment entering average speed of the vehicle class instead of using a base FFS. It would 
also be desirable to perform field verification of base FFS of trucks relative to passenger cars to 
serve as validation for the values that result from the simulation model.

Washburn and Ko

Washburn and Ko (2007; also see Ko, Washburn, and McLeod, 2009) conducted opinion 
surveys of 459 truck drivers and 38 carrier managers to identify the roadway, traffic, and other 
highway-related factors most important to them. The effects of truck regulations were explicitly 
excluded. They attempted to survey a cross section of driver types representative of different 
carrier and equipment types.
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They found that drivers and carriers tended to place greater emphasis on different aspects of 
the highway experience. Drivers placed greatest importance on the quality of the ride and ease 
of driving (pavement smoothness, fewer maneuvers required, and ease of maneuvers). Carriers 
placed greatest emphasis on speed and travel time reliability.

Based on the combined results from drivers and carriers, the authors recommended the fol-
lowing key measures of LOS for evaluating truck performance on a facility:

•	 Freeways—speed variance and pavement quality;
•	 Two-lane highways—percent time being followed, percent time spent following, travel lane 

and shoulder widths, and pavement quality; and
•	 Urban streets—ease of turning maneuvers, speed variance, traffic density, and pavement 

quality.

Note that speed variance, in this case, refers to the “ease of maintaining a consistent speed” 
over the length of a trip and not the variation in average trip speed from trip to trip, which 
reflects to a certain extent the psychological comfort of a trip. It is essentially a measure of the 
amount and frequency of accelerations and decelerations during the trip.

Even though motor vehicle carriers were surveyed, none of the recommended truck LOS 
measures dealt with speed and travel time reliability, which were the primary concerns of ship-
pers and carriers. Instead, the recommended LOS measures of comfort and convenience focus 
on the needs and perspectives of truck drivers.

4.2  International Practice

A scan of the international literature review found that several countries are still in the process 
of developing their highway capacity manuals. Significant differences in traffic laws of individual 
countries limit the transferability of procedures and PCEs adopted by other countries. The gen-
eral finding from the literature scan is that most capacity analysis manuals from other coun-
tries generally follow the HCM 2010 concept of converting trucks to PCEs and then computing 
capacity and performance for the equivalent passenger car stream.

None of the international manuals reviewed to date provide performance measures or meth-
odologies for measuring or predicting LOS from the point of view of truck shippers or carriers. 
Capacity analysis manuals and relevant research from the following countries were reviewed:

•	 Germany,
•	 The United Kingdom,
•	 Canada,
•	 China,
•	 Indonesia,
•	 Australia,
•	 Brazil,
•	 Japan,
•	 India,
•	 Thailand, and
•	 Singapore.

4.2.1  Germany

In Germany, heavy-vehicle percentages in traffic stream are used as parameters describing 
the influence of trucks on both freeways and rural highways. All vehicles with a maximum 
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weight above 3.5 metric tons are considered as heavy vehicles (the maximum allowable weight 
is 40 metric tons, width is 2.6 m, and length is 18.75 m with some exceptions).

Differences between German and U.S. traffic laws suggest that German PCEs and truck analy-
sis methods may not be directly transferable to the United States. The maximum allowable speed 
for trucks in Germany is 80 km/h (49 mph), however, it is not strictly enforced. On the other 
hand, the maximum speed of passenger cars is 140 km/h (85 mph) on a level freeway. In general, 
prohibition of overtaking by trucks is implemented in German freeway networks. Right-hand 
overtaking by any vehicle of any other is prohibited in Germany, a rule that is generally obeyed.

As a result, trucks and cars in freeways are segregated. These circumstances have resulted in 
trucks running on the far right lane nearly all the time. Trucks use the left or middle lane only 
for overtaking. Trucks are not allowed outside of the two right-hand lanes on a freeway. It is 
mandatory in Germany that trucks keep a distance of 50 m (150 ft) between them for safety. 
Occasionally, on some of the major freight-hauling freeways, long “freight-truck” queues are 
observed in the right lane. These moving truck queues create problems for car drivers exiting or 
entering the freeway at junctions.

Currently, when computing performance measures, passenger car speed is the key input. 
In computing roadway performance measures, there is an implicit assumption that increasing 
traffic volumes adversely impact trucks and automobiles in the same manner and to the same 
degree. Road gradient, different speed-flow characteristics, and different capacities are also taken 
into account while analyzing performance measures.3

In 1994, the first draft of a German Highway Capacity Manual (German HCM) was presented 
on behalf of the Federal Minister of Transport to improve the practical applications of traffic 
engineering theories (Wu, 1998). The theoretical capacity on German motorways under ideal 
conditions (light and dry) is shown in Exhibit 9.

Geistefeldt (2009) proposed a new empirical method for estimating PCEs for heavy vehicles 
on freeways. The proposed approach is based on the concept of stochastic capacities, illustrated 
by the capacity distribution functions. Capacity distribution functions were created using 5-min 
interval traffic counts from German freeways with varying geometric parameters. The empirical 
PCE estimation and the parameters of the corresponding capacity distribution functions vary 
from 1.3 to 2.6. The estimated PCEs tend to decrease with an increasing number of lanes.

A comparative study was performed to compare saturation flow rate as presented in the 
German HCM. The study site was in the City of Dresden; the saturation flow rates with vary-
ing grades and heavy-vehicle combinations were compared (Boltze, 2006). The basic capacity 
is 2,000 vehicles per hour. The influence of heavy vehicles and grade on the saturation flow is 
shown in Exhibit 10.

3 By way of comparison, the United States’ HCM 2010 defines a heavy vehicle as a vehicle with more than four wheels on the 
ground during normal operations.

Truck percentage 6-lane motorways 
 

Metropolitan Long distance 
0% 1820 2075 1815 
5% 1780 2010 1790 

10% 1730 1945 1765 
15% 1690 1875 1740 

*Capacities in vehicles per hour per lane; adapted from Wu, 1998.

4-lane motorways

Exhibit 9.    German motorway capacities under ideal conditions.*
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Brilon and Bressler (2004) analyzed traffic flow characteristics on freeway upgrades in Germany. 
They used all external influences, degree of gradient, and length of upgrade together with traffic 
flow parameters such as volume or proportion of heavy vehicles through specific parameters. 
Based on this analysis, they found that capacity solely depends on the degree of gradient but is 
not influenced by gradient length. However, travel speed is significantly influenced by the degree 
of gradient and the length of the grade (up to L ≤ 4000 m) as well as by the proportion of trucks.

4.2.2  United Kingdom

Traffic Capacity on Urban Roads (Department of Transport, Highways Agency, n.d.) provides 
capacity look-up tables for various types of roads according to the proportion (up to 15%) of 
heavy vehicles on the road. The recommended capacity adjustments for higher proportions 
(the heavy-vehicle percentage in a one way flow exceeds 15%) of heavy vehicles are shown in 
Exhibit 11. In the United Kingdom, the motorway speed limit is 60 mph or less within a built-up 
area. For urban all-purpose roads, the speed limit is either 40 mph or less for a single carriageway 
or 60 mph or less for a dual carriageway.

4.2.3  Canada

The Canadian Capacity Guide for Signalized Intersections (Canadian Institute of Transporta-
tion Engineers, 2008) incorporates heavy vehicles for design of traffic signals and analysis. Heavy 
vehicles are included as a passenger car unit equivalent, which is discussed in the following 
section.

Passenger Car Unit Equivalent in Flow

The Canadian Capacity Guide focuses on the movement of traffic flow units including trucks 
such as cars, transit vehicles, cyclists, and pedestrians at signalized intersections. Vehicular traffic 
flow is commonly expressed as a homogeneous entity by converting the individual vehicle class 
into passenger car units (PCUs). Three types of trucks are listed in the Canadian Capacity Guide. 
Exhibit 12 illustrates the truck classification and corresponding PCU.

 0% Heavy Vehicles 10% HV 20% HV 30% HV 
Grade German 

HCM 
Dresden German 

HCM 
Dresden German 

HCM 
Dresden German 

HCM 
Dresden 

0% 2000 2000 1860 1800 1540 1600 1380 1300 
2.5% 1835 2000 1710 1800 1410 1600 1265 1300 
3.0% 1800 1950 1680 1750 1385 1550 1240 1250 
4.0% 1750 1850 1630 1600 1345 1450 1205 1200 
5.0% 1700 1650 1585 1350 1310 1250 1170 1150 

*Entries are saturation flow rates in vehicles per lane per hour of green for signalized intersections. German HCM is German 
Highway Capacity Manual. Source: Boltze, 2006. 

Exhibit 10.    Dresden and German hcm saturation flow rates.*

Exhibit 11.    Reduction in flow due to heavy vehicles.

 Heavy-vehicle 
% 

Total reduction in flow level (veh/h) 
UM and UAP dual 
carriageway road 

Single carriageway UAP road 
having width of 10 m or wider 

Single carriageway UAP road 
having width less than 10 m 

Per lane Per carriageway Per carriageway 
15 20% 100 100 150 
20 25% 150 150 225 

Notes: UM = Urban motorway; UAP = Urban all-purpose road. Source: Department of Transport, Highways Agency, n.d.

Incorporating Truck Analysis into the Highway Capacity Manual

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/22311


40  I  ncorporating Truck Analysis into the Highway Capacity Manual

Saturation Flow Adjustment Factors

The Canadian Capacity Guide suggests a number of adjustment factors to adjust the basic 
saturation flow values for heavy vehicles including other adjustment factors in the absence of 
directly measured saturation flows at the analyzed intersection. The adjusted saturation flow 
depends on the basic saturation flow and is a function of the applicable adjustment factors:

Equation 5adj basic adjS S f F )(=

where

	 Sadj	=	adjusted saturation flow (pcu/h),
	 Sbasic	=	basic saturation flow (pcu/h),
	f(Fadj)	=	adjustment functions, and
	 Fadj	=	individual adjustment factors.

Truck Size and Weight in Canada

The truck size and weight regulations in the Canadian provinces in the 1960s were similar to 
those in the U.S. states. The detailed specifications were developed for tractor-semitrailers from 
3 to 6 axles and A-, B-, and C-trains from 5 to 8 axles for interprovincial highway transporta-
tion. Canadian provinces and territories have the authority to set, monitor, and enforce truck 
size and weight regulations. Woodrooffe et al. (2011) suggested that the process of implementa-
tion was advancing slowly. The delay was due to public concern in Ontario with an increase in 
semitrailer length and overall length for doubles, which restricted full implementation in the six 
eastern provinces for five years. Researchers argued that there was national agreement among 
stakeholders that Canadian size and weight regulations were inconsistent and outdated, which 
contributed to cross country transport inefficiencies (Abdelgawad et al., 2010).

Exclusive Truck Facilities in Canada

Roorda et al. (2010) analyzed exclusive truck facilities in the Greater Toronto Area (GTA). 
The research was motivated from studies on truck facilities being conducted in many U.S. states 
(Florida, Texas, Virginia, etc.). Travel demand on the 400-series freeway is modeled and cali-
brated in detail to reflect observed freeway traffic volume.

Two scenarios were evaluated. In one scenario, the conversion of one lane in Highway 401 
in each direction into an exclusive truck lane resulted in stable overall freeway demand for pas-
senger cars and light truck trips and an increase in demand for medium and heavy truck trips 
by 5% to 15%. The scenario also resulted in reduced passenger car and light truck capacity and 
increased medium and heavy truck capacity on Highway 401. The resulting effect was approxi-
mately stable freeway demand for passenger cars and light trucks and a significant increase in 
freeway demand for medium and heavy trucks over the base case.

In the second scenario, construction of an exclusive truck highway in a hydro corridor across 
the GTA resulted in a 3% to 7% increase in passenger car/light truck trips on the freeway and an 
8% to 13% increase in medium and heavy truck trips.

Exhibit 12.  C  anadian passenger car unit equivalents—signalized intersections.

Truck types Passenger car unit equivalents (pcu/veh) 
Single unit trucks 1.5 
Multi-unit trucks 2.5 
Multi-unit trucks heavily loaded 3.5 

Source: Canadian Institute of Transportation Engineers, 2008.
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In the same study corridor, Abdelgawad et al. (2010) conducted a simulation study for exclu-
sive truck lanes. Researchers evaluated two alternatives: in the first, addition of four-lane truck 
facilities resulted in greater travel time improvements for trucks, which resulted in the reduction 
of freeway average travel speeds in the network for both a.m. and p.m. peak hours. In the second 
alternative, conversion of a freeway lane to an exclusive truck lane on Highway 401 resulted in 
increased congestion for passenger cars, but improved travel speeds for trucks. Both of these 
scenarios show truck facility usage ranges from 100 to 800 trucks per hour per direction.

4.2.4  China

A comprehensive highway capacity study was conducted from 1995 to 1999 with the purpose 
to develop draft capacity guidelines for roads and major intersections outside of urban areas 
(Bang and Heshen, 2000). Field data were collected at 144 road links and at 19 major inter-
sections outside of urban areas. The project was intended to support central efforts towards the 
development of a complete Chinese Highway Capacity Manual. The following average traffic 
composition was recorded from the surveyed sites:

•	 MC2—two-axle motorcycles 4%;
•	 MV—mini-vehicles (3 and 4 axles) 10%;
•	 LV—light vehicles (cars, vans, etc.) 27%;
•	 MHV—medium heavy vehicles 25%;
•	 LHV—large heavy vehicles 21%;
•	 TC—truck combinations 8%; and
•	 TRA—farm tractors 5%.

The corresponding PCE for these types of vehicles is shown in Exhibit 13. The recommended 
base FFSs depend on road, terrain, and vehicle types and are shown in Exhibit 14.

Exhibit 13.    Passenger car equivalents for road links studied in China.

Road type/ 
total both 
directions* 

Terrain type Traffic flow 
(veh/h) 

PCEs 
(PCE for LV = 1.0) 

MV MHV LHV TC TRA MC2 

4/2 UD + D 
(CW = 
13 16 m) 

Flat 0 1.3 1.4 1.6 2.2 3.2 0.5 
2500 1.4 1.5 1.8 2.4 3.5 0.5 
5000 1.2 1.2 1.4 2.0 2.5 0.3 

Rolling 0 1.7 1.8 2.5 3.4 3.8 0.5 
2100 1.9 2.0 2.5 3.4 4.2 0.5 
4200 1.8 1.5 1.8 2.4 3.4 0.3 

Hilly 0 1.8 2.0 3.1 4.2 4.4 0.3 
1750 2.0 2.3 3.1 4.2 4.9 0.4 
3500 1.9 1.7 2.4 3.4 3.9 0.3 

*Notes: UD = undivided; D = divided; CW = carriageway (roadway width).

Exhibit 14.    Base free-flow speed for interurban and township road in China.

Road type/ both 
directions Terrain type 

Base free-flow speed (km/h) 
LV MV MHV LHV TC TRA 

Motorway 
 

Flat 90 70 70 65 60 — 
Rolling/ hilly 80 60 60 52 50 — 

Multilane road 
>13 m 

Flat 70 55 62 62 54 25 
Rolling 65 50 57 55 47 23 
Hilly 60 45 51 48 39 20 

Source: Bang and Heshen, 2000. 
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4.2.5  Indonesia

The Indonesian highway agency realized that the existing capacity manuals from developed 
countries could not be successfully implemented in Indonesia because Indonesian traffic charac-
teristics differ from those of developed countries (Indonesian Directorate General of Highways, 
1993). Thus, data collection was performed at a total of 147 sites in 16 cities in Indonesia to 
develop capacity parameters appropriate for Indonesia.

Based on this data collection effort, the following PCEs were identified. For signalized inter-
section analysis, a heavy-vehicle factor of 1.3 is used to convert to PCUs. For urban roads, the 
default PCU value of 1.3 is used for heavy vehicles. If there are a lot of heavy vehicles, a PCU of 
2.0 could be used. Heavy vehicles are classified as buses, two-axle trucks, three-axle trucks, and 
truck combinations.

Heavy vehicles classifications include the following (Indonesian Directorate General of High-
ways, 1995):

•	 Medium heavy vehicle (MHV): two-axle motor vehicles with an axle spacing of 3.5 to 5.0 m, 
including buses and two-axle trucks with six wheels;

•	 Large trucks (LT): three-axle trucks and truck combinations with axle spacing from first to 
second axle of <3.5 m; and

•	 Large bus (LB): two- or three-axle buses with an axle spacing 5.0 to 6.0 m.

For interurban roads and motorways, capacity is measured in light vehicle units (LVUs). Two 
sets of LVU values are used with different criteria for equivalency (see Exhibit 15):

•	 Speed-based LVU values are based on the relative impact on light vehicle speed due to differ-
ent types of vehicles in the traffic stream; and

•	 Capacity-based LVU values are based on the relative impact on capacity due to different vehi-
cle types.

The Indonesian Highway Capacity Manual suggests that the FFS for a passenger car is typically 
10% to 15% higher than that for other types of light vehicles. The actual capacity is adjusted from 
ideal capacity by incorporating a road width adjustment factor, a directional split adjustment 
factor, a motorcycle traffic adjustment factor, and a side friction adjustment factor. The calcula-
tion procedures given in the manual are in some cases similar to the U.S. HCM; users are advised 
to use values for Indonesian conditions as appropriate.

For motorways, the Indonesian HCM recommends a FFS of 85 km/h (52 mph) and a base 
capacity of 2,300 LVUs/h/l, respectively, for a four-lane divided motorway in flat terrain.

Indonesia does not use the U.S. HCM LOS concept; therefore, speed and degree of satura-
tion are used in the Indonesian HCM. Speeds are much lower in Indonesia than in the United 
States for a given degree of saturation (flow/capacity = Q/C) (Indonesian Directorate General 
of Highways, 1993).

Exhibit 15.    Light vehicle units conversion in Indonesian HCM.

Terrain/Road Type 
LVU (speed) LVU (capacity) 

MHV LB LT MHV LB LT 
Flat terrain/Divided road 1.5 1.0 3.2 1.2 1.5 2.0 
Flat terrain/Undivided road 1.5 1.2 2.7 1.2 1.5 2.0 
Rolling terrain/All road types 2.0 1.3 4.0 1.3 1.7 2.5 
Hilly terrain/All road types 3.5 1.5 5.5 1.5 2.0 3.0 

Source: Indonesian Directorate General of Highways, 1995. 
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4.2.6  Australia

Austroads published Guide to Traffic Management for traffic studies and analysis. The guide 
provides guidance on traffic analysis for uninterrupted and interrupted flow for various types 
of intersections. Different factors affecting capacity and LOS due to roadway condition, traffic 
composition, and so forth are also presented in the guide (Austroads, n.d.).

The document defines “truck” as a vehicle with more than four single tires and involved 
primarily in the transport of goods and services. It utilizes the HCM 2000 methodologies for 
calculating capacity, delay, and LOS on transportation facilities. A suggestion is made in the 
document that when using the HCM 2000 procedures, the vehicle equivalency factors should be 
adjusted to reflect the characteristics of Australian trucks. However, there is no evidence in the 
document that provides guidelines on appropriate values for vehicle equivalency of Australian 
trucks that should be used in the analysis.

4.2.7  Brazil

A study was conducted in Brazil to estimate truck PCEs for divided multilane highways 
(Cunha and Setti, 2011). In Brazil, trucks represent a high proportion of highway traffic and 
they are longer, heavier, and have smaller engines than the trucks used in the development of the 
HCM 2000. Truck characteristics (power, weight, etc.) were observed at several weigh stations  
on multilane highways. A microscopic traffic simulation software, CORSIM’s heavy-vehicle 
performance and car-following models were recalibrated using a genetic algorithm with truck 
performance data and traffic data collected on a divided multilane highway. The recalibrated 
CORSIM was then used to derive new PCEs. PCE tables for specific grades and for extended 
segments were created to replace those used in the HCM 2000. The results show the need for 
development of a Brazilian HCM. They suggested that the use of the PCEs found in this study 
may improve LOS estimates rather than to adapt from the HCM to Brazil. Demarchi and Setti 
(2003) used two types of trucks in the analysis for illustration purposes with varying mass-to-
power and lengths. The results indicate that the errors in the estimation of equivalent flow rates 
are negligible for densities less than 10 veh/(km-lane), but increase significantly with the increase 
in density. The derivation of an aggregate PCE could avoid this problem.

4.2.8  Japan

The latest trucking research in Japan is concerned with futuristic automated truck lanes, 
which promise to reduce congestion and increase safety. For purposes of analyzing such lanes, 
Morikawa, Miwa, and Sun (2011) studied the New Tomei Expressway and obtained—through 
maximum likelihood estimation—a PCE value of 1.73.

Rahman, Okura, and Nakamura (2003) suggested a method for estimating PCE in Japan for 
large vehicles at signalized intersections based on increased delay caused by the large vehicles. 
Researchers found that for the same percentage of heavy vehicles, the PCE value varies con-
siderably with the position of large vehicles in the queue. In this study, a queue length of 8 to 
17 vehicles was used to develop PCE values at signalized intersections.

4.2.9  India

The Central Road Research Institute (Indian Central Road Research Institute, 1988) adopted 
a linear regression analysis technique for determining PCE for different classes of vehicles,  
including trucks. Aggarwal (2011) developed a fuzzy based model for the estimation of PCE 
value for trucks based on inputs such as pavement width, shoulder condition, directional split, 
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and speed of the traffic. Most of the research has provided significant insight about mixed 
traffic operation in India, but has recommended only static PCE values for trucks and other 
vehicle categories for different roadways and control conditions.

4.2.10  Thailand

The wide variety of vehicles in Thai roads requires a comprehensive approach to PCE. Exhibit 16 
is an adaptation of a table published by Mathetharan (1997), which is still used in Thailand to 
homogenize traffic streams.

Minh and Sano (2003) studied the influence of motorcycles on saturation flow rates in Hanoi 
and Bangkok and arrived at a PCE of 0.24 and 0.18, respectively. While motorcycle PCEs may 
not be of interest for this project, the methods used in this project—plotting the proportion of 
motorcycles against the saturation flow rate—appear to be representative of Thai PCE research.

Another study conducted in Thailand suggested that the overall effect on the capacity with 
the prevailing proportion of large-sized vehicles resulted in reduction in capacity on the order 
of 15%. PCEs for medium- and large-sized vehicles are obtained as 1.0 and 1.5 respectively 
(Tanaboriboon and Aryal, 1990).

4.2.11  Singapore

A comprehensive 2-year study of truck traffic at 219 Singaporean sites was conducted by Fwa, 
Ang, and Goh (1996). It was found that the time distribution of truck travel varies greatly among 
the five roadway classes (i.e., expressways, arterials, collectors, industrial roads, and local roads).

In a similar study, Fan (1990) suggested PCE values of 1.3, 2.6, and 2.7 for light trucks, heavy 
trucks, and buses, respectively, for Singapore expressways. These PCE values are higher than 
those recommended for use in the United States.

4.3 Conclusions of Literature Review

Review of international literature and practice found that most countries use PCEs like the 
U.S. HCM to convert trucks in the traffic stream into the equivalent number of passenger 
cars before computing capacity and speed. Unlike the U.S. HCM—which uses a single class 

Vehicle PCE 
Motorcycle 0.25 
Passenger car 1.00 
Taxi 4-wheel 1.00 

Tuk-Tuk (3-wheel) 0.75 
Bus Light 1.25 

Medium 1.50 
Heavy 2.00 

Truck 4-wheel 1.75 
6-wheel 1.75 
10-wheel 2.00 
Articulated 3.00 

Source: Mathetharan, 1997. 

Exhibit 16.    Thailand PCEs.
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of trucks—China, Indonesia, Singapore, Thailand, and Canada subdivide trucks into three or 
four subtypes.

U.S. research suggests that truck PCEs used to compute saturation flow rates at signalized 
intersections should vary by truck size (i.e., the number of axles). The U.S. HCM currently uses 
just a single truck class (plus separate classes for buses and RVs). Japanese research found that  
the PCE effect of a truck on saturation flow rates also varies by the position of the truck in the 
signal queue. Similar findings were reported in U.S. research (Washburn and Cruz-Casas, 2010).

Chinese, Brazilian, Canadian, Indonesian, and U.S. research all confirm that PCEs vary by 
weight to equivalent horsepower ratio (WEHPR). U.S. research confirms the HCM PCE tables, 
which show that the effects of trucks decrease as trucks make up a larger proportion of traffic 
stream. This same research, however, suggests that HCM tables should be extended above 25% 
trucks in the traffic stream. U.S. research suggests that vehicle length (as opposed to WEHPR) 
affects truck PCEs for freeways on level sections.

German research has identified differing effects of different percent of heavy vehicles on signal 
saturation flow rates as a function of approach grade. For freeways, German research has found 
that the PCEs of heavy vehicles decrease with increasing number of lanes.

Indian research found that PCEs increased 20% over a 14-year period in that country, perhaps 
due to the evolution of the vehicle mix and vehicle WEHPRs, which suggests that the U.S. HCM 
PCE tables should be specifically tied to a specific distribution of truck subtypes (WEHPRs) and 
updated regularly.

This literature research on international truck analysis did not identify any LOS analysis per-
formance measures or procedures designed to specifically represent the perspectives of truck 
shippers or carriers.

All international capacity manuals do provide PCE parameters to convert trucks to equivalent 
PCUs before estimating the equivalent capacity and speed for the passenger equivalent traffic 
stream. The differences in traffic laws among countries and the horsepower to weight ratios of 
trucks in other countries suggest that actual PCE values cannot be transferred directly to U.S. 
practice.

Several countries provide additional gradations of truck types beyond the simplistic U.S. 
HCM method of truck, bus, and RV. These classification schemes may provide some useful 
ideas for an augmented U.S. HCM truck classification scheme.
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This section reviews the current national and statewide truck classification schemes and recom-
mends an appropriate classification scheme for use in the analysis of the effects of trucks on other  
modes and the effects of other modes on the quality of service experienced by trucks on the highways.

Two characteristics of trucks are of primary importance when predicting the effect of trucks on 
facility performance and vice versa: truck length and the ratio of weight to power.4 There are numer-
ous truck classification schemes currently in use in the United States, and each was developed for a 
different purpose. The intent of this section is to present a method for transforming these different 
classifications into a set of classifications that can best be used in the Highway Capacity Manual 
(HCM) to predict truck performance. Exhibit 17 shows the steps that may be required to transform 
one or more of the existing national classification schemes into a scheme useful for HCM analysis.

Another issue relevant to the objectives of NCFRP Project 41 is to provide guidance on analyz-
ing highway performance measures that are of direct relevance to shippers. The main thrust of 
HCM analyses is on average peak period operational measures for a given set of conditions; how-
ever, as will be discussed later, reliability is a key concern for many shippers. This is particularly 
true of those involved with just-in-time inventories or high time value cargos.

The rest of Section 5 discusses the following topics:

•	 Overview of existing truck classification schemes. This provides a review of current national 
classification schemes and some variations on these.

•	 Determinants of truck performance in the traffic stream. Truck characteristics that affect their 
performance in the traffic stream are often not directly related to the bases for most-current truck 
classification schemes. This section briefly reviews those characteristics that are most relevant to 
truck performance, and discusses how they might be related to existing classification schemes.

•	 Automated truck counting and classification considerations. Automated truck counting 
and classification data are becoming increasingly more available through technologies such as 
weigh-in-motion (WIM) and increased sampling coverage for Highway Performance Moni-
toring Systems (HPMS). This section discusses those classifications and their relevance to the 
needs of NCFRP Project 41.

•	 Perspectives of the trucking industry. Freight haulers and their customers have somewhat 
different perspectives on relevance of highway performance characteristics to their needs. For 
example, reliability is highly valued where shipping is for just-in-time inventories.

•	 Recommended HCM classification scheme. This section provides the thinking of the 
research team on how to adapt existing classification schemes to meet the needs of NCFRP  
Project 41 and, ultimately, the HCM. This thinking was tested with available data as the 
research progresses.

S e c t i o n  5

Recommended HCM Truck 
Classification Scheme

4 The value of time for the load carried, facility geometry, and traffic congestion on the facility are also critical factors, but 
these are not characteristics of the truck itself, per se.
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5.1 Existing National Truck Classification Schemes

There are four basic national truck classification schemes and several variations on these schemes 
(see Exhibit 18). These four major classification schemes differ according to their purpose:

1.	 The national NHTSA truck classification scheme is based on gross vehicle weight rating.
2.	 The FHWA truck classification scheme is based on the number of axles, their configuration 

(tandem or single), and the number of trailers. It is designed to facilitate truck classification at 
weigh stations. The number of axles (in combination with loaded weight) is useful for pave-
ment design.

3.	 The STAA (Surface Transportation Assistance Act of 1982) truck classification scheme 
identifies a new category of trucks eligible to operate on the National Network. However, 
they are subject to local controls and prohibitions when off of the National Network. These 
trucks are generally exceptionally long, so the STAA scheme is primarily based on length. The 
lengths determine the turning radii for the truck-trailer combinations.

4.	 The AASHTO truck classification scheme is based on the wheel base, the distance between 
the front wheels or trailer king pin, and the centerline of the rear wheels. This information 
determines the turning and tracking radii of the truck and trailer. This scheme is used for the 
design of islands, medians, lane widths, and turning radii on highways.

The HCM currently divides heavy vehicles into three classes for capacity analysis purposes: 
bus, truck, and recreational vehicle (RV). These classes are used to identify the appropriate pas-
senger car equivalent (PCE) for each heavy-vehicle type and to compute the amount of roadway 
capacity consumed by each type. The PCEs may vary by terrain and road grade.

Other classification schemes are those that do not fit into one of the above categories. These 
schemes can include overall length classifications and those by weight such as the one used by 
the California Energy Commission.

Most of these schemes were designed to serve purposes other than determining effects of 
trucks on traffic flow. The current HCM 2010 truck classification scheme was developed explic-
itly for capacity analysis, but it employs a gross simplification of the varying types of trucks and 
their different operating characteristics. The simplification was designed to reduce data collec-
tion needs when determining capacity.

Existing truck
classifications

Length
Weight
Number of axles
etc.

Classification by
determinants of traffic flow

Length
Power to weight
Percent load distribution
etc.

Relationships between:
existing classifications
determinants

•
•
•
•

•
•
•
•

•
• of traffic flow

Exhibit 17.    Transforming existing classifications to flow-determining 
classifications.

Classification 
scheme 

Basis No. 
types 

Purpose 

NHTSA Gross vehicle weight rating 8 Safety assessments 
FHWA  Axles 

 Trailers 
13 Truck classification at weigh stations 

Pavement design 
STAA Length 2 Limit access to certain road types 
AASHTO Wheelbase 

Kingpin – rear wheel C/L 
7 Geometric design 

HCM Heavy vehicle that is not a bus or 
a recreational vehicle 

1 Capacity analysis 

Exhibit 18.    National truck classification schemes.
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5.1.1  NHTSA Classification Scheme

Vehicle manufacturers are required by federal regulations (Title 49 Code of Federal Regu-
lations, Chapter V, Section 565.6) to submit information on the gross vehicle weight rating 
(GVWR) of the vehicle to NHTSA (see Exhibit 19). This rating may also be included with the 
vehicle’s vehicle identification number (VIN). The GVWR is defined as the unloaded vehicle 
weight plus its maximum safe load.

5.1.2  FHWA Vehicle Classification Scheme

The FHWA vehicle classification scheme groups vehicles into 13 categories based on the total 
number of axles and the number of trailers (see Exhibit 20). A survey of state DOTs by Benekohal 
and Girianna (2003) reported that state DOTs generally follow the FHWA classification scheme, 
with some variations:

•	 Colorado DOT condenses the FHWA classification scheme into three categories. FHWA 
Classes 1–3 are grouped as passenger vehicles, Classes 4–7 are grouped as single-unit trucks, 
and FHWA Classes 8–13 are grouped as combination trucks.

•	 Illinois DOT classifies vehicles according to length of vehicles. Passenger vehicles are up 
to 21 ft. long, single units are between 22 and 44 ft., and multi-units are vehicles longer 
than 40 ft.

•	 Caltrans uses FHWA classification with little modification. Caltrans added two vehicles clas-
sifications in the FHWA vehicle classification system for a total of 15. FHWA Class 9 was split 
into two classes, single and multi-trailer. An “unclassifiable” class was added to account for 
an unrecognizable vehicle or equipment malfunction.

•	 Texas DOT modifies the FHWA scheme based on the estimated range of loaded weights 
and horsepower for each truck classification category. An example of this is shown in 
Exhibit 21.

5.1.3  STAA Classification

The Surface Transportation Assistance Act (STAA) of 1982 regulated the length of com-
mercial motor vehicles. Congress established minimum length standards for most commercial 

Exhibit 19.    NHTSA vehicle classification scheme.

Vehicle Class  GVWR 

Class A  
Class B  
Class C  
Class D  
Class E  
Class F  
Class G  
Class H  
Class 3
Class 4
Class 5
Class 6  
Class 7  
Class 8

Not greater than 1360 kg. (3,000 lbs.)
Greater than 1360 kg. to 1814 kg. (3,001–4,000 lbs.)
Greater than 1814 kg. to 2268 kg. (4,001–5,000 lbs.)
Greater than 2268 kg. to 2722 kg. (5,001–6,000 lbs.)
Greater than 2722 kg. to 3175 kg. (6,001–7,000 lbs.)
Greater than 3175 kg. to 3629 kg. (7,001–8,000 lbs.)
Greater than 3629 kg. to 4082 kg. (8,001–9,000 lbs.)
Greater than 4082 kg. to 4536 kg. (9,001–10,000 lbs.)
Greater than 4536 kg. to 6350 kg. (10,001–14,000 lbs.) 
Greater than 6350 kg. to 7257 kg. (14,001–16,000 lbs.) 
Greater than 7257 kg. to 8845 kg. (16,001–19,500 lbs.) 
Greater than 8845 kg. to 11793 kg. (19,501–26,000 lbs.)
Greater than 11793 kg. to 14968 kg. (26,001–33,000 lbs.)
Greater than 14968 kg. (33,001 lbs. and heavier) 

 

Source: Title 49 CFR, Chapter V, Section 565.6, Table II. 
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Class Illustration Description 

1 
 

Motorcycles: All two or three-wheeled motorized vehicles. 

2 
 

Passenger Cars: All sedans, coupes, and station wagons 
manufactured primarily for the purpose of carrying passengers 
and including those passenger cars pulling recreational or other 
light trailers. 

3 

 

Other Two-Axle, Four-Tire Single Unit Vehicles: All two-axle, 
four-tire vehicles other than passenger cars. Generally pick-up 
trucks, sports utility vehicles, vans. 

4 

 

Buses: All vehicles manufactured as traditional passenger-
carrying buses with two axles and six tires or three or more 
axles. Excludes modified buses no longer capable of mass 
passenger transport. 

5 

 

Two-Axle, Six-Tire, Single-Unit Trucks: All vehicles on a 
single frame including trucks, camping and recreational vehicles, 
motor homes, etc., with two axles and dual rear wheels. 

6 
 

Three-Axle Single-Unit Trucks: All vehicles on a single frame 
including trucks, camping and recreational vehicles, motor 
homes, etc., with three axles. 

7 
 

Four or More Axle Single-Unit Trucks: All trucks on a single 
frame with four or more axles. 

8 

 

Four or Fewer Axle Single-Trailer Trucks: All vehicles with 
four or fewer axles consisting of two units, one of which is a 
tractor or straight truck power unit. 

9 

 

Five-Axle Single-Trailer Trucks: All five-axle vehicles 
consisting of two units, one of which is a tractor or straight truck 
power unit. 

10 

 

Six or More Axle Single-Trailer Trucks: All vehicles with six or 
more axles consisting of two units, one of which is a tractor or 
straight truck power unit. 

11  

Five or Fewer Axle Multi-Trailer Trucks: All vehicles with five 
or fewer axles consisting of three or more units, one of which is 
a tractor or straight truck power unit. 

12 

 

Six-Axle Multi-Trailer Trucks: All six-axle vehicles consisting of 
three or more units, one of which is a tractor or straight truck 
power unit. 

13 
 

Seven or More Axle Multi-Trailer Trucks: All vehicles with 
seven or more axles consisting of three or more units, one of 
which is a tractor or straight truck power unit. 

Adapted from FHWA, 2001 and Maryland SHA, 2012.

Exhibit 20.    FHWA vehicle classification scheme.

truck tractor-semitrailers and for twin trailers pulled behind a truck tractor. The STAA act of  
1982 changed the allowable width of commercial vehicles to 102 in. Previously, the Federal-Aid 
Highway Act of 1956 provided a maximum vehicle width of 96 in. (FHWA, 2004).

Additionally, the STAA authorized the establishment of a “National Network,” which is a 
network of federal highways that includes primary Interstates where federal width and length 
limits for heavy vehicles would apply. The National Network contains over 200,000 miles of 
highways across the nation (see Exhibit 22). These STAA federal length limits are minimums 
that states must allow for vehicles on the National Network and for the reasonable access routes 
to the network (FHWA, 2004).
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Class Weight (pounds) 
Power (hp) 

Texas FHWA Minimum Maximum 
5 6 15,000 46,000 220 
6 7 20,000 53,000 250 
7 8 25,000 52,000 250 
8 8 28,000 66,000 310 
9 9 30,000 80,000 380 

10 10 32,000 87,000 410 
11 11 35,000 92,000 440 
12 12 35,000 106,000 500 
13 13 35,000 120,000 570 

Note: In this exhibit, trucks are defined as vehicles with three or more axles (Middleton, 2006).

Exhibit 21.    Texas truck classification scheme.

Exhibit 22.    National Network and National Highway System (FHWA, 2009).
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Truck Tractor-Semitrailer (Single-Trailer) Combinations

The minimum length set for the semitrailer in a single-trailer combination is 48 ft., which can 
be higher depending on the grandfathered limit for a particular state. In a state, semitrailers up to 
the maximum length that were lawfully operating in a truck tractor-semitrailer combination on 
December 1, 1982, may continue to operate after this date. The grandfathered semitrailer lengths 
vary with states—for example, Florida, Minnesota, and Idaho used 48 ft.; Oregon and Pennsyl-
vania used 53 ft.; Texas used 59 ft.; and Louisiana used as high as 59.5 ft. States may not impose 
an overall vehicle length on a truck tractor-semitrailer combination operating on the National 
Network even if the length of vehicle exceeds the limit imposed by federal law (FHWA, 2004).

Truck Tractor-Semitrailer-Trailer (Double-Trailer) Combinations

The minimum length set for trailer and semitrailer combinations on the National Network is 
28 ft. States must allow use of semitrailers of 28.5 ft. in length that were in use on December 1, 
1982, provided that the overall length of the combination does not exceed 65 ft. The Intermodal 
Surface Transportation Efficiency Act of 1991 (ISTEA) determined the maximum overall length 
of cargo-carrying units that states may allow for twin-trailer combinations when one trailing 
unit is longer than 28.5 ft. (FHWA, 2004).

Trucks or Straight Trucks

Trucks or straight trucks are non-articulated self-propelled cargo-carrying commercial motor 
vehicles. These types of trucks are subject to federal weight requirements on the Interstate system 
and federal width requirements on the National Network. They are not subject to federal length 
requirements, but would be subject to state length requirements.

The maximum width limit for commercial motor vehicles on the National Network and rea-
sonable access route was established to be 102 in. except in Hawaii (where it is 108 in.). The 
federal width limits do not apply for special mobile equipment such as the following: military or 
farm equipment, instruments of husbandry, road construction or maintenance machinery, and 
emergency apparatus including police and fire emergency equipment (FHWA, 2004).

There are also specific federal length limits and provisions for six types of specialized equip-
ment: automobile and boat transporter combinations, B-train combinations, beverage semi-
trailers, maxi-cube vehicles, saddle mount combinations, and dromedaries.

5.1.4  AASHTO Truck Classification Scheme

AASHTO classified four types of design vehicles: passenger cars, buses, trucks, and RVs. Under 
the truck category, the seven types of truck design vehicles are listed in Exhibit 23. The purpose of 

Design Vehicle Symbol Overall Length (ft.) 

Intermediate Semitrailer WB-40 45.5 

Intermediate Semitrailer WB-50 55.0 

Interstate Semitrailer WB-62 68.5 

Interstate Semitrailer WB-65 or WB-67 73.5 

Double Bottom–Semitrailer/ Trailer WB-67D 73.3 

Triple Semitrailer/ Trailer WB-100T 104.8 

Turnpike Double–Semitrailer/ Trailer WB-109D 114.0 

Exhibit 23.    AASHTO truck classification (design vehicles) (AASHTO, 2011).
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the AASHTO design vehicles is to ensure adequate lane widths, turning radii, and other geometric 
features for trucks in the design of streets and highways.

5.2 Other Classification Schemes

Besides axles, the number of trailers, weight, and trailer length, there are other classification 
schemes based on overall length (facilitates automated counts), emissions (for air-quality analy-
sis), and fuel consumption.

5.2.1  Length-Based Classification

It is not always possible to place axle sensors to collect the 13 FHWA vehicle categories; however, 
it is possible to use two inductance loops or magnetic units to differentiate vehicles by total length 
in most cases. FHWA recommends four vehicle classes when collecting data in this fashion (FHWA, 
2001). These four classes are cars (and pick-up trucks), single-unit trucks, single-trailer combination 
trucks, and multi-trailer trucks. The latter three vehicle types are classified as trucks based on vehicle 
length. In some states, the multi-trailer truck category may be unnecessary because of fewer vehicles 
in this category and because this category can be combined with single-trailer combination trucks.

Vehicle lengths tend to vary from state to state, but the vehicle length classification that best 
appears to cover combined data from all states is shown in Exhibit 24. Many states can improve 
these results by using different length spacing boundaries to account for characteristics of their 
own truck fleets. However, it should be noted that total vehicle length is not a consistent indica-
tor of vehicle class.

5.2.2  Energy- and Emissions-Based Truck Classifications

The California Energy Commission and the California Air Resources Board have defined 
truck classification schemes for the respective purposes of estimating fuel use and emissions. 
These classification schemes are shown in Exhibit 25.

Primary Description Minimum Length (>) (ft.) Maximum Length (≤) (ft.) 
Passenger Vehicles 0 13 
Single-Unit Trucks  13 35 
Combination of Trucks 35 61 
Multi-trailer Trucks 61 120 

Exhibit 24.    Length-based classification boundaries (FHWA, 2001).

California Energy Commission California Air Resources Board 
Class Weight (lbs) Class Weight (lbs) 

1 0 – 6,000 
T1 LDT 1  0 – 3,750 
T2 LDT 2  3,751 – 5,750 

2A 6,001 – 8,500 T3 MDT  5,751 – 8,500 
2B 8,501 – 10,000 T4 LHDT1  8,501 – 10,000 
3 10,001 – 14,000 T5 LHDT2 10,001 – 14,000 
4 14,001 – 16,000 

T6 MHDT 14,001 – 33,000 
5 16,001 – 19,500 
6 19,500 – 26,000 
7 26,000 – 33,000 
8 33,001 + T7 HHDT 33,001 + 

Source: Dowling Associates, 2012. 

Exhibit 25.    Example fuel- and emissions-based classifications.
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5.3 HCM Vehicle Classification

HCM classifications were developed to assess the effects of trucks on highway capacity. The 
HCM defines three non-automobile vehicle types: transit buses, RVs, and trucks. These three 
types are grouped in the HCM under the broader category of heavy vehicles (TRB, 2010).

A heavy vehicle is defined in the HCM as “A vehicle with more than four wheels touching the 
pavement during normal operation.” Buses, RVs, and trucks are then heavy vehicles with the 
following special characteristics:

•	 A bus is defined as “A self-propelled, rubber-tired road vehicle designed to carry a substantial 
number of passengers (at least 16) and commonly operated on streets and highways” (equiva-
lent to FHWA Class 4).

•	 An RV is defined as “A heavy vehicle, generally operated by a private motorist, for trans-
porting recreational equipment or facilities; examples include campers, motor homes, and 
vehicles towing boat trailers” (generally equivalent to FHWA Class 5).

•	 A truck is defined as “A heavy vehicle engaged primarily in the transport of goods and materi-
als or used in the delivery of services other than public transportation” (equivalent to FHWA 
Classes 5–13).

Each heavy-vehicle type can be assigned its own PCE value for the purposes of capacity and 
operational analyses. However, the HCM groups them together for most analyses. Some exam-
ples of how the HCM groups heavy vehicles for different facilities include

•	 Freeways and multilane highways—the HCM groups buses and trucks together, assigning 
them the same PCE values. RVs are given a slightly lower PCE value.

•	 Two-lane highways—the HCM does not provide a PCE for buses. Trucks are assigned a PCE, 
and RVs are given a slightly lower PCE value.

•	 Urban streets—a single PCE value of 2.0 is used for the entire group of heavy vehicles.

HCM 2010 has adopted a capacity estimation method using PCEs that were calibrated for a 
mix of trucks and buses in an average weight-to-horsepower ratio of between 125 and 150 lb/hp. 
(HCM 2010: Chapter 11). However, Middleton (2006) found a variety of trucks with higher 
weight-to-power ratios. Middleton’s research indicated that the weight-to-horsepower values 
could reach 210 lb/hp. This is the basis of the tabulated maximum weights by FHWA weight 
class shown in Exhibit 26.

As can be seen in Exhibit 26, the HCM heavy-vehicle classifications are much broader than 
other national classification schemes. They do not take into account that truck performance 
characteristics are determined to a large degree by weight-to-power ratio. Historically, this 

Class Weight (pounds) 
Power (hp) **Range of 

Weight/Horsepower FHWA Minimum Maximum
6 15,000 46,000 220 68 – 209 
7 20,000 53,000 250 80 – 212 
8 28,000 66,000 310 90 – 213 
9 30,000 80,000 380 79 – 211 

10 30,000 87,000 410 73 – 212 
11 35,000 92,000 440 80 – 209 
12 35,000 106,000 500 70 – 212 
13 35,000 120,000 570 61  211 

*Researchers defined trucks as vehicles with three or more axles (Middleton, 2006). 
**Estimated from weight and power values. 

Exhibit 26.    Physical and performance characteristics of trucks.*
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simplistic approach was taken by the HCM to reduce data collection requirements for capacity 
analysis. However, with the new automated data collection sources available (specifically Weigh-
in-Motion), it may now be possible to use more disaggregate classifications of heavy vehicles in 
an HCM analysis to yield more accurate performance and capacity estimates.

5.4 � Determinants of Truck Performance  
in a Traffic Stream

The following are the main factors that determine effects of truck performance on traffic flow:

•	 Engine power (net power delivered to the drive axle),
•	 Gross vehicle weight,
•	 Losses due to rolling resistance and aerodynamic drag,
•	 Terrain type (percent grade and length of grade), and
•	 Vehicle length.

The first four of these determine the maximum acceleration rate for a truck and how much 
a truck will slow down on a grade. The fifth is the physical space taken up by a truck. Although 
it is often assumed that vehicle length represents the amount of capacity taken up by a truck, 
investigations have shown that effects of trucks on traffic flow are far more complex. Traffic 
flow shows dependence on the mix of trucks, overall truck percentage, and grade (Rakha et al., 
2007). Investigation of truck acceleration characteristics shows a critical dependence of maxi-
mum acceleration rates to power-to-weight ratios (Rakha et al., 2001; Middleton, 2006).

On level terrain, it can be shown that the maximum acceleration of a vehicle is given by

8226 Equation 6maxa WEHPR V( )= p

where

	 amax	=	maximum acceleration (mph/s),
	WEHPR	=	weight-to-effective horsepower ratio (lb/hp), and 
	 V	=	vehicle speed (mph).

The effective horsepower is what is available for acceleration after the effects of transmission 
loss, aerodynamic drag, and rolling resistance are accounted for. Therefore, for a truck with 
a WEHPR of 300 traveling at 55 mph, the maximum acceleration would be about 0.5 mph/s. 
Middleton (2006) showed how truck acceleration characteristics were determined for various 
vehicle classes, which were used to calibrate a traffic microsimulation model.

Weight-to-horsepower ratio is also a determinant of the maximum sustainable speed of a 
vehicle on a grade. The maximum sustainable speed of a truck on a grade is given by

375 Equation 7maxV WEHPR g( )= p

where

	 Vmax	=	the maximum sustainable speed,
	 g	=	grade (expressed as a fraction), and
	WEHPR	=	weight-to-effective horsepower ratio (lb/hp).

For example, a truck with an effective WEHPR of 300 on a grade of 6% can sustain a maxi-
mum speed of only about 20 mph. Trucks entering a steep grade typically have their speeds 
“decay” to this maximum sustainable speed within about one-quarter to one-half mile.
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Weight-to-horsepower also determines how quickly a vehicle can accelerate from a standing 
start. This is an important factor when trucks operate on signalized roadways (arterials). The 
minimum time for a vehicle at a standstill with a fixed WEHPR to accelerate to a speed V on a 
level surface is given by

6.1 10 Equation 8min
5 2t WEHPR V= −p p p

where

	 V	=	speed (mph),
	 tmin	=	minimum time (s), and
	WEHPR	=	weight-to-effective horsepower ratio (lb/hp).

A truck with a WEHPR of 300 would take a minimum of 16 seconds to reach a speed of 
30 mph, for example. Given the dependence of truck performance on weight-to-horsepower 
ratio, it can be seen from the weight and horsepower ranges shown in Exhibit 26 that the FHWA 
truck classification scheme covers a very large range of actual truck performance capabilities.

For urban streets and intersections, there are issues with low saturation flow rates for trucks 
at signals; low progression speeds on arterials; and gap acceptance at unsignalized intersections 
and roundabouts.

5.5 Data Collection Considerations

A classification scheme that requires significant effort to collect the data needed for analysis 
will reduce the likelihood of agencies using any classification scheme developed. Recent advances 
in automated data collection technologies are making it easier to collect large amounts of truck 
data with less effort on the part of transportation agencies. These automated systems are able 
to collect various truck characteristics that have expanded the possibilities for employing more 
elaborate truck classification schemes than are currently used in the HCM.

There are different automated data collection technologies and each technology has its strengths 
and weaknesses. The cost, reliability, precision, life span, installation, maintenance, and type of 
data provided also vary with the technology (Benekohal and Girianna, 2003).

Vehicle classification technologies can be grouped into the following three categories: axle-
based, vehicle-length-based, and machine-vision-based. Benekohal and Girianna suggested that 
the accuracy of the classifiers depends on several factors including the type of sensor used (loop, 
tube, piezoelectric, etc.); roadway geometry conditions at the site of classification; installation 
and maintenance; and classification algorithms. Some errors are due to incorrect measurement 
of the number of axles, a considerable change in vehicle speed over the sensors, or vehicles that 
do not fit into any of the defined classes of vehicles.

5.5.1  Video Camera Data Collection

Video cameras with the appropriate software can classify vehicles based on overall length. 
A single sensor or combinations of different types of sensors are used. Based on this detection  
method, there may be fewer categories than FHWA’s 13 vehicle classes because of the difficulty 
of differentiating a single long vehicle unit from two smaller or shorter units hitched together. 
The vehicle length classifiers remain popular in some states because fewer categories are suffi-
cient for a variety of traffic monitoring purposes (Benekohal and Girianna, 2003).

The machine vision–based classifiers combine video imaging with computerized pattern rec-
ognition. A video camera is used to record video images that are taken continuously at regular 
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time intervals. A digitizer converts the frames into digital signals that are sent to a computer for  
extraction of vehicle features. Some of the limitations of the machine vision–based classifier are 
measuring speed accurately and difficulties in differentiating among closely spaced vehicles. 
Research and development are underway on new sensor technologies to obtain more accurate 
vehicle classifications.

5.5.2  Weigh-In-Motion Data Collection

WIM devices measure axle weights and gross vehicle weights as vehicles drive over the detec-
tion site. They are more efficient than traditional weigh stations because they can measure 
weights at normal operating speeds. WIM data provides information on the distribution of 
actual truck weights as they are measured at the time. It can provide a finer stratification of 
trucks by weight than can be provided using just the FHWA vehicle classification scheme. Data 
are also provided on truck speeds, although these are usually “binned” into 5 mph groups.

5.5.3 � Highway Performance Monitoring Systems  
Truck Classification Data

HPMS provide data on pavement conditions, geometry, terrain, weather, and traffic counts on 
a selected sample of roads across various functional classes. A subset of the sample data contains 
information on percentage truck traffic by two classes: single-unit trucks and combination-unit 
trucks. This data may be estimated or it may be counted. HPMS data are in some sense broader in 
coverage than most other traffic classification data sources. HPMS truck categories are often too 
broad to be of much use for operational analysis. Counts are presented as average daily values and 
average percent trucks, which are not useful for analyses of peak periods of congestion. Agencies 
must have the labor and analytical capacity required to process the HPMS data collected.

5.6 Trucking/Shipping Industry Perspectives

From the point of view of shippers and carriers, the value of time for a given truck depends 
more on the type of load carried than on the weight of the load. A truck hauling gravel will have 
a different value of time (and value of reliability) than a concrete truck hauling wet concrete or 
high value, just-in-time delivery, electronic goods. The available data and the available classifica-
tion schemes do not provide a means to sort low time value loads from high time value loads.

5.7 � Recommended NCFRP Project 41 HCM  
Truck Classification Scheme

The truck classification scheme for purposes of this research should serve the following 
purposes:

•	 Accurately determine the effects of trucks on traffic operations according to the mix of trucks 
of different types in the traffic stream and

•	 Provide managers and decisionmakers with sufficient information to estimate the cost- 
effectiveness of different types and scales of operational improvements and capacity 
enhancements.

It is clear that the available truck classification schemes do not directly serve these purposes. 
They are either directed at truck characteristics that bear only indirectly on these purposes, or 
they are so broad that they mask truck performance differences that affect traffic flow and, there-
fore, lose accuracy in the process.
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The ideal truck classification scheme would take into account

•	 Truck length and weight-to-horsepower ratio (so as to estimate the capacity and speed effects 
of trucks on automobile traffic) and

•	 Whether the truck is loaded or unloaded and the value of the goods carried (so as to estimate 
the importance of reliability and average travel time to trucks).

At this point in time, it is not practical to gather data on these characteristics of trucks using 
any given facility.

The FHWA vehicle classification scheme—although it lacks the ability to take into account 
weight-to-horsepower ratio—has the advantage of being a nationally established classification 
scheme for which technologies have been developed for the automatic collection of data by 
vehicle class.

The FHWA vehicle classification scheme is based primarily on the number of axles, which is 
a rough proxy for vehicle length. WIM stations are capable of assigning measured weights by 
vehicle class at the station.

Given the lack of information on specific weight-to-horsepower ratios by vehicle class, it is 
recommended that the number of FHWA vehicle classes be condensed from 13 to 5 for highway 
capacity analysis purposes:

1.	 Motorcycles (FHWA Class 1);
2.	 Passenger vehicles (FHWA Classes 2, 3);
3.	 Buses (FHWA Class 4);
4.	 Single-unit trucks (FHWA Classes 5–7); and
5.	 Semi-trailer combination trucks (FHWA Classes 8–13).

The recommendation to split trucks into two types (single-unit and semitrailer trucks) 
is supported by statewide data on truck types collected by Stone et al. (2010) for more than  
600 locations where vehicle classification counts were collected as well as more than 50 WIM 
stations. Overwhelmingly, the trucks fell into FHWA Truck Classes 5 and 9. The following 
table from Stone et al. (see Exhibit 27) shows the breakdown for 10 random WIM locations. 
Note the high percentage of Class 5 and 9 trucks. These two classes alone account for 75% of 
the truck traffic observed on North Carolina roads.

ID Route Date VC4 VC5 VC6 VC7 VC8 VC9 VC10 VC11 VC12 VC13 Total 

VC1903 US 64 02-27-06 5% 31% 8% 0% 16% 37% 3% 0% 0% 0% 100% 

VC1904 NC 294 02-20-07 4% 44% 11% 0% 15% 26% 0% 0% 0% 0% 100% 

VC1905 NC 60 02-20-07 4% 39% 9% 1% 6% 33% 7% 0% 0% 1% 100% 

VC1902 US 19 11-13-06 5% 47% 11% 0% 7% 27% 2% 0% 0% 1% 100% 

VC2104 US 64 05-01-07 3% 49% 9% 0% 9% 28% 2% 0% 0% 0% 100% 

VC2102 NC 69 09-25-06 4% 23% 5% 1% 10% 56% 1% 0% 0% 0% 100% 

VC2103 NC 175 02-20-07 6% 66% 11% 1% 10% 5% 0% 0% 0% 1% 100% 

VC5508 US 64 05-01-07 4% 16% 5% 0% 5% 65% 1% 3% 1% 0% 100% 

VC5501 US 23 10-09-06 6% 19% 2% 0% 8% 61% 1% 2% 1% 0% 100% 

VC3701 US 129 08-22-06 3% 20% 5% 1% 8% 59% 3% 1% 0% 0% 100% 

Average 4% 35% 8% 0% 9% 40% 2% 1% 0% 0% 100% 

VC = FHWA Vehicle Class; adapted from Stone et al., 2010.

Exhibit 27.    Percentage of trucks on road by FHWA class—North Carolina.
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Future research may be able to develop data collection methods so that analysts conducting 
capacity analyses can segregate the single unit trucks and the semitrailer trucks observed on a 
given facility by their weight-to-horsepower ratio, thereby further refining their ability to esti-
mate the capacity and speed effects of trucks.

Note that motorcycles, passenger vehicles, and buses are not the subject of the current research 
project. The HCM already includes methods for evaluating the capacity effects of passenger 
vehicles and buses. Also note that RVs, currently a separate non-truck vehicle type in the HCM, 
fall within the FHWA definition for Vehicle Class 5.
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This section describes the development of a truck LOS model framework that is sensitive to 
the facility performance measures that are most important from the perspective of shippers, 
receivers and carriers, tempered with the need to provide actionable information to public agen-
cies for the improvement of truck movements on the facility.

The truck LOS model development process started with the Cambridge Systematics New York/
New Jersey Cross Harbor Freight Movement Model (Cambridge Systematics, in process). This 
original model, designed to analyze the entire truck trip, was adapted to the analysis of single free-
way or street facilities, with the more limited goods-movement information available at that level. 
The model was then streamlined with the use of several default values for critical information on 
goods-movement characteristics in order to facilitate its application by public agencies. Finally, 
an alternative form was developed for the model to make its operation and results more intuitive 
for use by public agencies communicating their results to decisionmakers and the general public.

The models were vetted with freight experts from various public agencies in two workshops to 
identify the model best suited for their use in evaluating highway freight improvement projects 
and for goods-movement planning.

6.1 Establishing a Facility’s Freight Importance Class

It is desirable to be able to set different LOS thresholds according to the importance of the 
facility to the economic vitality of the region. Thus, an inter-regional freeway or highway critical 
for importing and exporting goods from the region is a vital link in the region’s freight system. 
Freeways and arterial streets serving a major regional intermodal terminal such as a water port, 
an airport, or a railroad intermodal facility may also be vital links in the region’s freight system. 
Roads serving a major factory complex may also be vital links for the region’s freight system.

FHWA, working in conjunction with the states, has established the National Highway System 
(NHS) (FHWA, 2013), which consists of roadways important to the nation’s economy, defense, 
and mobility. The NHS consists of Interstate highways, other principal arterials, the Strategic 
Highway Network, major strategic highway network connectors (connectors to major military 
installations), and intermodal connectors.

MAP-21, the Moving Ahead for Progress in the 21st Century Act (P.L. 112-141), “requires 
[the Department of Transportation] to establish a national freight network to assist States 
in strategically directing resources toward improved movement of freight on highways. The 
national freight network will consist of three components:

•	 A primary freight network (PFN),
•	 Any portions of the Interstate System not designated as part of the PFN, and
•	 Critical rural freight corridors.” (Federal Register, 2013)

S e c t i o n  6

Truck Level-of-Service Framework
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Since designation of the National Freight Network is not expected until after preparation of 
this report, a tentative three-class system (shown in Exhibit 28) employing some of the general 
criteria outlined in MAP-21 is recommended for classifying highway facilities by their relative 
importance to the region’s and national economy.

The different classes of facilities are assigned different percentage thresholds for a given letter 
grade LOS (see Exhibit 29). The thresholds are higher for higher-class facilities and lower for the 
lower-class facilities.

6.2 Derivation of LOS Model 1

The Cambridge Systematics Port Authority model (described in Section 3.5) needed to be 
simplified and adapted for application within the single highway facility analysis environment 
typical of HCM analyses. The unique goods movement inputs of the Cambridge model needed 
to be replaced with regional defaults to enable application of the model using the data resources 
typically available for an HCM analysis. The derivation of Model 1 from the Cambridge model 
proceeds through several steps.

Facility 
Class Description Suggested Criteria Examples 

I Highway facility critical to the 
inter-regional or within region 
movement of goods. 

• Facility carries a high volume 
of goods by truck (by tonnage 
or by value).  

• Trucks may account for a high 
volume or percentage of 
AADT* compared with other 
facilities in the region. 

Interstate freeway, inter-
regional rural principal 
arterial. 

II Highway facility of secondary 
importance to goods 
movement within or between 
regions. 

• Facility carries lesser volumes 
of goods (by tonnage or 
value). 

• Trucks account for a lesser 
volume or percentage of 
AADT. 

Urban principal arterial, 
connector to major 
intermodal facilities 
(maritime port, 
intermodal rail terminal, 
airports). 

III Highway facility of tertiary 
importance to goods 
movement within or between 
regions. 

• Connectors to significant 
single origins/destinations of 
goods, such as major 
manufacturing facilities, 
sources of raw materials 
(mines, oil, etc.).  

• Connectors to truck service 
facilities and terminals. 

Access roads to mines, 
energy production 
facilities, factories, truck 
stops, truck terminals. 

*AADT = annual average daily traffic. 

Exhibit 28.    Facility freight classification system.

LOS Class I 
Primary Freight Facility 

Class II 
Secondary Facility 

Class III 
Tertiary Facility 

A >=90% >=85% >=80% 
B >=80% >=75% >=70% 
C >=70% >=65% >=60% 
D >=60% >=55% >=50% 
E >=50% >=45% >=40% 
F <50% <45% <40% 

*Entries are the percentage of achievement of ideal facility operating conditions for trucks.

Exhibit 29.    LOS Model 1 service measures and thresholds for goods movement LOS.*
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6.2.1  Translation of Utility to LOS

The utility index output by the Cambridge model must be translated into an equivalent letter 
grade LOS. This is done by comparing the computed utility for actual conditions on the facility 
with the estimated utilities for the theoretically best- and worst-case conditions on the facility. 
The “closeness” of actual performance to ideal, best performance is used to assign the letter grade 
LOS. Conditions close to ideal, best case are assigned a letter grade of “A.” Conditions far worse 
are assigned a letter grade of “F.”

Both the best- and the worst-case conditions for the facility would be set based on local oper-
ating agency preferences. The best case would presumably represent free-flow conditions with 
highly reliable travel times with modest to no tolls on the facility, but this is up to the agency. The 
worst case would represent severe congestion, highly unreliable travel times, and a toll condition 
specified by the operating agency.

The Truck Level of Service (TLOS) Index is then computed as follows:

Equation 9TLOS Index
U actual U worst

U best U worst
( ) ( ) ( )

( ) ( )
= −

−

where

	TLOS(Index)	=	� ratio of actual utility to utility for ideal conditions (constant free flow speed, 
no tolls) and

	 U(x)	=	utility of trip on facility under conditions “x.”

Exhibit 29 shows the recommended thresholds by LOS grade by facility class (facility classes 
were described in Section 6.1).

6.2.2  Translation of Facility Changes to Shipment Changes

The Cambridge model is designed to be applied to the entire truck trip, while HCM analyses 
apply to individual facilities. In order to use the Cambridge model in an HCM analysis, it is 
necessary to translate facility performance changes into their equivalent effects on the entire 
truck trip.

Translating Facility Travel Time Effects into Shipment Travel Time Changes

The average shipment travel time by commodity type is obtained from the table of suggested 
defaults provided in Exhibit 30. The average shipment time for each commodity type was esti-
mated by applying assumed typical freeway and arterial free-flow speeds to the average shipment 
distances obtained from FHWA’s Freight Analysis Framework (FAF).

The effect of actual facility travel times for the selected analysis period on the average ship-
ment times by commodity type are estimated by adding the difference between the actual facility 
travel time and the free-flow travel time for the facility:

, , , , Equation 10AST c s a r AST c s b r T s a T s b( ) ( )( ) ( ) ( ) ( )= = = + = − =

where

	AST(c,s,r)	=	�Average shipment time for commodity “c,” scenario “s,” and region “r,” where 
commodity types and regions are as shown in Exhibit 30 and scenarios are best 
case (s = b), actual case (s = a), or worst case (s = w) and

	 T(s)	=	End-to-end facility travel time under scenario “s.”
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The same approach is used to estimate the effect of worse-case conditions on average ship-
ment times. The difference between the agency selected worst-case congested travel time and 
the free-flow travel time for the facility is added to the average shipment time obtained from 
FHWA’s FAF.

Translating Facility Reliability into Probability of On-Time Arrival

The Cambridge model uses the probability of on-time arrival to estimate utility; however, 
for typical HCM analyses, only facility reliability will be available. Facility reliability may be 
expressed in many forms such as the 85th-percentile travel time index (TTI) or the probability 
of automobile LOS F operation.

The definition of on-time arrival is obviously specific for each shipment. For the purposes of 
highway planning, an agency may select an average value of on-time arrival that reflects agency 
goals such as the difference between free-flow speeds and congested speeds on the facility. Fol-
lowing such a policy, an agency might define on-time arrival for a freeway as average truck travel 
times on the facility that are no more than 33% greater than free-flow travel times. Following 
this policy the 85th-percentile and 90th-percentile TTIs for the facility can be translated into 
probability of on-time arrival as follows:

if TTI 85th% 1.33, - 85%,

if TTI 90th% 1.33, - 90%,

Else probability of on-time arrival is between 85% and 90% Equation 11

then probability of on time arrival

then probability of on time arrival

( )

( )

> <

< >

where

TTI (P) = ratio of the “P” percentile highest travel time on facility to the free-flow travel time.

Following the recommended reliability LOS thresholds suggested by SHRP2-L08 (Kittelson 
and Vandehey, 2012) the threshold for on-time arrival is set at the conventional HCM LOS E/F 
threshold for the facility. If the facility is operating at LOS F then the truck is assumed to not 
arrive on time. For freeways, LOS F will usually occur when TTI exceeds 1.33. For arterials, LOS F 
will usually occur when the TTI exceeds 3.33 (the midblock free-flow speed divided by the LOS F 
travel speed).

Average Shipment Time 
by Commodity Type (hr) 

Pacific Rocky 
Mountains 

Southwest Midwest Northeast Southeast Alaska Hawaii 

Agriculture 5.1 4.4 4.1 2.9 4.0 3.8 4.7 0.6 

Metal and Mining 2.9 2.9 3.2 2.9 2.6 2.8 5.4 0.6 

Construction 1.4 1.7 1.4 1.5 1.1 1.4 3.9 0.6 

Chemical 3.5 4.2 3.3 3.0 2.5 3.0 4.9 0.6 

Wood and Paper 4.5 4.8 4.7 4.5 3.7 3.0 6.0 0.6 

Electronics 11.5 9.1 10.6 8.6 8.8 8.3 21.7 0.5 

Transportation and Utility 9.1 9.0 7.2 5.8 6.3 5.8 17.9 0.6 

Wholesale and Retail 5.3 5.1 4.4 3.9 3.5 4.1 13.1 0.6 

Regional Average 3.7 3.6 3.3 2.9 2.8 2.8 5.2 0.6 

*Data extracted from FHWA Freight Analysis Framework; values computed by Kittelson and Associates. See Appendix A for derivation of 
average shipment times.

Exhibit 30.    Default average shipment times by commodity type by region.*
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Estimation of Effect of Tolls on Average Shipment Cost

The Cambridge model requires average shipment cost by commodity type. Changes in facility 
tolls would change that cost upwards or downwards. A table of default average shipment costs 
(shown in Exhibit 31) has been derived from FHWA FAF data.

Any changes in facility tolls applicable to trucks are added to the average shipment costs for 
the commodities:

, , , , Equation 12ASC c s a r ASC c s b r Tolls s a Tolls s b( ) ( ) ( ) ( )= = = + = − =

where 

	ASC(c,s,r)	=	�Average shipment cost for commodity “c,” scenario “s,” and region “r,” where 
commodity types and regions are as shown in Exhibit 30 and scenarios are best 
case (s = b), actual case (s = a), or worst case (s = w) (in dollars) and

	 Toll(s)	=	End-to-end facility toll for trucks under scenario “s” (in dollars).

The average shipment costs are related to the average shipment distances given in Exhibit 32.

Average Shipment Cost 
($) Pacific Rocky 

Mountains Southwest Midwest Northeast Southeast Alaska Hawaii 

Agriculture $1,200 $1,000 $1,000 $700 $900 $900 $1,200 $100 
Metal and Mining $700 $700 $800 $700 $600 $700 $1,300 $100 
Construction $300 $400 $300 $300 $300 $300 $1,000 $100 
Chemical $800 $1,000 $800 $700 $600 $700 $1,200 $100 
Wood and Paper $1,000 $1,100 $1,100 $1,000 $900 $700 $1,500 $100 
Electronics $2,700 $2,100 $2,500 $2,000 $2,100 $2,000 $5,400 $100 
Transportation and Utility $2,100 $2,100 $1,700 $1,400 $1,500 $1,400 $4,400 $100 
Wholesale and Retail $1,200 $1,200 $1,000 $900 $800 $1,000 $3,200 $100 
Regional Average $800 $800 $800 $700 $700 $700 $1,300 $100 

*Data extracted from FHWA Freight Analysis Framework; values computed by Kittelson and Associates. See Appendix A for derivation of average
shipment times.

Exhibit 31.    Average shipment costs by commodity type and region.*

Average Shipment 
Distance (miles) 

Pacific Rocky 
Mountains 

Southwest Midwest Northeast Southeast Alaska Hawaii 

Agriculture 330 280 260 180 260 240 250 20 
Metal and Mining 180 180 210 180 160 180 290 20 

Construction 90 110 90 90 70 90 210 30 
Chemical 220 270 210 190 160 190 260 30 

Wood and Paper 280 300 300 280 230 190 320 20 
Electronics 730 570 680 550 560 530 1170 20 

Transportation and Utility 580 570 450 370 400 370 970 20 
Wholesale and Retail 330 320 280 240 220 260 710 20 

Regional Average 230 230 210 180 180 180 280 30 

*Data extracted from FHWA Freight Analysis Framework; values computed by Kittelson and Associates. See Appendix A
for derivation of average shipment times.

Exhibit 32.    Average truck shipment distance.*
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Computation of Composite Utility

The Cambridge model computes utility for individual commodity types. A composite utility 
is computed for trucks on the facility by weighting the utility for each specific commodity type 
by its proportion of total truck commodity flows (in tons) in the region. Default proportions by 
commodity type (see Exhibit 33) were obtained from the FHWA FAF for the major regions of 
the United States.

6.3 Derivation of Model 2

Based on concerns regarding the sensitivities, computational complexities, and data require-
ments of Model 1, various steps were taken to streamline the model and improve its usefulness 
for highway planning.

6.3.1  Graduated Effects of Reliability

It was noted in the tests of Model 1 that reliability (specifically on-time arrival) was insensi-
tive to changes in reliability when the probabilities of on-time arrival dropped below 85% or 
exceeded 90%. The model consequently showed no incremental benefits of reliability improve-
ments until the 85% tipping point was reached.

To provide for LOS sensitivity over the full range of possible probabilities of on-time arrival, a 
straight line function was created to approximate and replace the three-value on-time arrival vari-
able in the original utility model. An equation with a slope of +5 and an intercept of –5 provided 
a reasonable fit to the original three-value OTA variable at the 85% probability of OTA without 
going into the positive range for probabilities of on-time arrival exceeding 95% (see Exhibit 34). 
The equation for estimating the contribution of reliability to utility is as follows:

5.0 5.0 Equation 13OTA POTA= ∗ −

Percent Ton-Miles by 
Commodity Type 

Pacific Rocky 
Mountains 

South-
West 

Midwest North-
East 

South-
East 

Alaska Hawaii 

Agriculture 19% 26% 16% 33% 15% 14% 13% 8% 
Metal and Mining 35% 35% 36% 30% 36% 32% 31% 44% 
Construction 16% 13% 19% 15% 16% 21% 26% 31% 
Chemical 10% 10% 16% 9% 15% 11% 19% 7% 
Wood and Paper 10% 7% 5% 5% 8% 14% 6% 4% 
Electronics 1% 1% 1% 1% 1% 1% 0% 0% 
Transportation and Utility 2% 1% 1% 2% 1% 1% 1% 1% 
Wholesale and Retail 7% 6% 6% 5% 8% 6% 4% 5% 
Total 100% 100% 100% 100% 100% 100% 100% 100% 

*Data extracted from FHWA Freight Analysis Framework; values computed by Kittelson and Associates. See 
Appendix A for derivation of average shipment times.

Exhibit 33.    Default table of percent of truck movements by commodity type  
by region.*

Probability of On-Time Arrival Original OTA value Straight Line Approximation 

0% to 85% –0.758 –5.000 to –0.750 

85% to 90% –0.275 –0.750 to –0.500 

90% to 100% 0.000 –0.500 to 0.000 

Exhibit 34.    Comparison of original OTA values and straight line approximation.
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where

	 OTA	=	on-time arrival contribution to utility equation (utils) and
	POTA	=	probability of on-time arrival expressed as a proportion (unitless).

6.3.2  Estimation of OTA Probabilities from Travel Time Indices

If the cumulative distribution of TTIs for the facility is available, it is a simple matter 
for the analyst to read the probability of on-time arrival for any selected on-time arrival 
threshold—for example, the threshold might be defined as 1.33 times the free-flow travel 
time (see Exhibit 35).

If only the median (50%) and 95th-percentile TTIs are available to the analyst, then the prob-
ability of on-time arrival for a selected target TTI (e.g., 1.10) can be estimated using a fitted Burr 
Distribution (Burr, 1942):

1 1 Equation 14P TTI TTI c k( )( ) = − + −

where

	P(TTI)	=	cumulative probability of TTI;
	 TTI	=	desired target travel time index; and
	 c, –k	=	distribution parameters, both greater than zero.

Solving for the value of TTI that represents a certain cumulative percentile of the distribution 
(Taylor and Susilawati, 2012):

1 1 Equation 15
1

TTI P P kc( ) ( )= − −−

where

TTI(P) = percentile (P) of TTI.

Exhibit 35.    Probability of on-time arrival from cumulative  
distribution of TTIs.
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Thus, the median (50th-) and 95th-percentile TTIs are

50% 2 1 Equation 16
1

TTI kc( ) ( )= −−

95% 20 1 Equation 17
1

TTI kc( ) ( )= −−

Equations 16 and 17 are solved for the two unknowns: k and c. One then uses these values 
of k and c plus the agency’s target on-time arrival threshold TTI to estimate the probability of 
on-time arrival.

6.3.3  Replacement of Commodity Types with Single Generic Type

To increase the appeal of the procedure to transportation engineers and planners not famil-
iar with goods movement and the collection of goods movement flows by commodity type, 
the potential of condensing the original nine commodity types in the Cambridge model into a 
single generic commodity type was evaluated. Examination of the sensitivity of the utilities for 
the nine different commodity types to time and cost noted the following:

•	 All commodities are identically sensitive to reliability in the Cambridge model.
•	 All commodities are identically sensitive to travel time for shipment times less than 10 hrs.
•	 The sensitivities of the commodities to shipping cost vary significantly across types, but appear 

to fall into two main categories: highly price-sensitive goods (with cost coefficients ranging 
between –0.0086 and –0.0109) and less price-sensitive goods (with cost coefficients ranging 
between –0.0060 and –0.0068).

Based on this examination, it was concluded that the nine original commodity types could be 
grouped into two classes: one class less sensitive to travel time and cost (transportation, utility, 
wholesale and retail goods), the other class more sensitive to travel time and cost (consisting of 
all other commodity types). The less cost-sensitive goods account for between 5% and 9% of all 
ton-miles shipped by trucks in the United States, so it was further concluded that the less cost-
sensitive class could be dropped for the purposes of LOS estimation.

It was also noted that the average truck shipment times and shipment costs by commodity 
type by region derived from the FHWA FAF are almost all under 10 hours and under $1000, so 
the time and cost splines in the Cambridge model were dropped.

The original Cambridge model consequently can be streamlined to the following:

1 Equation 18U Reliability Cost Time( )= α ∗ − + β∗ + γ ∗

where

U = �perceived utility to shippers and carriers of a truck shipment of a single generic commod-
ity type.

All other variables (reliability, cost, time) and coefficients (alpha, beta, gamma) are as defined 
in Exhibit 36.

6.3.4  Replacement of Commodity Shipment Costs with Average

If we replace the commodity-specific shipping costs with the average shipment cost of $750 
for the Continental United States ($1,300 for Alaska and $100 for Hawaii), then the analyst no 
longer needs to acquire shipping cost information.
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6.3.5  Prorating Reliability Effects by Facility Length

During testing of the streamlined model, it was noted that it significantly overestimated the 
value of reliability, incorrectly suggesting that shippers would be willing to pay tolls of $10 
to $30 per mile for 90% probabilities of on-time arrival. Upon re-evaluation of the Cambridge 
model, it was noted that the reliability effect applied to the entire shipment distance rather 
than just the facility length. Consequently, the reliability effect within the Cambridge model 
incorporated a distance component. It was decided to prorate the reliability effect of the facility 
according to the percent of the total trip length accounted for by the facility.

6.4 Streamlined Utility Model (Model 2)

The previous steps result in the following streamlined utility equation for Model 2:

5.00 1 0.01 0.32 1 Equation 19U
L

ASL
POTA ASC Toll AST T TTIFF( ) ( ) ( )( )= ∗ ∗ − − ∗ + − ∗ + −

where

	 U	=	Perceived utility to shippers and carriers of a truck shipment;
	POTA	=	Probability of on-time arrival;
	 L	=	Length of facility (miles);
	 ASL	=	�Average shipment length (200 miles Continental U.S., 280 miles Alaska, 30 miles 

Hawaii);
	 ASC	=	Average shipment cost ($750 Continental U.S., $1,300 Alaska, $100 Hawaii);
	 Toll	=	Toll paid by trucks to use facility ($);
	 AST	=	Average shipment time (3 hr Continental U.S., 5 hr Alaska, 0.5 hr Hawaii);
	 TFF	=	Free-flow travel time to travel length of facility (hr);
	 TTI	=	�Travel time index, ratio of mean truck speed for the given scenario to free-flow truck 

speed.

The proposed LOS index and the LOS thresholds using the streamlined utility model are the 
same as those for Model 1 [The LOS index is (Actual–Worst)/(Best–Worst), which is used in 
Exhibit 29].

6.5 Logistic Formulation with Truck Friendliness (Model 3)

The streamlined model (Model 2) requires that the LOS model be applied three times for 
each facility: once to compute the utility for ideal conditions, once for worst-case conditions, 
and once for actual conditions during the selected study period (such as the weekday p.m. peak 
period). While the ideal condition is relatively easy to identify (100% on-time arrival, free-flow 

Variable Description Coefficient 

Reliability Probability of On-Time Arrival (0.00 – 1.00) α +5.00 

Cost Shipment Cost ($) β –0.01 

Time Average Shipment Time (hr) γ –0.32 

Exhibit 36.    Coefficients for two commodity utility model (Equation 18).
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speeds, and no tolls), the identification of worst-case conditions is less obvious. The absolute 
worst case of 0% on-time arrival, zero speed, and infinite tolls is not numerically tractable, so the 
agency must select a “realistic” worst case with relatively little guidance as to what is a reasonable 
“worst” case. This can be an advantage for agencies desiring to calibrate the truck LOS results 
to local conditions; this can be a disadvantage for agencies not willing or able to calibrate the 
results to local conditions.

An alternative approach was developed for estimating LOS from utility that avoids the need 
to explicitly identify a “worst-case condition.” It employs a logistic function that is self-limiting 
to values between 0% and 100% (see Exhibit 37).

%
1

1
Equation 20TLOS

e U x( )
=

+ α ( )−β

where

	%TLOS	=	The truck LOS index as a percentage of ideal conditions.
	 α	=	�Calibration parameter (determines value of %TLOS at x = 0). A value of 0.10 was 

selected heuristically so that model yields LOS A (>90% TLOS) under ideal reliable, 
free-flow, no toll conditions.

	 b	=	�Calibration parameter (determines rate at which function increases to 100%). A 
value of 200 was selected heuristically so that model yields LOS F (<50% TLOS) if 
any one of these conditions is present: POTA <50%, TTI > 3.25, or Toll > $1.10/mile.

	 U(x)	=	Utility function.

One of the desirable characteristics of a truck LOS model would be that it is not unduly influ-
enced by the selection of facility length. Ideally, facilities of different lengths but with similar 
reliability and average operating speeds should get similar LOS ratings.

In Model 2, the effects of facility length were cancelled out by incorporating the utility calcula-
tions in both the numerator and the denominator of the truck LOS index. The logistic function 
used in Model 3 explicitly avoids the computation of multiple utilities for the same facility under 

Exhibit 37.    The %TLOS logistic function for Model 3.
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best- and worst-case conditions; therefore, other methods must be explored to reduce the sen-
sitivity of Model 3 to varying facility lengths.

Revisiting the utility function in Model 2 (Equation 19) it can be noted that the free-flow 
travel time is facility length divided by the free-flow speed. The toll in that equation can be 
replaced with toll/mile times the facility length. These substitutions allow us to divide the equa-
tion by the facility length without changing the relative effects of reliability, speed, and tolls on 
the utility. We obtain the following utility equation:

5
1 0.01 0.32

1
Equation 21U

ASL
POTA ASC L Toll mi AST L

TTI

FFS( )( )( ) ( )
= ∗ − − ∗ + − ∗ + −

where

	 U	=	�Perceived utility to shippers and carriers of truck shipments using the facility;
	POTA	=	Probability of on-time arrival;
	 L	=	Length of facility (miles);
	 ASL	=	�Average shipment length (200 miles Continental U.S., 280 miles Alaska, 30 miles 

Hawaii);
	 ASC	=	Average shipment cost ($750 Continental U.S., $1,300 Alaska, $100 Hawaii);
	Toll/mi	=	Toll rate paid by trucks to use facility ($/mile);
	 AST	=	Average shipment time (3 hr Continental U.S., 5 hr Alaska, 0.5 hr Hawaii);
	 FFS	=	Free-flow speed for trucks on facility (mph); and
	 TTI	=	�Travel time index, ratio of mean truck speed for the given scenario to free-flow 

truck speed.

Grouping the facility length sensitive factors together, we get

5
1 0.01 0.32

1
0.01 0.32

Equation 22

U
ASL

POTA
Toll

mi

TTI

FFS
ASC AST L( ) ( )( ) ( ) ( )= ∗ − − ∗ − ∗ − − ∗ + ∗

Sensitivity testing of Equation 22 for facilities between 1 and 10 miles in length found that 
the facility length dependent term (incorporating average shipping cost and average ship-
ping time) caused the predicted LOS to be highly sensitive to the facility length. In addition, 
the average shipping cost (being in the hundreds of dollars range) tended to dominate the 
utility, significantly reducing its sensitivity to changes in reliability, and the travel times. 
The facility length dependent term of the utility equation was consequently dropped from 
further consideration.

This last change also had the advantage of reducing the data requirements for the LOS model. 
Average shipping cost and average shipping time would no longer be required by the model. The 
result is the following utility equation for Model 3:

5
1 0.01 0.32

1
Equation 23U

ASL
POTA Toll mi

TTI

FFS( )( )( ) ( )
= ∗ − − ∗ − ∗ −

where

	 U(x)	=	Perceived utility of truck shipments using the facility;
	 POTA	=	Probability of on-time arrival;
	 ASL	=	�Average shipment length (200 miles Continental U.S., 280 miles Alaska, 30 miles 

Hawaii);
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	Toll/mi	=	Toll rate paid by trucks to use facility ($/mile);
	 FFS	=	Free-flow speed for trucks on facility (mph); and
	 TTI	=	Travel time index, ratio of mean truck speed to free-flow truck speed.

For example, for the Continental United States, the equation is

0.025 1 0.01 0.32
1

Equation 24U x POTA
Toll

mi

TTI

FFS( )( ) ( ) ( )
= ∗ − − ∗ − ∗ −

At one of the public agency workshops conducted to review the candidate models, several of 
the freight planning experts requested that the truck LOS model also include a “truck friendli-
ness index” to indicate the degree to which substandard geometry, structures, or at-grade rail-
road crossings hindered the ability of legal trucks with legal loads from using the facility without 
having to slow down for a railroad crossing or to maneuver through a geometric construction.

The truck friendliness index (TFI) was consequently added to Model 3 to enable agencies 
to incorporate geometric limitations and at-grade rail crossing features of the facility into the 
truck LOS. The TFI is set at 1.00 for a facility designed and built to accommodate all federal, 
state, and local legal vehicles and loads with no at-grade railroad crossings. This value of 1.00 
is depreciated at the agency’s discretion to account for vehicle length, width, height, turning 
radius, and load restrictions on truck usage of the facility. The model has been calibrated so 
that a TFI of 0.60 will yield LOS F in the model, regardless of the reliability, travel time, or toll 
on the facility.

Adding the truck friendliness index to Equation 23, Model 3 can be re-specified as

1 1 1 Equation 25U x A POTA B TTI C Toll mi D TFI( )( ) ( ) ( ) ( )= ∗ − + ∗ − + ∗ + ∗ −

where

	 U(x)	=	Utility of facility for truck shipments.
	A, B, C	=	Calibration parameters from Model 2:
	 A	=	5/ASL,
	 B	=	–0.32/FFS,
	 C	=	–0.01

�where ASL = average shipment length (200 miles Continental U.S., 280 miles Alaska,  
30 miles Hawaii) and FFS = Free-flow speed (mph).

	 D	=	�Calibration parameter = 0.03 (determined heuristically so that LOS F if TFI is 
below 0.60).

	 POTA	=	�Probability of on-time arrival, with on-time being defined as a TTI of 1.33 or less for 
freeways, multilane highways, and two-lane highways; for urban streets, TTI ≤3.33.

	 TTI	=	Travel time index for study period, ratio of free-flow speed to actual speed.
	Toll/mi	=	Truck toll charged per mile ($/mi).
	 TFI	=	�Truck friendliness index (1.00 = no constraints or obstacles to legal truck load and 

vehicle usage of facility, 0.00 = no trucks can use facility).

6.6 Reliability and Friendliness (Model 4)

A fourth LOS model was created to address requests for a travel-time-reliability-only model 
while retaining the TFI desired by workshop participants. It was pointed out by the Philadelphia 
workshop participants that Model 3 and its ancestor models appeared to double count reliability 
by incorporating both probability of on-time arrival and the TTI, with both being measured 
against the same standard—the free-flow speed.
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This model is obtained by dropping tolls and the TTI portions of the utility equation from 
Model 3. The logistic function and parameters of Model 3 are retained. The utility function is 
reformulated to create Model 4 as follows:

, 6 1 1 Equation 26U x A POTA D TFI( ) ( ) ( )= ∗ − + ∗ −

where

	U(x,6)	=	Utility function for Model 4;
	 A	=	Calibration parameter from Model 3 (A = 0.025);
	 D	=	�Calibration parameter = 0.03 (determined heuristically so that LOS F if TFI is 

below 0.60);
	POTA	=	Probability of on-time arrival, with on-time being defined as a TTI of 1.33 or less; and
	 TFI	=	�Truck friendliness index (1.00 = no constraints or obstacles to legal truck load and 

vehicle usage of facility, 0.00 = all trucks unable to use facility).

6.7 Results of Review by Public Agencies

The four truck LOS models were reviewed by 28 public agency and university freight plan-
ning experts in Philadelphia, Pennsylvania, and by 33 public agency freight planning experts 
in Sacramento, California. Public agency representatives came from state DOTs, MPOs, port 
authorities, and city and county planning agencies.

The workshop participants had the following comments and conclusions about the four pro-
posed LOS models:

•	 The workshop participants agreed that truck LOS will be a useful tool to help make goods-
movement projects related to trucks more competitive with other transportation improve-
ment projects. It should help “getting trucks into the planning process”:

–– Truck LOS will be useful for MAP-21, for communicating to the general public, and for 
decisionmakers,

–– Truck LOS should be measurable,
–– Truck LOS should quantify different degrees of LOS F, and
–– Truck LOS should be calibratable to local conditions and perceptions.

•	 The general preference of workshop participants was for Model 3 (Reliability, Speed, Cost, 
Friendliness) with the ability to calibrate it to local perceptions; they liked the ability to include 
tolls if they were an issue and felt it easy to exclude tolls if they were not an issue: “Better to 
have it and not use it, than to not have it.”

•	 Model 4 (Reliability only plus Friendliness) was second favorite.
•	 Models 1 and 2 were generally least desired; the primary objections appeared to be their 

greater apparent complexity.

6.8 Recommended Truck LOS Model

The recommended truck LOS model is Model 3—combining speed, reliability, cost, and truck 
friendliness in a logistic model formulation (Equation 25).
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S e c t i o n  7

This section presents example applications of the recommended truck LOS model and 
framework in several case studies. These case studies illustrate the application of three of the 
truck LOS models considered in the prior section:

•	 Model 2—The Streamlined Utility Model,
•	 Model 3—The Logistic Model with Truck Friendliness Index, and
•	 Model 4—A Reliability Plus Friendliness Model.

In all cases, it is assumed that the analyst has estimated truck speeds and reliability using one or 
more appropriate methodologies. The following sections describe recommended methodologies 
for making these estimates.

7.1 Study Site 1—California Class I Interstate Freeway

The application of three of the truck LOS models is illustrated for a 20-mile-long section of a 
major interregional Interstate freeway in California. The high volume of trucks and the fact that 
this freeway is a critical inter-regional link between the San Francisco Bay Area and the San Joaquin 
Valley makes this a Class I facility for truck LOS purposes. The study section is split into two seg-
ments (one mountainous, the other level). The selected study period is the 7–9 a.m. peak period.

Exhibit 38 shows the facility-specific data required by the truck LOS models.

7.1.1  Case Study 1.1—Computation of Existing Truck LOS

In this case study, the truck LOS is computed using three candidate LOS models for two segments 
of the Site 1 freeway: one in mountainous terrain and the other on level terrain. See Exhibit 39.

Model 2—Streamlined Utility Model

For Segment 1, the free-flow utility is computed using Equation 24, a length of 8.9 miles, a 
probability of on-time arrival of 90%, a toll of zero dollars, and a TTI of 1.00. The resulting free-
flow utility for Segment 1 is –8.49. The worst case utility is computed using the same equation 
with a policy speed of 10 mph and probability of on-time arrival of 10% for the facility. The 
worst case utility is –9.01.

The actual utility for Segment 1 is computed using the same equation and length, but with a 
10% probability of on-time arrival and a 36.9 mph actual speed. The actual utility is –8.75. The 
difference between the actual and the ideal utilities is 0.26, which is about 50% of the difference 
between best utility and the worst utility. The actual utility is thus LOS F according to the scale 
given in Exhibit 29. The computations for Segment 2 proceed similarly.

Truck Level-of-Service Case Studies
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Model 3—Logistic Model with Friendliness Index

Model 3 uses the actual probability of on-time arrival, TTI, and toll. The “ideal” free-flow reli-
able condition is incorporated in the variables it uses (POTA-1, and 1-TTI). It does not require 
the worst-case conditions to estimate LOS. Model 3 requires a truck friendliness assessment, 
which is not required by Model 2. In this case, the facility is an Interstate freeway designed to 
modern standards; thus, the TFI is set at 1.00.

Model 4—Reliability and Friendliness Logistic Model

Model 4 does not require the toll or TTI information required by Models 2 and 3. Like 
Model 3, Model 4 also requires a truck friendliness assessment. The TFI is identical to that 
for Model 3.

Comparison of LOS Model Results for Case Study 1.1

The truck LOS results for the facility using each of the three LOS models are compared in 
Exhibit 40. All three models agree that Segment 1 (the long-grade section) is operating at LOS F 
for trucks. The models disagree regarding the truck LOS for Segment 2: Model 2 says it is C, 
Model 3 says it is F, and Model 4 says it is E (but not too far from the LOS E/F threshold).

Data Item Segment 1 Segment 2 
Length 11.1 miles 8.9 miles 
Terrain Mountainous Level 

Major Grades (% Grade, Length) 3% up, 4.2 miles 
3% down, 2.3 miles None 

Max/Min (Best/Worst) Speeds  65/10 mph 65/10 mph 

Actual Speed (A.M. Peak Period) 36.9 mph 42.3 mph 
Best/Worst Probability of On-Time Arrival 90%/10% 90%/10% 
Probability of On-Time Arrival 10%  60%  

Note: Best/worst speeds and probability of on-time arrival are set by agency policy for the facility.

Exhibit 38.    Data for Case Studies 1.1 and 1.2.

Exhibit 39.    Study section for Case Studies 1.1 and 1.2.
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Note that Models 3 and 4 find a greater difference in performance between Segments 1 and 2  
than is found by Model 2 as evidenced by the wider range in indices (percent ideal) output by 
Models 3 and 4 than by Model 2.

7.1.2  Case Study 1.2—Sensitivity Tests

Segment 1 from Case Study 1.1 was selected for sensitivity testing. The effects of chang-
ing the state in which the facility is located are shown in Exhibit 41. This exhibit also shows 
the effect on the letter grade truck LOS of the facility class (Class I or Class III). Model 2  
would rate the segment at LOS D if it were a Class III facility located in Alaska. Otherwise, the 
models all agree that the segment would rate LOS F regardless of class or location in United 
States.

Arbitrarily shortening or lengthening Segment 1 from Case Study 1.1 had no effect on the 
results produced by Models 2, 3, and 4.

As shown in Exhibit 42, reliability has a significant effect on the computed truck LOS. This 
test was performed on both segments from Case Study 1.1.

Model 2 would rate both segments at LOS A if reliability were improved to 90% probabil-
ity of on-time arrival. Model 4 would rate both at LOS B with improved reliability. Model 3 
would rate both segments at LOS C. All three models show similarly large sensitivities to reli-
ability. Reliability has a slightly greater effect on the TLOS indices in Models 3 and 4 than for 
Model 2.

 Segment 1 Segment 2 

Model 2 – Streamlined U
lity Model LOS F C 

Percent of ideal 50% 78% 
   

Model 3 – Logis
c LOS Model F F 

Percent of ideal 5% 44% 
 

Model 4 – Reliability and Friendliness LOS F E 

Percent of ideal 10% 58% 

Exhibit 40.    Comparison of LOS model results for example application facility.

Facility Class 
Class I Class III 

State Model 
2 

Model 
3 

Model 
4 

Model 
2 

Model 
3 

Model 
4 

Continental U.S. F (50%) F ( 5%) F (10%) F (50%) F ( 5%) F (10%) 
Alaska E (56%) F (16%) F (29%) D (56%) F (16%) F (29%) 
Hawaii F (15%) F ( 0%) F ( 0%) F (15%) F ( 0%) F ( 0%) 

Note: The test segment is an 11.1-mile segment from Case Study 1.1. All variables held constant except region.

Exhibit 41.    Effect of region and facility class on Models 2, 3, and 4 results.
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7.2 Study Site 2—Virginia Class I Interregional Freeway

The second study site for case studies is a 29.4-mile-long section of the Interstate freeway in 
Virginia (see Exhibit 43). This is a high-truck-volume, critical, interregional facility that is rated 
by the agency as a Class I facility for truck LOS analysis purposes. The selected study period is 
the weekday 6–10 a.m. peak period.

7.2.1  Case Study 2.1—Predict the Effects of High-Occupancy-Vehicle 
Lane on Truck LOS

This case study involves predicting the effects on northbound a.m. peak-period truck LOS 
of a project adding a third northbound HOV lane to the Interstate freeway. The number of 

Segment 1 Segment 2 

Original/Improved On-Time Arrival 10%/90% 60%/90% 

 

Model 2 – Streamlined U�lity Model LOS   
Original/Improved LOS (%TLOS) F (50%)/A (92%) C (78%)/A (94%) 

   

Model 3– Logis�c LOS Model   
Original/Improved LOS (%TLOS) F (5%)/C (74%) F (44%)/C (78%) 

 

Model 4 – Reliability and Friendliness LOS   
Original/Improved LOS (%TLOS) F (10%)/B (86%) E (58%)/B (86%) 

Note: The test segments are from Case Study 1.1; all variables held constant except probability of on-�me arrival. 

Exhibit 42.    Effect of reliability on Models 2, 3, and 4 results.

Exhibit 43.    Study Site 2—Class I facility in Virginia.
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HOV lanes will be expanded from two to three, and those HOV lanes will be converted to high-
occupancy-toll (HOT) operation.

While the mainline mixed flow lanes are not undergoing any capacity expansion or improve-
ments, with the addition of a third HOV lane and an expansion of service to include both HOV 
and HOT customers, it is expected that the reduction in vehicles using the mixed flow lanes 
during the morning peak period will benefit freight traffic in the area.

A combination of travel demand forecasting and traffic operations models is used to estimate 
existing and future mixed flow lane mean speeds for the four segments. A methodology such as 
that developed by the SHRP2-L08 project (Kittelson and Vandehey, 2012) is used to estimate 
existing and future weekday a.m. peak-period travel time distributions for the segments. The  
input data are shown in Exhibit 44.

The truck LOS results using each of the LOS models are compared in Exhibit 45 for existing 
conditions and future conditions. The models all agree on the trend of improvement for truck 
LOS caused by adding the HOV lane. Model 2 shows the most extreme improvement of the 
models for Segment 1, going from LOS E to A. Model 3 is slightly more conservative than the 
other models, often rating the segments one letter grade poorer than Models 2 and 4.

7.2.2  Case Study 2.2—Effects of Tolling on Truck LOS

One option being considered for better managing traffic congestion on the I-95 freeway is 
congestion pricing for the full facility. The question is how much is reliability worth to the ship-
pers and carriers using the freeway? Only Models 2 and 3 (which are sensitive to price) can be 
applied to this case study.

Since this case study is to determine the value to shippers and carriers of improved reliability 
on the freeway, the reliability is improved to an 85% probability of on-time arrival and then the 

Segment Characteristics Segment 1 Segment 2 Segment 3 Segment 4 
Length (miles) 8.3 7.0 11.9 2.2 
Policy Best/Worst Speed (mph) 65/10 65/10 65/10 65/10 
Existing Speed (mph) 53 48 46 42 
Future Speed (mph) 58 55 53 51 
Policy Best/Worst Probability On-Time 90%/10% 90%/10% 90%/10% 90%/10% 
Existing Probability On-Time 50% 38% 35% 33% 
Future Probability On-Time 83% 65% 55% 48% 

Exhibit 44.    Case Study 2.1 input data.

 Segment 1 Segment 2 Segment 3 Segment 4 

Model 2 – Streamlined U�lity     

Exist/Future LOS (%TLOS) C(76%)/A(95%) D(69%)/B(85%) D(66%)/C(79%) D(64%)/C(75%) 

     
Model 3– Logis�c LOS Model     

Exist/Future LOS (%TLOS) F(40%)/C(79%) F(24%)/E(59%) F(21%)/F(46%)  F(17%)/F(36%)  

     
Model 4 – Reliability/Friend     

Exist/Future LOS (%TLOS) F(45%)/B(81%) F(31%)D(63%) F(28%)/E(51%) F(26%)/F(43%)  

Exhibit 45.    Comparison of LOS models for adding HOV lane to Class I freeway.
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new utility and LOS compared with the no-toll condition. The toll is then added to the cost of 
the shipments on each segment until the original utility is obtained. Exhibit 46 summarizes the 
results by segment.

Both models value an 85% probability of on-time arrival (reliability) at $14.75 for the 29.4-mile 
facility—approximately 50 cents per mile. This agreement between the two models is to be hoped 
for since both models incorporate the same cost parameters, although they employ different func-
tional forms.

7.3 Study Site 3—Urban/Rural Highway

The third study site is a 16.6-mile-long section of highway that extends from a small town to 
a nearby airport and then continues on to serve an agricultural area. The highway is a mix of 
urban arterial, multilane highway, and two-lane rural highway (see Exhibit 47). It starts out as 
a four-lane signalized urban street within a small town, then transitions to a four-lane divided 
highway between the town and its airport. Beyond the airport, the multilane highway becomes a 
two-lane rural highway. The selected study period is the weekday 4–6 p.m. peak period.

7.3.1  Case Study 3.1—Assess LOS for Urban/Rural Highway 
with Growth

The highway is a locally important connector between the local population center, its airport, 
and agricultural areas beyond the airport. The portion between the small town and the airport 
is rated Class II by the agency. The portion beyond the airport is rated Class III.

Segment Original Reliability, No Toll Good Reliability, No Toll Good Reliability, Toll 

 POTA Toll LOS POTA Toll LOS POTA Toll LOS 

 Model 2 

1 83% $0 A(95%) 85% $0 A(96%) 85% $0.25 A(95%) 

2 65% $0 B(85%) 85% $0 A(95%) 85% $3.50 B(85%) 

3 55% $0 C(79%) 85% $0 A(95%) 85% $9.00 C(79%) 

4 48% $0 C(75%) 85% $0 A(94%) 85% $2.00 C(75%) 

Total        $14.75  

 Model 3 

1 83% $0 C(79%) 85% $0 B(81%) 85% 0.50 C(79%) 

2 65% $0 E(59%) 85% $0 C(80%) 85% $3.50 E(59%) 

3 55% $0 F(46%) 85% $0 C(79%) 85% $8.75 F(46%) 

4 48% $0 F(36%) 85% $0 C(78%) 85% $2.00 F(37%) 

Total        $14.75  

Note: Model 4, since it lacks a toll component, cannot be used for such a test.

Exhibit 46.    Results for Case Study 2.2.
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The state DOT is anticipating a shift from primarily agricultural crops on this highway to a 
mix of electronics and agricultural goods with higher intensities of traffic associated with light 
industry. As a result, this highway is being evaluated by the state to determine its ability to con-
tinue to provide acceptable freight LOS as the area continues to develop.

Exhibit 48 shows existing conditions, and Exhibit 49 shows future conditions. Exhibit 50 
shows the existing TTI distribution for the highway segments. The TFI is set by the agency at 
0.75 on the two-lane highway section to reflect an at-grade railroad crossing and load limits on 
a couple of bridges on the highway.

For urban streets, a larger tolerance of 3.33 TTI for on-time arrival is set because the HCM 
definition of free-flow speed on urban streets excludes all signal delay (causing a wide disparity 
between the posted midblock speed limit and the actual achievable through-speed on the street even 
in low-flow conditions). For multilane and two-lane highways, the original 1.33 TTI tolerance for 
on-time arrival is retained.

Exhibit 47.    Case Study 3 site.

Truck LOS Input Data Segment 1 Segment 2 Segment 3 Segment 4 
Truck Facility Type Class II Class II Class III Class III 

HCM Facility Type Urban Street Multilane Hwy Multilane 
Hwy 2-Lane Hwy 

Limits First Street to City 
Limits 

City Limits to 
Airport 

Airport to  
2-Lane 

Multilane to  
End of Highway 

Length 0.6 2.3 3.8 9.9 
Free-Flow Speed (mph) 35 55 55 45 
Worst Speed (mph) 10 10 10 10 
Actual Speed (mph) 12 42 43 37 
85% TTI 3.27 1.39 1.35 1.32 
Best POTA 90% 90% 90% 90% 
Worst POTA 10% 10% 10% 10% 
Actual POTA 85% 70% 90% 95% 
Truck Friendliness Index 1.00 1.00 1.00 0.75 

Notes: POTA = probability of on-time arrival; TTI = travel time index.

Exhibit 48.    Case Study 3.1 data—existing conditions.
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Exhibit 51 shows how the existing and future truck LOS results vary by segment by truck 
LOS model. The models are in general agreement as to trends in truck LOS. All show truck LOS 
worsening in the future:

•	 For Segment 1—the urban street segment with a high probability of on-time arrival (85%) but 
a low mean speed of 12 mph in comparison with the midblock free-flow speed of 35 mph—is 
rated LOS B for existing conditions by Model 4. Models 2 and 3, however, rate this segment 
at LOS E/F for existing conditions due to the low mean speed on the segment (which Model 4 
does not include). For future conditions on this street segment, all three models agree at  
rating Segment 1 at LOS F. This is primarily due to the degradation in reliability for this seg-
ment in the future.

Truck LOS Input Data Segment 1 Segment 2 Segment 3 Segment 4 
Truck Facility Type Class II Class II Class III Class III 
HCM Facility Type Urban Street Multilane Hwy Multilane Hwy 2-Lane Hwy 

Limits First Street to City 
Limits 

City Limits to 
Airport 

Airport to  
2-Lane 

Multilane to  
End of Highway 

Length (miles) 0.6 2.3 3.8 9.9 
Free-Flow Speed (mph) 35 55 55 45 
Worst Speed (mph) 10 10 10 10 
Actual Speed (mph) 10.8 40.7 41.7 35.4 
85% TTI 3.68 1.44 1.40 1.42 
Best POTA 90% 90% 90% 90% 
Worst POTA 10% 10% 10% 10% 
Prob. On-Time Arrival 60% 50% 70% 75% 
Truck Friendliness Index 1.00 1.00 1.00 0.75 

Notes: POTA = probability of on-time arrival; TTI = travel time index.

Exhibit 49.    Case Study 3.1 data—future conditions.

Exhibit 50.    Case Study 3.1 TTI distributions—existing conditions.
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•	 Model 3 appears to be the most conservative among the three models in rating the truck LOS 
for all 4 segments under both existing and future conditions.

•	 Model 2 rates Segment 4 (the two-lane highway segment) as LOS A under existing conditions, 
primarily because of the excellent probability of on-time arrival (95%). The other two models 
rate this segment at LOS C/D, primarily because of the TFI for this segment, which is not taken 
into consideration in Model 2.

Exhibit 51.    Comparison of LOS model results for Case Study 3.1.

 Segment 1 Segment 2 Segment 3 Segment 4 

Model 2 – Streamlined U�lity     

Exist/Future LOS (%TLOS) D(56%)/F(35%) A(85%)/C(74%) A(96%)/A(85%) A(99%)/A(87%) 

     
Model 3– Logis�c LOS Model     

Exist/Future LOS (%TLOS) F(12%)/F(1%) D(61%)/F(35%) A(81%)/C(61%) D(56%)/F(30%) 

     
Model 4 – Reliability/Friend     

Exist/Future LOS (%TLOS) B(83%)/F(43%) C(69%)/E(45%) A(86%)/C(69%) C(63%)/F(39%) 
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S e c t i o n  8

Section 8 focuses on development of improved methodologies for predicting the speeds of 
trucks on freeways under varying vertical grade conditions.

8.1 Existing HCM Treatment of Trucks on Freeways

The current HCM freeway procedures are not designed to predict truck speeds on freeways. 
The current HCM freeway procedures use passenger car equivalent (PCE) values to create equiv-
alent passenger-car-only flow rates corresponding to the observed mixed vehicle flow rates. This 
transformation leads to performance metrics (e.g., density and speed) based on automobile-only 
flow conditions that are asserted to pertain to the mixed flow condition—that is, the PCE values 
produce passenger-car-only flow rates that have densities (the LOS measure) and overall average 
traffic speeds that are consistent with those that would result from the actual flow rates and traffic 
(especially truck) mixes. There is no provision in the HCM for predicting truck speeds separately 
from that of mixed flow traffic.

So that HCM users do not have to develop PCE values for every analysis situation, the HCM 
presents suggested values for a variety of conditions. Exhibit 52 shows the values suggested for 
freeway analyses in level, rolling, and mountainous terrain.

A more expansive set of suggested values is provided for specific conditions, as shown in 
Exhibit 53. This table gives PCE values for combinations of grade, grade length, and heavy-
vehicle percentage. For example, a PCE of 3.0 is recommended for a 5–6% grade of length 
0.75–1.00 mile where the percentage of trucks and buses is 20%.

The HCM presents a graph that shows how truck speeds vary for different segment lengths, 
grades, and starting speeds (see Exhibit 54). The graph is nominally predicated on a truck with 
a weight-to-horsepower ratio of 200 lbs/hp entering an upgrade at 55 mph or accelerating from 
8 mph on either an upgrade or a downgrade. Otherwise, no information about truck speeds is 
given in any of the HCM procedures. Rather, the HCM reports an average speed for the traffic 
stream as a whole. Moreover, that speed is technically for a PCE traffic stream. Hence, if the 
trucks have a different speed, that speed is not identified.

8.2 Research Objective and Approach

The objective of this task within the research project was to develop a methodology for pre-
dicting truck speeds on freeways under varying vertical grade conditions. This methodology has 
been developed using a seven-step process:

1.	 Conduct a preliminary analysis of available field observation of freeway performance to gain 
a sense of what should emerge from the methodological development.

Prediction of Freeway Truck Speeds

Incorporating Truck Analysis into the Highway Capacity Manual

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/22311


82  I  ncorporating Truck Analysis into the Highway Capacity Manual

Passenger Car Equivalent Level 
Terrain 

Rolling 
Terrain 

Mountainous 
Terrain 

ET (trucks and buses) 1.5 2.5 4.5 

ER (RVs) 1.2 2.0 4.0 

Source: Exhibit 11-10,  Highway Capacity Manual  (TRB, 2010). 

Exhibit 52.    PCE values for trucks, buses, and rvs.

 Proportion of Trucks and Buses 

Upgrade(%) Length (mi) 2% 4% 5% 6% 8% 10% 15% 20% ≥25% 

≤2 All 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 

>2–3 

0.00–0.25 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 

>0.25–0.50 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 

>0.50–0.75 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 

>0.75–1.00 2.0 2.0 2.0 2.0 1.5 1.5 1.5 1.5 1.5 

>1.00–1.50 2.5 2.5 2.5 2.5 2.0 2.0 2.0 2.0 2.0 

>1.50 3.0 3.0 2.5 2.5 2.0 2.0 2.0 2.0 2.0 

>3–4 

0.00–0.25 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 

>0.25–0.50 2.0 2.0 2.0 2.0 2.0 2.0 1.5 1.5 1.5 

>0.50–0.75 2.5 2.5 2.0 2.0 2.0 2.0 2.0 2.0 2.0 

>0.75–1.00 3.0 3.0 2.5 2.5 2.5 2.5 2.0 2.0 2.0 

>1.00–1.50 3.5 3.5 3.0 3.0 3.0 3.0 2.5 2.5 2.5 

>1.50 4.0 3.5 3.0 3.0 3.0 3.0 2.5 2.5 2.5 

>4–5 

0.00–0.25 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 

>0.25–0.50 3.0 2.5 2.5 2.5 2.0 2.0 2.0 2.0 2.0 

>0.50–0.75 3.5 3.0 3.0 3.0 2.5 2.5 2.5 2.5 2.5 

>0.75–1.00 4.0 3.5 3.5 3.5 3.0 3.0 3.0 3.0 3.0 

>1.00 5.0 4.0 4.0 4.0 3.5 3.5 3.0 3.0 3.0 

>5–6 

0.00–0.25 2.0 2.0 1.5 1.5 1.5 1.5 1.5 1.5 1.5 

>0.25–0.30 4.0 3.0 2.5 2.5 2.0 2.0 2.0 2.0 2.0 

>0.30–0.50 4.5 4.0 3.5 3.0 2.5 2.5 2.5 2.5 2.5 

>0.50–0.75 5.0 4.5 4.0 3.5 3.0 3.0 3.0 3.0 3.0 

>0.75–1.00 5.5 5.0 4.5 4.0 3.0 3.0 3.0 3.0 3.0 

>1.00 6.0 5.0 5.0 4.5 3.5 3.5 3.5 3.5 3.5 

>6 

0.00–0.25 4.0 3.0 2.5 2.5 2.5 2.5 2.0 2.0 1.0 

>0.25–0.30 4.5 4.0 3.5 3.5 3.5 3.0 2.5 2.5 2.5 

>0.30–0.50 5.0 4.5 4.0 4.0 3.5 3.0 2.5 2.5 2.5 

>0.50–0.75 5.5 5.0 4.5 4.5 4.0 3.5 3.0 3.0 3.0 

>0.75–1.00 6.0 5.5 5.0 5.0 4.5 4.0 3.5 3.5 3.5 

>1.00 7.0 6.0 5.5 5.5 5.0 4.5 4.0 4.0 4.0 

Source: Exhibit 11-11, Highway Capacity Manual  (TRB, 2010).

Exhibit 53.    PCEs for specific grades.
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2.	 Select a test site with a calibrated microsimulation model for investigating the relationship 
between volumes, truck percentages, the mix of truck types, and vertical grade on sustained 
automobile and truck speeds.

3.	 Develop acceleration functions (acceleration versus speed, one for each truck type) that can 
be used as inputs into the microsimulation model so that the effects on truck speed could be 
tested for various grades, truck percentages, and mixes of semitrailer and single-unit trucks. 
Compare the trajectory predictions (speed versus distance) from these functions with those 
from prior studies.

4.	 Develop and apply a microsimulation model of a single-lane freeway with a constant grade to 
see whether any model parameter values need to be adjusted to generate speed-distance trajec-
tories that are consistent with the findings from Steps 1 and 2 above. The use of a single-lane 
simulation at this point eliminates possible passing effects on the observed average link speed.

5.	 Conduct simulations of a wide range of truck types, weight-to-horsepower ratios, truck 
percentages, flow rates, and grades using a simulation model of a three-lane freeway with 
constant grades. Do this initially for one truck type (focused principally on FHWA Classes 5 
and 9) and then for mixes of truck types and weight-to-horsepower ratios. The use of three-
lane simulation at this point allows vehicle passing effects to be incorporated into the results.

6.	 Determine what predictive relationships can be used for truck PCEs and speeds based on the 
data from Step 4.

7.	 Test the resulting treatments for truck PCEs and speeds using a quasi-real case study whose 
setting is based on a real-world facility, but whose design and traffic mix details have been 
treated parametrically to allow tests of the effects of various other conditions (e.g., flow rates, 
truck mix percentages, and grades).

The findings from this process are described below.

8.3  Initial Field Assessment

Freeway performance for different truck percentages was examined based on data from I-40 
in Raleigh, North Carolina. The intent was to gain a sense of what the methodology should 
predict. This stretch of freeway is basically level, it is three-lanes wide in each direction, and its 
geometry is consistent with the ideal conditions employed in the HCM.

Source: Exhibit 11-A1, Highway Capacity Manual  (TRB, 2010).

Exhibit 54.    Performance curves for 200 lb/hp truck.
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Exhibit 55 shows a plot of the 15-min observations of flow and density. It is obvious that the truck 
percentage does have an effect on both the maximum flow rate that is achieved and the density that 
corresponds to that maximum flow rate. The maximum flow rates are lower and the densities are 
higher than those that arise when the truck percentage is less than 5%.

The plot also shows that the freeway speeds are influenced by the truck percentage. As is well 
known, the slope of the line from the origin to any data point is the speed that pertained when 
that data point was recorded. Hence, it appears that the interplay of the trucks with other vehi-
cles creates slower speeds, higher densities, and lower capacities than for (nearly) all-automobile 
conditions.

Exhibit 56 shows a plot of the corresponding 15-min observations of speed and flow. In this 
case, the data points for different truck percentages are shown in separate graphs.

The most significant observation from Exhibit 56 is perhaps that the percentage of trucks 
has an influence on the speeds achieved at or near capacity. This is consistent with the insights 
emerging from the flow-density plot. Since this section of freeway is basically level, grade cannot 
be the cause. It must be the interaction of the trucks with the other vehicles. This effect may arise 
more generally; not just here.

The second observation is that the percentage of trucks has an influence on the 15-min aver-
age speeds during times of low flow. Since vehicle interactions are not likely to be the cause—it 
may be that the trucks using the freeway when the volume-to-capacity (V/C) ratio is low cannot 
or choose not to travel at the speed of the other vehicles.

These trends suggest that the influence of the trucks may be significant, especially at higher 
truck percentages. Moreover, the trucks are likely to affect both speed and density across the 
range of V/C ratios. Particularly, higher truck percentages are likely to result in higher densities 
and lower speeds than those that typify predominantly automobile conditions.

Exhibit 55.    Flow-density relationships on I-40 for various truck percentages.
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8.4 The Freeway Test Bed

The investigation of the freeway speed flow effects of trucks on extended grades was per-
formed on a hypothetical facility consisting of 8 miles of level three-lane freeway followed by 
5 miles of three-lane freeway with a grade. The grade on the 5-mile section varied from –6% 
to +6% in 1% increments (13 grades total). The hypothetical facility was simulated using the  
VISSIM microsimulation model (PTV Group, n.d.).

8.5 Calibration of Acceleration Profiles

Steps 2 and 3 in the analysis process were for developing the truck acceleration functions 
(relationships between the maximum acceleration and speed) that would be used in the micro-
simulation model—in this case, VISSIM. Step 2 focused on developing the functions themselves. 
Step 3 aimed to incorporate those functions into VISSIM and then to see what results were pro-
duced and whether any other VISSIM parameters needed to be adjusted to generate trajectories 
(predictions of speed versus distance) that were consistent with expectations from other research 
efforts. It seemed best to do these two steps simultaneously because there might be iterations, 
which proved to be true: two iterations were needed to reach closure.

8.5.1  Background on Truck Acceleration and Deceleration Profiles

In the HCM 2010, there are truck performance curves (Exhibit 11-21, HCM) for trucks with 
a weight/power ratio of 200 lb/hp. The reference data used to develop this truck performance 

Exhibit 56.    Speed-flow relationships on I-40 for various truck percentages.
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curve is found in the paper “Survey of Uphill Speeds of Trucks on Mountain Grades” (Willey, 
1949). Trucks with weight/power ratios of about 200lb/hp were selected to develop the model 
since they would have acceptable operating characteristics from the standpoint of the highway 
users. However, applying a single truck performance curve for one weight/power ratio for all 
trucks reduces the accuracy of any analysis conducted.

To develop multiple truck performance curves for specific weight/power ratios, the following 
procedure can be followed:

•	 Find representative weight/power ratios according to the probability distributions of weight/
power ratios. Figures D-5 through D-10 in NCHRP Report 505: Review of Truck Characteristics 
as Factors in Roadway Designs (Harwood et al., 2003) are distributions for several states. The 
figures also show the 25th-, 75th-, 85th-, and 90th-percentile ratios that could be used to get 
the specific values of weight/power ratios (see Exhibit 57).

•	 Apply specific values of the weight/power ratio to develop truck performance curves. Differ-
ent weight/power ratios lead to different acceleration rates. Table 29 in Chapter 5 of NCHRP 
Report 505 (reproduced in Exhibit 58) shows the acceleration rate with a given weight/power 
ratio and speed. The speed profile computations in Appendix E of NCHRP Report 505 can be 
used to determine acceleration rates for different grades (Harwood et al., 2003).

NCHRP Report 505  (Harwood et al., 2003). 
Source: Adapted from Figure D-5: Distribution of Estimated Weight-to-Power Ratios for 
California Freeways,

Exhibit 57.    Weight-to-horsepower ratio distribution example.

Weight-to-
Power Ratio 

(lb/hp) 

Acceleration rate (fpss) 

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 

*Average acceleration capabilities of trucks accelerating from specified speed to 64 km/hr (40 mph). 
Source: NCHRP Report 505  (Harwood et al., 2003). 

Exhibit 58.    Average truck acceleration capabilities.*
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8.5.2  Approach to Calibrating VISSIM Truck Profiles

Steps 2 and 3 started with a review of the literature on truck performance. The review showed 
that the procedure described in NCHRP Report 505 (Harwood et al., 2003) would be a good start-
ing point for developing a predictive model. The procedure described in the report could predict 
the performance of various truck types on specific grades or sequences of grades. Moreover, the 
procedure was codified in an Excel spreadsheet on a floppy disk that was included with the report. 
The spreadsheet produced speed-versus-distance trajectories based on user-specified inputs. (In 
the text that follows, this model is referred to as the “NCHRP Report 505 spreadsheet.”)

It was found that the NCHRP Report 505 spreadsheet did produce the results presented in 
NCHRP Report 505—for example, if the weight-to-power ratio was set to 200 lb/hp and the 
weight-to-frontal-area ratio was set to 580 lb/ft2, the graphs and tables shown in the report could 
be produced. (It is interesting, however, that this value for the weight-to-frontal-area ratio was 
different from the default value that the spreadsheet would have selected automatically.)

A check of the NCHRP Report 505 spreadsheet’s predictions with other sources suggested that 
it was likely to be a valid representation of truck performance. It could generate the acceleration 
and deceleration curves shown in the AASHTO Green Book. (We assume this is because the intent 
was to use the NCHRP Report 505 findings in the AASHTO Green Book.) However, it could not 
generate the trajectories shown in the HCM. This is probably due to differences in assumptions 
about truck characteristics.

However, creation of the acceleration functions revealed a problem: a marked and abrupt 
decrease in acceleration arose at a speed of 10 ft/sec. The report and the logic called for different 
equations to be used to predict the tractive effort (acceleration produced by the engine) above 
and below this speed, but there was no indication that the acceleration value should change dra-
matically. It seemed to make more sense for the values to match where the logic changed (which 
we believe is what was intended). It seemed that a logic error was made in creating the program. 
Assuming this was the case, a change was to rectify this anomaly, and the trajectory predictions 
of the new code were compared with the old. The difference was very small.

With an expectation that the spreadsheet would now produce acceptable acceleration func-
tions, Step 4 commenced. The acceleration functions were coded into VISSIM and simulations 
were conducted. However, the results did not match. VISSIM predicted significantly lower crawl 
speeds on the upgrades.

A check of VISSIM logic showed that it automatically adjusted the acceleration rates up or 
down by 1% of gravity for every 1% change in grade (decreasing it for upgrades and increasing 
it for downgrades). This is consistent with the effect that should arise from changes in grade.

A check of the NCHRP Report 505 spreadsheet revealed three more problems, two major and 
one minor. The first was that the influence of grade was omitted even though its influence was 
described correctly in the report. A grade term did appear in the formula for predicting the trac-
tive effort (inconsistent with the text of the report), but the influence of grade did not appear 
in the resistance equations. (Moreover, the way in which grade appeared in the tractive effort 
equation did not make logical sense.) The second problem was that there was no upper bound 
on the tractive effort due to the weight on the powered axles and/or the friction between the tire 
and the road. The third was that the coefficient for the V ′ term in the resistance equation used a 
value of 0.0004, while the report showed 0.004. Using 0.004 in the spreadsheet produced illogical 
results, so it was concluded that the value shown in the text was a typographical error.

In light of these findings, it was necessary to make two significant changes to the NCHRP 
Report 505 spreadsheet. First, the effect of grade was introduced in the resistance equations; 
second, a limit on the tractive effort was added based on the percentage of truck weight on the 
powered axles and the coefficient of friction.
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After making these changes, the new model’s predictions were compared with those from a 
model developed by Rakha et al. (2001). Rakha et al.’s model differed in subtle ways from that 
contained in the revised NCHRP Report 505 spreadsheet, but it seemed like the two models 
should produce similar results. To check its logic, Rakha et al.’s model was codified in an adapta-
tion of the NCHRP Report 505 spreadsheet. The finding was that not only was the code capable 
of producing the results shown in Rakha et al., but its parameter values could also be adjusted 
to produce the results predicted by the revised NCHRP Report 505 spreadsheet and vice versa. 
Hence, it was concluded that the modified NCHRP Report 505 spreadsheet was producing defen-
sible results.

A return to Step 3 now showed that the truck trajectories (speeds versus distance) predicted 
by the revised NCHRP Report 505 spreadsheet agreed with the predictions from VISSIM. This 
was true across the entire range of grades and weight-to-horsepower ratios.

8.6 Truck Footprint for VISSIM

A side effort involved creating VISSIM footprints (i.e., lengths, widths) of the Class 5 
and 9 trucks. The effect of these footprints was two-fold in the main simulations. First, the 
footprints affected the length of the trucks in the car-following and lane-changing behavior. 
Second, from a display standpoint, the footprints determined the appearance of trucks in 
the animations.

8.7 � VISSIM Simulations and PCE  
and Speed Model Development

Steps 4 and 5 were focused on conducting the VISSIM simulations and developing the pre-
dictive models for PCEs and truck speeds. At first, the expectation was that these steps would 
be done in series. However, as was the case with Steps 2 and 3, the results from the VISSIM 
simulations suggested useful ways to think about the predictive equations, so the two steps were 
done in parallel.

About 6,552 combinations of truck mix, grade, and traffic flow rate were simulated. The 
parameters that defined each simulation were as follows:

•	 FHWA Class 5 (single-unit trucks) and 9 (semitrailer trucks);
•	 Weight-to-horsepower ratios of 50, 100, 150, and 200 lbs/hp;
•	 Grades from –6% to 6% (13 grades total);
•	 Truck percentages of 0%, 10%, 20%, 30%, 40%, 50% and 100%; and
•	 Flow rates of 240, 600, 1200, 1800, 1920, 2040, 2160, 2280, and 2400 vehicles per hour per 

lane (veh/hr/lane).

The flow rates are equivalent to V/C ratios of 10%, 25%, 50%, 75%, 80%, 85%, 90%, 95%, 
and 100% for the all-automobile (no truck) condition.

Rather than work with each simulation separately, scenarios were formed in which the nine 
V/C conditions associated with each combination of FHWA class, weight-to-power ratio, 
grade, and truck percentage were grouped together. This resulted in 637 scenarios: 520 mixed 
scenarios (2∗4∗5∗13) and 13 all-automobile scenarios plus 104 all-truck scenarios (2∗4∗13). 
The methodology was developed based on the simulation results from these scenarios.
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8.8 The Speed Prediction Models

The steps in the procedure that focus on predicting the truck speed are motivated by Exhibit 59. 
It shows the speed-flow plot for this same condition. In fact, the plot also shows the speed-flow 
relationships for the truck and automobile speeds separately (in the 30% trucks case) as well as 
two other cases: automobiles-only and trucks-only.

The data points marked “Scenario” are the average mixed speeds for the 30% truck condition. 
At low flow, they are scattered between 40–70 mph, but they quickly drop to around 30 mph (the 
truck crawl speed) as the flow rate increases. The automobile speeds, marked “Autos,” follow 
a similar trend (as they should since 70% of the traffic stream is automobiles). This motivates 
a prediction model that allows the values to drop from the all-automobile condition to the all-
truck condition. This is a new idea in the context of the HCM procedures. The trucks speeds, 
marked “Trucks,” are all at the crawl speed for the 6% grade, as they should be given the length 
of the segment (5 miles).

The data points marked “Auto Only” are for an all-automobile condition. To make the V/C 
ratios match, the automobile-only flow rates can be downward adjusted so that the automobile-only 
maximum flow rate matches that of the mixed scenario. The automobile-only speeds stay at or near 
70 mph until capacity is reached.

The data points marked “truck only” are from the simulation of a traffic stream involving 
100% trucks. To make the V/C values match in this instance, the flow rates have been upward 
adjusted so that the actual maximum flow rate in the all-truck circumstance (855 veh/hr/lane) 
maps to the maximum flow rate in the case under study (again, 1,500 veh/hr/lane).
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Exhibit 59.    Truck and automobile speed-flow relationships on a +6% grade.
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Predicting the truck speeds proved to be relatively simple. In all 636 scenarios involving trucks 
(including the 100% truck case), the truck speed proved to match that which is derivable from 
the acceleration function, the deceleration function, and the length of the grade:

, ,
Equation 27s

L

t L g s
t

o( )=
ω

where

	 st	=	truck speed (mi/hr);
	 L	=	length of segment with grade; and
	t(L|g,s0,w)	=	�the time required to travel the distance, L, given the grade involved, g, the truck’s 

initial speed upon entering the segment, s0, and the truck’s acceleration capabilities, w.

The specific equations employed in simulating the movement of the truck through time are 
adapted from Appendix E of NCHRP Report 505 (Harwood et al., 2003):

•	 Computation of total resistance:

If v >10 ft/sec then:

0.2445 0.0004
222.6

Equation 28Rr v
WtHp v

ele= − − − ∗β
∗

If v ≤ 10 ft/sec then:

0.2445 0.0004 Equation 29Rr v= − −

0.021 Equation 302Ra v WtFaele= − ∗ α ∗

32.17 Equation 31Rg g= − ∗

Equation 32R Rr Ra Rg= + +

•	 Computation of tractive effort:

15368

10, 14080 10.
Equation 33TE

WtHp Max v Max v
ENG

ele

( ) ( )
= ∗β

∗ +

32.2 1 Equation 34TE ABS gADH ( )( )= ∗ µ ∗ρ ∗ −

, Equation 35TE Min TE TEENG ADH( )=

•	 Computation of vehicle position (d), velocity (v), and acceleration (a) at time t:

Equation 36a t TE R( ) = +

Equation 370v t v a t dt∫( ) ( )= +

Equation 380d t d v t dt∫( ) ( )= +

where

	 v	=	the speed at a given point in time (ft/sec); 
	 g	=	the grade (as a decimal); 
	 WtHp	=	the weight-to-horsepower ratio (lb/Hp); 
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	 WtFa	=	the weight-to-frontal-area ratio (lb/ft2); 
	 aele	=	�an altitude-related adjustment factor for air resistance for converting sea-level 

aerodynamic drag to local elevation is equal to (1 – 0.000006887 * ft. elevation)4.255; 
	 bele	=	an altitude-related adjustment factor for rolling resistance; 
	 µ	=	the coefficient of friction between the tire and the road;
	 r	=	the percentage of the truck’s weight on the powered axles;
	 Rr	=	the acceleration due rolling resistance (ft/sec2);
	 Ra	=	the acceleration due to air resistance (ft/sec2);
	 Rg	=	the acceleration due to grade-related resistance (ft/sec2);
	 R	=	the total acceleration due to resistance (ft/sec2);
	 TEENG	=	the tractive effort acceleration provided by the engine (ft/sec2);
	 TEADH	=	�the tractive effort acceleration that can actually be applied given the limitation 

imposed by µ and r (ft/sec2); 
	 TE	=	the actual tractive effort applied expressed as acceleration (ft/sec2);
	 a(t)	=	the acceleration at any given point in time (ft/sec2);
	 v(t)	=	the velocity at any given point in time (ft/sec);
	 d(t)	=	the distance the truck has gone (ft.); and
	 dt	=	the increment of time (e.g., 1 second) being used in the simulation.

8.8.1  Predicting Automobile Speeds

An interesting and important finding is that automobile speed is affected by the trucks, 
especially when the truck percentage is high and the grade is steep. Hence, for high truck 
percentages, the automobile speeds need to be estimated as well as the truck speeds. The 
reason is that when the truck percentage is high and the grades are steep, the automobiles 
cannot easily overtake the trucks. The automobiles are constrained and in the limit have a 
speed that converges to the truck speed—that is to say, they become entirely (or effectively) 
constrained by the truck performance. Exhibit 10 illustrates this in the case of 30% trucks 
on a 6% upgrade.

A method was developed to predict the automobile speed as a function of the scenario condi-
tions. Examination of the individual scenario runs suggested the following trends:

•	 The automobile speed is always high when the V/C ratio is low. Often, the speed at zero flow 
is the auto-only free-flow speed, but not always.

•	 When the truck percentage is low as on downgrades and on the level, the automobiles are able 
to follow a speed curve that closely matches the all-automobile condition.

•	 When the truck percentage is high and on upgrades, the automobile speeds decline to the 
truck speed as the V/C ratio increases.

•	 The pattern of decrease follows that of a logistics curve (as is commonly used in logit models). 
As the V/C ratio increases, the automobile speeds decline slowly at first, then more rapidly, 
and then more slowly as the truck speed is reached. Hence, the automobile speed asymptoti-
cally approaches limiting speeds for both low and high V/C ratios. This pattern can be seen 
in Exhibit 10.

•	 There is variation in the range of V/C ratios (or flow rates) over which this decline occurs. It is 
a wide range (say from V/C = 0.1 to V/C = 0.9) when the grade is slight, the truck percentage 
is low, and the weight-to-horsepower ratio is low (e.g., a 2% grade, 10% trucks, and a truck 
with only 50 lb/hp. It is narrow (say, from V/C = 0.1 to V/C = 0.2) when the grade is steep, 
the truck percentage is high, and the weight-to-horsepower ratio is high (e.g., a 6% grade, 
30% trucks, and a truck with 200 lb/hp). Exhibit 59 shows the condition for a 6% grade, 30% 
trucks, and 150 lb/hp.
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A simple logistics function is used to predict these automobile speed trends:

1
Equation 39s s s s

e

e
a to ao to

v v

V

v v

V

m

m
( )= + −

+













−β −
∆

−β −
∆

where

	 sa	=	the automobile speed at flow rate v;
	 sao	=	�the automobile-only speed that would arise at flow rate v (taking into account the  

PCE value);
	 sto	=	�the truck-only speed that would arise at flow rate v (again taking into account the  

PCE values for the mixed flow case and the all-truck case);
	 vm	=	�the flow rate at which the automobile speed has accomplished half of its transition from 

sao to sto,
	DV	=	the range of flow rates over which the transition occurs; and
	 b	=	a calibration coefficient that ensures the following holds true:

2 5 2 5 Equation 40
v

V

V
and

v
V

V

m m

−β
− ∆

∆
= − β

+ ∆

∆
= −

This ensures that the logit term within the large parentheses is approximately equal to 1 when  
v = vm – DV/2 and equal to 0 when v = vm + DV/2. In Exhibit 60, vm is approximately 250 veh/hr/lane 
and DV is about 500 (from 100 to 600).
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Exhibit 60.    A model for estimating the automobile speed relationships on a +6% grade.
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Grade >= 1%?

Grade < 4% AND TrkType-9
AND Wt/Hp=50

%Trks >= 30%

Yes

No

Yes

vm = 150

vm = 1000 - 0.3475∗%Trk - (1.226 +
0.07∗%Trk)∗Wt/Hp + 21.75∗TrkType

Yes vm = 200

vm = 1050

No

No

Exhibit 61.    Logic for determining vm values.

Exhibit 60 shows the automobile speed function that has been fitted to the automobile speed 
trends in the exhibit. The smooth line represents the automobile speed estimated by Equation 39 
and appropriate values of vm, DV, and b.

A two-step process was involved in developing a procedure to create equations that would 
estimate vm, DV, and b for a given situation. First, for each of the 520 scenarios, estimates of vm 
and DV were obtained through statistical analysis. Then, the resulting estimates were placed in 
a database and curve-fitting techniques were used to develop estimates of the three parameters.

Predicting vm proved to be most challenging. The logic shown in Exhibit 61 works well.

Clearly, this is not the end result of a formal regression analysis; rather, it is derived from 
careful examination of the trends exhibited in vm in response to changes in the other variables 
involved. Also, to some degree, it reflects the vagaries of the simulation environment.

It was clear from examining the initial results that for grades below 1% (the first seven condi-
tions), the vm value is high if the truck percentage is 30% or less and low if it is greater. It was also 
clear that for grades of 1% or greater, the vm value is highest when the percent trucks is lowest 
and it declines as the percent trucks increases and that it falls sharply in response to increases in 
the weight-to-horsepower ratio. This logic is reflected in the “if–then” logic presented above, 
including the equation that predicts vm for grades of 1% and greater.

A more detailed examination of the trends for grades of 1% or more revealed:

•	 The patterns of predicted and observed vm clearly matched, especially for steeper grades.
•	 For the less-steep grades, it was also clear that the stochasticity in the simulation process makes 

the trends less deterministic in appearance. Thus, the strength in the model presented in the 
“if–then” logic is that it converges to the simulation results observed as the grades increase in 
severity, which is a very good property for the model to have.

The estimation of values for DV and b is far more straightforward. In this instance, a slight 
variation of Equation 39 is used:

1
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where q reflects the combined effects of DV and b. The result is

0.2510 0.7964 Equation 42
32.68

2v Rmθ = ∗ =
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The t statistic, shown below the coefficient for vm, being significantly greater than 1.97,  
demonstrates that the effect is statistically significant.

In summary, the prediction procedure for truck speed is relatively simple. Moreover, it pre-
dicts defensible results not only for the density that will arise in a given situation, but both truck 
and car speeds. The procedure works whether the truck flows are of a single type or mixed. It is 
known to work for grades from –6% to +6% and for truck percentages up to 50%.

8.9 � Freeway Truck and Automobile  
Speed Model Case Study

To test the new procedures, a case study was conducted. To generate “field data” for the case 
study, a VISSIM simulation model of the study section was created based on data provided by 
New York State (NYS) DOT.

The selected real-world case study site was a 3.5-mile section of New York State Route 7 just 
north of Albany (see Exhibit 62). This same site was used in the Highway Capacity Manual Appli-
cations Guidebook (Kittelson et al., 2003). A VISSIM model (PTV Group, n.d.) was developed 
and calibrated for the case study site to generate the “observed” data against which the case study 
results could be compared.

The facility is a freeway running between I-87 on the west to I-787 on the east. The percentage 
of trucks is about 6%. The free-flow speed is 55 mph. The test facility has the following grades:

•	 Westbound:
�	 +1.92% for 3,769 ft.;
�	 +4.80% for 1,854 ft.;
�	 +1.00% for 4,839 ft.;
�	 +4.00% for 1,919 ft.;

Source: Kittelson and Associates.

Exhibit 62.    New York State Route 7 freeway test site.
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�	 –0.80% for 1,192 ft.; and
�	 –2.10% for 5,299 ft.

•	 Eastbound: opposite grades for same lengths.

A vertical profile of the facility is shown in Exhibit 63.

The facility has two lanes eastbound and three westbound. The third westbound lane was 
originally intended to be a truck climbing lane, but today it is used for all traffic. The a.m. traffic 
is heavier eastbound; the p.m. traffic is heavier westbound. Eastbound, vehicles enter the study 
section at about 40–50 mph, accelerate, and then continue eastward to the I-787 interchange. 
Westbound, vehicles enter at 30–50 mph coming either from the bridge across the Hudson River 
or one of the two I-787 ramps. Of the two ramps, the loop ramp (northbound to westbound) has 
the most traffic; the right-hand ramp (southbound to westbound) has very little traffic. Typi-
cally, there are no queues in either direction in the a.m. peak, but in the p.m. peak, there is often 
a queue westbound that extends half the length of the facility. Most of the westbound traffic 
wants to exit via the single-lane right-hand ramp at the western end; traffic from about 2.5 lanes 
is converging on a single-lane exit.

The facility is instrumented with speed traps about at the midpoint and video cameras at 
either end. Data from the speed traps is not archived. However, NYSDOT periodically does short 
counts including truck classifications.

The a.m. and p.m. peaks for the existing conditions were studied for the test site as well as 
hypothetical p.m. peaks that involved 15% and 30% trucks as well as a change to the geometry 
at the western end so that a bottleneck would not be created. (The two-lane exit eliminates the 
queuing problem.) The higher truck percentages are of interest because of the new methodology. 
A summary of the simulated and observed network performance for these conditions is shown 
in Exhibit 64. The data for the real-world a.m. and p.m. peak conditions are shown in the first 
four columns. The performance for the hypothetical situations involving 15% and 30% trucks 
are shown in the right-hand four columns.

The simulation model produces results consistent with observed performance. Most impor-
tantly, it predicts a westbound queue in the p.m. peak that extends about half-way back to the 
I-787 interchange. This queuing condition is very common.

The proposed analysis procedure (labeled “New HCM Model” in Exhibit 65) was applied, 
and its predictions were compared with the performance predictions provided by the VISSIM 
simulation model. Both directions were studied in detail, but the main focus in this report is on 
the westbound direction because it has the significant upgrades. The LOS predictions westbound 
were checked at the end of each section. The location reported here for the eastbound direction 
is at the end of the 2.1% grade.
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Exhibit 63.  V  ertical profile of the NY State Route 7 freeway test site.
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As can be seen from Exhibit 65, the proposed analysis procedure (“New HCM”) predicts 
automobile and truck speeds that are generally consistent (within 6%) with those from the 
VISSIM model.

8.10 Freeway Truck Travel Time Reliability

Existing truck travel time reliability for one or more selected segments of a freeway can be 
obtained from the National Performance Management Research Data Set (NPMRDS) for 
the National Highway System (NHS) (FHWA, 2013, June 26). Resources did not permit the 
development of a model for predicting truck travel time reliability. However, the SHRP2-L08 
methodology (Kittelson and Vandehey, 2012) can be used to estimate mixed flow travel time 
reliability. Until such time as better methods become available, the SHRP2-L08 results might be 
used as a proxy for truck travel time reliability (Kittelson, 2012).

8.10.1  Data on Existing Truck Reliability—NPMRDS

NPMRDS contains archived data on truck travel times by highway segment on the NHS, by 
5-min-long time periods of the day. It is a vehicle-probe based data set. Separate travel times are 
reported for FHWA Vehicle Classes 7 and 8 (labeled “trucks” in the database); all other vehicle 

East West East West East West East West
Overall Flow Rate (vph) 2902 2228 2354 2972 2354 3024 2354 3024
Peak Hour Factor 0.83 0.81 0.89 0.92 0.89 0.92 0.89 0.92
Truck Percentages 9.18% 5.64% 6.59% 5.14% 15.00% 15.00% 30.00% 30.00%

Class 4 0.93% 0.56% 0.94% 0.71% 1.53% 1.49% 4.29% 4.13%
Class 5 3.91% 2.47% 2.35% 2.36% 6.39% 6.57% 10.71% 13.76%
Class 6 1.02% 0.56% 0.71% 0.38% 1.67% 1.49% 3.21% 2.20%
Class 7 0.25% 0.14% 0.14% 0.09% 0.42% 0.37% 0.64% 0.55%
Class 8 0.93% 0.70% 1.51% 0.66% 1.53% 1.86% 6.86% 3.85%
Class 9 1.70% 0.93% 0.52% 0.75% 2.78% 2.48% 2.36% 4.40%
Class 10 0.42% 0.19% 0.24% 0.14% 0.69% 0.50% 1.07% 0.83%
Class 11 0.00% 0.05% 0.05% 0.00% 0.00% 0.12% 0.21% 0.00%
Class 12 0.00% 0.00% 0.05% 0.00% 0.00% 0.00% 0.21% 0.00%
Class 13 0.00% 0.05% 0.09% 0.05% 0.00% 0.12% 0.43% 0.28%

Vehicle-Miles (8 hrs)
Autos 34965 55077 24659 73508 22725 68107 19266 56370
Trucks 4397 3291 2455 4124 5332 11809 10917 23391
All 39362 58369 27115 77632 28057 79915 30183 79761

Vehicle-Hours (8 hrs)
Autos 499 812 350 3853 323 1037 274 986
Trucks 64 51 35 232 77 182 157 408
All 563 864 386 4085 400 1220 432 1395

Avg Speed (mph)
Autos 70.1 67.8 70.4 19.1 70.3 65.7 70.3 57.2
Trucks 68.5 64.2 69.3 17.8 69.3 64.7 69.5 57.3
All 69.9 67.6 70.3 19.0 70.1 65.5 69.9 57.2

Data Item
AM Peak PM Peak

Base Case
PM Peak

30% Trucks15% Trucks
PM Peak

Exhibit 64.    Simulated actual and hypothetical results for higher truck percentages  
for NY State Route 7 site.
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classes (labeled “passenger vehicles”); and all vehicles combined. The number of vehicles and 
the percent of trucks in the data are not reported.

Historic data is available for the Interstate freeway system back to October 2011. For all other 
highways on the NHS, data is available back to July 2013. A moderate amount of GIS database 
processing is required to make effective use of the data once downloaded.

8.10.2  Predicting Truck Reliability on Freeways

The SHRP2-L08 methodology can be used to predict mixed flow travel time reliability for a 
freeway facility. It is sensitive to recurring peak-period demands, day-to-day demand variability, 
the frequency and severity of bad weather, crash frequency, and the scheduling of work zones on 
the freeway facility. The methodology can be used to predict various travel time indices (TTIs), 
of which, the 50th-percentile and the 95th-percentile TTIs are required.

EBD
Segment Length (ft) 3769 1854 4839 1919 1192 2405 3894 4510
Grade (%) 1.92% 4.80% 1.00% 4.00% -0.80% -2.1%(6) -2.1%(7) 2.10%

Observed Performance
Flow Rate (vphpl) 991 991 991 991 991 991 1486 1177
Auto Speed (mph) 70 68 70 68 70 70 70 70
Truck Speed (mph) 67 62 68 64 66 70 66 68
Density (veh/mi/ln) 14 16 17 17 17 17 10 8

New HCM Model
PCE 1.52 1.89 1.40 1.79 1.16 1.00 1.00 1.54
Auto Speed (mph) 68.4 66.0 70.0 68.2 70.0 70.0 66.5 67.4
Truck Speed (mph) 65.7 59.5 69.9 65.3 69.9 69.9 65.6 65.3
Density (veh/mi/ln) 13.2 13.7 14.4 13.2 12.9 12.9 21.1 16.3

Observed Performance
Flow Rate (vphpl)
Auto Speed (mph) 69.3 68.5 69.1 68.6 68.8 69.1 69.2 69.4
Truck Speed (mph) 67.7 62.1 67.8 63.8 65.5 69.4 66.7 67.1
Density (veh/mi/ln) 16.3 16.6 16.3 16.5 16.4 16.2 7.5 6.9

New HCM Model
PCE 1.52 1.89 1.40 1.79 1.16 1.00 1.00 1.54
Auto Speed (mph) 68.3 65.3 69.9 67.9 70.0 70.0 66.5 67.0
Truck Speed (mph) 65.6 59.2 69.8 65.0 69.9 69.9 65.6 64.8
Density (veh/mi/ln) 13.3 14.0 12.9 13.3 12.9 12.9 21.1 16.5

Observed Performance
Flow Rate (vphpl)
Auto Speed (mph) 69.1 67.8 68.9 67.8 66.2 62.3 68.9 69.3
Truck Speed (mph) 67.4 61.5 67.5 63.1 63.0 62.1 66.0 66.9
Density (veh/mi/ln) 16.4 17.0 16.4 16.9 17.6 21.3 7.4 7.8

New HCM Model
PCE 1.52 1.89 1.40 1.79 1.16 1.00 1.00 1.54
Auto Speed (mph) 68.0 63.7 69.8 67.1 69.8 69.9 65.6 66.1
Truck Speed (mph) 65.2 58.1 69.6 64.2 69.8 69.9 65.6 63.8
Density (veh/mi/ln) 13.4 14.5 12.9 13.6 12.9 12.9 21.4 16.8

PM Actual Condi�ons

PM 15% Trucks

Westbound Assessment Loca�on

PM 30% Trucks

Data Item

Exhibit 65.    New HCM procedure versus simulation model results for NY State 
Route 7 case study network.
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The median (50th-) and 95th-percentile TTIs predicted using the SHRP2-L08 method are 
entered into the following two equations, which are solved for the values of the parameters  
k and c:

50% 2 Equation 43
1 1TTI kc( ) ( )= −

95% 20 Equation 44
1 1TTI kc( ) ( )= −

The agency’s target TTI threshold for on-time arrival (1.33 is recommended for freeways) 
is then entered into the following Burr distribution equation (along with the previously deter-
mined values of k and c) to obtain the probability P of on-time arrival for mixed flow traffic on 
the facility:

1 1 Equation 451.33P TTITTI
c k( )= − +( )=

−

Until a better method becomes available, the mixed flow traffic reliability (probability of on-
time arrival) is assumed to be the same as for trucks.

If the analyst wishes a more precise forecast, the analyst might use the SHRP2-L08 method to 
predict existing reliability conditions and compare that estimate with the value obtained from 
the NPMRDS. The ratio of the observed truck value to the estimated mixed flow value might 
then be used to adjust the forecasted mixed flow reliability to obtain a calibrated prediction 
of truck travel time reliability. However, this approach has not been tested or validated in this 
research.
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This section presents the recommended methodology for estimating truck speeds on arterial 
segments in between signalized intersections.

9.1 Existing Truck Treatment on Arterials in the HCM

Arterial analyses in the HCM (including signalized intersections, stop-controlled inter
sections, and roundabouts) use heavy-vehicle PCE values to adjust the saturation flow rates. 
Unlike the freeway methods, truck PCEs are not used to adjust the vehicle flow rates.

At the intersections, the saturation flow rate is adjusted by a heavy-vehicle adjustment factor, 
fHV, as illustrated by this equation from “Chapter 18: Signalized Arterials,” in the HCM:

Equation 460s s f f f f f f f f f f fw HV g p bb a LU LT RT Lbp=

where

	 s	 =	the adjusted saturation flow rate,
	 s0	 =	the saturation flow rate under ideal conditions,
	 fHV	 =	the heavy-vehicle adjustment factor, and
	all other f.. values	 =	other adjustment factors.

This same type of adjustment is used in stop-controlled intersections and roundabouts.

As with the freeway analysis methods, the heavy-vehicle adjustment factor fHV is given by

100

100 1
Equation 47f

P E
HV

HV T( )
=

+ −

where

	PHV	=	the percentage of heavy vehicles and
	 ET	=	the PCE value; the PCE value for heavy vehicles is always 2.0.

The arterial is treated as a series of segments (see HCM, Chapters 16 and 17). Each segment begins 
and ends at a stopbar. A segment can have intermediate stop-controlled intersections and round-
abouts, but no signalized intersections. A 10-step process is used to determine the “automobile 
LOS.” Average speed is used to assess the LOS for the vehicular traffic stream in combination with 
the V/C ratio. The average speed also gives an indication of delay (and travel rate). Once the steps 
have been completed for each segment in the arterial, the overall metrics are determined through a 
distance-weighted average.

S e c t i o n  9
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For each segment, the base free-flow speed is computed using HCM Equation 17-2:

Equation 480 0S S f ff CS A= + +

where

	Sfo	=	the base free-flow speed,
	 S0	=	a constant,
	fCS	=	an adjustment for cross section, and
	 fA	=	an adjustment for the access points.

It would be possible to add an adjustment here for the truck mix, but this is not presently our 
first choice.

The base free-flow speed is then adjusted in HCM Equation 17-4 to account for intersection 
spacing through an additional adjustment factor fL:

Equation 490S S ff f L=

A second equation (HCM Equation 17-3) is used to compute fL. A subsequent equa-
tion (HCM Equation 17-5) provides an adjustment based on vehicle proximity (effectively 
density):

2

1 1
52.8

Equation 500.21f
v

N S

v

m

th f

=
+ −



p

where

	 fv	=	the proximity adjustment factor,
	 vm	=	the mid-segment demand flow rate,
	Nth	=	the number of through lanes on the segment, and
	 Sf	=	the free-flow speed.

Exhibit 66 shows the effect of this mid-segment lane flow rate (veh/hr/lane) on the running 
speed. There is no discussion about trucks, so the assumption is that the relationships are for 
situations where the influence of heavy vehicles is negligible.

This effect of proximity is one of several adjustments that appear in HCM Equation 17-6 to 
compute the running time for the segment:

6.0

0.0025

3600

5280
Equation 51

1
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t
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L
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L

S
f d dr x

f
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Nap

∑= − + + +
=

where

	 tr	=	the running time,
	 l1	=	the start-up lost time,
	 L	=	the segment length,
	 fx	=	a control-type adjustment factor,
	 Sf	=	the free-flow speed,
	 fv	=	the proximity adjustment factor,
	dap,i	=	the delay due to left and right turns from the street into access point intersection i,
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	 Nap	=	the number of influential access point approaches along the segment, and
	dother	=	delay due to other sources along the segment.

For an overall arterial, the base free-flow speed is computed via

Equation 52,
1

,
1

S
L
L

S

fo F
ii

m

i

fo i
i

m

∑
∑

= =

=

where

	Sfo,F	=	the base free-flow speed for the facility,
	 Li	=	the length of segment i,
	 m	=	the number of segments on the facility, and
	Sfo,i	=	the base free-flow speed for segment i.

The actual travel speed for the arterial is computed in a similar manner using

Equation 53,
1

, ,
1

S
L
L

S

T F
ii

m

i

T seg i
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∑
∑

= =

=

where

	ST,F	=	the travel speed for the facility,
	 Li	=	the length of segment i,
	 m	=	the number of segments on the facility, and
	ST,i	=	the travel speed for segment i.

Exhibit 66.    Speed-flow relationship for urban street segments.

Incorporating Truck Analysis into the Highway Capacity Manual

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/22311


102  I  ncorporating Truck Analysis into the Highway Capacity Manual

9.2 Approach

The new methodology captures the effects of trucks on arterial speeds in two places. The first 
is at the intersection where the through-delay and through-stop rate are determined for point 
facilities like signalized intersections. Here, new PCE values have been generated that adjust the 
saturation flow rate.

The second is at the midblock location between intersections, where the running time is 
determined for the section of the segment upstream of the control point (i.e., changes and/or 
adjustments). The intent in this latter case was to do this in a manner similar to that described 
previously for freeways.

Development of the new methodology was accomplished in six steps:

1.	 Develop acceleration profiles (acceleration versus speed, one for each truck type) that can be 
used as inputs to VISSIM. Compare the trajectory predictions (speed versus distance) of these 
profiles with those from prior studies. This is identical to the freeways.

2.	 Use a VISSIM model of a single-lane arterial with a constant grade to see if any VISSIM param-
eter values needed to be adjusted to generate speed-distance trajectories that were consistent 
with the findings from Step 1 above. This is identical to the freeways.

3.	 Conduct simulations of a wide range of truck types, weight-to-horsepower ratios, truck 
percentages, flow rates, and grades using a simulation model of an arterial segment that 
is two lanes wide with constant grades. Do this initially for one truck type (focused prin-
cipally on FHWA Classes 5 and 9), and then for mixes of truck types and weight-to- 
horsepower ratios. This is similar to the freeways except a two-lane-wide arterial was 
employed.

4.	 Determine what predictive relationships can be used for truck PCEs and speeds based on the 
data from Step 3. This is similar to the procedure that was described for freeways.

5. 	Collect saturation flow rates for signalized intersections and see how these flow rates are 
affected by the truck mix. Prepare PCE values that can be used to properly adjust the satura-
tion flow rates to those observed.

6.	 Test the resulting treatments for truck PCEs and speeds using a quasi-real case study whose 
setting is based on a real-world facility, but whose design and traffic mix details have been 
treated parametrically to allow tests of the effects of various other conditions (e.g., flow rates, 
truck mix percentages, and grades).

9.3 Acceleration Profiles

Steps 1 and 2 involved developing the truck acceleration functions (relationships between 
the maximum acceleration and speed) that would be used in VISSIM to model midblock arte-
rial segment speeds. This work and the results obtained were the same as was the case for the 
freeway analysis.

9.4 � Midblock Arterial Segment Speed  
Model Development

Steps 3 and 4 were focused on conducting the VISSIM simulations and developing the pre-
dictive models for midblock arterial truck speeds. At first, the expectation was that these steps 
would be done in series; however, as was the case with the freeway analysis, the results from the 
VISSIM simulations suggested useful ways to think about the predictive equations, so the two 
steps were done in parallel.
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9.4.1  Test Site Selection

The investigation of the arterial segment midblock speed flow effects of trucks on extended 
grades was performed on a hypothetical arterial with no signals, consisting of 8 miles of level 
6-lane street followed by 5 miles of 6-lane street with a grade. The grade on the 5-mile section 
varied from –6% to +6% in 1% increments (13 grades total). The hypothetical facility was simu-
lated using the VISSIM microsimulation model (PTV Group, n.d.).

9.4.2  Simulation Model Application

About 6,552 combinations of truck mix, grade, and traffic flow rate were simulated, as was the 
case for the freeway analysis. The parameters for each combination were as follows:

•	 FHWA Class 5 and 9;
•	 Weight-to-horsepower ratios: 50, 100, 150, and 200 lbs/hp;
•	 Grades: –6% to 6% (13 grades total);
•	 Truck percentages: 0, 10%, 20%, 30%, 40%, 50% and 100%; and
•	 Flow rates: 180, 450, 900, 1350, 1440, 1530, 1620, 1710, and 1800 veh/hr/lane.

The flow rates were intended to be equivalent to V/C ratios of 10%, 25%, 50%, 75%, 80%, 
85%, 90%, 95%, and 100% for the all-automobile condition.

As with the freeway analysis, scenarios were formed by grouping together the nine V/C con-
ditions associated with each combination of FHWA class, weight-to-power ratio, grade, and 
truck percentage. This resulted in 637 scenarios: 520 mixed scenarios (24513) plus 13 all-
automobile scenarios plus 104 all-truck scenarios (2413). The methodology was developed 
based on these scenarios.

9.5 � The Predictive Procedure for Midblock Arterial 
Segment Speeds

The predictive procedure is very similar to the one created for freeways. It makes use of the 
same truck speed prediction model to create the predictions of truck speeds based on grades 
and segment lengths. It uses a set of equations to predict what the truck and automobile speeds 
will be.

One of the 637 scenarios can be used to illustrate the predictive procedure’s main ideas.

Exhibit 67 shows a plot of 1-min flow-density data points for a mixed traffic stream on a 6% 
upgrade involving 30% Class 9 trucks at 150 lbs/hp. It also shows the flow-density relationship 
for an all-automobile traffic stream with a +6% grade.

It is immediately obvious, as was in the case of the freeway analysis, that the data points for the 
mixed traffic stream lie well below those for the all-automobile condition. Implicitly, the speeds 
are very different (the slopes of the relationships). Moreover, the maximum density achieved by 
the mixed flow is greater than that for the all-automobile flow.

In Exhibit 67, the graph shows an example flow-density relationship for an arterial segment 
that is two lanes wide on a +6% grade for both a mixed traffic stream involving 30% Class 9 
Trucks with 150 lbs/hp and an all-automobile traffic stream.

Insofar as truck speeds are concerned, Exhibit 68 shows the speed-flow plot for this same con-
dition. It also shows the speed-flow relationships for the truck and automobile speeds separately 
(in the 30% trucks case) as well as two other cases: automobiles only and trucks only.
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Exhibit 67.    Flow-density relationships for an arterial segment.
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Exhibit 68.    Speed-flow relationships on a 6% grade  30% Class 9 trucks.
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The data points marked “Scenario” are the average mixed speeds for the 30% truck condition. 
At low flow, they are scattered between 40–50 mph, but they quickly drop to around 20 mph (the 
truck crawl speed) as the flow rate increases. The automobile speeds, marked “Autos,” follow 
a similar trend (as they should since 70% of the traffic stream is automobiles). This motivates 
a prediction model that allows the values to drop from the all-automobile condition to the all-
truck condition. This is a new idea in the context of the HCM procedures. The trucks speeds, 
marked “Trucks,” are all at the crawl speed for the 6% grade, as they should be given the length 
of the segment (5 miles).

The data points marked “Auto Only” are for an all-automobile condition. To make the V/C 
ratios match, the automobile-only flow rates are downward adjusted so that the automobile-
only maximum flow rate matches that of the mixed scenario. This is effectively the reverse of 
the process described for Exhibit 67. The automobile-only speeds stay at or above 40 mph until 
capacity is reached.

The data points marked “truck only” are from a simulation of a traffic stream involving 100% 
trucks. To make the V/C values match in this instance, the flow rates are proportionally adjusted 
so that the actual maximum flow rate in the all-truck circumstance (855 veh/hr/lane) maps to 
the maximum flow rate in the case under study (again, 1500 veh/hr/lane).

9.5.1  Truck Speeds on Arterial Segments

Truck speeds (excluding intersection delays) are predicted in the same manner as they were 
for freeways. The truck speed is developed from the acceleration function, the deceleration 
function, and the length of the grade:

, ,
Equation 54s

L

t L g s
t

o( )=
ω

where

	 L	=	the length of the grade segment and
	t(L|g,so,ω)	= �the time required to travel the distance L given the grade involved, g, the truck’s initial 

speed upon entering the segment, so, and the truck’s acceleration capabilities ω.

As for the freeway analysis, the same specific equations are used to predict the movement of 
the truck through time (see Equations 28–38).

9.5.2  Automobile Speeds on Arterial Segments

Automobile speeds (excluding intersection delays) are predicted using a logistics equation, as 
was the case for freeways:

1
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where

	 sa	=	the automobile speed at flow rate v,
	 sao	=	�the automobile-only speed that would arise at flow rate v (taking into account the PCE 

value),
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	 sto	=	�the truck-only speed that would arise at flow rate v (again taking into account the PCE 
values for the mixed flow case and the all-truck case),

	 vm	=	�the flow rate at which the automobile speed has accomplished half of its transition from 
sao to sto,

	DV	=	the range of flow rates over which the transition occurs, and
	 b	=	a calibration coefficient that ensures the following holds true:

2 5 2 5 Equation 56
v

V

V
and

v
V

V

m m

−β
− ∆

∆
= − β

+ ∆

∆
= −

This ensures that the logit term within the large parentheses is approximately equal to 1 when 
v = vm – DV/2 and equal to 0 when v = vm + DV/2.

Exhibit 69 shows the automobile speed function that was fitted to the automobile speeds 
in Exhibit 68. The smooth line represents the automobile speed estimated by Equation 4 and 
appropriate values of vm, DV, and b.

Exhibit 69 shows the estimated automobile speed relationship for arterials using the speed-
flow relationships on a +6% grade for a mixed traffic stream involving 30% Class 9 trucks with 
150 lbs/hp.

As with the freeway analysis, a two-step process was involved in developing a procedure to 
create equations that would estimate vm, DV, and b for a given situation. First, for each of the  
520 scenarios, estimates of vm and DV were obtained through statistical analysis. Then, the result-
ing estimates were placed in a database and curve-fitting techniques were used to develop esti-
mates of the three parameters. Predicting vm proved to be most challenging. The following logic 
proved to be useful:
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Exhibit 69.    Example automobile speed relationship for arterials.
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If (%Grade>=1%),

then vm = 920 – 0.3475 * %Trk – (2.5 + 0.008 * %Trk * %Grade) * Wt/Hp + 20 * TrkType,

else vm = 800.

Clearly, this is not the result of a formal regression analysis; rather, it is derived from care-
ful examination of the trends exhibited in vm in response to changes in the other variables 
involved.

From a review of the results it was clear that for grades below 1% (the first seven conditions), 
the vm value is high if the truck percentage is 30% or less and low if it is greater. It was also clear 
that for grades of 1% or greater, the vm value is highest when the percent trucks is lowest, it 
declines as the percent trucks increases, and it falls sharply in response to increases in the weight-
to-horsepower ratio. This logic is reflected in the “if-then” logic presented above, including the 
equation that predicts vm for grades of 1% and greater.

A more detailed examination of the trends for grades of 1% or more showed that the patterns 
clearly matched, especially for steeper grades. For the less-steep grades, it was also clear that the 
stochasticity in the simulation process makes the trends less deterministic in appearance. Thus, 
the strength in the model presented in the “if-then” logic is that it converges to the simulation 
results observed as the grades increase in severity, which is a very good property for the model 
to have.

The estimation of values for DV and b was far more straightforward. In this instance, a slight 
variation of Equations 28–38 was used:

1
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where q reflects the combined effects of DV and b. The result was:

0.2551 0.7909 Equation 58
30.3

2v Rmθ = =p

The R2 value is 0.7909 and the coefficient for vm is statistically significant given the t statistic 
of 30.3 (shown in Equation 58, just below the relevant parameter).

As with the freeways, the predictive procedure (for both PCE and truck speed) is simple and 
straightforward. It appears to always correctly predict not only the density that will arise in a 
given situation, but also both the truck and car speeds. The procedure works whether the truck 
flows are of a single type or mixed. It is known to work for grades from -6% to +6% and for 
truck percentages up to 50%.

9.6 Arterial Case Study

To illustrate application of the new arterial procedures, a real world case study was con-
ducted. The setting is a 1.3-mile section of Hoosick Street in Troy, NY. The street is shown in 
Exhibit 70. The study section runs from 8th Street on the west to Lake Avenue on the east. (As 
an aside, this arterial lies immediately east of and connects directly to the Route 7 freeway section 
that was used as the freeway case study.) The study section has seven signalized intersections. 
They are, from west to east: 8th Street, 10th Street, Troy Plaza, 15th Street, Burdett Avenue, 
25th Street, and Lake Avenue.
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Hoosick Street has two through-lanes in each direction plus left-turn bays. The side streets 
have one through-lane on each approach plus left-turn bays. The percentage of trucks is about 
6%. Periodically, NYSDOT does short counts including truck classifications. Otherwise, the 
street is not instrumented.

The uphill direction is eastbound as the street leaves the Hudson River Valley. At 8th Street, 
the grade is about 6%. It then increases for about a block to 7%, declines again to about 5.25% 
and stays at that value until just short of the end when it decreases to 1.6%. The vertical profile 
is shown in Exhibit 71, including the locations of the intersections.

The intersection at 8th Street is a bit complicated. On the western side, there are two entry 
points and two exit points on the arterial. One is the I-787 Bridge across the Hudson River. The 
other is the continuation of Hoosick Street (between the bridge ramps). Most of the traffic 
goes to and from the I-787 Bridge. A much smaller flow goes to and from Hoosick Street 
(from below the bridge). The entering traffic from the I-787 Bridge is traveling at 40–50 mph 
as it approaches the signal at 8th Street. The traffic from Hoosick Street is going much slower, 
having just passed through the signal at 6th Street.

To conduct the analysis, a VISSIM simulation model of the arterial was created. It is based on 
data provided by NYSDOT. The model is capable of simulating fully actuated, semi-actuated/
coordinated, and pre-timed operation. As with the freeway case study, the actual a.m. and 

Exhibit 70.    Case study arterial.

1

3

2

4

5

E
le

va
tio

n
(f

ee
t)

Distance (miles)

West (Direction) East

0
0.5 1.1

7

8th
S

tr
ee

t

10
th

S
tr

ee
t

T
ro

y
P

la
za

15
th

S
tr

ee
t B
ur

de
tt

25
th

S
tr

ee
t La

ke
A

ve
nu

e

0.1 0.2 0.3 0.4 1.00.6 0.7 0.8 0.9 1.31.20

100

200

300

400

6

Exhibit 71.    Vertical profile of the Hoosick Street case study network.
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p.m. peaks have been studied as well as hypothetical situations involving near-capacity flows in 
both directions and 15% and 30% trucks.

The predictions of the revised HCM procedure were checked against the performance predic-
tions provided by the VISSIM simulation model. Both directions were studied in detail, but the 
eastbound direction is reported here because it has the uphill grades.

It is very important to recognize that the HCM analyses were conducted with the signals 
disabled—that is, all of the signals were in constant green in both directions at the same time and 
for all controlled lefts. Undoubtedly, this will seem very strange to the reader, but it is important 
to realize that the HCM values being checked in this test are the running speeds of the vehicles 
given the grade, geometry, vehicle interactions, and so forth—not the overall travel times or 
speeds as affected by the signal timings. It turns out this can be done in a simulation model by 
disabling the signals. Then, as long as the model is not given any instructions about yield con-
ditions, the traffic streams will pass by and through one another without interaction. Hence, 
interestingly, running times can be simulated directly.

Exhibit 72 shows the running speeds observed by segment as well as the predictions from the 
proposed procedure. As can be seen, the new procedure closely predicts the observed values. 
The correspondence is always close between the simulated (observed) and predicted (New HCM 
model) running speeds.

9.7 Truck Speeds through Roundabouts

The objective of this task was to develop methods to estimate truck speeds through round-
abouts (as distinct from either the passenger car speeds or mixed traffic speeds). To conduct 
these analyses, the team had access to all of the videotapes and datasets prepared as part of the 
research for NCHRP Report 572: Roundabouts in the United States (Rodegerdts et al., 2007). 
These data encompass information related to many single lane roundabouts nationwide and a few 
multilane roundabouts. Excel workbooks were created for every approach that was studied. More-
over, one tab in each workbook shows the sequence of vehicle events that took place including 
a field that indicates whether each vehicle was an automobile, motorcycle, small truck, or large 
truck. A small truck was considered to be a single-unit truck, a single-unit camper, or a delivery 
van. A large truck was a multiple-unit truck such as a tractor-trailer, a car or truck towing a boat 
or trailer, or a bus.

9.7.1  Analyses

Three analyses have been conducted regarding trucks at roundabouts. The first examined 
move-up times to estimate truck PCEs. The second looked at the entry capacity equation to see 
how the percentage of trucks affected its calibration. The third examined the impact of facility 
geometry on truck speed. These studies have been conducted on the basis of data from two of 
the roundabouts studied in NCHRP Report 572: the single-lane roundabout in Lothian, MD, 
and the double-lane roundabout in Brattleboro, VT. These two were examined most intensely 
because they had the highest truck flow rates.

Because the video recording technology in the NCHRP Report 572 project made use of a 
special omni-directional camera, it is possible to trace individual vehicles through the round-
abouts. To learn more about truck speeds through roundabouts, these omni-directional 
recordings were reviewed for two roundabouts, one single lane and one double lane, to collect 
information about individual truck trajectories. Automobile trajectories were also collected 
for comparison.
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8th-10th 10th-TP TP-15th 15th-BD BD-25th 25th-Lake
Number of Lanes 3 3 2 2 2 2

Length (ft) 531 797 521 1312 1430 1725
Grade (%) 6.89% 5.55% 5.32% 5.25% 4.90% 4.26%

Flow Rates (vph)
Trucks 75.8 75.8 75.6 75.5 75.5 75.5
Autos 786.6 721.8 662.3 603.0 729.9 611.1
Total 862.4 797.5 737.9 678.5 805.4 686.6

Flow Rate (vphpl) 287.5 265.8 368.9 339.3 402.7 343.3
Running Speed

Autos (mph) 44.1 44.1 44.4 44.4 45.0 44.7
Trucks (mph) 42.0 41.0 42.0 42.3 43.6 43.5
Average (mph) 43.9 43.9 44.2 44.2 44.9 44.6

New HCM Model
Autos (mph) 43.6 42.4 42.6 43.1 43.4 43.4
Trucks (mph) 43.2 41.4 41.5 42.4 43.3 43.4
Average (mph) 43.5 42.3 42.5 43.1 43.4 43.4

Flow Rates (vph)
Trucks 176.6 176.5 176.4 176.1 175.9 175.9
Autos 714.3 661.1 608.9 559.8 685.3 582.1
Total 890.9 837.6 785.3 735.9 861.1 758.0

Flow Rate (vphpl) 297.0 279.2 392.6 367.9 430.6 379.0
Running Speed

Autos (mph)
Trucks (mph)
Average (mph)

New HCM Model
Autos (mph)
Trucks (mph)
Average (mph)

44.0 43.9 44.0 44.1 44.7
41.5 40.5 41.4 41.8 43.1
43.6 43.3 43.6 43.7 44.5

43.5 42 42.2 42.8 43.2
43.2 41.3 41.2 42.2 43.1
43.5 41.9 42.1 42.7 43.2

44.6
43.2
44.4

43.3
43.3
43.3

Flow Rates (vph)
Trucks 364.8 364.6 364.5 364.0 363.4 363.1
Autos 583.1 546.8 509.9 472.4 599.8 535.8
Total 947.9 911.4 874.4 836.4 963.1 898.9

Flow Rate (vphpl) 316.0 303.8 437.2 418.2 481.6 449.4
Running Speed

Autos (mph) 43.4 42.8 43.4 43.4 44.2 43.7
Trucks (mph) 40.9 39.7 40.8 41.2 42.5 42.4
Average (mph) 42.6 41.8 42.6 42.7 43.6 43.3

New HCM Model
Autos (mph) 43.2 41.2 41.3 42.0 42.8 43.0
Trucks (mph) 43.0 40.9 40.8 41.6 42.7 43.0
Average (mph) 43.1 41.1 41.1 41.9 42.7 43.0

Data Item
Eastbound Segments

PM Peak, 6.1% Trucks

PM Peak, 15% Trucks

PM Peak, 30% Trucks

Exhibit 72.    The new hcm procedure versus the simulation model 
results for the Hoosick Street case study. 
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A set of monitoring points was superimposed on the omni-directional videotape images 
(Exhibit 73). There are two on each approach so that move-up times could be observed. Simi-
larly, two data collection points lie on each exit. Finally, eight data collection points are on the 
circulating roadway: four in-between the legs of the roundabout and four at the midpoint of 
each splitter island.

Individual vehicles were followed as they passed through the roundabouts, and timestamps 
were recorded when the monitoring points were passed. Hence, for example, a vehicle entering 
at 2 and exiting at 9 would have nine timestamps: at 2, 2, R, T, Y, U, I, 9, and 9. Distances were 
measured between the data collection points so that speeds (and travel rates) could be computed 
between all pairwise combinations of monitoring points (e.g., 2R, R7, RT, TY, Y8, YU . . .).

It is important to note that the videotapes were created during time periods when the round-
about was at or near capacity. The NCHRP Report 572 data collection team aimed to collect 
data when there was a standing queue on one or more approaches. Hence, most vehicles will be 
entering the roundabout from a speed near zero.

A fundamental relationship related to facility design gives a sense of how the facility design 
relates to the speeds trucks “should” be able to travel:

Equation 592v gR e f( )= +

where

	v2	=	the square of the vehicle speed,
	g	=	the gravitational acceleration rate,
	R	=	the radius of the trajectory followed by vehicles through the roundabout,
	 e	=	the super-elevation (typically negative for drainage), and
	 f	=	the friction coefficient.
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Exhibit 73.    Data collection points in the roundabouts.
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In FHWA’s roundabout design guide, Roundabouts: An Informational Guide, this relationship 
is employed to develop guidelines for roundabout diameters and vehicle speeds. Exhibit 74 shows 
the numerical guidance presented in Exhibit 6-14 of the guide (FHWA, 2000). The speed for R1 
pertains to non-stop vehicles entering the roundabout; the speed for R4 is for vehicles navigating the 
circulating roadway. The speed for R4 is the speed that corresponds to the analyses presented here.

One of the two roundabouts studied for speeds was the single lane roundabout in Lothian, 
MD. It has an inscribed circle diameter of 120 ft., which means the speed of vehicles on the cir-
culating roadway should be about 15 mph.

Exhibit 75 shows the distributions of entering and circulating speeds observed for the Lothian 
roundabout. Entering speeds were based on first entry movements (e.g., 2R) and right-hand exit 
movements (e.g., R7) while circulating speeds were based on movements between subsequent 
monitoring locations in the roundabout (e.g., YU, UI, IQ). The right-hand exit movements 
were more similar to the entering movements than to the circulating movements.

The speeds are clearly different for trucks than for automobiles. In the case of entry speeds, 
the 80th percentile for large trucks is about 3 mph, while it is about 17 mph for automobiles. 

 Approximate R4 Value – Radius for 
Conflicting Left-Turn Movement 

Maximum R1 Value – The Entry Path 
Radius 

Inscribed Circle 
Diameter (ft) Radius (ft) Speed (mph) Radius (ft) Speed (mph) 

Single-Lane Roundabout 
100 35 13 165 25 
115 45 14 185 26 
130 55 15 205 27 
150 65 15 225 28 

Double-Lane Roundabout 
150 50 15 205 27 
165 60 16 225 28 
180 65 16 225 28 
200 75 17 250 29 
215 85 18 275 30 
230 90 18 275 30 

Adapted from Exhibit 6-14, Roundabouts: An Informational Guide  (FHWA, 2000). 

Exhibit 74.    Recommended diameter, radius, and speed relationships  
for roundabouts.
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Exhibit 75.    Distributions for entering and circulating speeds— 
Lothian single-lane roundabout.
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The differences in speeds on the circulating roadway are not quite so dramatic. Here the  
80th percentile for large trucks is 15 mph, while for automobiles it is 20 mph. At about the 
50th percentile, the speeds match the value shown in the roundabout guide, which is what 
should have been found.

The conclusion to draw is that the speeds of trucks are clearly different from the automobiles. 
On entering the facility, they are strikingly different. On the circulating roadway they are less 
different, but still not the same.

Exhibit 76 shows the same information for the two-lane Brattleboro roundabout. Again,  
the entry speed distributions for trucks are significantly different from the automobiles—for 
example, the 60th-percentile speed for the large trucks is about 3 mph, while it is 12 mph for 
the automobiles. The circulating speeds are more similar. The 80th-percentile speed for trucks 
is 16 mph, while for automobiles it is 18 mph.

It seems clear that these differences in speeds should be reflected in the HCM procedures, in 
terms of estimating delays for trucks as they pass through isolated roundabouts, and for trucks 
versus automobiles as they traverse roundabouts in arterials.

The field data obtained from two roundabouts (one single, one double) where the truck flows 
were significant, suggest that truck speeds upon entry are significantly different from and slower 
than automobile speeds, but the circulating speeds are fairly similar although the truck speeds 
are clearly lower than the automobile speeds.

9.8 Arterial Truck Travel Time Reliability

Existing truck travel time reliability for one or more selected segments of an arterial street can 
be obtained from the National Performance Management Research Dataset (NPMRDS) for the 
National Highway System (NHS) (FHWA, 2013, June 26).
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Exhibit 76.    Distributions for entering and circulating speeds—Brattleboro double-lane 
roundabout.
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Resources did not permit the development of a model for predicting truck travel time reli-
ability. However, the SHRP2-L08 methodology (Kittelson and Vandehey, 2012) can be used to 
estimate mixed flow travel time reliability. Until such time as better methods become available, 
the SHRP2-L08 results might be used as a proxy for truck travel time reliability.

9.8.1  Data on Existing Truck Reliability—NPMRDS

NPMRDS contains archived data on truck travel times by highway segment on the NHS, by 
5-min-long time periods of the day. It is a vehicle-probe based data set. Separate travel times are 
reported for FHWA Vehicle Classes 7 and 8 (labeled “trucks” in the database), all other vehicle 
classes (labeled “passenger vehicles”), and all vehicles combined. The number of vehicles and 
the percent of trucks in the data are not reported. Historic data is available for non-Interstate 
highways on the NHS back to July 2013. A moderate amount of GIS database processing is 
required to make effective use of the data once downloaded.

9.8.2  Predicting Truck Reliability on Arterials

As for freeways, the SHRP2-L08 methodology can be used to predict mixed flow travel time 
reliability for urban arterial streets. It is sensitive to recurring peak-period demands, day-to-day 
demand variability, the frequency and severity of bad weather, crash frequency, and the schedul-
ing of work zones on the freeway facility. The methodology can be used to predict various TTIs, 
of which the 50th-percentile and the 95th-percentile TTIs are required.

The median (50th-) and 95th-percentile TTIs predicted using the SHRP2-L08 method 
are entered into the following two equations, which are solved for the values of the parameters 
k and c:

50% 2 1 Equation 60
1

TTI kc( ) ( )= −

95% 20 1 Equation 61
1

TTI kc( ) ( )= −

The agency’s target TTI threshold for on-time arrival (3.33 is recommended for arterials) 
is then entered into the following Burr distribution equation (along with the previously deter-
mined values of k and c) to obtain the probability P of on-time arrival for mixed flow traffic on 
the facility:

1 1 Equation 623.33P TTITTI
C k( )= − +( )=

−

Until a better method becomes available, the mixed flow traffic reliability (probability of 
on-time arrival) is assumed to be the same as for trucks.

If the analyst wishes a more precise forecast, the analyst might use the SHRP2-L08 method to 
predict existing reliability conditions and compare that estimate with the value obtained from 
the NPMRDS. The ratio of the observed truck value to the estimated mixed flow value might 
then be used to adjust the forecasted mixed flow reliability to obtain a calibrated prediction 
of truck travel time reliability. However, this approach has not been tested or validated in this 
research.
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S e c t i o n  1 0

This section describes the research relating to the effects of trucks on the capacity of freeways, 
arterial street segments, roundabouts, and signalized intersections. Recommended updates to 
the current HCM passenger car equivalents (PCEs) for capacity are provided.

10.1 The Freeway Truck PCE Models

The procedures for estimating truck PCEs can be described in a simple example. Exhibit 77 
shows a plot of 1-min flow-density data points for the experimental scenario that involves a 6% 
upgrade and 30% Class 9 trucks with a weight-to-horsepower ratio of 150 lbs/hp.

It is immediately apparent that the data points for the mixed traffic stream lie well below those 
for the all-automobile condition. This is consistent with the findings from analysis of the I-40 
data. In addition, the speeds are very different (the slopes of the relationships). Moreover, the 
maximum density achieved by the mixed flow is greater than that for the all-automobile flow.

Clearly, Exhibit 77 shows the need for a PCE-based adjustment to the flow rates. The scatterplot 
labeled “PCE Adj” re-plots the 30% truck data points so that the maximum flow rate matches that 
for the all-automobile case. As shown by the sequence of solid black lines, the initial data point 
(35, 1500) is transformed into one that is scaled to the automobile-only maximum flow (35, 1500), 
and then the point on the automobile-only relationship is found that has the same flow rate 
(22, 1500). The resulting density is then used to determine the LOS for the mixed flow condition.

Presently, the HCM procedure converts the existing mixed flow into an equivalent all-automobile 
flow so that an all-automobile density can be assigned and a LOS determined. This is what the fig-
ure shows: first, the squares show the locus of the density/flow points for the actual mixed flow 
conditions. An appropriate PCE value was identified by determining what adjustment factor 
needed to be applied to create an equivalence between the 95th-percentile mixed flow rate (about 
1500 veh/hr/lane) and the all-automobile 95th-percentile flow rate (about 2400 veh/hr/lane). The  
effect of this mapping is illustrated by the triangular data points. The flow rates have been upward 
adjusted, but the densities have been unchanged. This shows how the mixed flow conditions get 
mapped by the HCM procedure into the all-automobile conditions, by showing that the flow 
rates are upward adjusted. Note that the densities are not adjusted. The current HCM procedure 
assumes that this mapping of the flow rates allows one to determine where the mixed flow condi-
tion lies along the continuum of all-automobile flow rates and then, based on the all-automobile 
conditions, to determine what equivalent all-automobile density pertains and, thereby, the LOS to 
assign. For example, in the case of the black lines shown, an actual mixed flow operating condition of  
a flow rate of 1000 veh/hr/lane and 34 veh/mile/lane is treated as being equivalent to an all-automobile 
condition of 1500 veh/hr/lane and 21 veh/mile/lane. This happens because the mixed flow rate of 
1000 veh/hr/lane is upward adjusted to 1500 veh/hr/lane (by the PCE conversion) and then based on 
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that flow rate, an all-automobile density of 21 veh/mile/lane is identified and based on that, assign a 
density-based LOS. The densities observed in the field are likely to always be higher than those antici-
pated by the all-automobile model. For practitioners, this means that they cannot take the HCM-
derived density as an indication of what they should observe in the field—that is, the mixed flow rate 
density they observe in the field (if they observe it) will be significantly higher than the one predicted 
by the HCM procedure. This does not mean that the LOS is actually worse than that predicted by 
the HCM procedure, nor does it necessarily mean that the HCM procedure is wrong; rather, it is a 
reflection of the fact that the operating conditions for mixed flows (in terms of speeds and densities 
for a given flow rate) will be significantly different than those for an all-automobile traffic stream.

The 637 scenarios were used to create a function that predicts PCE values. The important 
independent variables proved to be weight-to-horsepower ratio, percent trucks, grade, and truck 
type (we assume because of vehicle length).

First, for each of the 520 mixed flow scenarios, a PCE value was estimated. The 95th-percentile 
flow rate from the automobile-only runs was used as an estimate of the facility’s automobile-only 
capacity. The 95th-percentile flow rate from the mixed traffic runs was used as the mixed traffic 
capacity. These two values were then used in combination with the automobile and truck percent-
ages to compute the PCE value:

Equation 63( )= + = −
f f p p PCE or PCE

f p f

p f
ao
s

m
s

a t
ao
s

a m
s

t m
s

where

	 fao
s	=	95th-percentile flow rate from automobile-only VISSIM runs (veh/hr);

	 fm
s	=	95th-percentile flow rate from mixed traffic VISSIM runs (veh/hr);

Note: +6% grade, 30% Class 9 trucks with 150 lbs/hp and an all-automobile traffic stream. 
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Exhibit 77.    Flow-density relationships on a +6% grade.
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	 pa	=	proportion of automobiles in traffic stream (decimal);
	 pt	=	proportion of trucks in traffic stream (decimal); and
	PCE	=	passenger car equivalent (unitless).

These PCE values and the corresponding attributes of each scenario (truck type, weight-to-
horsepower ratio, etc.) were then used to derive an equation that predicted the PCE values. The 
result was the following equation:

0.922 0.7632 0.00799 0.00582 % 0.1300 % Equation 64PCE TT TT WtHp T G( ) = + + − +

where

	PCE(TT)	=	passenger car equivalent for truck type TT (unitless);
	 TT	=	truck type (enter the FHWA Vehicle Class Number 4–13 as an integer);
	 WtHp	=	weight-to-horsepower ratio (lbs/hp);
	 T%	=	truck percentage (as a decimal); and
	 G%	=	grade percentage (as a decimal).

The t statistic values for the coefficients are all greater than 1.97; therefore, all of the indepen-
dent variables are relevant in predicting the PCE value. The Pearson’s correlation coefficient 
for the equation as a whole, R2, has a value of 0.8976, indicating a good correlation between the 
equation and the model run results. Note that while the PCE of a truck will vary depending on 
the total flow of all vehicles on the facility, the procedure described above is designed to estimate 
PCEs only for capacity flow.

10.2 Arterial Segment Truck PCEs

All of the 637 scenarios have been used to create a function that predicts PCE values. The impor-
tant independent variables are truck type, weight-to-horsepower ratio, percent trucks, and grade.

For each of the 520 mixed flow scenarios, a PCE value has been estimated. The 95th-percentile 
flow rate from the automobile-only runs, fao

s , is used as an estimate of the facility’s automobile-
only capacity. The 95th-percentile flow rate from the mixed traffic runs, fm

s , is used as the mixed 
traffic capacity. These two values are then used in combination with the automobile and truck 
percentages, pa and pt, to compute the PCE value:

Equation 65( )= + = −
f f p p PCE or PCE

f p f

p f
ao
s

m
s

a t
ao
s

a m
s

t m
s

These PCE values and the corresponding attributes of each scenario (truck type, weight-to-
horsepower ratio, etc.) were then used to estimate an equation to predict the PCE value. The 
result was the following equation:

0.5006 0.08447 0.004475 .01224 % 0.07621 % 0.7005

Equation 66

5.54 10.4 15.4 10.87 9.70

2= + + + + =
−

PCE TT WtHp T G R

where

The numbers shown
	below each coefficient	=	their respective t-statistics;
	 TT	=	the truck type (the FHWA vehicle class);
	 WtHp	=	the lbs/hp;
	 T%	=	the truck percentage (as a decimal); and
	 G%	=	the grade percentage (as a decimal).

Incorporating Truck Analysis into the Highway Capacity Manual

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/22311


118  I  ncorporating Truck Analysis into the Highway Capacity Manual

The t-critical value is 1.97. The t-statistic values for the coefficients are all greater than this 
value; therefore all of the independent variables are relevant in predicting the PCE value. The R2 
is 0.7005 as shown. Note that while the PCE of a truck will vary depending on the total flow of 
all vehicles on the facility, the procedure described above is designed to estimate PCEs only for 
capacity flow.

10.3 Creating Composite Trucks for Capacity Analysis

While an actual traffic stream is a mixture of trucks from Classes 4–13, there is no expectation 
that an HCM user will actually use PCE values for each type of truck when doing analyses; rather, a 
composite PCE should be employed. The HCM 2010 uses Equation 11–3 (in Chapter 11) (copied 
as Equation 67) to compute the heavy-vehicle adjustment factor:

1

1 1 1
Equation 67

( ) ( )
=

+ − + −
f

P E P E
HV

T T R R

where

	PT	=	the percentage of trucks in the traffic stream,
	PR	=	the percentage of RVs,
	ET	=	the PCE for trucks, and
	ER	=	the PCE for RVs.

More generally, if the trucks and RVs are regarded simply as vehicles of type k, then the heavy-
vehicle adjustment factor can be rewritten as Equation 68:

1

1 1
Equation 68

∑ ( )
=

+ −
f

P E
HV

k k

k

Simply put, k = 1 is for trucks and k = 2 for RVs.

Without loss of generality, these thoughts can be extended to a condition where there are a 
number of different truck types. Then Equation 68 can be rewritten as Equation 69 or Equa-
tion 70, depending upon whether there is a desire to differentiate the RVs from the trucks:

1

1 1 1
Equation 69

∑ ( ) ( )
=

+ − + −
f

P E P E
HV

T T R R

T
i i
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1

1 1
Equation 70

∑ ( )
=

+ −
f

P E
HV

T T

T
i i

i

In Equation 70, the RVs are simply another truck type.

The objective of such a composite truck PCE is to create the following equivalence:

1 1 Equation 71∑( ) ( )− = −P E P ET T T T

T
i i

i

�

where ẼT is the composite truck PCE. Solving Equation 71 for ẼT results in the following:

1

1

1

1 Equation 72
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However, since 1∑ ∗ =P PT T

T
i

i

, then Equation 72 can be simplified to:

1 1 1 Equation 73
∑
∑

∑ ∑ ∑
= = − +
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Hence, ẼT is given by the percentage weighted average of the ETi
 values.

Application of this technique is illustrated in Exhibit 78 for a freeway. An application to an 
arterial would proceed similarly. Shown is the distribution of trucks by class for a situation where 
the trucks compose 6.1% of the overall traffic stream and the grade is level (0%).

For each truck class, the table in Exhibit 78 shows the raw percentage in the traffic stream, the 
average weight, average length, average horsepower, ratio of average weight to average horse-
power, PCE value, and percentage of total trucks. For example, trucks in Class 5 represent 2.5% 
of the overall traffic stream; their average weight is 10,322 lbs; their average length is 23.23 ft.; 
their average horsepower is 188; their average weight to average horsepower ratio is 55; they have 
a PCE of 2.10; and they compose 41.2% of the trucks.

The weights, lengths, and distribution of vehicle classes in this table (Exhibit 78) were obtained 
from a year’s worth of weigh-in-motion (WIM) data obtained from the North Carolina DOT 

Exhibit 78.    Developing composite PCE values for a freeway.

 
Note: The above example is applicable for 6% trucks on level terrain (0% grade).

Class ClassVar Raw Pct AvgWt AvgLngth AvgHp Wt/Hp Grade PCE TrkPct
4 4 0.7% 21325 31.75 180 118 0% 2.17 12.1%
5 5 2.5% 10322 23.23 188 55 0% 1.73 41.2%
6 6 0.5% 25733 30.09 279 92 0% 2.11 8.5%
7 7 0.1% 51879 30.46 279 186 0% 2.94 1.7%
8 8 0.8% 26090 51.09 293 89 0% 2.24 14.0%
9 9 1.1% 52670 65.20 370 142 0% 2.74 18.6%
10 10 0.0% 55095 73.64 370 149 0% 2.87 0.3%
11 11 0.0% 55554 77.74 370 150 0% 2.96 0.1%
12 12 0.2% 61147 60.79 370 165 0% 3.16 3.0%
13 13 0.0% 76439 64.67 370 207 0% 3.56 0.5%
All 6.4 6.1% 25782 38.2 252 93 0% 2.12 100.0%

4 4 0.7% 21325 31.7 180 118 0% 2.17 12.1%
5-7 5.2 3.1% 14244 24.6 206 69 0% 1.86 51.4%
8-10 8.6 2.0% 41745 59.8 340 123 0% 2.55 32.9%

11-13 12.1 0.2% 63093 61.8 370 171 0% 3.21 3.6%
All 6.4 6.1% 25896 38.4 253 96 0% 2.15 100.0%

4-7 5.0 3.9% 15597 26.0 201 78 0% 1.90 63.5%
8-13 8.9 2.2% 43521 59.5 340 128 0% 2.61 36.5%
All 6.4 6.1% 25782 38.2 252 96 0% 2.14 100.0%

4-13 6.4 6.1% 25782 38.2 252 93 0% 2.12 100.0%

All Classes

Four Composite Trucks

Two Composite Trucks

One Composite Truck

Incorporating Truck Analysis into the Highway Capacity Manual

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/22311


120  I  ncorporating Truck Analysis into the Highway Capacity Manual

for the WIM station located on U.S. 421 just south of the interchange with U.S. 64 in Siler City, 
North Carolina, for the 2004 calendar year. A total of 654,826 vehicles were included in the 
sample (Stone, 2011). Weights are averages of loaded and unloaded vehicles for each vehicle 
class. Weights include vehicle plus cargo. The horsepower ratings by vehicle class were obtained 
from a doctoral thesis by Ahanotu (1999). The percentage of trucks is for the New York State 
Route 7 freeway at the Hudson River Bridge (Burke, 2012).

The bottom half of the table shows four different composite representations of the traffic 
stream. The first comprises four truck groups: 4 by itself (buses); 5–7 (single-unit trucks); 8–10 
(tractors with single trailers); and 11–13 (tractors with multiple trailers). The second has two 
composite categories: 4–7 (single-unit vehicles) and 8–13 (tractors with one or more trailers). 
The third category lumps the trucks together into one group. The overall composite PCE is 2. 
This overall composite is the one currently recommended by the HCM procedure for freeways 
in level terrain.

10.4 Signalized Intersection Truck PCEs

This research task focused on development of improved truck PCEs for signalized inter
sections. The objective was to replace the existing single PCE value for trucks at signals with a 
method for estimating truck PCEs for saturation flow rate calculation at signals that enables the 
analyst to estimate PCE values that are sensitive to the percent of trucks (0%–100%) and the 
specific grade (–30% to +30%) on the approach to the signal.

10.4.1  Current HCM Method

The current HCM method for evaluating the operation of signalized intersections uses a flat 
2.0 PCE for trucks in the computation of the approach saturation flow rate. There is no adjust-
ment to the PCE value for the approach grade or different mixes of truck types (single-unit or 
semitrailer).

10.4.2  Approach

Several studies have investigated the discharge characteristics at signalized intersections and 
proposed PCE values. Most of these studies involved field data collection of saturation headways 
of passenger cars and trucks at the intersection approaches to determine PCE values. There was 
no investigation of truck characteristics or intersection design features (notably approach grade) 
on the PCE values.

A comprehensive review is provided by Washburn and Cruz-Casas (2010). They developed 
and applied a custom simulation tool to investigate the impact of the proportion of trucks, 
truck size, and truck position in the queue. They suggested PCE values of 1.8, 2.2, and 2.8 for 
small, medium, and large trucks, respectively. Boltze (2006) reported saturation flow rates for 
the approaches to signalized intersections under different grades. He found an effect with both 
grade and the percent trucks.

A major challenge in empirical studies for determining truck impacts on saturation flows at 
signalized intersections is the difficulty of finding appropriate study locations: measurements of 
saturation flow per HCM require at least eight vehicles in the queue plus a significant proportion 
of truck traffic in order to have multiple trucks in the queue for a sufficient number of cycles. 
These conditions are difficult to be met especially at locations with high grades. So, the simulation 
approach was chosen to determine how truck proportion and approach grade affect the satura-
tion flow rates at signals. Field data collected at the two intersections near the port terminals in 
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Oakland, California, and Miami, Florida, were used to develop and calibrate the VISSIM micro-
simulation program. The calibrated simulation was then applied in several scenarios to develop 
the truck PCE sensitive to the truck proportion and the grade at signalized intersections.

10.4.3  Simulation Development Steps

The previously discussed microsimulation model development work to develop the freeway 
and arterial speed models investigated and calibrated the truck footprint and speed-acceleration 
profiles in the VISSIM simulation. Truck acceleration profiles (acceleration versus speed) were 
developed for two truck classes: single-unit trucks (FHWA Vehicle Class 5) and semitrailer/
combination trucks (FHWA Vehicle Class 9).

A VISSIM simulation model was coded and calibrated for each signalized intersection test 
site based on flows and queue lengths collected at the test sites as described in the next section. 
The number of required simulation replications was next determined to account for stochastic 
variability (10 simulation runs were used per scenario).

The calibrated VISSIM simulation was applied to obtain saturation flows for different scenarios 
of truck types, proportions, and approach grades. The following issues had to be addressed:

•	 Truck position in the queue: Previous research has shown that the start-up lost time and 
saturation flow depend on the truck position in the queue in addition to the type and pro-
portion of trucks. Different PCE values result for different combinations of truck positions  
in the queue (Washburn and Cruz-Casas, 2010). However, such data are difficult to collect in 
practice. Furthermore, queue position by vehicle type and the associated discharge headway 
are not standard outputs by VISSIM and other simulation programs.

•	 Number of queued vehicles: HCM requires that there are at least eight vehicles in the queue 
to reliably obtain saturation flows, of which the first four vehicles (headways) are used in the 
calculation of the start-up lost times. In typical undersaturated conditions, stochastic volume 
variations may result in shorter queues and result in errors in the predicted saturation flows.

To account for both these issues, the predicted discharge rate (in veh/h) of the through move-
ment from the simulation was used as the primary output for getting the PCE values. To obtain the 
discharge rate from the VISSIM simulation, the input approach volume was increased to exceed 
capacity to ensure a continuous queue. The discharge rate or capacity (c) is then obtained from 
the detector recorded volume. The detector is placed just downstream of the intersection stop line.

The saturation flow rate S (veh/h/green) is calculated from

Equation 74( )=S
c
g

C

where c is the discharge rate (veh/h) and g/C is the green time per cycle ratio for the intersection 
approach. The heavy-vehicle adjustment factor fhv is calculated from

Equation 75=f
S

S
hv

b

where S is the saturation flow rate (veh/h/green) and Sb is the baseline saturation flow (0% trucks 
on flat grade). The PCE value is calculated from the heavy-vehicle adjustment factor fhv as follows:

PCE
100

f P

100

P
1 Equation 76

hv hv hv

=
×

−



 +

where Phv is the proportion of heavy vehicles (%) and fhv is the heavy-vehicle adjustment factor.
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Selection of Test Sites

Two test sites were selected, both at major maritime ports, so as to obtain high semitrailer 
truck volumes. The Maritime Street site is located on a major access road to the Port of Oakland, 
California. The Biscayne Boulevard site is located on the main access road to the Port of Miami. 
Being maritime port sites, both sites had flat (0%) level grades. Field observations at both sites 
indicated that queues rarely approached eight vehicles in length; thus, field measurement of 
saturation flow rates was ruled out.

Test Site 1: Maritime Street, Oakland, California.    Field data were collected on Wednesday, 
March 13th, 2013, at a signalized intersection at Maritime and 14th Streets close to the port of 
Oakland, California. The site had a very high proportion of trucks (83% of the total volume), 
most of which were semitrailer trucks. A VISSIM simulation of the test site was developed and 
calibrated based on the field collected data. The calibration consisted of adjustment of driver 
model parameters and truck fleet characteristics based on the approach described in the previ-
ous section. Comparison of the measured and VISSIM predicted counts and saturation flows 
showed close agreement. Most of the discrepancies were found on movements not essential for 
this application (e.g., left turns). Note that VISSIM predicted higher saturation flows for 100% 
passenger cars (2,200 vehicles per hour of green [vphg]/lane vs. the ideal saturation flow of 
1,900 vphg/lane in the HCM 2010). The northbound approach of Maritime at 14th Street was 
selected to obtain the discharge flow rate, saturation flows, and PCE values according to the 
above described approach.

Test Site 2: Biscayne Boulevard, Miami, Florida (Validation Site).    The above described meth-
odology was applied at a second location, Biscayne Boulevard in Miami, Florida. All trucks to and 
from the port of Miami pass through the intersection of Biscayne Boulevard with NE 5th Street 
and NE 6th Street. Data were collected at the intersections of eastbound NE 5th Street with south-
bound Biscayne Boulevard and westbound NE 6th Street with northbound Biscayne Boulevard on 
Tuesday, April 16th, 2013, between 8 a.m. and 10 a.m. The data collection at this site consisted of

•	 Turning movement counts;
•	 Length of green time, red time, and amber time for individual cycles (in seconds);
•	 Total number of departures for the cycle (i.e., number of vehicles crossing the stop bar, 

including through, left, and right turning vehicles) broken down by vehicle class;
•	 Stopped vehicles in queue at the start of green (i.e., number of vehicle in queue before the first 

vehicle crosses the stop bar at the beginning of green) broken down by vehicle class;
•	 Stopped vehicles in queue at the start of red (i.e., number of vehicles in queue at the end of 

green which could not be serviced during the cycle); and
•	 Other events (crashes, double parking, jay-walking, etc.).

A VISSIM simulation was created for the Miami site for the intersection at Biscayne Boulevard 
(north-south) and Port Boulevard/NE 6th Street (east-west). The truck characteristics and other 
settings were identical to the Maritime Street VISSIM simulation. Comparison of field measured 
flows and queues in the westbound direction indicates that the simulation model reasonably 
replicates observed conditions. The differences between measured and simulated volumes were 
less than 1%, and the difference in simulated and field observed queue lengths was about 8%.

Exhibit 79 shows the simulation model predicted sample saturation flows and PCE values 
obtained at the two test sites. It can be seen that they are in close agreement.

Sample Tests

First, a series of tests were performed to verify that the simulation was working cor-
rectly for one scenario of weight-to-horsepower ratio (equal to 150 lbs/hp). These tests are 
described below.
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Sample Test 1—Variation of Truck Proportion under a Fixed Truck Mix.    In this test the 
impact of the truck proportion was investigated for 0 grade. The truck mix was kept fixed as 
was observed in the Maritime Street test site: 10% single-unit trucks and 90% semitrailers. The 
proportion of trucks varied from 0% to 83%. The predicted PCE values are shown in Exhibit 80.

The predicted PCE values are higher than the HCM 2010 value of 2.0 and the difference of 
PCE values is small for a wide range of truck proportions. Note that the predicted PCE values 
are reasonably close to the PCE value of 2.8 proposed by Washburn and Cruz-Casas (2010) for 
the given vehicle mix.

Sample Test 2—Variation of Truck Mix under a Fixed Truck Proportion.    In this test, the 
proportion of trucks was kept fixed at 25% and 0 grade. The truck mix was varied from 100% to 
10% single-unit trucks. The results are shown in Exhibit 81. The results indicate as expected that 
PCE values are generally lower for a higher proportion of single-unit (smaller) trucks.

Developing Truck PCE Values at Signalized Intersections

Following the calibration and validation of VISSIM simulation at the two test sites and the 
initial simulation results, a series of simulation runs at the Maritime Street site was performed 
to obtain PCE values for different truck proportions, approach grades, and truck mix. Each 

% Trucks 
Maritime Street Biscayne Boulevard 

Sat. Flow fhv PCE Sat. Flow fhv PCE 

0 2,224 1.00 1.00 2,166 1.00 1.00 

25 1,735 0.78 2.13 1,634 0.75 2.30 

Exhibit 79.    VISSIM predicted saturation flows and PCE values at the two test sites.

Exhibit 80.    Sample Test 1—effect of truck proportion on PCE values.
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simulation run was replicated 10 times to account for the stochastic variability of the micro-
simulation program. The following scenarios were tested:

•	 Weight-to-horsepower ratio: 150 lbs/hp;
•	 Truck mix: 50% single-unit trucks, 50% semitrailer trucks;
•	 Truck proportion: 10%, 20%, 30%, 40%, 50%; and
•	 Grade: –4%, –2%, 0, 2%, 4%, 6%, 8%, 10%.

Effect of Grade and Truck Proportion.    Exhibit 82 shows the impacts of truck proportion 
and grade on the base saturation flow rate (all passenger cars, flat grade). These findings are close 
to results reported earlier in the literature. Several statistical models were fitted to the resulting 
simulation data to predict the reduction in the saturation flow rate because of the truck propor-
tion and grade. The following model was selected based on the best goodness-of-fit (R2) value 
and reasonable behavior for both negative and positive grades. A comparison of simulated and 
predicted values for this model is shown in Exhibit 83.

•	 For Negative Grades (G<0%)

% Base Saturation Flow 100 0.79 T 2.07 G= − ∗ − ∗

•	 For Positive Grades (G≥0%)

% Base Saturation Flow 100 0.78 T 0.31 G Equation 772( )= − ∗ − ∗

where

	% Base Saturation Flow	=	�the change in saturation flow rate from standard conditions (0% 
grade, 0% truck);

	 T	=	�% of heavy vehicles in traffic stream (expressed as %)(e.g., 1% 
trucks is expressed as 1.00); and

	 G	=	�grade (%) ratio of vertical climb to horizontal reach (+ for upgrade, 
– for downgrade) expressed as a percent (e.g., 1% grade is expressed 
as 1.00).

Exhibit 81.    Sample Test 2—effect of truck mix on PCE values.
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Exhibit 82.    Saturation flow rate by grade and truck% for 50:50 mix Class 5 and Class 9 trucks.
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Exhibit 83.    Comparison of the predicted and simulated reductions in saturation flow.
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This model is valid for the range of trucks between 0% and 50% of the traffic stream, for 
grades between and including –4% and +10%.

Exhibit 84 shows the predicted PCE values for the same mixture of grades and truck propor-
tions. Note that the highest PCE value was obtained for a low proportion (10%) of trucks and 
the maximum grade of 10%. This has been also the case for the PCE value reported in the HCM 
2010 for specific grades on freeways (see Exhibit 11-11 of HCM 2010). This is because under 
higher truck proportions, truck platoons are formed and the impact of a single truck in a platoon 
of trucks is less severe than the impact of a single truck traveling in a traffic stream of passenger 
cars. Note also that the PCE values are very similar for high truck percentages for all grades tested.

10.4.4  Effect of Truck Mix

The simulation runs were for the repeated scenarios of truck proportions and approach grades 
under a different truck mix (75% Class 5 single-unit trucks and 25% Class 9 semitrailers). In 
addition, the simulation was run for two additional truck proportions: 1% and 5%. The result-
ing PCE values are shown in Exhibit 85.

The results confirmed the earlier findings that the highest PCE values for trucks are obtained 
under low truck proportions and high grades; as shown in Exhibit 85, the predicted PCE value 
for 1% trucks is 11.3.

Exhibit 86 illustrates the impacts of the truck mix on the PCE values for different approach 
grades and 10% proportion of trucks. On the average, the difference in the predicted PCE values 
is about 6%. Overall the differences in the reduction of saturation flow and PCE values due to 
the different truck mix ranged from 5% to 8% for all combinations of truck proportions and 
approach grades.

Exhibit 84.    Signalized approach PCE values—50:50 Class 5:Class 9 trucks.
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Exhibit 85.    Signalized approach PCE values—75% Class 5 and 25% Class 9 trucks.
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Exhibit 86.    Impact of truck mix on PCE values—10% proportion of trucks.
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10.4.5  Comparison with HCM Signalized Intersection Truck PCEs

The findings from the analysis of the simulation results indicate that the PCE values at signalized 
intersections depend on the truck characteristics, proportions, and approach grade. The impacts 
of trucks on saturation flows (and capacities) at traffic signals are higher than the HCM 2010 
estimates under the single PCE value of 2.0. This is illustrated in Exhibit 87 where the simulated 
and HCM 2010 heavy-vehicle adjustment factors ( fhv) are compared for all the tested scenarios.

10.4.6 � Comparison with HCM Signalized Intersection  
Saturation Flow Adjustment

The HCM 2010 method currently has two relevant saturation flow adjustment factors related 
with truck effects. One factor focuses on trucks exclusively. A separate saturation flow adjust-
ment factor is used for grade, and it is independent of the percent of trucks. Consequently, it 
is necessary to consider both the PCE and grade effects in the HCM method. In the HCM, the 
combined effects of the heavy-vehicle PCE and grade on signalized intersection saturation flow 
rates are computed according to Equation 78 using the HCM recommended PCE of 2.0 (taken 
from Equation 18-5 of the HCM):

100

100 %

200 %

200
Equation 78

( )
( )

∗ =
+

∗ −
f f

HV

G
HV g

where

	fHV * fg	=	�the combined effect of percent trucks and grade on saturation flow (ratio of adjusted 
to ideal saturation flow);
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Exhibit 87.    HCM 2010 versus VISSIM simulated heavy-vehicle adjustment factors—all tested scenarios.
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	HV%	=	the percentage of heavy vehicles in traffic stream (%); and
	 G%	=	the percent grade (%)(+ for upgrade, – for downgrade).

Exhibit 88 compares the saturation flow rate adjustments produced by the HCM for grades 
and percent trucks combined (Equation 78) with the truck and grade percentages produced in the 
simulation (as summarized in the fitted equation, Equation 77). As can be seen in Exhibit 88:

•	 The HCM adjustments for grade and percent trucks combined are similar to the recom-
mended NCFRP model (Equation 77) in the range of 0% to 2% positive grades, as long as the 
percent of trucks in the traffic stream is below 40%.

•	 The recommended model diverges significantly from the current HCM method for negative 
grades and for positive grades above 2%. The HCM method appears to underestimate the effects 
of higher grades on saturation flow rates at signals. The HCM also underestimates the effects of 
negative grades on saturation flow.

•	 The recommended model diverges significantly from the HCM for truck percentages in excess 
of 40%, regardless of the grade or lack of grade.

10.5 Roundabout Intersection Truck PCEs

10.5.1  Existing Truck Treatment

The roundabout method in the HCM uses a gap acceptance model in which the capacity of 
the entry (centry) is determined by the conflicting flow rate on the roundabout (vconflicting):

1,130 Equation 79.001c eentry
vconflicting= ∗ − ∗

The entry capacity is in passenger cars/h and reflects an adjustment for heavy vehicles. The 
conflicting flow rate is in veh/h and is also adjusted for heavy vehicles. Step 2 in the methodology 

Exhibit 88.    Recommended saturation flow adjustments compared with HCM 
truck and grade adjustments.
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(shown in HCM Exhibit 21-10, which is not repeated here) makes PCE-based adjustments for 
heavy vehicles. The PCE is always 2.0 regardless of the heavy-vehicle mix.

10.5.2  Approach

The objective of this task was to update and expand the PCE values for trucks so that the gap 
acceptance model produces capacity estimates that are consistent with field conditions involving 
various mixes of trucks.

Our expectation was that heavy vehicles would impact the saturation flow equation in both the 
intercept term (because trucks take more time to enter the roundabout even without conflicting 
traffic) and the slope parameter (because trucks need larger gaps in the conflicting traffic). It was 
further expected that the truck impact on the intercept term would be proportional to the impact 
on the slope term. In other words, the added time for a truck to enter the roundabout would be a 
function of geometry and classification only and would be independent of the volume of conflict-
ing traffic. This assumption was to be tested in the data analysis and, if proven valid, would allow 
the use of a PCE-based flow adjustment across the entire capacity curve—albeit still being a func-
tion of grade, truck classification, roundabout diameter, and other factors. If the assumption did 
not hold (e.g., truck gap acceptance is impacted more than the unimpeded entry headway), we 
would instead incorporate truck factors directly into a revised roundabout entry capacity model.

To conduct these analyses, the team had access to all of the videotapes and datasets prepared 
as part of the research for NCHRP Report 572 (Rodegerdts et al., 2007). These data encompass 
information related to many single-lane roundabouts nationwide and a few multilane round-
abouts. Excel workbooks were created for every approach that was studied. Moreover, one tab 
in each workbook shows the sequence of vehicle events that took place including a field that 
indicates whether each vehicle was an auto, motorcycle, small truck, or large truck. A small truck 
was considered to be a single-unit truck, a single-unit camper, or a delivery van. A large truck 
was a multiple-unit truck such as a tractor-trailer, a car or truck towing a boat or trailer, or a bus.

10.5.3  Analyses

Three analyses have been conducted regarding trucks at roundabouts. The first examined 
move-up times to estimate truck PCEs. The second looked at the entry capacity equation to see how 
the percentage of trucks affected its calibration. The third examined the impact of facility geometry 
on truck speed. These studies have been conducted on the basis of data from two of the roundabouts 
studied in NCHRP Report 572: the single-lane roundabout in Lothian, MD, and the double-lane 
roundabout in Brattleboro, VT. These two were examined most intensely because they had the 
highest truck flow rates.

Truck PCE Values from Move-Up Times

The two-lane roundabout on US-9 in Brattleboro, VT, was used to study move-up times. An 
aerial view of the roundabout is shown in Exhibit 89.

Since the roundabout is adjacent to I-91 and on major routes into New England, it is heavily 
loaded and sees high truck percentages, especially on the east-, south-, and westbound approaches. 
This facility was selected for the analysis because it has the highest truck percentages, ranging up 
to almost 50% during short periods of time.

Among the three approaches, nearly 20,000 events were recorded for vehicles passing through 
the roundabout. The events include arrival into first position on the approach, entry into the 
roundabout, exit from the roundabout, and passage in front of the entry point (by vehicles on 
the circulating roadway). Each event has a time-stamp, a lane designation, and a vehicle type.
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For the move-up time analysis, the events representing arrival into first position in the right-
hand lane were studied. Headways were computed between successive vehicles. The headways were 
classified into four groups: (1) cars-following-cars, (2) cars-following-trucks, (3) trucks-following-
cars, and (4) trucks-following-trucks. The inverse of these headways is the instantaneous satura-
tion flow rate. The inverse of the low-percentile headways gives a sense of the maximum flow rate 
that is possible. Variations in that flow rate with the percentage of trucks give a sense of how trucks 
affect the maximum capacity (i.e., the input flow rate on the approach when the circulating flow 
rate is zero). The variation in these maximum input flow rates gives a sense of the truck PCEs.

Exhibit 90 presents the cumulative distributions (CDFs) for the four types of event pairs that 
were considered. The CDF labeled CC indicates a car following a car, CT indicates a truck follow-
ing a car, TC indicates a car following a truck, and TT indicates a truck following a truck. There 
are 3156 observations of CC headways, 348 TC headways, 342 CT headways, and 41 TT headways.

At the low percentiles, these headways represent the smallest intervals at which vehicles were 
willing to follow one another. For the cars following cars, this ranges down to 1.6 seconds; for 
the trucks following trucks, about 3.0 seconds. If these headways were sustainable, this would 
imply a car-only capacity of 2241 veh/hr and a truck-only capacity of 1835 veh/hr. However, 

Source: North Carolina State University. 

Exhibit 89.    Multilane roundabout in Brattleboro, 
Vermont.

Exhibit 90.    Move-up time distributions for right- 
hand lanes of roundabout, Brattleboro, Vermont.
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these headways are not sustainable, as the diagram suggests. If they were, the CDFs would be 
vertical at those values.

In terms of general trends, it is clear that the CC headways are generally smaller than the TC, 
CT, or TT headways. Moreover, the TT headways are the largest, and the CT and TC headways 
are in-between.

An examination of the ratios among these headways (and their implicit flow rates) shows 
that the one between the car-to-car and truck-to-truck flow rate remains very stable at about 
2.0 across a wide spectrum of the distribution. Hence, it seems reasonable to assume that the 
truck PCE value is about 2.0, as portrayed presently in the HCM. The ratio of the CC flow rates 
to the TC flow rates is about 1.2, and the ratio of the CC flow rates to the CT flow rates is about 
1.5. Hence, depending upon the mix of the traffic stream, the PCE for trucks could range from 
1.2 to 2.0. If the traffic stream involved 50% trucks (obviously a high value) and the sequence 
consistently alternated between cars and trucks, then the ratio of the car-only flow rate to the 
mixed flow rate would be about 1.25 and the truck PCE would be about 2.0.

Exhibit 91 provides some insight into how the maximum entry declines with increases in the 
percentage of trucks. The highest rates are near 1400 veh/hr/lane at near 0% trucks, declining to 
about 200 veh/hr/lane for 80% trucks.

The upper bound of these values is an indication of the effect that the truck percentage has on 
the maximum entry flow. If the entry flow rate is extrapolated to about 1400 veh/hr when the 
truck percentage is 0% based on Exhibit 91 and the maximum entry rate is about 1300 veh/hr for 
5% trucks, then the PCE value at that flow rate is 2.54. At the flow rate involving 50% trucks, the 
PCE value is 3.67. While these numbers are different from those presented before (and higher), 
it is clear that the percentage of trucks has an impact on the capacity relationship.

Capacity Equation Analysis

This second analysis focuses on fitting the relationship between entry flow rate and circulating 
flow rate. Again, the Brattleboro roundabout is used. The relationship has been studied for both 
the left- and right-hand lanes of the approaches.

It is assumed that the relationship between the entry capacity and the circulating flow fits the 
functional form presented by the HCM (see Equation 79); hence, log-linear regression can be 
used to obtain estimates of the coefficients involved. Specifically, this means that

Equation 80= ∗ −β∗c c eentry o
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Exhibit 91.    Entry flow rates, right-hand lane, 
Brattleboro roundabout.
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and the values for ln(c0) and b can be found via log-linear regression based on the following 
equation:

ln ln Equation 810c c ventry conflicting( ) ( )= − β∗

This analysis has been conducted for the right-hand lane of the approaches. (The left-hand 
lane has also been examined, but the regression results have very low R2 values so the analysis 
has not been carried further.)

To conduct the analysis, the data were processed to obtain combinations of circulating flow, 
entering flow (in the right-hand lane) and percent trucks (on the entry leg). Sequences of 50 vehicle 
events were used, with an overlap of 10 events. This is equivalent to computing moving averages. 
The results were then binned on the basis of the truck percentage, and regression analyses were 
conducted. The binned data were sorted in ascending order based on the circulating flow, and the 
95th-percentile values for the circulating flow and entry flow were estimated based on sequential 
sets of 20 observations stepping every 10. This is equivalent to creating a moving bin and comput-
ing the 95th percentile for each realization of the bin. While it does involve using the individual 
observations multiple times, it helps to smooth out the random variations in the data.

The results of the regression analyses are as shown in Exhibit 92. First, it is clear that the maxi-
mum entry flow does decline as the percentage of trucks increases. (This is shown by the “Const” 
value.) The maximum flow value is 1,374 for 0% trucks and declines to 1,056 for 21% or more 
trucks. Second, the coefficient for the circulating flow remains relatively constant at about -0.7 
(which happens to be the value presently shown in the HCM because the flow rates used in the 
regression were in thousands). Third, the t-statistics for both the constant and the circulating 
flow are consistently large, meaning that the intercept should not be zero and the coefficient for 
the circulating flow is statistically significant and different from zero. Fourth, even though the 
exiting flow rate has been considered in the analysis, its t-statistic is always small, which means 
that the exiting flow rate does not have a significant effect on the capacity of the right-hand lane.

The conclusions to draw from this analysis are threefold. First, a PCE of 2.0 for trucks is 
appropriate and can be applied to the circulating and entering flows in order to convert the 
intercept value from mixed flow rates to car-only rates and vice versa. Second, the coefficient 
pertaining to the circulating flow rate appears to be unaffected by the percentage of trucks in the 
circulating stream, so no PCE adjustment should be applied to that flow rate when computing 
capacity values. Third, the exiting flow rate does not seem to have an effect on entry capacity, 
so it can be ignored.

The finding for truck PCEs at roundabouts is that the current HCM value of 2.0 is affirmed 
for use. However, the field data suggest that it should only be applied to adjust the intercept of 
the capacity equation, not the coefficient in the exponent term.

Exhibit 92.    Entry capacity regression results for the multilane 
roundabout in Brattleboro, Vermont.

Circ Exit Const Circ Exit
0% 1374 -0.76558 0.009219 0.832428 372.7105 -41.5053 0.484218

1-10% 1190 -0.53551 0.027035 0.545303 281.4225 -17.4901 1.19563
11%-20% 1258 -0.83072 0.007844 0.829712 310.4256 -34.4693 0.348901

21% + 1056 -0.68267 -0.02101 0.770002 181.3466 -20.725 -0.51598

Coefficients
Const 2RskcurT%

t-Statistics
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This section presents the conclusions and recommendations from NCFRP Project 41.

11.1 Conclusions

This research project reached the following conclusions regarding better incorporating trucks 
into Highway Capacity Manual (HCM) analysis.

•	 Literature Review:
–– Most countries use passenger car equivalents (PCEs) like the U.S. HCM to convert trucks in 

the traffic stream into the equivalent number of passenger cars before computing capacity 
and speed. China, Indonesia, Singapore, Thailand, and Canada subdivide trucks into three 
or four subtypes (unlike the United States, which uses only a single truck category).

–– The literature identified truck weight-to-horsepower ratio as a significant factor for affect-
ing freeway performance on extended grades. Length was identified as a possible factor 
affecting truck PCEs on level terrain. Position in queue was identified as a significant factor 
affecting saturation flow rates on signalized intersection approaches.

–– Previous research into truck level of service (LOS) from the point of view of truck drivers 
identified several physical attributes of the facility that affect their perceived quality of ser-
vice. These include the quality of the ride and ease of driving (pavement smoothness, fewer 
maneuvers required, and ease of maneuvers). This research consequently recommended 
that speed variance and pavement quality be used as measures of truck LOS on freeways 
and urban streets. For urban streets, additional LOS measures were also identified: ease of 
turning maneuvers and traffic density.

•	 Public Agency Perspectives:
–– The majority of public agencies interviewed use HCM methods to evaluate highway per-

formance. The second most commonly used tool is microsimulation, followed by FHWA’s 
Freight Analysis Framework (which uses the area-wide planning method from the 2000 
edition of the HCM).

–– There is a strong preference among the agencies interviewed for a truck LOS methodology 
that they can use for ranking goods-movement investments and evaluating general highway 
capacity investments.

–– The agencies believe that truck LOS should be sensitive to travel time reliability, traffic 
congestion, and average speed.

•	 Shipper and Carrier Perspectives:
–– The interviews and survey of shippers and carriers found that freight decisionmaking is 

complex and often varies by establishment. In addition, the criticality of travel time and 
on-time delivery varies by a factor of 10 depending on the cost of the material being hauled 
and the distance hauled (travel time). Lower-valued goods hauled for longer distances (or 
times) have the lowest value of time.

Conclusions and Recommendations
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–– In general, travel time, cost, and reliability (on-time performance) are the key determinants 
of route selection. Local laws, long-term contracts between shippers and receivers, the type 
of goods being shipped, transportation costs and travel times, and logistics supply chains all 
impact the relative importance of these attributes in decisionmaking of shippers, receivers, 
and carriers.

•	 Vehicle Classification System:
–– The FHWA axle- and trailer-based vehicle classification system is the appropriate founda-

tion for classifying trucks for the purpose of highway capacity analyses. While there are still 
significant variations in vehicle performance within each of the 13 FHWA vehicle classes, the 
FHWA system is greatly superior to the current 4-class system in the HCM (i.e., passenger 
cars, buses, RVs, and trucks). The FHWA system also has the significant advantage of being 
a nationally established consistent system for which weigh-in-motion data is already readily 
available.

–– The 13 FHWA vehicle classes are more than is really needed for HCM analyses, given that 
many of the classes account for very small percentages of the vehicle fleet. Consequently, it 
was concluded that the 13 FHWA vehicle classes should be consolidated into the following 
5 HCM classes for the purposes of HCM analyses:
1.	 Passenger Vehicles (FHWA Classes 1, 2, and 3);
2.	 Buses (FHWA Class 4);
3.	 Recreational Vehicles (RVs) (a subcategory within FHWA Class 5);
4.	 Single-Unit Trucks (FHWA Classes 5–7); and
5.	 Semitrailer Trucks (FHWA Classes 8–13).

•	 Impacts of Trucks on Other Modes:
–– The current HCM method for basic freeway segments (Chapter 11) of converting trucks into 

passenger car equivalents is deficient for predicting automobile speeds and truck speeds on 
extended upgrades under moderate to high flow conditions (3% or greater grades extending 
over 1 mile, with 5% or more trucks in the traffic stream, under volume/capacity ratios in 
excess of 0.30).

–– The current HCM method for estimating speeds for urban street segments (Chapter 17) is 
insensitive to truck or grade effects. This becomes a significant defect for extended upgrades 
(3% or more extending over 1 mile).

–– The current HCM default PCE value of 2.0 for all trucks in roundabouts (Chapter 21) 
appears to be appropriate.

–– The HCM’s signalized intersection method (Chapter 18) significantly underestimates the 
impacts of trucks on saturation flow rates for upgrades in excess of 2%. The relative mix of 
semitrailer and single-unit trucks had a comparatively minor effect on saturation flow rates 
(the total percent trucks and grade had significantly greater effects).

•	 Impacts of Other Modes on Trucks (Truck LOS):
–– Truck LOS should take into account average truck travel times, truck travel time reliability, 

and cost (where tolls are involved) as well as the truck friendliness of the facility (its ability 
to safely and legally accommodate all legal vehicles and loads, with as few at-grade railroad 
crossings as feasible).

11.2 Recommendations

This research produced the following recommendations for better incorporating truck analy-
sis into the HCM.

•	 Vehicle Classification System:
–– The 13 FHWA vehicle classes are more than is really needed for HCM analyses, given that 

many of the classes account for very small percentages of the vehicle fleet. The current 
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single-truck class in the HCM, however, is inadequate to account for the significant per-
formance differences between single-unit trucks and semitrailer truck combinations. Con-
sequently, it is recommended that trucks in the HCM be split into two vehicle classes, 
resulting in the following five HCM classes for the purposes of HCM analyses:
1.	 Passenger Vehicles (FHWA Classes 1, 2, and 3);
2.	 Buses (FHWA Class 4);
3.	 RVs (a subcategory within FHWA Class 5);
4.	 Single-Unit Trucks (FHWA Classes 5–7, excluding RVs); and
5.	 Semitrailer Trucks (FHWA Classes 8–13).

•	 Impacts of Trucks on Other Modes:
–– NCFRP Project 41 was able to make significant advances in developing an improved HCM 

method for estimating automobile and truck speeds on extended upgrades (see Section 8). 
A preliminary set of equations was developed for predicting speeds. Further research on 
these speed prediction methods is given in Appendix D. However, as described under “fur-
ther research,” further testing and validation is required before these methods can be rec-
ommended to replace the existing HCM Chapter 11 methodology.

–– The project also made significant progress on developing a truck- and grade-sensitive speed 
estimation method for arterial street segments (HCM Chapter 17) (see Section 9). How-
ever, further research will be needed to integrate the new method with the current HCM 
Chapter 17 method.

–– For signalized intersections (HCM Chapter 18), is recommended that the current heavy-
vehicle and grade adjustment factors in the saturation flow equation be replaced with a 
single combined factor that better accounts for the synergistic effects of heavy vehicles on 
signalized intersection approaches with steep upgrades (in excess of 2%).

•	 Impacts of Other Modes on Trucks:
–– This research developed a recommended truck LOS model based on mean speed, travel 

time reliability, and added cost associated with tolls (see Section 6).

11.3 Recommended HCM Implementation Plan

This section provides a recommended HCM Implementation Plan for moving the results of 
the research into practice.

11.3.1  Incorporation into NCHRP Project 3-115 (HCM Update)

This research developed, described, and demonstrated new methods for evaluating the effects 
of highway and street facility performance on trucks (truck LOS) and the effects of trucks on 
other modes (truck PCEs).

•	 Appendix F provides the recommended edits to the 2010 edition of the Highway Capacity 
Manual. A computational engine was developed for the truck LOS model.

•	 Appendix E provides a User’s Guide for the computational engine.

Together, these two products—Appendixes E and F—will facilitate the incorporation of the 
results of this research into the next update of the HCM, currently being accomplished under 
NCHRP Project 3-115.

Other aspects of the NCFRP Project 41 research (Sections 8, 9, and 10 related to truck speeds 
and PCEs on extended grades) would involve major changes to current HCM procedures and 
therefore must wait until further research can be conducted to better define and validate the 
new methods.
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11.3.2  Expected Audience/Market for Research Product

The expected audience for the research product is the transportation engineering and plan-
ning professional community involved in the planning and prioritization of all highway and 
street improvements. This includes private consultants or employees working for state DOTs, 
MPOs, cities, and counties. FHWA will also be a user of the products in their role as evaluators 
or advisors to the development of transportation plans and investment programs.

11.3.3  Possible Impediments to Successful Implementation

Lack of awareness and knowledge of the new truck analysis methods is the greatest potential 
impediment to the successful adoption and implementation of the research product. A second-
ary potential impediment would be the lack of software to facilitate application of the recom-
mended truck analysis procedures.

11.3.4  Likely Institutional Leaders in Application

The likely institutional leader for gaining acceptance of the new methodology for evaluat-
ing truck LOS in U.S. practice is FHWA. By adopting the approach as a recommended or 
required analytical approach for analyses conducted in support of federal funding appli-
cations for highway improvement projects, FHWA would go a long way toward securing 
national acceptance of the concept. State DOTs and MPOs can be leaders in adopting the 
new method. The Institute of Transportation Engineers (ITE) can promote the new method 
through training classes.

11.3.5  Activities for Successful Implementation

Inclusion of the new methodology in future editions of the HCM would go a long way to suc-
cessfully implementing the results of this research. However, just being in the HCM does not 
ensure actual use of the method.

NCFRP Project 41 conducted two workshops with public agency personnel to acquaint a core 
group of professionals with the new truck LOS analysis methods and computational engines 
implementing the new methods. NCFRP Project 41 also developed a computational engine for 
the truck LOS model to facilitate the development of commercial software to implement the 
methods. (The computational engine, with its limited user interface, will not replace the need for 
some other commercially oriented product to implement the new HCM truck analysis methods.) 
The computational engine illustrates for software developers how they might program and match 
the recommended methodology with their programs.

Together, the HCM 2010 updates, the computational engine, and the two workshops (already 
conducted) will greatly facilitate increased awareness of the products of this research. Additional 
steps that can be taken in the future include the following:

•	 Showcasing the NCFRP Project 41 products at one of the regular FHWA “Talking Freight” 
webinars (currently included in Task 11 of NCFRP Project 41) will greatly increase awareness 
of the new truck analysis methodology and new HCM chapter.

•	 Additional workshops on truck LOS after the publication of the HCM 2010 updates (not 
included within the current scope for this research project) would greatly increase awareness 
of the truck LOS model.

•	 A series of papers and presentations prepared by key research team leaders for presentation at 
ITE and TRB annual meetings will help generate interest by agencies in the method.
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11.3.6  Criteria for Determining Progress and Success

The key criteria of success will be the adoption of the analysis methods developed in this proj-
ect by public agencies, inclusion of the methodologies in FHWA guidance documents and the 
Highway Capacity Manual, adoption of truck LOS standards by state DOTs and other transpor-
tation agencies, and inclusion of the new methods in commercially available highway capacity 
analysis software.

11.4 Applicability of Results to Practice

This research resulted in methodologies and a computational engine for predicting 
the impacts of highway and street investments on truck LOS, taking into account the relative 
economic importance to the community. The methodologies will enable agencies to take 
into consideration truck freight movement effects in their prioritization of transportation 
improvements.

11.5 Recommendations for Further Research

While both the arterial segment and freeway basic segment speed models will require further 
research before they can be implemented in the HCM, the freeway basic segment model appears 
to be the most promising topic to follow up on. The underestimation of the deleterious effects 
on average speeds of extended freeway upgrades is a significant problem when performing eco-
nomic analyses of the need for freeway truck climbing lanes. Further research to better define 
and validate the NCFRP Project 41 freeway speed model for extended grades will significantly 
improve the investment decisionmaking of state DOTs and other public agencies involved in 
planning and programming freeway improvements.

11.5.1  Need for Further Research

The PCE research portion of this project revealed a serious flaw in the current HCM approach 
for evaluating long, steep grades (upgrades of 4% as short as 1 mile in length). The current HCM 
approach converts trucks to PCEs and then uses the passenger car speed flow curve to estimate 
average speed and density of vehicles, which is used for LOS computations.

The research found that there are actually two speed-flow curves on long, steep grades, one for 
passenger cars and one for trucks. At light flows passenger cars can pass the slower trucks and the 
facility actually has two speeds, one for trucks and one for passenger cars. As flows or the percent 
of trucks increase, the two-vehicle class phenomenon breaks down and all vehicles travel at the 
speed of the trucks (this breakdown happens at moderate truck percentages and volumes, long 
before the HCM estimated capacity is reached).

The effect of this flaw in the current HCM approach is that the need for and the benefits 
of truck climbing lanes on long, steep grades are significantly underestimated by any analysis 
employing the 2010 HCM and its earlier editions.

The effect becomes evident, especially at-and-near capacity, whenever the grade is steep 
enough (even for short distances) to force a drop in the truck speeds. It has a major implica-
tion for computing the benefit of separating the trucks from the rest of the traffic stream. The 
effect is significant enough that the current density-based automobile LOS methodology in 
the HCM for freeway grades may need to be replaced by one that is based on automobile and 
truck delay.
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11.5.2  Objectives of Further Research

The objectives of the further research would be the development and calibration of a new 
two-vehicle class (passenger cars and heavy vehicles) HCM method evaluating the capacity 
and performance (speed and density) of freeway segments on long, steep grades. This method 
will require

•	 Creation of heavy-vehicle speed flow curves (truck, RVs, and bus, as appropriate) for use 
on long, steep freeway upgrades;

•	 Creation of a methodology for quantifying the impact on passenger car speeds of different 
mixes and volumes of heavy vehicles on long, steep upgrades that takes into account possible 
countermeasures such as truck lane restrictions and truck climbing lanes; and

•	 Creation of a procedure combining the separate passenger car and truck speeds into a measure 
of overall facility performance (such as mean speed and density).

11.5.3  Approach for Further Research

The freeway simulation test bed already developed and calibrated under the current research 
would be employed to develop the new HCM method. In addition, field testing would be con-
ducted using data sets already collected for this and other projects. The field data set testing will 
verify the method’s ability to match actual facility performance. The final report and draft chap-
ter produced by this project would then be expanded to incorporate the results of the additional 
research to develop a two-vehicle class procedure for evaluating the performance of freeway 
facilities with long steep grades.

The objectives of the additional research would be accomplished with the following tasks:

•	 Simulation Experiments: Focus on a richer set of conditions so that HCM models can be 
developed that predict automobile and heavy-vehicle speeds and densities for a variety of 
upgrades and grade lengths, taking into account interactions between the vehicle types for a 
comprehensive set of potential field conditions. This task includes preparing the simulation 
models for the broader set of tests, conducting the simulations, and analyzing the results.

•	 Model Development: Refine and extend the limited set of HCM predictive models for pas-
senger car and truck speed and density that came out of the research to date. Determine the 
interaction and interference effects between vehicle types. Develop a method to predict com-
bined average speed and density. Compare the new HCM predictive models with the original 
simulation results and assess their performance.

•	 Case Studies: Examine a larger set of field settings using data sets already available to the 
research team where there are significant grades, truck percentages, and so forth so that the 
predictions of the models can be checked, validated, and further refined. This task includes 
assembling the data, preparing the models, and conducting the analyses.

•	 Final Report: Expand the final report to describe and present the findings from the experi-
ments and case studies. This task includes preparing the report.

•	 Draft HCM Materials: Expand the draft truck analysis chapter for the HCM to include the 
new methodology for evaluating truck and passenger car speeds and densities on long steep 
upgrades and predicting the effects of truck lane restrictions and truck climbing lanes on 
freeway segment performance. Advise the HCM 2010 Update contractor on inserting the new 
material into the body of the HCM.
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The following appendixes are unpublished herein but can be found online at www.trb.org by 
searching for NCFRP Project 41:

•	 Appendix A: Regional Defaults for Average Shipping Distances and Times
•	 Appendix B: Public Agency Workshops to Evaluate Methods
•	 Appendix C: Surveys and Interviews
•	 Appendix D: Additional Thoughts on Freeway Truck Speeds
•	 Appendix E: Computational Engines Users Guides
•	 Appendix F: Draft HCM Chapter Materials
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Abbreviations and acronyms used without definitions in TRB publications:

A4A Airlines for America
AAAE American Association of Airport Executives
AASHO American Association of State Highway Officials
AASHTO American Association of State Highway and Transportation Officials
ACI–NA Airports Council International–North America
ACRP Airport Cooperative Research Program
ADA Americans with Disabilities Act
APTA American Public Transportation Association
ASCE American Society of Civil Engineers
ASME American Society of Mechanical Engineers
ASTM American Society for Testing and Materials
ATA American Trucking Associations
CTAA Community Transportation Association of America
CTBSSP Commercial Truck and Bus Safety Synthesis Program
DHS Department of Homeland Security
DOE Department of Energy
EPA Environmental Protection Agency
FAA Federal Aviation Administration
FHWA Federal Highway Administration
FMCSA Federal Motor Carrier Safety Administration
FRA Federal Railroad Administration
FTA Federal Transit Administration
HMCRP Hazardous Materials Cooperative Research Program
IEEE Institute of Electrical and Electronics Engineers
ISTEA Intermodal Surface Transportation Efficiency Act of 1991
ITE Institute of Transportation Engineers
MAP-21 Moving Ahead for Progress in the 21st Century Act (2012)
NASA National Aeronautics and Space Administration
NASAO National Association of State Aviation Officials
NCFRP National Cooperative Freight Research Program
NCHRP National Cooperative Highway Research Program
NHTSA National Highway Traffic Safety Administration
NTSB National Transportation Safety Board
PHMSA Pipeline and Hazardous Materials Safety Administration
RITA Research and Innovative Technology Administration
SAE Society of Automotive Engineers
SAFETEA-LU Safe, Accountable, Flexible, Efficient Transportation Equity Act: 
 A Legacy for Users (2005)
TCRP Transit Cooperative Research Program
TEA-21 Transportation Equity Act for the 21st Century (1998)
TRB Transportation Research Board
TSA Transportation Security Administration
U.S.DOT United States Department of Transportation
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