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DISCLAIMER 

 

The contents of this report reflect the views of the authors and not necessarily the views of the 

North Carolina Department of Transportation.  The authors are responsible for the facts and the 

accuracy of the data presented herein.  The contents do not necessarily reflect the official views or 

policies of the North Carolina Department of Transportation or North Carolina State University at 

the time of publication.  This report does not constitute a standard, specification, or regulation.   
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EXECUTIVE SUMMARY 

 

 

The 2009 MUTCD1 contains a standard on the application of a speed limit sign, stating “speed 

zones (other than statutory speed limits) shall only be established on the basis of an engineering 

study that has been performed in accordance with traffic engineering practices.”  The MUTCD 

does not provide a precise definition of an “engineering study.”   Further, the 2009 MUTCD2 

provides guidance that “when a speed limit within a speed zone is posted, it should be within 5 

mph of the 85th-percentile speed of free-flowing traffic.”  FHWA subsequently offered 

information through a guidance memorandum clarifying that setting speed limits does not require 

using the 85th percentile methodology3.  

 

The consequences of performing a substandard engineering study, or not being able to produce 

documentation on the study, can be severe for transportation agencies.  Liability concerns are of 

particular interest, which can involve concerns about whether the study that sought to set a speed 

limit had been performed adequately and the availability of supporting documentation.  

Consistently performing engineering studies to set speed limits and thoroughly documenting the 

results of those studies should result in better driver compliance, easier enforcement, and fewer 

crashes.  The objectives of this project were 1) to provide more precise guidelines to the NCDOT 

on how its engineers should conduct speed limit studies for various roadway settings and 2) to 

recommend ways by which the NCDOT can document those studies.   

 

This research project led to the development a number of related products.  NCDOT can use the 

developed research products to provide consistency to the studies that engineers conduct to support 

recommended speed limits. The substantive portions of this report are included as appendices: 

 Speed Limit Review Documentation Forms (Appendix A) 

 Data Collection Terms (Appendix B) 

 Summary of Speed-Related Research (Appendix C) 

 Background and Example Forms for Roadway Speed Limit Review (Appendix D) 

 State Speed Study Practices (Appendix E) 

 

A speed limit study can be fully documented with the form provided in this research study 

(Appendix A).  Further appendices provide supporting information and guidance for completing 

the form and determining an appropriate speed limit.  To realize the benefits of a consistent and 

comprehensive system for studying speeds, a storage system must be used.  Each study should be 

stored at the Division or Region office in a format and system that is efficient and manageable.   

 

                                                 
1 MUTCD. Manual on Uniform Traffic Control Devices for Streets and Highway.  2009 Edition with Revision 1 and 

Revision 2 from May 2012. USDOT. Federal Highway Administration. Section 2B.13. Speed Limit Sign (R2-1). 

Paragraph 01. Page 56. 
2 MUTCD. Manual on Uniform Traffic Control Devices for Streets and Highway.  2009 Edition with Revision 1 and 

Revision 2 from May 2012. USDOT. Federal Highway Administration. Section 2B.13. Speed Limit Sign (R2-1). 

Paragraph 12. Page 58. 
3 FHWA. Bicycle and Pedestrian Funding, Design, and Environmental Review: Addressing Common Misconceptions. August 

20, 2015. Item 9.  
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INTRODUCTION 

 

The 2009 MUTCD in Section 2B.13 contains the following standard on application of the R2-1 

speed limit sign: 

 

Speed zones (other than statutory speed limits) shall only be established on the basis of an 

engineering study that has been performed in accordance with traffic engineering 

practices.  The engineering study shall include an analysis of the current speed distribution 

of free-flowing vehicles. 

 

The MUTCD does not provide a precise definition of an “engineering study,” which is most likely 

beneficial because of the wide range of circumstances in which speed zones are applied.  FHWA 

recently issued a guidance memorandum clarifying common engineering misconceptions, among 

them that speed limits must be set using the 85th percentile methodology.  The memorandum states 

(FHWA 2015): 

 

Speed limits must be set using the 85th percentile methodology: This is false. The MUTCD 

Section 2B.13 contains the following mandatory (Standard) statement:  “Speed zones 

(other than statutory speed limits) shall only be established on the basis of an engineering 

study that has been performed in accordance with traffic engineering practices.”  

According to the 2012 FHWA Document Methods and Practices for Setting Speed Limits, 

there are basic ways of setting speed limits.  Use of the 85th percentile methodology is just 

one part of what FHWA calls the Engineering Approach. This is described as “A two-step 

process where a base speed limit is set according to the 85th percentile speed, the design 

speed for the road, or other criterion. This base speed limit is adjusted according to traffic 

and infrastructure conditions such as pedestrian use, median presence, etc.”  The 2012 

document goes on to say that the engineering approach requires the use of judgment. This 

is different than simply setting a speed limit based on the measured 85th percentile.    

 

The objective of this project was to provide more precise guidelines to the NCDOT to allow for 

the more consistent application of engineering studies to set speed limits and methods to 

thoroughly document the results of those studies.  Appropriate speed limits in turn should result in 

better driver compliance, easier enforcement, and fewer crashes.  Conducting the right studies and 

being able to produce full documentation when requested should reduce liability risks as well.  

 

Speed is one of the nine safety focus areas in North Carolina’s Strategic Highway Safety Plan 

(SHSP, 2014). The Plan vision states:  

 

Through our partnerships, we foster safety awareness and provide safe access throughout 

North Carolina for all users and modes of travel such that everyone arrives safely at their 

destination.  

 

This vision is in keeping with a Vision Zero or Toward Zero Deaths approach.  If the State is to 

reach such a vision, effective procedures for setting speed limits and managing speeds to 
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appropriate levels are crucial for success.  The first strategy mentioned in the SHSP to help meet 

speed management objectives is:  

 

Set speed limits that are appropriate to the roadway type, area type, and current 

conditions.  

 

Setting appropriate limits is an important step in the process of achieving the desired safety 

benefits. Selecting appropriate designs and other measure to help manage speeds and establishing 

enforcement to support limits also contribute to the process. Although questions remain about the 

relationships between designs, speed limits, operating speeds, and safety, it is clear that speed 

limits and operating speeds have safety consequences.  
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LITERATURE REVIEW 

 

As mentioned in the introduction, the MUTCD requires an engineering study be performed to 

establish a speed zone or change from statutory limits; however, the requirements of such a study 

are not defined.  As also mentioned, the FHWA recently clarified that speed limits are not required 

to be set  based on 85th percentile or other operating speeds. TRB Special Report 254, published 

in 1998, reviewed practices and safety evidence for setting and enforcing speed limits on all types 

of roads. This report noted that the practice of setting speed limits at the 85th percentile or some 

other measure of prevailing traffic speeds relies on the assumption that most drivers are capable 

of judging the speed at which they can safely travel.  However, as noted by the report, this 

assumption raises the question of why bother setting speed limits at all. The report suggests, and 

more recent research has documented, that drivers impose significant risks on others by their speed 

selection. Some drivers, such as inexperienced drivers or those unfamiliar with their surroundings 

or vehicles, may not be able to correctly judge risks and a safe speed to travel; and many drivers 

may underestimate the risks of speed on crash probability and severity at least under certain 

conditions such as adverse weather, unusual or sub-optimal roadway alignment, nighttime, and 

congestion. These issues suggest a clear need for establishing speed limits, but the best means of 

doing so to achieve safety and mobility objectives remain elusive.   Recent research has identified 

many situations for which the use of 85th percentile as the primary factor in setting speed limits 

leads to unsafe situations. This literature includes situations such as congested freeway conditions, 

effects of design and design exceptions, curve geometries and spacing, and other situations that 

might be considered in setting limits.  

 

In the study of Speed and Safety in North Carolina, conducted for NCDOT between 2010 and 

2013, NCDOT and other practitioners documented problems with inconsistencies between speed 

limits, road designs, and operating speeds on some roads across the State (Thomas et al., 2013). 

Of course, not all of these inconsistencies can be addressed through speed zoning, and there is still 

a need for more information on how various factors influence operating speeds and safety. Another 

issue is how to determine when a speed limit review is needed. Currently, practitioners often 

conduct such a review in the wake of a serious crash. Recommendations from the Speed and Safety 

in North Carolina report also suggested more proactive and systematic mechanisms for when a 

speed limit review or study should be conducted. Potential triggers for speed limit review include 

crash-based screening approaches (but not focusing on a single crash or fatality, although a review 

may be warranted in some such cases), extensive changes in land use, traffic volume, or significant 

change in the function of the road for other reasons (such as a new or altered route that takes over 

some functions of the road in question).  

 

The same report and Jurisdiction Speed Management Action Plan Development Package recently 

developed for FHWA also suggested that speed limits should not be considered in isolation but 

rather in the context of safety goals and in consultation with safety partners such as enforcement, 

since limits that are not enforced lack credibility. The results of a speed limit review also can result 

in various outcomes:  no action, raise the limit, or lower the limit. In addition to these decisions, 

changes to the road and/or to enforcement should be considered simultaneously if the goal of zero 

deaths is to be achieved.  In Vision Zero countries, an injury minimization approach has been used 

which takes into account the land uses and purposes of the road or street as well as the conflicts 
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and crash types that are possible in the context of the road design.  The aim is to minimize the 

chances of severe injury or fatality, when crashes occur. 

 

NCHRP 367 developed an expert system tool (US Limits 2) to provide recommendations on speed 

limits (for most road types, but with exclusions such as school zones) based on the factors 

identified as important by the expert panelists. Speed Management, a guide developed by the 

World Health Organization, with input from U.S. experts, advises that in a Safe System approach 

(or Injury Minimization approach as outlined by Methods and Practices for Setting Speed Limits) 

speed limits will be set in recognition of the potential for serious injuries and fatalities. On many 

types of rural roads for example, such an approach will lead to speed limits that are unlikely to 

exceed 60 to 70 km/h (around 45 mph) (Global Road Safety Partnership).  

 

The National Transportation Safety Board offered several recommendations to the Federal 

Highway Adminstration related to this research effort in Reducing Speeding-Related Crashes 

Involving Passenger Vehicles, including: 

 Revise Section 2B.13 of the Manual on Uniform Traffic Control Devices so that the factors 

currently listed as optional for all engineering studies are required 

 Require that an expert system such as USLIMITS2 be used as a validation tool 

 Remove the guidance that speed limits in speed zones should be within 5 mph of the 85th 

percentile speed 

 

Information about other states’ practices regarding speed studies is included in Appendix E: State 

Speed Study Practices. 
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Guidance on Factors to Consider 
Changing the speed limit does not automatically impact operating speeds on a roadway, though 

there is generally a weak relationship between speed limit changes and operating speeds (FHWA 

1997).  The order of magnitude may vary, and may be influenced by the amount of enforcement 

and other road design cues, but generally, raising or lowering limits seems to yield a less than 

proportional increase or decrease in average operating speeds (Goodwin et al., 2015; Islam, El-

Basyouny, & Ibrahim, 2013; Kloeden & Woolley 2017; Vadeby & Forsman, 2014; NCHRP 

Web-Only Document 90). Other factors may have a larger effect than only a change in speed 

limit; some of these factors are summarized in the following table (roundabouts and traffic 

calming measures are not included in this summary, but do have notable impacts on speeds).  

Further details of these factors are included in Appendix C. 

 

Factor An Increase in ___ 
Generally 

Supports  
Notes 

Road Classification & 

Area Type, Purpose of 

Road 

Density, Urban Lower Speeds 

Review NCDOT 

Complete Streets 

Document 

Driveways / 

Intersections / Offset 
Access Density Lower Speeds 

40+ per mi for 

significant impacts 

Multimodal Facilities Ped, Bike Volume Lower Speeds  

Crashes 
Severe Injury Speed 

Related Crashes 
Lower Speeds  

Surface Treatment -- -- 

Consider speed limit 

change only temporarily 

until resurfacing 

Shoulders Shoulder Width Higher Speeds Benefits stop at 6ft/side 

Alignment/Curves Grade/Tight Curves Lower Speeds 
Ball Bank for Advisory 

speeds 

Operating Speed 

Study 

50th/85th or other 

observed speeds 
Higher Speeds 

USLIMITS2 Flow 

Charts by Facility Type 

 

  



Speed Limit Studies for North Carolina  6 

RESEARCH PRODUCTS AND RECOMMENDATIONS 

 

This research project led to the development of a number of related products.  The NCDOT State 

Traffic Engineer, Regional Traffic Engineers, Division Traffic Engineers, as well as multiple 

internal and external review rounds reviewed these products. NCDOT can use the developed 

research products to provide consistency to the studies that engineers conduct to support 

recommended speed limits. The substantive portions of this report are included as appendices 

(which can be used independently as needed): 

 

 Speed Limit Review Documentation Forms (Appendix A) 

 Data Collection Terms (Appendix B) 

 Summary of Speed-Related Research (Appendix C) 

 Background and Example Forms for Roadway Speed Limit Review (Appendix D) 

 State Speed Study Practices (Appendix E) 

 Smartphone Ball Bank Study Evaluation (Appendix F) 

 

For the purpose of more accessible tools for Ball Bank studies, the research team recommends that 

a standard smartphone or other device be selected for development of a Ball Bank Test application 

for NCDOT staff to utilize to reduce cost and time to identify curves needing advisory speeds. 

 

A speed limit study can be fully documented with the form provided in this research study 

(Appendix A).  Further appendices provide supporting information and guidance for completing 

the form and determining an appropriate speed limit.  To realize the benefits of a consistent and 

comprehensive system for studying speeds, a storage system must be used.  Each study should be 

stored at the Division or Region office in a format and system that is efficient and manageable.  

Potential options for labeling each study include a code with: 

1) the Division, Secondary Road (SR) number, Study number (i.e. 01-1156-01),  

2) the Division, Study number (i.e. 01-0001),  

3) SAP (financial enterprise application) Work Order Number, or  

4) another label that will provide a unique identifier and will be easily located. 

 

In some instances, a validation method could be useful to provide another perspective to the speed 

limit study conducted by the NCDOT engineer.  In these cases, USLIMITS2 can be used a 

validation tool.  USLIMITS2 is an expert system produced by FHWA and developed by a panel 

of experts (traffic engineers, enforcement personnel, decision makers, and researchers) which 

provides recommended speed limits.  The tool is available at FHWA’s website 

(https://safety.fhwa.dot.gov/uslimits/). 

 

As stated previously, the 85th percentile speed has served as a key determinant for speed limits; 

however, its use as the primary or only basis for setting speed limits is not required and in instances 

may not be prudent. 
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APPENDIX A: SPEED LIMIT REVIEW DOCUMENTATION 

FORMS 
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APPENDIX B: DATA COLLECTION TERMS 

TERM DEFINITION 
AADT Most recent Average Annual Daily Traffic volume for the roadway 

Attachments 

Strip Analysis/ 
Crash Data  

Check box if strip analysis was conducted and included as an appendix to the 
data collection form 

Features 
Report 

Check box if a features report was conducted and included as an appendix to 
the data collection form 

Neighborhood 
Petition 

Check box if neighborhood petition was submitted and included as an appendix 
to the data collection form 

Photographs Check box if site photographs were taken and included as an appendix to the 
data collection form 

Speed Data Check box if a speed study was conducted and raw data included as an 
appendix to the data collection form 

Ball Bank 
Study Form 

Check box if ball bank study was conducted and study form included as an 
appendix to the data collection form 

Bicycle Activity 
Observed/Expected 

Note the level of bicycle activity observed relative to similar roadways in the 
area. For expected activity, consider any traffic generator which may have high 
bicycle peaking by time of day (e.g. designated bike route, university campus 
area, etc.) 

Completed By Name of person completing the worksheet 

County County in which roadway segment is located 

Crashes Using data from Strip Analysis or other crash data source, note the total 
number (Fatal, A, B, C, and Property Damage Only) crashes as well as the crash 
rate per 100 million vehicle miles traveled. Additional crash details, such as 
crash type, may provide useful information.  Include the date range and TEAAS 
mile post range. The most recent state-wide total crash rate for the road type 
can be found on NCDOT’s crash data resource page.  

Curb Note if a curb is vertical, sloped, or not present 

Current Speed Limit Current posted or statutory speed limit of the study segment. Designate if it is 
set by statute or ordinance. If ordinance, provide the number.  

Date Date the worksheet is being completed 

Driveway Density Indicate if the density of driveways is consistent or variable over the segment 

Driving 
Investigation 

Drive the segment and note any areas with potentially inadequate sight 
distance, vertical alignment, or horizontal alignment issues.  

Functional 
Classification 

Use Route ID or FHWA Highway Functional Classification Concepts, Criteria, and 
Procedures document to determine the functional roadway classification. 
Possibilities include: Interstate, Freeway/Expressway, Principal Arterial, Minor 
Arterial, Major Collector, Minor Collector, Local 

Length Length of roadway for which speed limit is being studied 

Marking Condition Check one or more boxes as appropriate indicating the condition of the 
pavement marking 

Median Type Check one or more boxes as appropriate  

https://connect.ncdot.gov/resources/safety/pages/crash-data.aspx
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Median Width Measured from edge of median to edge of median in a representative area 
away from an intersection.  

Multimodal Facilities 

Are schools present 
along the segment 

In the note, detail what level(s) of schools (e.g. middle, high, community) 

Are parks or 
recreation areas 

present along the 
segment 

In the note, detail type of facility (e.g. playground, garden, sports complex)  

Are pedestrian 
facilities present 

along the segment 

In the note, detail type of facility (e.g. sidewalk, bike lane, shared use path, 
crosswalk) 

Are transit 
facilities 

designated along 
the segment 

In note, detail type of facility (e.g. light rail tracks, bus stop) 

Are bicycle 
facilities 

designated along 
the segment 

In note, detail type of facility (e.g. shared use path, cycle track, sharrows). Make 
note if it is a designated bike route.  

Is on-street 
parking designated 

In note, detail type of parking (e.g. short term, long term, loading zone) ; 
additionally, areas with loading zones and/or drop-off/pick-up zones may need 
to be noted 

Municipality Municipality in which roadway segment is located; If the roadway is not within 
municipality limits, leave blank. This can be used for coordinating with local 
agencies.  

Operating Speed 
Study 

Detail results of operating speed study including percentile and/or distribution 
characteristics 

NCDOT Complete 
Street Area Type 

Use the NCDOT Complete Streets Planning and Design Guidelines to determine 
the area type found in the chapter on Understanding Context and Designing for 
All Users. Possibilities include: CBD, Urban Center, Urban Residential, Suburban 
Center, Suburban Corridor, Suburban Residential, Rural Developed, Rural 
Village, Countryside.  

NCDOT Route ID Full 10 digit route code for the study road as defined by NCDOT 

Number of 
Driveways by Type 

Count of all business and residential driveways within the study segment on 
both sides of the road 

Number of 
Intersections by 
Type 

Count of all intersections within the study segment on both sides of the road. 
Intersections which restrict movement (e.g. right in – right out) should be 
included.  

Pavement 
Condition 

Check one or more boxes as appropriate. This should be used to determine if 
pavement condition is impacting operating speeds. Pavement conditions that 
reduce speeds below what the typical operator would travel on adequate 
pavement conditions are of particular interest (e.g. overall roughness or 
excessive cracking/potholes).  

Pavement Type Check one or more boxes as appropriate 

Past Speed Studies Provide the date and result of past speed studies.  
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Pedestrian Activity 
Observed/Expected 

Note the level of pedestrian activity observed relative to similar roadways in the 
area. For expected activity, consider any traffic generator which may have high 
pedestrian demand peaking by time of day (e.g. retail shopping area, school). 
See NCDOT Pedestrian Crossing Guidance for “low” threshold.  

Photographs Describe any photographs taken on site and attach the same to the report 

Plan-view Sketch of 
Road Segment  

Include any major landmarks as well as major intersecting roads. Include curves 
as necessary 

Purpose(s) of Road Explain the purpose(s) of the road (e.g. connection between interstate and 
town center, primary alternative to major highway, service to neighborhood 
subdivision, shopping district, etc)  

Recoverable 
Shoulder 

Note if the shoulder is recoverable  

Reference # For internal use only. Potential uses include:  

 Division code – SR number – Study number (i.e. 01-1156-01) 

 Division code – Study number (i.e. 01-0001) 
SAP Work Order Number 

Roadside Hazard 
Rating 

Rate from 1 to 7. Definitions are provided in the US Limits 2 User Guide. 

Shoulder Condition Check one or more boxes as appropriate 

Speed Limit 
Downstream of 
Starting Point 

Speed limit of roadway being studied downstream of the start of the study 
segment. Designate if it is set by statute or ordinance. If ordinance, provide the 
number. 

Speed Limit 
Upstream of 
Starting Point 

Speed limit of roadway being studied upstream of the start of the study 
segment. Designate if it is set by statute or ordinance. If ordinance, provide the 
number. 

Study Motivation State the factor which initiated the study (e.g. citizen request, statutory review, 
crash history) 

Study Road Road for which the speed limit is being studied 

Study Segment 
Begins 

Starting point of the study segment, recorded as a distance and direction from a 
road intersecting the study roadway 

Study Segment 
Ends 

Ending point of the study segment, recorded as a distance and direction from a 
road intersecting the study roadway 

Terrain Record the terrain from the options of Flat/Level, Rolling, or Mountainous. 
Definitions are provided in the US Limits 2 User Guide.  

Traffic Composition Check one or both boxes depending on the surrounding area and likelihood for 
either local/commuter drivers familiar with the area and/or drivers unfamiliar 
with the area  

Total Number of 
Thru Lanes 

As counted at a representative area away from an intersection 

Truck Activity 
Observed/Expected 

Note the level of truck activity observed relative to similar roadways in the 
area. For expected activity, consider any traffic generator which may have high 
truck traffic peaking by time of day (e.g. designated truck route, overnight 
deliveries) and consider the truck percentage from traffic volume study, if 
available 

TWLTL Present Note if two way left turn lane is present along the segment 
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Typical Building 
Offset to Roadway 

Typical average distance between the roadway and the face of buildings along 
the roadway 

Typical Distance to 
Roadside Hazards 

At a representative area away from an intersection, measure the lateral 
distance from the edge of pavement to the nearest hazard 

Typical Lane Width Measured along a representative continuous through lane from edge of lane 
line to edge of lane line 

Typical Pavement 
Width 

Measured from edge of pavement to edge of pavement 

Typical Shoulder 
Width 

At a representative area away from an intersection, measure the paved and 
unpaved shoulder width.  Provide additional measurement if width varies 
significantly over the segment.  

 
  



Speed Limit Studies for North Carolina  22 

APPENDIX C: SUMMARY OF SPEED-RELATED RESEARCH 

 

This document outlines the factors identified in the speed limit review documentation form and 

any literature findings on how the factor may be used selecting a speed limit.  These are not 

standards or policy on how to select a speed limit. Some of the following tables indicating speed 

adjustments are not recommendations for a change in posted speed but rather are to estimate a 

change in free flow speed compared to a standard roadway. 

 

The following table from the FHWA Speed Management Toolkit provides an estimate of the 

injury crash effects (Crash Modification Factors, CMFs) for countermeasures that reduce average 

travel speed. 
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The following table from the FHWA Speed Management Toolkit provides an estimate of the 

fatal crash effects (Crash Modification Factors, CMFs) for countermeasures that reduce average 

travel speed. 

 

 
 

 

Road Classification and Area Type 
In North Carolina, the statutory speed for rural areas is 55 MPH and in incorporated 

municipalities is 35 MPH.  Additionally, the NCDOT Complete Streets Planning and Design 

Guidelines identifies additional area types as well as provides basic guidance based on the 

characteristics of these area types and typical roadway designs and target speed limits.  In 

general roadways in denser area types supports a lower posted speed. 

 

Driveways 
Increased presence of driveways is correlated to lower speeds as they operate as unsignalized 

intersections.  In the HCM 6th Edition, access points are considered active if it has an entering 

flow rate of 10 veh/h or more. In US Limits, sections with at least 60 access points per mile use 

the 50th percentile observed speed instead of 85th percentile.  HCM Urban Streets Speed 

Adjustment for Access Points (Exhibit 18-11) shows how drivers’ desired speed is impacted by 

access density on arterials: 
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HCM Two Lane and Multilane Highway Speed Adjustment for Access Points (Exhibit 15-8/12-

24) shows how drivers’ desired speed is impacted by access points on two lane and multilane 

highways: 

 
Traffic Composition 
Research in this area is not conclusive, but unfamiliar drivers have no learned experience on the 

safe speed for roadway segments including new or reconstructed segments. Basing the speed 

solely on 85th percentile of commuters or local drivers may not account for issues that would 

affect drivers who are unfamiliar with the route or conditions by different periods.  A combination of 

lower posted speed and signage considerations may be appropriate on routes with a large volume 

of unfamiliar drivers.  

 

Multimodal Facilities 
Research indicates that the presence of pedestrians, bicyclists and transit has safety and 

operational impacts.  The impacts are mitigated by good design of multimodal facilities such as 

sidewalks buffered from the roadway, shared use paths, bicycle lanes, and separated bus lanes or 

stops and adequate controlled crossing opportunities.  In general, the presence of significant 

volumes of pedestrians, bicyclists and transit supports a lower posted speed. Research indicates a 

strong correlation between increasing impact speed and increasing injury and fatality risk when 

pedestrians and bicyclists are struck by vehicles (Kröyer, Jonson & Várhelyi 2014; Rösen & 

Sander 2009; Tefft 2011). 

 

As an example of significant pedestrian volume thresholds, the NCDOT Project Report 2014-15 

“North Carolina Pedestrian Crossing Guidance” recommends the following thresholds for when 

marked crosswalks are not necessary: 

 

Because existing pedestrian volume data is limited, the evaluator must use engineering judgment 

to choose the appropriate low volume threshold from the following considerations: 

 The crossing area has less than 25 pedestrians per pedestrian peak hour OR less than 

100 pedestrians per day. 

 At mid-block locations only: crossing area has less than 25 pedestrians per pedestrian 

peak hour for at least four hours. (NCDOT, 2008) 
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 The crossing area is not near high pedestrian trip generators. 

 The crossing area does not connect complementary land uses. 

The Complete Streets area type can also be used to estimate pedestrian and bicycle demand. Low 

presence of pedestrians and bicyclists, especially in urban and suburban areas may also reflect 

safety concerns, including traffic speed, that inhibit people from walking and biking. 

 

Crashes 
A significant crash history, especially with a higher proportion of fatal and injury crashes 

compared to other similar roads, or with speed as a contributing factor supports a lower posted 

speed. 

 

Neighborhood Petition 
A neighborhood petition alone does not support a change in posted speed but may be used to 

identify issues for the engineer to further investigate.  For example, if a majority of drivers are 

compliant with the speed limit, absolute speed may still be a concern to neighbors. More 

information could be sought about the specific concerns. Considering the area type and uses of 

the road or street, traffic calming or other design and operational treatments may be needed along 

with changes in speed limits. If drivers are not currently compliant, then enhanced enforcement 

or designs that help to enforce appropriate speeds may also be needed. 

 

Pavement Condition 
While safe travel speeds are lower when pavement is in poor condition, it is important to 

consider that resurfacing will affect the safe speed.  Posted speed limits that were lowered 

primarily due to pavement condition should be reevaluated once resurfacing is complete. 

 

Lanes 
Research shows that in general lanes narrower than 12 ft in width support lower speeds.  Below 

are the adjustments to free flow speed used in the Highway Capacity Manual.  It is important to 

note that lanes wider than 12 ft do not support higher speeds. 

HCM Two-lane Highway Free Flow Speed Adjustment for Lane and Shoulder Width shows how 

drivers’ desired speed is impacted by lane and shoulder widths: 

 

 
 

Shoulders 
In general, hard shoulders narrower than 6 ft support a lower posted speed.  The two-lane 

highway HCM method is shown in the lane section, and the freeway and multilane highway 

adjustment for shoulders on driver’s desired speed is shown below. 
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*TLC is sum of left and right clearance, where each side can account for up to 6 ft. 

Additionally, Multilane highways with an undivided median have a reduction in FFS of 1.6 mi/h. 

 

Horizontal Curves 
In general, tighter (lower radius) horizontal curves support lower operating speeds.  Design 

speeds are also impacted by the superelevation of the curve.  Ball bank studies can be used to 

select an appropriate speed limit.  Refer to A Policy on Geometric Design of Highways and 

Streets (Green Book) for design practices, and the FHWA guidance on establishing advisory 

speeds (Procedures for Setting Advisory Speeds on Curves, June 2011, 

https://safety.fhwa.dot.gov/speedmgt/ref_mats/fhwasa1122/ch3.cfm). 

 

Vertical Curves 
In general, steeper sag and crest vertical curves support lower speeds to provide sufficient sight 

distance. Refer to A Policy on Geometric Design of Highways and Streets (Green Book) for 

design practices. 

 

Sight Distance 
Issues in providing appropriate stopping sight distance including curvature and sight obstructions 

in the median and at access points support lower posted speeds. Refer to A Policy on Geometric 

Design of Highways and Streets (Green Book) for design practices. 

 

85th Percentile Speed 
Without compelling evidence from critical roadway and traffic elements, the 85th percentile 

speed is typically used as the standard practice to identify posted speed. However, there is no 

evidence that the 85th percentile speed is safer than other limits; this practice stems largely from 

the belief that most drivers are rational, and that enforcement would be impracticable if sizable 

numbers of drivers are non-compliant with the limit. Although measurement of free-flow speeds 

is required in an engineering study per the MUTCD, there is no requirement in the MUTCD or 

elsewhere to post speed limits based on the 85th percentile speed. FHWA’s USLIMITS2 

(https://safety.fhwa.dot.gov/uslimits/) provides guidance on other speed percentiles to utilize 

depending on geometric, crash history, and safety conditions.  Other important references 

https://safety.fhwa.dot.gov/speedmgt/ref_mats/fhwasa1122/ch3.cfm
https://safety.fhwa.dot.gov/uslimits/
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include FHWA’s Methods and Practices for Setting Speed Limits: An Informational Report and 

Speed Management Toolkit. 
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APPENDIX D: BACKGROUND AND EXAMPLE FORMS FOR 

ROADWAY SPEED LIMIT REVIEW  
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Example Strip Analysis 
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Example Features Report 
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Example Speed Study Raw Data 

 
Ball Bank Study Form 
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FHWA Highway Functional Classification Concepts, Criteria, and Procedures  
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NCDOT Complete Streets Planning and Design Guidelines – Area Definitions 
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Speed Limit Studies for North Carolina  61 

North Carolina Pedestrian Crossing Guidance – “Low” Pedestrian Volumes 
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US LIMITS 2 Flow Charts 
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US LIMITS 2 User Guide – Terrain   
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Speed Limit Studies for North Carolina  94 

US Limits 2 User Guide – Roadside Hazard Rating 
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APPENDIX E: STATE SPEED STUDY PRACTICES 

 

Data Collection Guidance  
 

Existing Conditions 

 

As indicated in the Montana DOT Traffic Manual (2007) and Wisconsin DOT Speed Guidelines 

(2009), prior to determining the appropriate stations, equipment, etc. the engineer needs to obtain 

and review: 

 Construction plans and specs 

 Crash history (previous 3-5 years) 

 Major traffic control devices (signals) 

 All existing files pertaining to the site 

 Geometric info 

 Roadway Alignment 

 Recent photos and aerial photos 

 Functional class of roadway 

 Presence of passing zones (Vermont AOT 2012) 

Station Selection 

In order to make a station selection at which the study will occur the following characteristics 

should be considered: 

 A speed study should collect a sufficient number of stations to define the boundaries of 

the special need and identify significant changes in the speed profile (Montana DOT 

2007). 

 In urban areas, measurements should be taken at 1600 foot intervals at locations where 

there is minimal disturbance from adjacent streets or start up traffic from stop signs or 

signals (Montana DOT 2007). 

 Where traffic signals are present, stations should be located between signals or 0.2 miles 

from a signal (Alabama DOT 2015).  

 In rural areas measurements are made at points were traffic, roadway, and/or 

environmental characteristics change (Montana DOT 2007). 

Time of Day/Week/Year 

 Studies should be made in off peak hours during ideal conditions (Montana DOT 2007, 

Wisconsin DOT 2009, and Massachusetts DOT 2012). 

 Studies should be performed on a typical weekday (a Tuesday, Wednesday, or Thursday), 

when motorists are likely to be moving at uninterrupted speeds (Wisconsin DOT 2009, 

Texas DOT 2015).  
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 Speed data should not be gathered during holidays as this can affect typical free- flowing 

speed (Alabama DOT 2015). 

 One hour shall be the minimum amount of time to perform a speed study (Wisconsin 

DOT 2009).  

Operational Characteristics 

 Operational and environmental characteristics that influence speeds and should be 

considered may include (Montana DOT 2007 and Alabama DOT 2015): 

o Roadside Development 

o Roadway Geometry 

o Parking Activity 

o Pedestrian Activity 

o Directional Speeds  

o Vehicular Classification 

o Railroad Crossings 

o Intersections 

o Work Zones 

Safety 

 During any data collection, safety should be the top priority while the observer or 

technician is performing the task. The observer or technician shall not be placed in a 

situation where their safety or that of motorists are in question (Wisconsin DOT 2009). 

Sample Size 

 A minimum sample size for a speed study should not be less than 100 vehicles per lane 

per direction. This provides an accurate representation of vehicle speeds within the study 

area (Wisconsin DOT 2009). 
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Speed Study Warrants 
 

A speed study should be performed to determine traffic speeds on a new or reconstructed section 

of highway (Texas DOT 2015). Speed studies can be initiated by the request of transportation 

agencies, local governments, or a group of citizens. 

 

Speed Study Request 

 For example, in Ohio, local governments can request for a change in speed limits for road 

or streets within the municipality (Delaware County, Ohio 2016). 

 For county and township roads, the County Commissioners have authority to request a 

change in the speed limit and may direct the County Engineer to conduct the engineering 

and traffic study for the road in question (Delaware County, Ohio 2016).  

 Counties in Illinois have the authority to establish altered speed limits on all county 

highways, township roads, and district roads (Kendall County, Illinois 2002). 

 In Vermont, a petition signed by a significant number of residents can result in a speed 

study (Vermont AOT 2012).  

 

Flowchart: Speed Study Procedures 

A general guideline of possible steps to consider when performing a speed study can be found 

below (Montana DOT 2007): 
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Posted Speed Limit  
 

In selecting a safe speed limit, the 85th percentile method is most commonly used by 

transportation agencies throughout the country. Variations to the 85th percentile speed can be 

made, however the following guidelines from various state DOT agencies limit the range of the 

maximum posted speed. 

 

 The safe speed range should be determined and should not be less than 7 mph below the 

85th percentile speed or greater than the 95th percentile speed (Massachusetts DOT 2012).  

 In determining maximum posted speed, the value should be as close as possible to the 

85th percentile. When minimum speeds are used, they should be within 5 miles per hour 

of the 17th percentile (Texas DOT 2015). 

 The proposed speed limit should be set within 5 mph of the observed 85th percentile 

speed of free-flowing traffic. It is widely accepted that speed limits set at unrealistic 

levels above or below the 85th percentile speed have little impact on a driver’s choice of 

speed. In addition, the lowest risk of being involved in a crash occurs at approximately 

the 85th percentile speed (Wisconsin DOT 2009). 

 The 85th percentile speed is usually at or near 2 mph of the upper limit of pace (Montana 

DOT 2007).  

Other considerations and resources when determining a safe speed range include: 

 Speed limit should be coordinated with the upper limit of the 10 mph pace (Montana 

DOT 2007). 

 Variations in speed limit should follow a 10 mph change rate (Montana DOT 2007). 

 USLIMITS2 is a computer web-based expert tool to assist in setting reasonable, safe and 

consistent speed limits. It provides an objective perspective and supplemental support for 

speed limits determined by an engineering study. It is applicable to all roadway types – 

ranging from rural two-lane roadway segments and residential streets to urban freeway 

segments. The USLIMITS2 analysis would be considered supplemental to the primary 

speed limit assessment (Alabama DOT 2015). 

 A reasonable and safe speed will give a driver time to react and stop or slow down 

sufficiently to avoid potential conflicts while driving at a comfortable speed. You can test 

for the proper speed by driving the road section at constant speeds, increasing the speed 

by 5 mph on each pass (Vermont AOT 2012). 
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Speed Study Parameter: 85th Percentile Speed 
 

Measurement Methods 

The most commonly used measurement methods to determine the 85th percentile speed include: 

 

 Radar speed meters, which use radar principles (Texas DOT 2015). 

 Manually-operated, handheld devices such as a stopwatch, radar gun, and laser guns 

(Wisconsin DOT 2009).  

 Other possible equipment to collect data include pneumatic tubes, Hi-Star Counters, and 

mounted radar (Alabama DOT 2015). 

 Speed calculations at curves can be made using a ball bank indicator based on the 

following table. This provides engineers with possible test speeds for a curve but should 

not be used as the recommended speed limit for a roadway (Massachusetts DOT 2012). 

Speed Ball Bank Reading 

20 mph 16 degrees 

25 mph 14 degrees 

30 mph 14 degrees 

35 and up 12 degrees 

 Out-of-road devices that are installed overhead or on the side of the road such as radar 

recorders are also possible measurement methods. These devices must be adjusted so that 

only speeds where long gaps exist between vehicles are collected (Alabama DOT 2015). 
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Calculation 

 

 The Texas DOT (2015) 

recommends that the 85th 

percentile be calculated by 

finding the 85th percent 

speed of the total vehicles 

measured. The “Radar 

Motor Vehicle Speed Field 

Talley Sheet” should be 

used to record tally marks 

beside the observed speed 

for each vehicle. This form 

can be seen in the figure 

on the right: 

 

EXAMPLE: If 125 cars 

are counted in the 

southbound direction, 85 

percent would be 106. 

Thus, the 106th highest 

speed would be the 85th 

percentile speed (Texas 

DOT 2015).   

 

o In no case should the 85th percentile speed be interpolated between two speeds 

(Texas DOT 2015). 

o The 85th percentile should be calculated immediately after data collection in the 

field (Texas DOT 2015).  

 

 The Florida DOT (2010) does allow for interpolation in the calculation of the 85th 

percentile speed. An example can be found below: 

 

EXAMPLE: Given a sample size of 104 vehicles and the data sheet below: 

 

85th percentile point is 104 x 0.85 = 88.4 vehicles 

 

The 85th percentile point falls between (40-41.9) mph and (42-43.9) mph corresponding 

to 83 and 92 of the cumulative total number of cars at those speeds. 

 

Interpolating between the values we find: 

 
88.4 − 92

92 − 83
=  

𝑥 − 43

43 − 41
 

 

85th percentile speed = x = 42.20 mph 
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Other methods of calculating the 85th percentile method include graphing speeds vs. number of 

cars and determining the 85th percentile through data observation of the graphical results 

(Alabama DOT 2015).  
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Other Speed Study Parameters 
 

Many factors can affect the safe operating speed of vehicles. It is not always practical to study 

each factor individually. Instead, factors should be compared in combination and evaluated as a 

whole. The following sections will examine different parameters that should be considered when 

determining a safe speed for a roadway. 

 

Speed Study Parameter: Land Use 
 

When performing a speed limit study, it is important to examine the surrounding land use of a 

road and how it may affect travel speeds.   

 

Classifications 

 

The location of a roadway within a rural or urban setting can influence a drivers experience and 

the expectations of a safe speed of travel. Urban settings vary from (Wisconsin DOT 2009): 

 

 Dense urban core 

 Urban fringe 

 Suburban area 

 Small/isolated urban lane development (less than ¼ to ½ mile long) 

 

Some important questions that a designer should ask about the land use around a road include is 

it: 

 A densely residential area?  

 A commercial area with many driveways entering the highway?  

 A school zone?  

 A trailer park?  

 Or rural farmland?  

 

Designers should considering the type and the density of development to aid in the determination 

of a safe and reasonable speed (Vermont AOT 2012). They should also record the parking 

practices and pedestrian activity in the area. Record whether parking is on the roadway or off 

street. Is parking controlled by signs or markings or meters? (Vermont AOT 2012). 

 

Changes to adjacent land use can change the road’s purpose, requiring an updated speed limit 

study and designation. A change in commercial, recreational, or residential development can 

bring more drives, pedestrians, and cyclists to a road. Intersections, driveways and side streets 

may also increase resulting in the need to adjust the speed limit to correspond to changes in the 

corridor (Alabama DOT 2015).  

 

Speed Study Parameter: Crash Rates 
 

Crash Rate Study 
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An overview of crash rate data should always be reviewed when performing a speed study 

(Texas DOT 2015).  

 

 Crash data should be obtained from state databases. For example, the state of Alabama 

uses the Alabama Department of Transportation Critical Analysis and Reporting 

Environment Database. Data should include the most recent three-year period at a 

minimum, with a five-year period being preferred (Alabama DOT 2015, Texas DOT 

2015).  

 Data should also include the crash location, light/weather/pavement conditions, type of 

crash and contributing factors such as speed (Wisconsin DOT 2009).  

o Other contributing factors include the driver’s physical condition (age, chemical 

impairment, sleeping, and seat belt use) and time of day (Wisconsin DOT 2009). 

 Strip maps can be used to indicate the locations of all accidents reported. Distinctive 

marks to represent fatal, personal injury, and property damage accidents should be used 

(Massachusetts DOT 2012). A strip map should be used when recommended speed zones 

will be 5 miles per hour or more below the 85th percentile speed. An example of a strip 

map can be found below (Texas DOT 2015).  

 
Interpretation 

 

 The conclusion of a speed study shall report a crash rate for the runway segment being 

studied compared to the statewide average.  

 If it is found that the crash rates on a specific section of road are greater than the 

statewide average crash rate for similar types of roadways, the speed limit may be 

reduced by up to 12 miles per hour below the 85th percentile speed (Texas DOT 2015).  
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 The crash rate study should produce results that agree with the recommended safe speed 

that is proposed by the designer (Wisconsin DOT 2009). 

 High accident results may indicate a need to moderate the speed limit. However, it is 

important to consider the other contributing factors previously mentioned before making 

a determination (Vermont AOT 2012).  
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Speed Study Parameter: Legislative Action 
 

Maximum Allowable Speed Limits 

 

State legislators have the ultimate authority over the speed limit on all state roads. It is common 

for states to set a maximum allowable speed limit for a given roadway type and its surroundings 

through legislative action. A few examples of fixed limits on the maximum allowable speed are 

seen in the table below: 

 

Wisconsin DOT 2009: Speed Limits and Authority to Change 

 

Fixed Limit Roadway Type Local Government Authority 

65 mph Freeway / Expressway DOT only 

55 mph County / State Highways DOT only 

55 mph Town Roads Lower by 10 mph or less 

45 mph Rustic Roads Lower by 15 mph or less 

35 mph Town road with 150’ driveway 

spacing 

Lower by 10 mph or less 

35 mph Outlying district within a city or 

village limits 

Raise to 55 mph or less, Lower by 

10 mph or less 

25 mph Inside corporate limits of a city Raise to 55 mph or less, Lower by 

10 mph or less 

15 mph School zone / crossing, parks, or 

public transit stops 

Raise to that of the adjacent 

roadway, lower by 10 mph or less 

 
In cases where no speed limit is posted, statutory limits automatically govern. The tables below 

from the Code of the State of Alabama (Section 32) and Montana Code Annotated (2015) give 

examples of statutory limits.  

 

Alabama DOT 2015: Statutory Limits 

 

Fixed Limit Roadway Type 

70 mph Interstate Highways (4 or more lanes) 

65 mph State Highways with 4 or more lanes 

55 mph State Highways (all other) 

45 mph County paced road in unincorporated area 

35 mph Unpaved road 

30 mph Urban District 

 

Montana Code Annotated (2015): Statutory Limits 

 

Fixed Limit Roadway Type 

80 mph Interstate Highways outside an urbanized 

area of 50,000 in population 

70 mph Public Highway during the daytime 
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65 mph Public Highway during the nighttime 

65 mph Interstate Highways within an urbanized area 

of 50,000 in population 

25 mph Urban District 

*  ”Daytime” means from one-half hour before sunrise to one-half after sunset. “Nighttime” is 

any other time. 

 

If legislative or congressional action results in the immediate increase in statewide maximum 

legal speed limits, then reasonable and prudent speed zones may be established by trial runs and 

engineering judgment in lieu of other speed check procedures (Texas DOT 2015).  

 

Blanket Lowering 

 

In some cases, states have the authority to set a blanket lowering of maximum speed limits. This 

can be justified: 

 During state or national emergencies or disasters, such as war or energy crisis, where an 

authoritative study indicates that a reduction of speeds will result in a significant 

reduction in the consumption of fuel and energy and will promote fuel and energy 

conservation (Texas DOT 2015). 

 To avoid non-compliance with direct requests from the federal government to lower the 

statewide maximum speed limit to a speed equal or below the national speed limit (Texas 

DOT 2015). 
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Speed Study Parameter: Roadway Factors 
 

Geometrics 

The design speed of a roadway is the speed limit for which geometric features of the roadway 

were designed to accommodate. It is common for the posted speed limit to be 5 mph less than the 

design speed. If the design speed is unknown, it can often be estimated by roadway geometrics 

(Wisconsin DOT 2009).  

 

It is common that roadway geometrics will have an impact on vehicle speeds. This includes the 

presents or absence of (Alabama DOT 2015): 

 Medians 

 Horizontal curves 

 Vertical curves 

 Superelevation 

 Traffic Signals 

 Sidewalks 

 On- Street Parking 

 Driveways 

 

These elements are a static influence on a driver’s perception of a potential conflict. This results 

in effects on traffic flow and its relative speed profile (Montana DOT 2007). It is important to 

consider roadway geometrics when performing a speed study. Any changes to roadway 

geometrics can affect operating speeds and the speed limit should always be reexamined 

whenever such geometrics changes are made.  

 

Horizontal and Vertical Alignment 

Horizontal alignment, combined with vertical alignment, serves as the primary controlling 

element associated with the design of all types of public streets and highways (Massachusetts 

DOT 2006). As a result, the horizontal and vertical alignment along with the design speed, 

should be reviewed and examined before making a determination on a safe speed limit.  

 

Surface 

On some road surfaces, such as gravel roads, most people will drive at speeds that are slower 

than the safe speed that a speed study recommends. Because of this, some agencies such as the 

Vermont AOT do not recommend setting speed limits on class 3 gravel roads (Vermont AOT 

2012).  
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APPENDIX F: SMARTPHONE BALL BANK STUDY 

EVALUATION 

 

The research team performed testing to compare the Rieker Inclinometer output to various 

smartphone accelerometer output. The testing procedure is detailed on the next page, and the 

testing was done with the Rieker unit and smartphones mounted to the same vehicle, which 

drove from NCSU campus through the US-1/I-440 and I-40 interchange loop ramps shown in 

Figure 1 at various speeds. Each loop ramp has a posted advisory speed of 25 MPH.  

 

Detailed charts are included after the testing procedure. Overall, the Nexus 6 smartphone 

performs with similar accuracy to the Rieker Inclinometer when aggregated. Further testing can 

identify differences in quality between devices used in order to recommend certain smartphones 

for future application. The research team recommends that a standard smartphone or other device 

be selected for development of a Ball Bank Test application for Division staff to utilize to reduce 

cost and time to identify curves needing advisory speeds. 

 

 
Figure 1  Curve Test Route – Loop Ramps Labeled 

 

 

1 

4 
3 

2 
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Figure 2  Comparison and Regression for Rieker Inclinometer and Nexus 6 Smartphone 

(Aggregation to 1 second)  
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Testing Procedure 
Units Tested: Rieker RDS7-BB-09, Nexus 5 Smartphone, Nexus 6 Smartphone 

Additional Apps/Equipment: Rieker COM to USB cable, Laptop, RealTerm software, Torque 

Pro app, Level app, Smartphone Mount, Bluetooth OBD Reader 

Mounting:  

 Rieker unit is attached to dash using double sided Velcro tape 

 Smartphones are mounted to windshield or dash as shown below 

 
Figure 3  Unit Mounting and Testing 

Calibration: 

 Once units are all mounted, drive to a level location to calibrate the devices 

 Rieker User manual details the calibration procedure 

 Smartphone mounts are adjusted using a level app until smartphone shows it is level 

Data Collection Settings: 

 RealTerm is set to record Matlab time stamp along with the Rieker angle in real time 

(usually 0.25-0.3 seconds interval) 

 Torque pro is configured to record OBD/GPS Speed, GPS Location, X/Y/Z Acceleration 

at 0.1 second intervals 

Driving: 

 In order to get the most curves with advisory speeds tested, the loop ramps from a clover 

interchange were driven multiple times at different speeds 

 All of the trip from campus to the test site and back was used for analysis, so turns at 

intersections are also included in the full dataset 

 One test run was performed using the FHWA Curve Advisory Speed Methods 

(https://safety.fhwa.dot.gov/speedmgt/ref_mats/fhwasa1122/ch3.cfm) with manual 

readings of the smartphone and Rieker data 

https://safety.fhwa.dot.gov/speedmgt/ref_mats/fhwasa1122/ch3.cfm
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Figure 4  Raw Data Comparison: Rieker Angle vs. Smartphone Acceleration 

 

 
Figure 5  Raw Data Comparison: Rieker Angle vs. Smartphone Acceleration (Detail) 
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Figure 6  1 Second Average Comparison: Rieker Angle vs. Smartphone Acceleration 

 

 
Figure 7  1 Second Average Comparison: Rieker Angle vs. Smartphone Acceleration (Detail) 
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Figure 8  Manual Curve Testing Comparison* 

 

*In this final figure, it is important to note that the speeds were increased in successive runs 

(between 20 and 35 MPH).  For a given curve (color), the speed increases as the angle 

increases and acceleration is more negative 
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