Highway Safety Manual Knowledge Base

This is an updated version of a document that was originally prepared by the NCHRP 17-27
project team that included the following individuals:

Geni Bahar, P. Eng., iITRANS Consulting Ltd.
Margaret Parkhill, P. Eng., iTRANS Consulting Ltd.
Errol Tan, P. Eng., iTRANS Consulting Ltd.
Chris Philp, P. Eng., iTRANS Consulting Ltd.
Nesta Morris, M.Sc. (Econ), iTRANS Consulting Ltd.
Sasha Naylor, EIT, iTRANS Consulting Ltd.
Tammi White, iTRANS Consulting Ltd.

in association with

Dr. Ezra Hauer, University of Toronto
Dr. Forrest M. Council, Bellomo-McGee Inc.
Dr. Bhagwant Persaud, Ryerson University
Charles Zegeer, UNC Highway Safety Research Center
Dr. Rune Elvik, Institute of Transport Economics
Dr. Alison Smiley, Human Factors North Inc.
Betty Scott, Betty Scott & Associates

The original document prepared by the NCHRP 17-27 project team included a review of studies
that were published until December 2004. This updated version includes accident modification
factors (AMFs) based on a review of studies from January 2005 until April 2008. The update
was done by the following individuals based on funding from the Federal Highway
Administration:

Dr. Raghavan Srinivasan, UNC Highway Safety Research Center
Dr. Darren Torbic, Midwest Research Institute
Dr. Forrest Council, UNC Highway Safety Research Center
David Harkey, UNC Highway Safety Research Center

November 2009




Preface

The Knowledge Base forms the foundation for the contents of each chapter of Part D of the First
Edition of the Highway Safety Manual (HSM). It is expected that this Knowledge Base, which
documents the extensive literature review completed, will be of interest to highway safety professionals,
and will be of use for the development of future editions of the HSM.

The following chapters are included in this document:

*  Chapter 3: Roadway Segments

»  Chapter 4: Intersections

e Chapter 5: Interchanges

»  Chapter 6: Special Facilities and Geometric Situations
e Chapter 7: Road Networks

In this document, safety effects are presented as Accident Modification Factors or Functions
(AMFs). AMFs are typically estimated for three accident severities: fatal, injury, and non-injury. Fatal
and injury are generally combined and noted as injury. Where distinct AMFs are available for fatal and
injury severities, they are presented separately. Non-injury severity is also known as property-damage-
only severity.

Each AMF is accompanied by a measure of accuracy, the standard error. A small standard error
indicates that an AMF is accurate. The development of the Knowledge Base of the Highway Safety
Manual (HSM) required a formalized process and procedure to review, document, and filter the multitude
of safety information published in the last 50 years until April 2008. The procedures that were applied in
the development of the Knowledge Base including the method correction factors (MCFs) are provided in
a companion document: “Inclusion Process and Literature Review Procedure for Part D”
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Equation 3-14: Regression model for total off-the-road accidents (3).......cccccvvvvvvevveeereeernennnne. 3-162
Equation 3-15: Accident Modification Factor for access point (intersection and driveway) density
(2 PP PP OPPUPPPPRRPR 3-216
Equation 3-16: Accident Modification Factor for Single-vehicle, off-the-road accidents due to
changes in intersection denSIty (163)......cuuuuuiiiiiiiiiiiee e 3-216
Equation 3-17: Accident Modification Factor for single-vehicle, off-the-road accidents due to
changes in driveway denSity (163) .........uuueuueuuuuummeeiiiieeiiiiieeneenneeeneeeeeeeaneenneeeneenneennnennnnnne 3-216
Equation 3-18: Accident Modification Factor for total accidents due to changes in driveway
ENSILY (163 1. iiiiiiiiiie it 3-216
Equation 3-19: Accident Modification Factor for total accidents due to changes in driveway
ENSIEY (163) ...eeeeeeeeeeeee ittt ettt et e et e e e e e s et e e e e e e e e e e e e e e e e e e 3-217
Equation 3-20Accident Modification Factor for total accidents due to changes in driveway
AENSITY (173 3-217
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Equation 3-21Accident Modification Factor for total accidents due to changes in driveway

ENSIEY (173 tteeeeeeeee ettt e et e e e e et s e e e e e e e e e e e e e e e e e e e e n s 3-217
Equation 3-22: Method to calculate accident rate (per MVMT) following changes to unsignalized
ACCESS AENSILY (164 ..eeiiiiiiiieiiieiieee ettt ettt 3-219
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3.1. Safety Effects of Roadway Segment Design Elements

The following sections provide information on the safety effect of design elements on
roadway segments. Design components are organized by cross-section elements, roadside
elements, and alignment elements.

3.1.1. Roadway Elements
The following sections contain information on the safety effects of:
1. Lanes
2. Shoulders
3. Medians
3.1.1.1. Lanes

In the past, wider lanes have been assumed to be beneficial to safety for two reasons.
First, wider lanes should increase the average separation between vehicles in adjacent lanes. This
may provide a wider buffer to absorb any deviation of vehicles from their intended path.
However, drivers adapt to the road they see. Wider lanes tend to induce somewhat faster travel
speeds (as evident in the relationship between lane width and free flow Epegd20-5) and
may induce closer following. Whether this complex adaptation to wider lanes increases or
decreases safety cannot be determined using intuition or engineering judgment.

Second, wider lanes may provide maore room for driver correction in near-accident
circumstances. For example, on a roadway with narrow lanes, a moment's inattention may lead a
vehicle over the pavement edge-drop and onto a gravel shoulder, but if the lane is wider and the
shoulder paved, the same inattention will provide greater opportunity to maintain the vehicle on
the paved surface. In these near-accident circumstances, it will be difficult to separate between
the effect of lane width, shoulder width, shoulder paving, edge-drops, etc.

It is likely that lane width plays a somewhat different role in single and multi-lane
roads. The lane width requirements for single-lane roads were originally derived from the
observation of driver behavior. The lane width at which drivers did not feel the need to shift to
the right when meeting an oncoming truck was deemed appropriate. The same criterion may
apply to the inner lane of an undivided multi-lane lane road, but it may not apply to the other
lanes or to divided roads. [Adapted from Hauer, 2@)Q (

Bicycle lane considerations are discussed in Section 3.3, and Chapter 6 provides
information on work zone design including lanes.
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Exhibit 3-1: Resources examined to investigate the safety effect of lane attributes on road

segments

DOCUMENT

DESCRIPTION

COMMENT

(Harkey, D.L., Srinivasan, R., Baek, J., Persaud,
B., Lyon, C., Council, F.M., Eccles, K., Lefler, N.,
Gross, F., Hauer, E., and Bonneson, J., “Crash

Reduction Factors for Traffic Engineering and ITS
Improvements.” NCHRP Project 17-25 Final

Report, Washington, D.C., National Cooperative
Highway Research Program, Transportation

Research Board, (2008))

Researched and/or developed AMF
values for a number of roadway
segment treatments including
increasing lane width and four to
three lane conversions (i.e., Road
Diets).

Modified lane width and
road diet AMF.

(Lord, D., and Bonneson, J.A., “Development of
Accident Modification Factors for Rural Frontage
Road Segments in Texas.” Transportation
Research Board 86™ Annual Meeting, Washington
D.C., (2007))

Developed AMF values for lane width
along rural frontage roads in Texas.

AMF added to synthesis

(3 (Hauer, E., Council, F. M., and
Mohammedshah, Y., "Safety Models for Urban
Four-Lane Undivided Road Segments." (2004))

Used four years of HSIS crash, traffic
and inventory data for urban
undivided four-lane roadways in
Washington State to develop cross-
sectional models of safety.

Added to synthesis (multi-
lane lane width).

(Torbic, D. J., Harwood, D. W., Pfefer, R.,
Neuman, T. R., Slack, K. L., and Hardy, K. K.,
"NCHRP Report 500 Volume 7: A Guide for
Reducing Collisions on Horizontal Curves."
Washington, D.C., Transportation Research Board,
National Research Council, (2004))

Several strategies to reduce crashes
on horizontal curves.

No additional information;
not added to synthesis.

(4) (Bauer, K. M., Harwood, D. W., Hughes, W.
E., and Richard, K. R., "Safety Effects of Using
Narrow Lanes and Shoulder-Use Lanes to Increase
the Capacity of Urban Freeways." Washington,
D.C., 83rd Transportation Research Board Annual
Meeting, (2004))

Used HSIS data to examine 50 miles

of a variety of projects on California
urban freeways. Applied empirical-
Bayes before/after methodology.

AMFs added to synthesis.

(Harwood, D. W., "Methodology to Predict the
Safety Performance of Urban and Suburban
Arterials." NCHRP Project 17-26 Interim Report,
Washington, D.C., National Cooperative Highway
Research Program, Transportation Research
Board, (2004))

Literature review is included in this
report, including some discussion of
past work on lanes.

No new knowledge. Not
added to synthesis.

(Elvik, R. and Vaa, T., "Handbook of Road Safety
Measures." Oxford, United Kingdom, Elsevier,
(2004))

Meta-analysis of lane width based on
findings of three studies

All studies used were pre-
1985 studies. Not added
to synthesis.

(5) (Harwood, D. W., Rabbani, E. R., Richard, K.
R., McGee, H. W., and Gittings, G. L., "NCHRP
Report 486: Systemwide Impact of Safety and

Traffic Operations Design Decisions for 3R

Projects." Washington, D.C., Transportation

Research Board, National Research Council,
(2003))

Study of the effects of roadway
factors on safety in 3R projects

Added to synthesis (multi-
lane lane width).
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DOCUMENT

DESCRIPTION

COMMENT

(Neuman, T. R., Pfefer, R., Slack, K. L., Hardy, K.
K., Council, F. M., McGee, H., Prothe, L., and
Eccles, K. A., "NCHRP Report 500 Volume 6: A
Guide for Addressing Run-off-Road Collisions."
Washington, D.C., Transportation Research Board,
National Research Council, (2003))

Several strategies to reduce run-off-
road crashes.

No additional information;
not added to synthesis.

(Neuman, T. R., Pfefer, R., Slack, K. L., Hardy, K.
K., McGee, H., Prothe, L., Eccles, K., and Council,
F. M., "NCHRP Report 500 Volume 4: A Guide for
Addressing Head-On Collisions ." Washington,
D.C., Transportation Research Board, National
Research Council, (2003))

Several strategies to reduce head-on
crashes.

No additional information;
not added to synthesis.

(Wooldridge, M. D., Fitzpatrick, K., Harwood, D.
W., Potts, I. B., Elefteriadou, L., and Torbic, D. J.,
"NCHRP Report 502: Geometric Design
Consistency on High-Speed Rural Two-Lane
Roadways." Washington, D.C., Transportation
Research Board, National Research Council,
(2003))

Study complements work done for
IHSDM; focus is on geometric design
consistency of two-lane rural roads.

Same AMFs for lane width

as Harwood et al. (2000)

used in IHSDM. Not added
to synthesis.

(6) (Huang, H. F., Stewart, J. R., and Zegeer, C.
V., "Evaluation of Lane Reduction "Road Diet"
Measures on Crashes and Injuries."
Transportation Research Record, No. 1784,
Washington, D.C., Transportation Research Board,
National Research Council, (2002) pp. 80-90.)

Examined 11 road diet sites and 25
similar comparison sites in six
California and two Washington cities

Added to synthesis.

(Strathman, J. G., Duecker, K. J., Zang, J., and
Williams, T., "Analysis of Design Attributes and
Crashes on Oregon Highway System." FHWA-OR-
RD-02-01, Washington, D.C., Federal Highway
Administration, (2001))

Investigated statistical relationship
between crashes and roadway design
attributes on the Oregon state
highway system; developed crash
models (freeway v. non-freeway)
(urban v. non-urban).

Not added to synthesis,
questions regarding model
form and parameters.

(7 (Harwood, D. W., Council, F. M., Hauer, E.,
Hughes, W. E., and Vogt, A., "Prediction of the
Expected Safety Performance of Rural Two-Lane
Highways." FHWA-RD-99-207, McLean, Va.,
Federal Highway Administration, (2000))

Research on rural two-lane highways

for Part III of the HSM addressed the

relationship between lane width and
safety.

Added to synthesis.
Suggested by NHCRP 17-
18(4).

(2) (Hauer, E., "Lane Width and Safety." (2000))

Detailed review of literature on lane
width from the 1950's through 1999,
mostly two-lane rural.

Added to synthesis.
Suggested by NHCRP 17-
18(4).

(Fitzpatrick, K., Balke, K., Harwood, D. W., and

Anderson, 1. B., "NCHRP Report 440: Accident

Mitigation Guide for Congested Rural Two-Lane
Highways." Washington, D.C., National
Cooperative Highway Research Program,
Transportation Research Board, (2000))

Review of past literature, two-lane
roads only.

No additional information;
not added to synthesis.

(Council, F. M. and Stewart, J. R., "Safety effects
of the conversion of rural two-lane to four-lane
roadways based on cross-sectional models."
Transportation Research Record, No. 1665,
Washington, D.C., Transportation Research Board,
National Research Council, (1999) pp. 35-43.)

Developed models to predict
crashes/km-year for typical four-lane
divided and undivided roads using
HSIS data from four states

As reviewed by Hauer
2000 (multi-lane lane
width). Surface width was
not found to be a
significant predictor for 4-
lane undivided roads. Not
added to synthesis.
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COMMENT

DOCUMENT

DESCRIPTION

Literature review of highway

Limited quantitative safety
effect information on

(Gibreel, G. M, Easa, S. M, Hassan, Y., and EI-
Dimeery, I. A., "State of the Art Review of
Highway Geometric Design Consistency." Journal
of Transportation Engineering, Vol. 124, No. 4,
New York, N.Y., American Society of Civil

Engineers, (1999) pp. 305-313.)

primarily on two-lane rural highways.

geometric design consistency,

Discussion of speed, safety, and
performance.

lanes; from older studies
(1973-1975). Not added

Due to uncertainty of lane

to synthesis.

(Lee, 1. and Mannering, F., "Analysis of Roadside
Accident Frequency and Severity and Roadside
Safety Management." WA-RD 475.1, Olympia,
Washington State Department of Transportation;
(1999))

Analysis of several roadside
characteristics on about 100 km of
State Route 3 in Washington State

using negative binomial models.

elements in models, not
added to synthesis.

As reviewed by Hauer
2000 (multi-lane lane

(Stewart, D. and Council, F. M., "To smooth or not
to smooth, that is the question. An analysis of
accidents on rural NC two-lane and four-lane
roads." (1998))

Examined the safety effects of

conversion from two-lanes to four-
lanes using cross-sectional models

width). Lane width was
not part of final models.
Not added to synthesis.

As reviewed by Hauer
2000 (multi-lane lane

(Wang, J., Hughes, W. E., and Stewart, R.,
"Safety effects of cross-section design on rural
multi-lane highways." FHWA-RD-98-071, McLean,
Va., Federal Highway Administration, (1998))

Developed negative-binomial and
Poisson models for non-freeway
multi-lane roads

not part of final models.

width). Lane width was
Not added to synthesis.

No quantitative

(McLean, J., "Practical Relationships for the
Assessment of Road Feature Treatments -
Summary Report." ARR 315, Vermont South,
Australia, ARRB Transport Research Ltd, (1997))

Limited information on improvements.

information; not added to

synthesis.

Suggested by NHCRP 17-

(Curren, J. E., "NCHRP Report 369: Use of
Shoulders and Narrow Lanes to Increase Freeway
Capacity." Washington, D.C., Transportation
Research Board, National Research Council,

(1995))

Analyzed crash data to determine the
effect on safety of using shoulders
with or without narrows lanes to
increase freeway capacity; safety
evaluation was conducted on five
corridors

18(4). As reviewed by
Hauer 2000. Not added to
synthesis.

Suggested by NHCRP 17-

(Hadi, M. A., Aruldhas, J., Chow, L., and
Wattleworth, J., "Estimating Safety Effects of

Using Negative Binomial Regression."
Transportation Research Record 1500,

Cross-Section Design for Various Highway Types

Washington, D.C., Transportation Research Board,
National Research Council, (1995) pp. 169-177.)

Analyzed FL crash data to estimate
the effect of cross-section design

elements (including lane width) on
the safety of urban highways

18(4). As reviewed by
Hauer 2000 (multi-lane
lane width). Not added to
synthesis.

No additional information;

(Zegeer, C. V. and Council, F. M., "Safety
Effectiveness of Highway Design Features:

Washington, D.C., Federal Highway
Administration, (1992))

Volume III - Cross Sections." FHWA-RD-91-046,

Discussion of safety effect of various
cross-section elements.

not added to synthesis.

Singh, V. A., "Safety Evaluation of Converting
Street Parking from Parallel to Angle."
Transportation Research Record 1327,

(McCoy, T. A., McCoy, P. T., Haden, R. J., and
On-

Washington, D.C., Transportation Research Board,
National Research Council, (1991) pp. 36-41.)

on-street angle parking in CBD of
Lincoln, Nebraska.

Evaluated the safety effect of

Studied removal of lanes to provide

Not added to synthesis.

Suggested by NHCRP 17-
18(4). As reviewed by

(Harwood, D. W., "NCHRP Report 330: Effective
Utilization of Street Width on Urban Arterials."

reallocating urban arterial street width

Hauer 2000. Not added to
synthesis.

projects

National Research Council, (1990))

Washington, D.C., Transportation Research Board,

to create more lanes; 35 improvement
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DOCUMENT

DESCRIPTION

COMMENT

(Zegeer, C. V., Reinfurt, D. W., Hummer, J., Herf,
L., and Hunter, W., "Safety Effects of Cross-
Section Design for Two-Lane Roads."
Transportation Research Record 1195,
Washington, D.C., Transportation Research Board,
National Research Council, (1988) pp. 20-32.)

Cross-sectional analysis of data from
seven states to study the effects of
various roadway parameters including
lane width.

As reviewed by Hauer
2000 (two-lane lane
width). Not added to
synthesis.

(Urbanik, T. and Bonilla, C. R., "Safety and
Operational Evaluation of Shoulders on Urban
Freeways." FHWA/TX-87/32+4+395-1, Austin, Tex.,
Texas State Department of Highways and Public
Transportation, (1986))

Summarizes past studies

Suggested by NHCRP 17-
18(4). No new research
on lanes. Not added to

synthesis.

(Harwood, D. W., "NCHRP Report 282: Multilane
Design Alternatives for Improving Suburban
Highways." Washington, D.C., Transportation
Research Board, National Research Council,
(1986))

Cross-sectional models for suburban
multi-lane roadways

As reviewed by Hauer
2000 (multi-lane lane
width). Lane width not a
statistically significant
predictor; not added to
synthesis.

(Glennon, 1. C., "Accident Effects of Centerline
Markings on Low-Volume Rural Roads."
Transportation Research Record 1027,

Washington, D.C., Transportation Research Board,
National Research Council, (1985) pp. 7-13.)

Comparison of low-volume rural roads
that were either unmarked, marked
with dashed centerline, or marked
with both dashed centerline and no-

passing zone stripes.

More relevant to
pavement marking
discussion. Not added to
synthesis.

(Various, "Synthesis of Safety Research Related to

Traffic Control and Roadway Elements Volume 1."

FHWA-TS-82-232, Washington, D.C., Federal
Highway Administration, (1982))

Synthesis of various studies for
several traffic control and roadway
elements.

No additional knowledge,
not added to synthesis.

(McCasland, W. R., "Modifying Freeway
Geometrics to Increase Capacity." Transportation
Engineering Journal, Vol. 106, No. 6, New York,
N.Y., American Society of Civil Engineers, (1980)
pp. 787-801.)

Summarizes safety experiences, from
past projects from various states that
increased lanes by reducing shoulder
width

Suggested by NHCRP 17-
18(4). Hauer's review
indicated simple
comparison of accident
rates. Not added to

synthesis.

(Dearinger, J. A. and Hutchinson, J. W., "Cross
Section and Pavement Surface." Traffic Control
and Roadway Elements - Their Relationship to
Highway Safety Vol. Revised, No. 7, Washington,
D.C., Highway Users Federation for Safety and
Mobility, (1970))

Review of the safety effect of cross-
sectional elements.

No additional information,
not added to synthesis.

Treatment: Widen lanes

Rural two-lane roads

Hauer (2000)2) conducted a detailed review of literature on lane width from the 1950s
through 1999. Hauer also reanalyzed some of the data using improved research methods than

available when the original studies were completed. Hauer’s review is felt to be the best of many

syntheses and reviews conducted. Hauer concl@jed (

1.

A great deal of empirical evidence has been accumulated over several decades. The

bulk of it pertains to two-lane rural roads. Little is known about the effect of lane
width on multi-lane roads or urban roads.
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2. When road sections differ in lane width they tend to differ also in other important
respects. This makes the isolation of the safety effect of lane width difficult.

3. In spite of this difficulty, there is a great deal of congruence between the results.
Thus, the AMFs obtained by Belmont (1954), Cope (1955), Roy Jorgensen (1978),
Zegeer et al. (1987) and Miaou (1996) are very similar when brought to the
common denominator of ‘all accidents’.

4. There is, however, one issue on which opinions differ. Most early researchers
found that the safety benefit of lane widening bottoms out somewhere between 11
ft and 12 ft. Further widening seemed to be to the detriment of safety. Later
researchers, using perhaps better data and methods of analysis, unfortunately
choose to use in their models a functional form that can never reach a ‘bottom’.
Nor is there any evidence in their work that before choosing this functional form
they examined whether their data indicated an increase in crashes for wider lanes.
For this reason, in Hauer's opinion, the weight of the extant empirical evidence
indicates that there is little safety benefit to be obtained from widening lanes
beyond 11 ft and that widening beyond 12 ft may be to the detriment of safety (on
two-lane roads).

5. There is some empirical evidence about the safety effect of reducing lane width on
urban arterials and freeways when the aim is to add a lane to increase capacity.
This evidence is difficult to interpret in terms of the safety effect of lane width
because when a lane is added (even when no other changes are made) the flow/lane
is significantly changed.

Unfortunately, even though Hauer’s third conclusion notes similar findings for “all
accidents” from several studies, an AMF was not specified for any changes in lane parameters.
The following summary of studies is based on Hauer’s synthesis.

Belmont (1954) analyzed data that pertains to rural two-lane tangents, without
structures or intersections, predominantly straight and level and with a 55 mph posted speed limit
(2). Using Poisson regression, Hauer reanalyzed the data and developed the following AMFs:

Pavement Width (in ft) ‘ 18 ‘ 20 ‘ 22 ‘ 24 ‘ 26 ‘ 28 ‘ 30

AMF ‘ 1.21 ‘ 1.05 ‘ 1.00 ‘ 1.01 ‘ 1.06 ‘ 1.13 ‘ 1.21

Standard deviations were not reported for these estimates, and could not be calculated
based on available knowledge. In addition, since the original data included some paved shoulders,
it is not possible to simply assume that dividing these pavement widths in half will provide lane
widths.

Cope (1955) analyzed before/after data for 22 pavement widening pr@jedtoét of
the projects involved widening from 18 to 22 ft. Accidents that occurred at driveways,
intersections, and entrances were extracted. Hauer notes that the large accident reductions found
in the analysis were partially due to regression-to-mean (RTM), since the mean “before” accident
rates were higher than the state average, and because a greater reduction was seen for the projects
with higher “before” period rate®). Hauer omitted some of the projects with the most obvious
RTM biases and estimated an AMF of 0.7 for widening from 18 to 22 ft; an approximate 8%
crash reduction per foot of pavement widening up to 22 ft. This is higher than seen in the
Belmont figures noted above (perhaps because all RTM was not removed, and because the “total”
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accidents here are actually a smaller subset; the driveway crashes were deleted). Using 22 ft as
the “base”, the AMFs are estimated to be:

PavementWidth (inft) | 18 | 20 | 22 | 20 | 2 | 28 | 3
AMF ‘ 1.43 ‘ 1.16 ‘ 1.00 ‘ ? ‘ ? ‘ ? ‘ ?

Standard deviations were not reported for these estimates, and could not be calculated
based on available knowledge.

Hauer notes that Roy Jorgensen Associates (1978) originally attempted an elaborated
linear regression modeling effort using data from Maryland, New York and Washi@yton (
When the linear modeling did not produce satisfactory results, a multiplicative model was used to
produce accident modification factors. Hauer further notes that even though the authors noted a
consistent increase in accident rate between lane widths of 21 to 22 ft and pavement widths of
23 ft and greater, they merged these two cells (“...for conservatism in estimating the geometric
effects on safety”)d). Hauer and other authors believe this result to be questionable, and Hauer
presents the unadjusted AMFs from their work as:

Pavement Width (in ft) ‘ 18orless‘ 19-20 ‘ 21-22 ‘ >23
AMF ‘ 1.25 ‘ 1.10 ‘ 1.00 ‘ 1.11

Standard deviations were not reported for these estimates, and could not be calculated
based on available knowledge.

Zegeer et al. (1987) conducted a cross-sectional analysis of data from seven states to
study the effects of various roadway parameters including lane \@)dtHguer notes that the
form of the function for lane width in the resulting model forced the effect to be the same per foot
of lane width increase, regardless of the initial lane width. Thus, the form did not allow an
increase in the AMFs for the wider lane widths as was seen in the studies above. (Subsequent
conversations with the authors indicated that forms other than those in the final paper were used,
and that the 12 ft lanes did indeed exhibit a slightly lower crash rate.) Hauer also noted that
Zegeer's finding of an 11% reduction in total crashes per foot of lane width increase could have
been the result of lane width, curvature and driveway frequency, since these latter two variables
are correlated with lane width and thus dropped from the final mgdef the 11% reduction is
correct, using 22 ft pavement width as the base again, the following values would result. Once
more, standard deviations were not reported for these estimates, and could not be calculated based
on available knowledge.

Pavement Width (inft) | 18 | 20 | 2 | 22 | 2 | 2 | 3
AMF ‘ 1.26 ‘ 1.12 ‘ 1.00 ‘ 0.89 ‘ ? ‘ ? ‘ ?

Miaou (1996a) analyzed data from two-lane rural roads in Alabama, Michigan, and
Washington 2). Hauer does not document the type of analysis conducted, but it is assumed that
this was a cross section (regression) study. The form of the model used was not described. Miaou
finds a 14% reduction in single-vehicle run-off-raadshes for each foot of lane width increase
(2). Converting this finding to reduction in total crashes requires an estimate of the percent of
total crashes that are single-vehicle run-off-road. If one assumes a figure of)6@&¥d(assumes
no effect of lane width on multi-vehicle crashes, the resulting AMF would be approximately 9%
per foot of lane widening (or 18% per 2 ft pavement width widening). The resulting values are
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shown below. Again, standard deviations were not reported for these estimates, and could not be
calculated based on available knowledge.

PavementWidth(inft) | 18 | 20 | 22 | 20 | 26 | 2 | 30

AMF ‘ 1.18 ‘ 1.09 ‘ 1.00 ‘ 92 ‘ ? ‘ ? ‘ ?

Miaou (1996b) also reanalyzed a subset of 1,282 pure rural road sections from the
original data analyzed by Zegeer et al. in 1997 4gain, the form of the regression model was
not indicated, but it appears that the form did not allow a “bottom” in crashes per mile. Covariates
included a dummy variable for State, AADT per lane, lane width, shoulder width, roadside
recovery distance, horizontal curvature, terrain type, vertical grade, sideslope, intersections per
mile, driveways per mile, bridges per mile, and roadside hazard rating. Hauer notes that the
findings indicate an AMF of ®°78(ane width change in ftjoy

This would translate into approximately 7.5% reduction in total crashes per foot of
increase in lane width. The resulting values are shown below, again using 22 ft as the base value.
Standard deviations were not reported for these estimates, and could not be calculated based on
available knowledge.

Pavement Width (in ft) ‘ 18 ‘ 20 ‘ 22 ‘ 24 ‘ 26 ‘ 28 ‘ 30
AMF ‘ 1.17 ‘ 1.08 ‘ 1.00 ‘ .84 ‘ ? ‘ ? ‘ ?

Exhibit 3-2 combines the findings of the above studies, presenting the indices of
effectiveness derived from each of the studies for various pavement widths for all crash types and
severities.

If one accepts Hauer’s and others’ judgment of an increase in crash risk for lane widths
of over 12 ft, and no difference between 11 and 12 ft lanes, then the first three columns in Exhibit
3-2 are most relevant. If one further hypothesizes that the amount of RTM bias in the results is
negligible to some extent (or has been minimized by Hauer’s reanalysis in some cases), then,
except for the Cope study, the study findings are somewhat consistent. Since standard errors for
each study result were not available or calculable, the combined average was calculated as the
arithmetic average of the studies, excluding Cope (e.g., for 18 ft, (1.21+1.25+1.26+1.18+1.17) / 5
=1.21). An estimate of the standard error for the combined average was computed based on
Equation 3-1, and then a method correction factor of 3 was applied due to the variations in site
characteristics between the studies.

Equation 3-1: Estimate of s ideal for arithmetic average of studies

= ZA T

where n = sample size (in this case 5 studies)

X = index of effectiveness of study i
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Exhibit 3-2: Individual and combined AMFs for lane width for all crash types on two-lane rural
roads as reviewed by (Hauer, 2000) (2)

Pavement width in feet
Study (Lane width in ft)
18 (9) 20 (10) 22 (11) 24 (12)
Belmont 1.21 1.05 1.00 1.01
Cope 1.43 1.16 1.00 ?
Jorgenson 1.25 1.10 1.00 1.11
Zegeer 1.26 1.12 1.00 0.89
Miaou(a) 1.18 1.09 1.00 0.92
Miaou(b) 1.17 1.08 1.00 0.84
Average of all
studies excl. 1.21 1.09 1.00 0.95
Cope
S ideal 0.040 0.026 0 0.107
MCF 3 3 3 3
S 0.121 0.078 0.000 0.321

As part of the development of the accident prediction module for FHWA's Interactive
Highway Safety Design Model (IHSDM), a panel of experts used a combination of the Hauer
review and their personal knowledge to define the AMFs for lane width on two-lane rural roads

(7).

As noted in Exhibit 3-3, the AMFs provided are for selected crash types (i.e., single-
vehicle run-off-road, multiple-vehicle same-direction sideswipe, and multiple-vehicle opposite-
direction). However, a conversion equation was provided by Harwood et al. to convert these to
AMFs for total crashes7§. Using that equation, and converting the findings for AADT of 2,000
veh/day and above to an 11 ft lane width base of 1.0 to correspond with the earlier findings, the
following AMFs are derived (Exhibit 3-4).
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Exhibit 3-3: AMFs for lane width for selected crash types on two-lane rural roads (7)

1727 This factor applies to single-vehicle
run-offroad and multi-wehicke
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Exhibit 3-4: AMFs for lane width on two-lane rural roads with AADT of 2,000 veh/day or more
(7)

Pavement width (ft)
[Lane width (Ft)]

18 20 22 24
[9] [10] [11] [12]

Selected crash types 1.42 1.23 1.00 0.95
Total crashes 1.15 1.08 1.00 0.98

It is noted that the results for total crashes here are similar to, but slightly lower than,
the AMFs derived for 9 ft and 10 ft lanes in Exhibit 3-2. In all probability, the values in Exhibit
3-3 and Exhibit 3-4 are used more often than any others, since these values are incorporated into
IHSDM, the draft prototype chapter of the HSM, and other current references such as the NCHRP
Report 500 series. Exhibit 3-3 provides an AMF for different AADT levels; therefore, it is
suggested that the AMFs used in the IHSDM also be used in the HSM (i.e., Exhibit 3-3 and
Exhibit 3-4). However, it is noted that the crash reductions shown for a conversion from 11 to 12
ft lanes is questionable. In lieu of further research, the solution is to rely on the AMFs developed
for Chapter 8 of the HSM (Exhibit 3-3).

Rural multi-lane highways; Freeways; Expressways; Urban and suburban
arterials

Hauer (2000) noted in his review of literature up to 1999 that, “Little is known about the
effect of lane width on multi-lane roads or urban road@s”Klauer reviewed five studies of lane
and surface width on multi-lane roads: Harwood, 1986; Hadi et al., 1995; Stewart and Council,
1998; Wang et al., 1998; and Stewart and Council, 1999. None of the studies provided sufficient

3-19



guantification of the safety effect of lane width on multi-lane highways, freeways, or art@rials (
Only the Hadi et al. study included lane width as a variable in models developed; the following
summary is based on Hauer’s review.

Hadi et al. (1995) developed negative binomial cross-sectional models predicting safety
for nine classes of roadway) (While both lane width and pavement width were examined for
inclusion in the final multi-lane models, lane width was only found to be a statistically significant
predictor in three of the seven multi-lane models, and pavement width was not found to be a
statistically significant predictor in any of the four models where it was analyzed. Hauer noted
that this only meant that these variables were not statistically important enough for inclusion in
the models?). Where statistical significance was reached, findings would indicate an 11%
reduction in crashes per foot of lane width on four-lane undivided roads, and over 35% reduction
in crashes per foot of lane width for urban freeways. Hauer notes that these latter findings are
clearly excessive, and that the form of the model forced lane width to have a continuing effect no
matter how wide the lane (i.e., 12 ft lanes would be forced to be safer than 11 ft lanes, 13 ft safer
than 12 ft, etc.), a conclusion Hauer questi@s (

Elvik and Vaa’'s (2004) meta-analysis of lane width used the findings from three studies
(8). All were pre-1985 studies, and the one U.S. study used was reviewed by Hauer, but not
considered a “key” study. Elvik and Vaa did not search for safety effects by lane width; rather,
they reviewed the studies’ findings based on changes from less than “design standards” to a width
meeting standards. In their summary, Elvik and Vaa indicate that the findings were
“inconsistent”. No information was added to this synthesis of knowledge.

In a recent study of the effects of roadway factors on safety in 3R projects, Harwood et al. (2003)
reviewed in detail past AMF$8); For lane width, the authors used the AMFs from Harwood et

al. (2000) ) which were developed for two-lane rural roads. For multi-lane roads, the original
AMFs were subjected to a correction factor for total crashes for each roadway type. For 4-lane
undivided roads, the correction factor applied was 0.75. For 4-lane divided roads, the correction
factor was 0.5. While there is no information in the report concerning how these correction
factors were developed, consultation with the author indicated that an expert panel developed the
correction factors. Using these factors to adjust the total accident AMFs in Exhibit 3-4, the
following AMFs for total crashes on four-lane roads are developed (

Exhibit 3-5). As illustrated in Harkey et al. (2008), the AMF values for the effect of lane width on
rural multilane highways are calculated using Equation 3-2 (168):

Equation 3-2: Lane width AMF estimate for rural multilane highways

AMF = f (AMFga — 1.0)Ra + 1.0

where f = factor for roadway type (0.75 for multilane undivided and 0.50
for divided)

accident modification factor for related accidents (as determined
for rural two-lane roads)

AMFga

proportion of total accidents constituted by related accidents

Ra
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Harkey et al. (2008) note there is less confidence in the rural multilane AMF than the AMF for
rural two-lane roads.

Exhibit 3-5: AMFs for lane width for four-lane roads (5)
Lane width (ft)

9 10 11 12
Four-lane undivided 1.11 1.06 1.00 0.99
Four-lane divided 1.08 1.04 1.00 0.99

Hauer et al. (2004) used four years of HSIS crash, traffic and inventory data for urban
undivided four-lane roadways in Washington State to develop cross-sectional models of safety
(3). In addition to the standard roadway cross-section (e.g., lane and shoulder width) and
alignment (e.g., horizontal curvature and grade), supplemental databases and videolog reviews
were used to add data on such items as roadside clear zone and roadside hazard rating, driveway
and access point counts, the presence of parking, and two-lane-left-turn lanes. Since lane width
was not in the original data, it was developed from surface width and number of lanes, with a
parking width correction (where parking was allowed). The range was 10 ft to 12 ft. Negative
multinomial models were developed separately for off-road and on-road crashes. The choice of
which predictor variables to include in the final model and the choice &idibéonal form of
each predictomvere based on an analysis of the predictor’s relationship to crashes given
previously included parameters — an iterative process not seen in other modeling efforts. Lane
width was not found to be related to off-road crashes on these urban undivided four-lane roads. In
the on-road accident model, the authors noted a very weak relationship between lane width and
safety, with crashes increasing approximately 1.5% per foot as lane width increased from 10 to 12
ft (3).

In summary, there is little evidence in the literature that lane width affects crash rate per mile on
multi-lane roads. All of the findings are derived from cross-sectional studies, where lane width
effects could possibly be masked by correlation with other predictors. The only definitive AMFs
stated in the literature are those from Harwood et al. (

Exhibit 3-5), which are based on expert-panel modification of rural two-lane road AMFs (which
were based on an earlier expert panels’ review of literature). At this time, this is the best
available knowledge for the HSM.

Rural frontage roads

Lord and Bonneson (2007) developed AMFs for rural frontage roads using Texas data
(169. Lord and Bonneson investigated rural frontage roads independent of typical two-lane roads
because they have restricted access along at least one side of the road, a higher percentage of
turning traffic, and periodic ramp-frontage-road terminals with yield control. Due to these
differences, a given treatment likely has a different effect on rural frontage road safety than on
rural two-lane road safety. Exhibit 3-6 illustrates the AMFs for lane width on rural frontage roads
between successive interchanges.
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Exhibit 3-6: Safety Effects of Lane Width for Rural Frontage Roads (169)
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The average lane width represents the total width of the traveled way divided by the
number of through lanes on the frontage road. Relative to 12-ft lanes, 9-ft wide lanes increase the
number or accidents more than either 10-ft or 11-ft lanes.

Both one-way and two-way frontage roads were considered in the development of this
AMF. Development of this AMF was limited to lane widths ranging from 9 to 13 ft and ADT
values from 110 to 6,168 veh/day.

In summary, the research by Lord and Bonneson (2007) presents the only definitive
AMFs for lane width on rural frontage roads. At this time, this is the best available knowledge for
the HSM.

Treatment: Add lanes in existing ROW by narrowing existing lanes and shoulders
Rural two-lane roads

Not applicable.

Rural multi-lane highways; Freeways; Expressways

Hauer’s review of Curren (1995) reveals some information of the safety effect of adding
lanes in an existing right-of-way by narrowing the existing lanes and shoujleCsi(ren (1995)
examined the safety effects of adding freeway lanes by narrowing lanes and shoulders, comparing
approximately 50 miles of “altered” interstate corridors in four states with 35 miles of “unaltered”
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sections on the same route. Citing problems with the original analysis methodology, Hauer
reanalyzed the one route where a before/after with comparison group analysis could be
conducted. Hauer found that accident rate per mile increased by 68% on suburban freeways, and
increased by 26% on urban freewa3p [(nsufficient information was reported to determine a
standard error for these increases.

In the most recent study of defining new lanes from existing pavement width, Bauer et
al. (2004) used HSIS data to examine 50 miles of projects on California urban freéways (
Projects involved conversion from either four lanes to five in one direction or from five lanes to
six lanes in one direction. In almost all cases, the added lane was an HOV lane for at least part of
each day. While the lane and shoulder widths differed among the projects, the majority involved
narrowing lanes from 12 ft to 11 ft, with inside shoulders narrowed to capture the needed
additional width for the extra lane. All treatment, reference, and upstream and downstream
control roadways had median barriers in both the before and after periods.

Using the empirical-Bayes before-after methodology, Bauer et al. found that the four- to
five-lane conversions, on the average, resulted in a statistically significant average increase in
total accident frequency of 11%)( The five-lane to six-lane conversion projects resulted in an
average increase in total accident frequency of 3%, which was not statistically significant. The
standard errors reported by Bauer et al. for the average changes to accident frequency were
multiplied by a factor of 1.8 (medium-high rating); the resulting values are presented in Exhibit
3-7.

Bauer et al. also found possible “accident migration” to adjacent downstream sites
(where the extra lane no longer existed) to be a non-statistically significant crash increase for the
four-lane to five-lane conversions of 1% to 9%, and a statistically significant increase of 17% to
21% downstream from the five-lane to six-lane conversions (Exhibit 8-7A1 effect that
potentially offsets the accident migration on the five-lane to six-lane conversions was a non-
significant decrease in crash frequencies for freeway segments upstream of the conversion site
(where the added lane may have relieved congestion and queuing). Bauer et al. note that because
of the differences in the findings for the two types of projects, the results obtained are difficult to
generalize to urban freeways as a whd)e (

Exhibit 3-7: AMFs for providing an additional lane on urban freeways by narrowing 12 ft lanes
to 11 ft or wider and narrowing the inside shoulder (4)

Road Accident Index of Estimate Possible
Author, | Treatment Settin type & type & Effectiveness of Std. accident
date / Element 9 P pe | ! Error, migration
volume severity tadjusted s
Freeway,
Bauer et Four to five 79,000 to All types, all 0.80% (not
lane Urban 128,000 Pes, 1.11 0.05 statistically
al, 2004 . severities S
conversion vpd, one significant)
direction
Freeway, .
Baver ot | FOUrtofive 79,000 to f:t'éltyi‘:fj' 7.56% (not
lane Urban 128,000 + Iury 1.10 0.07 statistically
al, 2004 - and PDO S
conversion vpd, one " significant)
directi ow-away
irection
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. Estimate Possible
Road Accident Index of .
A:;r;:r, -;r:?:nn:::tt Setting type & type & Effectiveness, (:Efrf::l' ,:icc:-::i:tn
volume | severity tadjusted s ! 9
Freeway,
Bauer et Four to five 79,000 to All types, 8.81% (not
lane Urban 128,000 fatal and 1.11 0.08 statistically
al, 2004 . L o
conversion vpd, one injury significant)
direction
Freeway,
Five to six 77,000 to 18.11%
Bauer et lane Urban 126,000 Al type_:s_, al 1.03 0.08 (statistically
al, 2004 . severities s
conversion vpd, one significant)
direction
Freeway, .
Bouer ot | Five tosix 77,000 to f:t'éltyiffj' 17.33%
lane Urban 126,000 » IJury 1.04 0.11 (statistically
al, 2004 . and PDO L
conversion vpd, one significant)
s tow-away
direction
Freeway,
Bauer et Five to six 77,000 to All types, 21.33%
lane Urban 126,000 fatal and 1.07 0.13 (statistically
al, 2004 . - oD
conversion vpd, one injury significant)
direction

In summary, the congestion and delay reductions that result from defining additional
lanes within a given surface width may result in an increase in crashes. Given the methodology
used in the two available studies, the best estimate of the safety effect for freeways where HOV
lanes are added to freeways by reassigning the existing pavement width is based on the Bauer et
al. study (Exhibit 3-7).

Urban and suburban arterials

Hauer (2000) concluded that, “There is some empirical evidence about the safety effect
of reducing lane width on urban arterials and freeways when the aim is to add a lane to increase
capacity. This evidence is difficult to interpret in terms of the safety effect of lane width because
when a lane is added (even when no other changes are made) the flow/lane is significantly
changed” 2). Hauer reviewed Harwood (1990), and the following summary is based on that
review.

Harwood (1990) analyzed before-after data for 35 projects on urban arterials where
existing lanes were narrowed to add additional lanes. Harwood found large accident increases in
the conversion of a two-lane road to an undivided four-lane road, but the crash increases were
mainly at driveways and intersections, which reflect other fac®r§\(hen a 5-lane (with
TWLTL) was converted to 7-lanes (with TWLTL), there was an increase in both mid-block and
intersection crash rates. When a 6-lane divided road was converted to 8-lane divided, the crash
increase was only at intersections. Hauer noted that it is not possible to separate out the effects of
lane width changes from other effects (such as addition of TWLTL or me@)ai)MFs could
not be developed from this study.

Treatment: “Road diets” (remove through lanes from existing ROW)

3-24



Rural two-lane roads; Rural multi-lane highways; Freeways; Expressways
Not applicable.
Urban and suburban arterials

“Road diets” are generally conversions of four-lane undivided roads into three lanes
(two through plus a center two-way left-turn lane). The remaining roadway may be converted to
bicycle lanes, sidewalks, or on-street parkisg (

Huang et al. (2002) examined 11 “road diet” sites and 25 similar comparison sites in six
California and two Washington cities. Using a paired-comparison before-after method in the
examination of crash frequencies, Huang et al. found that, “The estimated risk ratio indicates that
the percent of crashes at road diet sites in the “after” period to be about 6% less likely than a
crash at a comparison site, with 95% confidence limits of 0.003 and 0.106. Thus, on average,
crash frequencies at “road diets” in the “after” period were approximately 6% lower than at the
corresponding comparison site§).(This translates to an index of effectiveness of 0.94. The
standard error is based on the 95% confidence limits (divided by 4) provided by Huang et al.,
multiplied by a method correction factor of 3 (low rating), due to the likely selection of sites for
implementing the “road diet” based on high accident counts, resulting in a standard error estimate
of 0.078.

A second analysis attempted to correct for possible differences in exposure between the
“road diet” treatment and comparisons sites, and between the before and after periods. Huang et
al. developed negative-binomial regression models for sites where ADT was available (eight
“road diet” sites and 14 comparison sites). This analysis showed no difference in crashes between
the before and after periods for the treatment vs. the comparisorésitesr(her analysis of
crash severity and crash types shows no statistically significant differences due to the “road diet”
treatment. Huang et al. concluded that “road diets” appear to decrease total crashes “by six
percent or less’g).

Huang et al. were not able to conduct an empirical Bayes (EB) analysis due to data
limitations, and the rate-based modeling was on a limited sample.

Harkey et al. (2008) used the data from the Huang et al. (6) study along with additional
data collected by Pawlovich et al70) and conducted an EB analysis of the aggregated data sets.
This provided for a large group of sites that spanned a number of roadway environments in which
the “road diets” were implemented. Exhibit 3-8 presents the results of the analysis for each data
set along with the aggregated results. The sites in lowa ranged in AADT from 3,718 to 13,908
and were predominantly on US or State routes in small urban towns with an average population
of 17,000. The sites in Washington and California ranged in AADT from 6,194 to 26,376 and
were predominantly on corridors in suburban environments that surrounded larger cities with an
average population of 269,000.

Exhibit 3-8: AMFs for “Road Diets” (168)

Dataset AMF Standard error

A 0.534 0.020

3-25



CA and WA 0.811 0.025

All 0.707 0.016

The research by Harkey et al. (2008) is a more definitive study in that it is based on a
much larger data set and used an EB analysis approach.

3.1.1.2. Shoulders
The principal purposes of providing shoulders are to:

= Accommodate stopped vehicles so that they do not encroach on the traveled lane

= Facilitate roadway maintenance

= Facilitate access by emergency vehicles

= Protect the structural integrity of the pavement

= Provide space for slower vehicles to move over and allow faster vehicles to pass
(in some driving cultures)

The main purposes of paving shoulders are: to protect the physical road structure from
water damage, to protect the shoulder from erosion by stray vehicles, and to enhance
controllability of stray vehicles. As a by-product of these purposes, the paved shoulder provides a
fairly even and obstacle free surface.

While the original intent of shoulders was to provide for vehicles that have to stop (i.e.,
involuntary or emergency stops), the fully paved shoulder also induces some amount of voluntary
stopping. Vehicles stopped on shoulders pose a substantial hazard. It has been estimated that
more than 10% of all fatal freeway accidents are associated with stopped-on-shoulder vehicles or
with the maneuvers associated with leaving and returning to the outer lane.

Other concerns with providing wider shoulders include:

= The possibility that wider shoulders result in higher operating speeds, which in turn
may impact accident severity

=  Steeper side or backslopes that may result from wider roadway width and limited
right-of-way

= Drivers who may choose to use the wider shoulder as a travel lane

It follows that the net safety effect of shoulders is a sum of several possibly opposite
tendencies: the beneficial effect of allowing for the safe recovery of stray vehicles, and the
detrimental tendencies of inviting some voluntary shoulder stops, faster travel, the possibility of
steeper roadside slopes, and shoulder use for travel.

Several factors make it difficult to extract the safety effect of shoulder width and

shoulder paving from empirical evidence. For example, narrow lanes, narrow unpaved shoulders,
and an unforgiving roadside often go hand-in-hand. This tendency comes about for three reasons.
First, many geometric design standards relate to the amount of traffic. Roads with little traffic

tend to have narrower lanes and shoulders, steeper side-slopes, sharper curves, shorter sight-
distances, etc. Second, if a cross-section has to fit within a given right-of-way width, making the
shoulder wider must mean that the side-slope will be steeper or the lane narrower. The third
reason for the close association between road features is temporal. There has been a historical
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evolution towards more generous highway design standards. Thus, older roads tend to have
narrower lanes and shoulders than newly designed ri@datipted from Hauer (2000) (9).]

This section includes discussion of shoulder width for two-lane and multi-lane roads,
and a discussion of the safety effectiveness of various shoulder types. Pedestrians and bicyclists
are discussed in detail in Section 3.3.

Exhibit 3-9: Resources examined to investigate the safety effect of shoulder attributes on roadway

segments

DOCUMENT

DESCRIPTION

COMMENT

(Harkey, D.L., R. Srinivasan, J. Baek, B. Persaud, C.
Lyon, F.M. Council, K. Eccles, N. Lefler, F. Gross, E.
Hauer, J. Bonneson, “Crash Reduction Factors for Traffic
Engineering and ITS Improvements”, NCHRP Project 17-
25 Final Report, Washington, D.C., National Cooperative
Highway Research Program, Transportation Research
Board, (2008))

Researched and/or developed
AMF values for a number of
roadway segment treatments
including adding or widening a
paved shoulder on rural
multilane highways

No new knowledge. Not
added to synthesis.

(Lord, D., J.A. Bonneson, “Development of Accident
Modification Factors for Rural Frontage Road Segments in
Texas”, Transportation Research Board 86" Annual
Meeting, Washington D.C., (2007))

Developed AMF values for
shoulder width along rural
frontage roads in Texas.

AMF added to synthesis

(Torbic, D. 1., Harwood, D. W., Pfefer, R., Neuman, T. R.,
Slack, K. L., and Hardy, K. K., "NCHRP Report 500
Volume 7: A Guide for Reducing Collisions on Horizontal
Curves." Washington, D.C., Transportation Research
Board, National Research Council, (2004))

Refers to strategies in ROR
Guide, which referred to
Harwood, et al., 2000, reviewed
above for shoulder width/type
AMFs

No new knowledge. Not
added to synthesis.

NCHRP Project 17-26 “Methodology to Predict the Safety
Performance of Urban and Suburban Arterials”
http://www4.trb.org/trb/crp.nsf/All+Projects/NCHRP+17-
26

On-going project.

Results not available.

(3) (Hauer, E., Council, F. M., and Mohammedshah, Y.,
"Safety Models for Urban Four-Lane Undivided Road
Segments." (2004))

Developed negative multinomial
models relating off- and on-road
crashes to design elements on
four-lane undivided highways

Added to synthesis.

(Neuman, T. R., Pfefer, R., Slack, K. L., Hardy, K. K.,
Council, F. M., McGee, H., Prothe, L., and Eccles, K. A.,
"NCHRP Report 500 Volume 6: A Guide for Addressing

Run-off-Road Collisions." Washington, D.C.,
Transportation Research Board, National Research
Council, (2003))

Referred to Harwood et al.,
2000, reviewed above for
shoulder width/type AMFs

No new knowledge. Not
added to synthesis.

(Neuman, T. R., Pfefer, R., Slack, K. L., Hardy, K. K.,
McGee, H., Prothe, L., Eccles, K., and Council, F. M.,
"NCHRP Report 500 Volume 4: A Guide for Addressing
Head-On Collisions ." Washington, D.C., Transportation
Research Board, National Research Council, (2003))

Referred to Harwood et al.,
2000, reviewed above for
shoulder width/type AMFs

No new knowledge. Not
added to synthesis.

(Wooldridge, M. D., Fitzpatrick, K., Harwood, D. W.,
Potts, I. B., Elefteriadou, L., and Torbic, D. J., "NCHRP
Report 502: Geometric Design Consistency on High-
Speed Rural Two-Lane Roadways." Washington, D.C.,
Transportation Research Board, National Research
Council, (2003))

Study complements work done
for IHSDM; focus is on geometric
design consistency of two-lane
rural roads.

Same AMFs for lane
width as Harwood et al.
(2000) used in IHSDM.
Not added to synthesis.
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DOCUMENT

DESCRIPTION

COMMENT

(5) (Harwood, D. W., Rabbani, E. R., Richard, K. R.,
McGee, H. W., and Gittings, G. L., "NCHRP Report 486:
Systemwide Impact of Safety and Traffic Operations
Design Decisions for 3R Projects." Washington, D.C.,
Transportation Research Board, National Research
Council, (2003))

Reviewed past studies and
extracted or defined AMFs for
various design elements on
multi-lane roads

Added to synthesis,
shoulder width and
shoulder type.

(Strathman, J. G., Duecker, K. J., Zang, J., and Williams,
T., "Analysis of Design Attributes and Crashes on Oregon
Highway System." FHWA-OR-RD-02-01, Washington,
D.C., Federal Highway Administration, (2001))

Developed AMFs based on NB
and ZINB model coefficients for
design elements on freeways and
non-freeways

Suggested by NCHRP 17-
18(4). Not added to
synthesis, questions
regarding model form
and parameters.

(Fitzpatrick, K., Balke, K., Harwood, D. W., and Anderson,
1. B., "NCHRP Report 440: Accident Mitigation Guide for
Congested Rural Two-Lane Highways." Washington, D.C.,
National Cooperative Highway Research Program,
Transportation Research Board, (2000))

Referred to Zegeer (1987) and
Harwood (2000) — both reviewed
above

No new knowledge. Not
added to synthesis.

(/) (Harwood, D. W., Council, F. M., Hauer, E., Hughes,

W. E., and Vogt, A., "Prediction of the Expected Safety

Performance of Rural Two-Lane Highways." FHWA-RD-

99-207, McLean, Va., Federal Highway Administration,
(2000))

Developed SPFs and AMFs for a
variety of design elements on
two-lane rural segments.

Suggested by NCHRP 17-
18(4). Added to
synthesis.

(9) (Hauer, E., "Shoulder Width, Shoulder Paving and
Safety." (2000))

Reviewed AMF and SPF literature
on SW and reanalyzed some data
sets

Suggested by NCHRP 17-
18(4). Evaluation of
several studies added to
synthesis and expanded.

(Hanley, K. E., Gibby, A. R., and Ferrara, T. C., "Analysis
of Accident Reduction Factors on California State
Highways." Transportation Research Record, No. 1717,
Washington, D.C., Transportation Research Board,
National Research Council, (2000) pp. 37-45.)

Conducted EB before/after
analysis of two shoulder
widening projects

Not added to synthesis.
Small sample size, result
is much higher than all
other studies.

(Lee, J. and Mannering, F., "Analysis of Roadside
Accident Frequency and Severity and Roadside Safety
Management." WA-RD 475.1, Olympia, Washington State
Department of Transportation; (1999))

Developed AMFs for ROR crashes
based on NB and ZINB model
coefficients related to design

elements of two-lane rural
highway

Not added to synthesis
due to uncertainty in
modeling methodology.

(Gibreel, G. M, Easa, S. M, Hassan, Y., and El-Dimeery, I.
A., "State of the Art Review of Highway Geometric Design
Consistency." Journal of Transportation Engineering, Vol.
124, No. 4, New York, N.Y., American Society of Civil
Engineers, (1999) pp. 305-313.)

Literature review of highway
geometric design consistency,
primarily on two-lane rural
highways. Discussion of speed,
safety, and performance.

No quantitative safety
effect information on
shoulders. Not added to
synthesis.

(McLean, J., "Practical Relationships for the Assessment
of Road Feature Treatments - Summary Report." ARR
315, Vermont South, Australia, ARRB Transport Research

Ltd, (1997))

Limited information on
improvements.

No quantitative
information; not added to
synthesis.

(Curren, J. E., "NCHRP Report 369: Use of Shoulders and
Narrow Lanes to Increase Freeway Capacity."
Washington, D.C., Transportation Research Board,
National Research Council, (1995))

As reviewed by Hauer, 2000.

No new knowledge. Not
added to synthesis.
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DOCUMENT

DESCRIPTION

COMMENT

(10) (Hadi, M. A., Aruldhas, J., Chow, L., and
Wattleworth, J., "Estimating Safety Effects of Cross-
Section Design for Various Highway Types Using
Negative Binomial Regression." Transportation Research
Record 1500, Washington, D.C., Transportation Research
Board, National Research Council, (1995) pp. 169-177.)

Developed NB cross-sectional
models for various design
elements on different road
classes

Suggested by NCHRP 17-
18(4). As reviewed by
Hauer 2000 (two-lane,

and multi-lane), added to

synthesis.

(Zegeer, C. V. and Council, F. M., "Safety Effectiveness of
Highway Design Features: Volume III - Cross Sections."
FHWA-RD-91-046, Washington, D.C., Federal Highway

Administration, (1992))

As reviewed by Hauer, 2000.

No new knowledge. Not
added to synthesis.

(11) (Zegeer, C. V., Reinfurt, D. W., Hummer, 1., Herf, L.,
and Hunter, W., "Safety Effects of Cross-Section Design
for Two-Lane Roads." Transportation Research Record
1195, Washington, D.C., Transportation Research Board,

National Research Council, (1988) pp. 20-32.)

Developed cross-sectional
models and AMFs for various
design elements on two-lane

roads

As reviewed by Hauer
2000 (two-lane shoulder
width and shoulder type),
added to synthesis.

(Urbanik, T. and Bonilla, C. R., "Safety and Operational

Evaluation of Shoulders on Urban Freeways." FHWA/TX-

87/32+395-1, Austin, Tex., Texas State Department of
Highways and Public Transportation, (1986))

As reviewed by Hauer, 2000.

No new knowledge. Not
added to synthesis.

(12) (Harwood, D. W., "NCHRP Report 282: Multilane
Design Alternatives for Improving Suburban Highways."
Washington, D.C., Transportation Research Board,
National Research Council, (1986))

Cross-sectional model of various
design elements on multi-lane
suburban roads

Suggested by NCHRP 17-
18(4). As reviewed by
Hauer 2000 (multi-lane).
Added to synthesis.

(Various, "Synthesis of Safety Research Related to Traffic

Control and Roadway Elements Volume 1." FHWA-TS-82-

232, Washington, D.C., Federal Highway Administration,
(1982))

Synthesis of past studies.

No new knowledge. Not
added to synthesis.

(13) (Rogness, R. O., Fambro, D. B., and Turner, D. S.,
"Before-After Accident Analysis for Two Shoulder
Upgrading Alternatives." Transportation Research Record
855, Washington, D.C., Transportation Research Board,
National Research Council, (1982) pp. 41-47.)

Developed AMFs for adding
paved shoulders to two-lane rural
roads based on a simple
before/after analysis

Reviewed for shoulder
type, added to synthesis.

(14 (Heimbach, C. L., Hunter, W. W., and Chao, G. C.,
"Paved Highway Shoulders and Accident Experience."
Transportation Engineering Journal, Vol. 4, New York,
N.Y., American Society of Civil Engineers, (1974) pp.
889-905.)

Developed AMF for paving 3-4 ft.
of existing sod shoulders on two-
lane rural roads, based on
comparison of match sites.

Reviewed for shoulder
type, added to synthesis.

(Dearinger, J. A. and Hutchinson, J. W., "Cross Section
and Pavement Surface." Traffic Control and Roadway
Elements - Their Relationship to Highway Safety Vol.

Revised, No. 7, Washington, D.C., Highway Users
Federation for Safety and Mobility, (1970))

Synthesis of past studies.

No new knowledge. Not
added to synthesis.

Treatment: Increase shoulder width

Rural two-lane roads

Hauer (2000) conducted a detailed review of 1953 to 1999 literature on shoulder width

and type, sometimes reanalyzing the data in the study (Exhibit 3)10he majority of the
studies concerned two-lane rural roads. Unfortunately, Hauer did not highlight any studies as
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“excellent” and had methodological and other issues with all of the studies reviewed. Hauer notes
that the study results were “diverse and confusing”, with the following conclu€ipns (

= Several studies point to the fact that shoulder width is more beneficial to safety at
higher traffic volumes than at lower ones;

= There is an indication that roads with wider shoulders tend to have more severe
accidents;

= There is an indication that wider shoulders are associated with fewer run-off-road
and opposite-direction accidents that are some 40%-60% of all accidents (on two-
lane roads). However, wider shoulders may be associated with more of the ‘other’
accidents;

= It is possible that for injury accidents, there is a certain shoulder width (perhaps
between 6 and 8 ft) beyond which the number of injury accidents increases;

=  The safety effect of shoulders for level and straight roads is probably substantially
less than on sharp horizontal curves and on roads with substantive grades;

= Roads with paved shoulders are associated with fewer accidents than similar roads
with sod shoulders;

= Provision of full shoulders instead of only curb-and-gutter on multi-lane suburban
highways is associated with a 10% lower accident rate.

Hauer did not draw any conclusion concerning the size of the effect of increasing the
shoulder width. “Critical” studies identified by Hauer are included in Exhibit 3-10 (i.e., no
“major” methodological problems were noted, or the data were reanalyzed). In addition, the focus
for this synthesis of knowledge is on studies where intersection crashes were omitted and studies
with results related to changes in total crashes. Finally, only U.S. studies were included in Exhibit
3-10, since the use of paved shoulders in non-U.S. countries may differ from the U.S. (e.g., use of
shoulder to allow passing in non-U.S. countries). Standard errors could not be calculated for the
indices of effectiveness summarized in Exhibit 3-10.

Exhibit 3-10: Summary of study characteristics for shoulder width on two-lane rural roads

Accident Index of Estimate of
Author, | Treatment/ . Road type & .
date Element Setting volume type .& Effectiveness, Std. Error,
seve"ty tadjusted S
Belmont, Wid | Twol
1954 iden grave wo-lane,
shoulders by 1 Rural volumes not Al type.s., all 1.0 Unable to
(Hauer re- ft reported severities calculate.
analysis) (9)
Belmont Widen gravel Two-lane
1956 | rav WO- Y
shoulders by 1 Rural volumes not Al type_:s_, al 1.0 Unable to
(Hauer Re- ft reported severities calculate.
analysis) (9)
Head and Widen gravel
Two-lane All types, all Unable to
Kaestner, shoulders by 1 Rural ! = 0.98
1956 (9) ft AADT < 3600 severities calculate.
Head and Widen gravel .
Kaestner, shoulders by 1 Rural Two-lane, Al type_:s_, al 0.95 to0 0.89 Unable to
AADT > 3600 severities calculate.
1956 (9) ft
Zegeer et Widen Two-lane, All types, all
al., 1987 shoulders by 1 re '\:)(?‘Ee d volumes not severities 0.95 to 0.94 gar}?:g:gtzo
(1) ft P reported (includes '

3-30



Accident Index of Estimate of
Author, | Treatment/ . Road type & .
date Element Setting volume type .& Effectiveness, Std. Error,
severlty tadjusted S
intersection
crashes)
. Widen Two-lane
Hadi et al. ! All types, all Unable to
" | shoulders by 1 Rural volumes not " 0.985
1995 (10) ft reported severities calculate.
. Widen Two-lane,
Mlaozj,g)1996 shoulders by 1 Rural volumes not A!etgg:;’e:" 0.970 ganlig:gtteo
ft reported '
Vogt and Widen Two-lane,
Bared, 1998 | shoulders by 1 Rural volumes not All type_s_, all 0.944 Unable to
severities calculate.
(9 ft reported

Only one study reviewed by Hauer (Head and Kaestner, 1956) examined the effect of
widening gravel shoulders. Although a positive safety effect is indicated by the results of that
study (based on Hauer’s reanalysis), AMFs could not be developed for gravel shoulder widening.

As part of the development of the accident prediction module for FHWA's Interactive
Highway Safety Design Model (IHSDM), a panel of experts used the Hauer review and their
knowledge to define the AMFs for shoulder width on two-lane rural ragd$lie results were
based primarily on Zegeer et al. (1987) and Miaou (1996) (Exhibit 3-11).

Exhibit 3-11: AMFs for shoulder width for related accidents on two-lane rural roads (7)

1709 This factor applies to single-vehicle
run-off-road and multi-vehicle
1.60- opposite-direction accidents
1.50 0-ft shoulders

é 1.50+ P
s
g 1.404 - g
= e 1.30  2-ft shoulders
§ 130 - PEe
E / — —

1204 —~ T
= e 115 4-fi shoulders

,/ f”—

2 uo——H]-%—{,” RSt
%] : — e
$ 1.02 — .
< — 100  6-ft shoulders

1.00

0.98 T
—_“*—-—______
0.90 o T— 0.87  8-ft shoulders
080 - - 4 4 -
500 1,000 1,500 2,000 2,500

Average Daily Traffic Volume (vehfday)

Note that the results in Exhibit 3-11 are for “related accidents” (i.e., single-vehicle run-
off-road and multi-vehicle opposite-direction accidents) rather than total accidents. As can be
seen, there is an AADT effect. Hauer argues that there may be adverse effects on “non-related
accidents”. However, assuming no adverse effect, these “related-accident” effects were
extrapolated to effects on total crashes as prescribed by Harwood/et Bhe(total-crash effects
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were then converted such that the crash reductions were based on a 3 ft shoulder “base” rather
than the 6 ft base shown in the figure. The results are presented in Exhibit 3-12.

Exhibit 3-12: AMFs for total crashes on two-lane rural roads with ADT of 2,500 veh/day or
greater (7)

Paved shoulder width in ft (on one side)

Study
3 4 5 6 7 8
Harwood et al., 2000
1.0 0.97 0.95 0.93 0.91 0.90
(total crashes)

The indices of effectiveness for paved shoulder width in Exhibit 3-13 are related to total
accidents. It is noted that the minimum and maximum shoulder widths were not always
mentioned in the reviewed studies. Despite this fact, in Exhibit 3-13, it is assumed that the effects
noted in the studies apply at least to the 3 ft to 8 ft widths. Taking the arithmetic average of the
study results, and using Equation 3-1 in conjunction with a method correction factor of 3 (low

rating), the results of the various studies reviewed by Hauer and the results from Harwood et al.
were combined.

Exhibit 3-13: Summary of AMFs for paved shoulder widening on total crashes on two-lane rural
roads with any volume

Paved Shoulder width in ft (on one side)
Study
3 4 5 6 7 8
Belmont, 1954
) 1.0 1.0 1.0 1.0 1.0 1.0
(Hauer re-analysis)
Belmont 1956
) 1.0 1.0 1.0 1.0 1.0 1.0
(Hauer Re-analysis)
Zegeer et al., 1987 1.0 0.95 0.90 0.85 0.80 0.75
Hadi et al. 1995 1.0 0.98 0.97 0.96 0.94 0.92
Miaou, 1996 1.0 0.97 0.94 0.91 0.89 0.86
Vogt and Bared, 1998 1.0 0.94 0.89 0.84 0.79 0.74
Harwood et al. 2000
1.0 0.97 0.95 0.93 0.91 0.90
(ADT = 2500 veh/day)
Combined AMF 1.00 0.97 0.95 0.93 0.90 0.88
S 0.000 | 0.069 | 0.132 | 0.196 | 0.256 | 0.319

Rural multi-lane highways; Freeways; Expressways; Urban and suburban
arterials

Hauer (2000) conducted a detailed review of 1953 to 1999 literature on shoulder width
and type, sometimes reanalyzing the data in the s@)dylfe results of three studies that
examined shoulder width on multi-lane roads are summarized in Exhibit 3-14.
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Exhibit 3-14: Summary of study characteristics for shoulder width on multi-lane roads (9)

Accident Index of Estimate of
Author, Treatment/ Setting Road type & type & Effectiveness, Std. Error,
date Element volume .
severlty tadjusted S
Full paved
Harwood, et shoulders Multi-lane Al crashes. all Unable to
al. 1986 instead of Suburban roads, severitie,s 0.90 calculate
(12 curb-and- ADT>7500 '
gutter
) Four-lane .
Hadi et al., Widen divided, All crashes, all Shoulde_r V.V'dth not Unable to
shoulders by 1 Rural . statistically
1995 volumes not severities S calculate.
ft significant
reported
) Four-lane
Hadi et al., Widen undivided, All crashes, all Unable to
shoulders by 1 Urban . 0.97
1995 ft volumes not severities calculate.
reported

In a recent study of the effects of roadway factors on safety in 3R projects, Harwood et
al. (2003) reviewed in detail past AMFS).(For shoulder width, the authors used the AMFs from
Harwood et al. (2000). The report did not include a correction factor to convert the AMF for total
crashes on two-lane roads to multi-lane roads (Exhibit 3-15). Communications with the author
and review of an internal progress report indicated that the expert panel concluded that the effects
of shoulder width on rural multi-lane roads should be the same as on two-lane roads. Thus, under
the same assumptions stated above related to the conversion of effects on related crashes versus
total crashes, the shoulder width effect for multi-lane roads would be assumed to be the same as
for two-lane roads. Insufficient information was available to calculate standard errors for these
values.

Exhibit 3-15: AMFs for total crashes on urban or rural multi-lane roads with ADT of 2,500
veh/day or greater (5)

Paved shoulder width in ft (on One side)

Study
3 4 5 6 7 8
Harwood et al., 2003
(total crashes) 1.0 0.97 0.95 0.93 0.91 0.90

Hauer et al. (2004) used four years of HSIS crash, traffic and inventory data for urban
undivided four-lane roadways in Washington State to develop negative multinomial cross-
sectional models of safet8)( In addition to the standard roadway cross-section (e.g., lane and
shoulder width) and alignment (e.g., horizontal curvature and grade), supplemental databases and
videolog reviews were used to add data on such items as roadside clear zone and roadside hazard
rating, driveway and access point counts, the presence of parking, and two-way-left-turn lanes.

The choice of which predictor variables to include in the final model and the choice of
the functional form of each predictor were based on an analysis of the predictor’s relationship to
crashes given previous parameters had already been included — an iterative process not seen in
other modeling efforts. Hauer et al. categorized shoulders as either curb/wall, or flush of widths 2
to 3ft,4to 6 ft, 7to 9 ft, 10 to 11 ft, and over 11 ft. The shoulder-width findings for flush

3-33



shoulders were counter-intuitive, in that the wider the shoulder, the more crashes for both off-

road and on-road crashes. Total off-road crashes increased approximately 15% per 2 ft increase in
flush shoulder width, while on-road crashes increased by approximately 4% per 2 ft ingrease (
Hauer notes that it is difficult to determine whether these findings are true cause and effect, or the
result of common modeling issues such as imprecise functional form and correlation with other
variables.

Exhibit 3-16: AMFs for crashes on urban or rural multi-lane roads (3)

Accident Index of Estimate of
Author, | Treatment/ - Road type .
date Element Setting & volume type _& Effectiveness, Std. Error,
severity tadjusted S
) Four-lane
Widen . Off-road
Hauer et undivided, Unable to
al., 2004 shoulders by 1 Urban volume not crashe_s{ all 1.07 calculate.
ft severities
reported
) Four-lane
Hauer et Widen undivided, On-road Unable to
shoulders by 1 Urban crashes, all 1.03
al., 2004 volume not o calculate.
ft severities
reported
_ Four-lane All crashgs, all
Hauer et Widen undivided severities Unable to
shoulders by 1 Urban i’ (Assume off- 1.03
al., 2004 volume not calculate.
ft reported road crashes =
P 15% of total)

As part of NCHRP Project 17-25, an expert panel was convened and considered the
effect of shoulder width on rural multilane highways and urban/suburban multilane arterials
(168). The expert panel reached consensus that the shoulder width AMF for rural multilane
highways developed by Harwood et al. (2003) was an acceptable AMF for this roadway type. For
the other roadway types, the effect of shoulder width on multi-lane roads is not yet fully
established. It appears that there is a general safety benefit when providing wider shoulders. The
opposite appears to be the case for urban road segments.

Rural frontage roads

Lord and Bonneson (2007) developed AMFs for rural frontage roads in Texas. It was
determined to investigate rural frontage roads independent of typical two-lane roads because rural
frontage roads have restricted access along at least one side of the road, a higher percentage of
turning traffic, and periodic ramp-frontage-road terminals with yield corit&8)(Due to these
differences, a given treatment likely has a different effect on rural frontage road safety than on
rural two-lane road safety.

Equation 3-3 presents the AMF for shoulder width on rural frontage roads between
successive interchangess@). Exhibit 3-17 is based on Equation 3-3.

Equation 3-3: Shoulder width AMF estimate for rural multilane highways
AM FSW:e-o.om(sw-LS) (3-1B)

where:
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SW = average paved shoulder width ([left shoulder width + right shoulder width]/2) (ft)

Exhibit 3-17: Safety Effects of Paved Shoulder Width on Rural Frontage Roads (169)

1.2
1.1 ~.

1 \
0.9
0.8
0.7 \

0.6 —

AMF Value

0.5

[
e}

9] 1 2 2 4 5 b /

Shoulder Width {ft)

The average paved shoulder width represents the sum of the left shoulder width and the
right shoulder width on the frontage road divided by two. Both one-way and two-way frontage
roads were considered in the development of this AMF. Development of this AMF was limited to
shoulder widths ranging from 0 to 9 ft and ADT values from 110 to 6,168 veh/day.

Treatment: Improve shoulder type (paved vs. unpaved)
Rural two-lane roads

Hauer (2000) conducted a detailed review of 1953 to 1999 literature on shoulder width
and type, sometimes reanalyzing the data in the study (Exhibit 3)18t&ndard deviations
were provided by Hauer for the Heimbach et al. results; the standard deviation was multiplied by
a method correction factor of 3 (a medium-low rating for cross-section studies) to estimate the
standard error. Standard errors could not be determined for the other studies.

Exhibit 3-18 also includes the results of the Harwood et al. (2000) study, which is the
basis for the shoulder type AMFs in FHWA's Interactive Highway Safety Design Model
(IHSDM) (7). Harwood et al.’s results are based on expert panel findings, and are primarily based
on Zegeer et al. (1987) and Miaou (1996) (Exhibit 3-18). While the original tabular results in
Harwood et al. were referenced as “related crashes” (i.e., single-vehicle run-off-road and multi-
vehicle opposite-direction accidents); assuming no adverse effects, the related crash effects were
extrapolated to effects on total crashes as prescribed by Harwood (Exhibit 3-18).
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Exhibit 3-18: Summary of study characteristics for shoulder type (7,9)

Accident Index of Estimate of
Author, | Treatment/ Setting Road type type & Effectiveness, Std. Error,
date Element & volume .
Seve"ty tadjusl:ed S
Heimbach Two-lane,
etal., Pzgg 2%5? d:rft Rural volumes not | All crashes, fatal 0.86 0.57
1974 (14) reported
Heimbach Two-lane,
etal., Pzgg :h?;fl(l) d:rft Rural volumes not Al i(;r_aushes, 0.86 0.18
1974 (149) reported jury
Heimbach Two-lane,
etal., P:Zg 2;;5? d:rft Rural volumes not | All crashes, PDO 0.78 0.12
1974 (14) reported
Heimbach Two-lane,
etal., P:Zg 2;;5? d:rft Rural volumes not Alls(:er\?esgteizls all 0.81 0.09
1974 (14) reported
Rogness, Pave a “full Two-lane, All crashes, all Unable to
" Rural volumes not o 0.815
1982 (13) shoulder severities calculate.
reported
Two-lane All crashes, all
Zegeer et Pave shoulder 4 severities Unable to
Rural volumes not ) 0.98
al., 1987 (per 1 ft) (includes calculate.
reported . .
intersections)
Harwood, Change paved Rural v-cl)—l\ﬁglzasnr?(,)t All crashes, all 1.01 Unable to
et al, 2000 | shoulder to turf reported severities ’ calculate.

paved shoulder7j.

Exhibit 3-19 provides AMFs for different shoulder widths and shoulder types also from
the Harwood et al. (2000) publication. The base condition for shoulder types is assumed to be a

Exhibit 3-19: Accident Modification Factors for Shoulder Types on Two-Lane Highways for
single-vehicle run-off-the-road and opposite-direction accidents (7)

Shoulder width (ft)

Shoulder type 0 1 2 3 4 6 8 10
Paved 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Gravel 1.00 1.00 1.01 1.01 1.01 1.02 1.02 1.03

Composite 1.00 1.01 1.02 1.02 1.03 1.04 1.06 1.07
Turf 1.00 1.01 1.03 1.04 1.05 1.08 1.11 1.14

Note: The values for composite shoulders in this table represent a shoulder for which 50 percent of the shoulder width is paved and 50
percent of the shoulder width is turf.
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As can be seen in Exhibit 3-19, gravel shoulders appear to be very similar to paved
shoulders. Turf shoulders increase total crashes by approximately one percent on 3 ft shoulders
and fourteen percent on 8 ft shoulders.

Standard errors for the AMFs summarized in Exhibit 3-20 could not be determined from
the literature. These AMFs provide estimates of effect for converting turf shoulders to paved or
composite, or gravel shoulders to paved.

Exhibit 3-20: AMFs for total crashes for conversion to/from different shoulder types on two-lane
rural roads

Shoulder width in ft (on one side)

Treatment 3 4 5 6 7 8
Convert turf to paved 0.99 0.98 0.97 0.97 0.97 0.96
Convert gravel to paved 1.00 1.00 1.00 0.99 0.99 0.99
Convert turf to composite (partially paved) 1.00 0.99 0.98 0.97 0.98 0.98

Note: The values for composite shoulders in this table represent a shoulder for which 50 percent of the shoulder width is paved and 50
percent of the shoulder width is turf.

Rural multi-lane highways; Freeways; Expressways; Urban and suburban
arterials

Harwood et al. (2003) is the only study found to provide an AMF for shoulder type on
multi-lane roads). An expert panel reviewed the results of the Harwood et al. (2000) study for
two-lane rural roads and concluded that the same AMFs were appropriate for both divided and
undivided multi-lane roads. As part of NCHRP Project 17-25, another expert panel was convened
and considered the effect of shoulder type on rural multilane highways and urban/suburban
multilane arterialsX68). The expert panel reached consensus that the shoulder type AMF for
rural multilane highways developed by Harwood et al. (2003) was an acceptable AMF for this
roadway type.

3.1.1.3. Medians
The principal purposes of providing medians are to:

= Separate opposing traffic streams;

= Provide a recovery area for out-of-control vehicles;

= Provide a place where vehicles can stop in emergencies;

= Allow for the accommodation of left-turn lanes and openings for left or U-turn
maneuvers;

= Reduce oncoming-vehicle headlight glare (median barrier); and,

= Serve as a reserve for additional future travel lanes.

The design of a median requires several decisions, including:

1. Whether to provide a median (i.e., whether the roadway is to be divided or
undivided);

2. How wide the median should be;

3. The shape of the median — flush, depressed or raised;

4. Whether to include a median barrier; and
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5. How to design median crossovers.
[Adapted from Hauer (2000) (15).]

This section includes discussion of the three main elements: median presence, median
width, and median shape. The safety effects of two-way left turn lanes (a type of “median”) are
covered in Chapter 6. Other cross-sectional elements of highway medians are discussed in other

sections of Chapter 3, including:

= Median geometry, sideslopes, ditches, culverts, other features, and barriers

(Section 3.1.2);

= Median refuge islands for pedestrians (Section 3.3); and,

=  Median crossovers for access points (Section 3.4.2).

Exhibit 3-21: Resources examined to investigate the safety effect of medians on roadway

segments

DOCUMENT

DESCRIPTION

COMMENT

(Harkey, D.L., R. Srinivasan, J. Baek, B. Persaud, C.
Lyon, F.M. Council, K. Eccles, N. Lefler, F. Gross, E.
Hauer, J. Bonneson, “Crash Reduction Factors for
Traffic Engineering and ITS Improvements”,
NCHRP Project 17-25 Final Report, Washington,
D.C., National Cooperative Highway Research
Program, Transportation Research Board, (2008))

Researched and/or developed
AMF values for a number of
roadway segment treatments
including changing the width of
an existing median along rural
and urban multilane highways

AMFs added to synthesis

NCHRP Project 17-14, FY 1996

http://www4.trb.org/trb/crp.nsf/All+Projects/NCHR
P+17-14

Improved Guidelines for Median
Safety.

Suggested by NHCRP 17-
18(4). Not published as of Mar
8/05.

(8) (Elvik, R. and Vaa, T., "Handbook of Road
Safety Measures." Oxford, United Kingdom,
Elsevier, (2004))

Meta-analysis of 16 median
presence studies (1968-1997)

Review of two studies on median
width. No meta-analysis
conducted

Added to synthesis (median
presence).

Donnel, T. Eric.; and Masson, Jr. M. John.
Predicting the Severity of Median-Related Crashes
in Pennsylvania by Using Logistic Regression.
Transportation Research Record 1897, TRB,
National Research Council, Washington, D.C., 2004,
pp. 55-63.

The purpose of the paper was to
highlight the probability (odds) of
having a fatal, injury or PDO
collisions when one or more of
the 13 explanatory variables is
present.

The safety effect of barriers
was not estimated in this
study. Not added to synthesis.

(Chayanan, S., Nebergall, M., Shankar, V., Juvva,
N., and Ouyang, Y., "Interaction Between the
Roadway and Roadside - An Econometric Analysis
of Design and Environmental Factors Affecting
Segment Accident Rates." WA-RD 562.1, Seattle,
Washington State Transportation Center, University
of Washington, (2003))

Examination of two different
cross-sectional model forms
based on 500 1-mile randomly
selected sections of WA
highways.

Limited review, no AMFs for
median variable produced. Not
added to synthesis.

(Neuman, T. R., Pfefer, R., Slack, K. L., Hardy, K.
K., McGee, H., Prothe, L., Eccles, K., and Council,
F. M., "NCHRP Report 500 Volume 4: A Guide for
Addressing Head-On Collisions ." Washington, D.C.,
Transportation Research Board, National Research
Council, (2003))

Literature review and several
strategies to reduce head-on
crashes on two-lane rural roads.

No relevant information. Not
added to synthesis.
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DOCUMENT

DESCRIPTION

COMMENT

(16) (Neuman,T.R., Pfefer,R., Slack,K.L.,
Hardy,K.K., Council,F.M., McGee,H., Prothe,L.,

for Addressing Run-off-Road Collisions”
Washington, D.C., Transportation Research Board,
National Research Council, (2003))

Eccles,K.A., "NCHRP Report 500 Volume 6: A Guide

Literature review and several
strategies to reduce run-off-road
crashes on two-lane rural roads.

Limited qualitative information
added to synthesis.

Donnel,T. E.; Harwood, W. D.; Bauer, M. K,;
Mason, M. H. Jr.; and Pietrucha, T. Martin. Cross-
Median Collisions on Pennsylvania Interstates and

Expressways. Transportation Research Record
1784, TRB, National Research Council, Washington,
D.C., 1993, pp. 91-99.

This paper examined the safety
issues with cross-median
collisions on Pennsylvania

Interstates and Expressways.
This paper didn't set out to
develop or estimate the safety
effects of treatments used to
counter cross-median collisions.
Rather the paper aim to quantify

collision frequency based on 3

types of median.

Not added to synthesis

(17) (Strathman, J. G., Duecker, K. 1., Zang, J.,
and Williams, T., "Analysis of Design Attributes and
Crashes on Oregon Highway System." FHWA-OR-
RD-02-01, Washington, D.C., Federal Highway
Administration, (2001))

Developed AMFs based on NB
and ZINB model coefficients for
design elements on freeways and
non-freeways

While there are questions

regarding model form and
parameters, added to

synthesis (median presence).

(Hunter, W. W., Stewart, J. R., Eccles, K. A,,
Huang, H. F., Council, F. M., and Harkey, D. L.,
"Three-Strand Cable Median Barrier in North
Carolina: In-Service Evaluation." Transportation
Research Record, No. 1743, Washington, D.C.,
Transportation Research Board, National Research

Council, (2001) pp. 97-103.)

Used crash data to evaluate the
effect of the installation of cable
median barrier on crash rates in
NC; only used Interstate
locations

No relevant information. Not
added to synthesis.

(15) (Hauer, E., "The Median and Safety." (2000))

Reviewed AMF and SPF literature
on median presence, width, and
shape and reanalyzed some data
sets

Suggested by NHCRP 17-
18(4). No conclusions on
AMFs, evaluation of several
studies added to synthesis
(median presence, median
width, median shape) and
expanded.

(Fitzpatrick, K., Balke, K., Harwood, D. W., and
Anderson, 1. B., "NCHRP Report 440: Accident
Mitigation Guide for Congested Rural Two-Lane
Highways." Washington, D.C., National Cooperative
Highway Research Program, Transportation
Research Board, (2000))

Review of past literature, two-
lane roads only.

Not relevant to medians on
multi-lane roads. Not added to
synthesis.

(18) (Council, F. M. and Stewart, J. R., "Safety
effects of the conversion of rural two-lane to four-
lane roadways based on cross-sectional models."
Transportation Research Record, No. 1665,
Washington, D.C., Transportation Research Board,
National Research Council, (1999) pp. 35-43.)

Cross-sectional models for
“typical sections” of three road
classes

As reviewed by Hauer, 2000,
added to synthesis (median
presence).

(Lee, 1. and Mannering, F., "Analysis of Roadside
Accident Frequency and Severity and Roadside
Safety Management." WA-RD 475.1, Olympia,
Washington State Department of Transportation;
(1999))

Developed AMFs for ROR crashes
based on NB and ZINB model
coefficients related to design
elements of 96 km of one state
route

Not added to synthesis due to
uncertainty in modeling
methodology.
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DOCUMENT

DESCRIPTION

COMMENT

(Castronovo, S., Dorothy, P. W., and Maleck, T. L.,

"An Investigation of the Effectiveness of Boulevard

Roadways." Washington, D.C., 77th Transportation
Research Board Annual Meeting, (1998))

Used boulevards in Michigan to
compare the crash rate of
roadway with continuous center
left-turn lanes to boulevards

Suggested by NHCRP 17-
18(4). Not relevant as this
section does not cover
TWLTLs. Not added to
synthesis.

(19) (Nystrom, K., "Median Barrier Study Warrant
Review." TE-97-02, Sacramento, California
Department of Transportation, (1997))

Developed cross-sectional models
built on findings and data from
Seamons and Smith 1991 with

additional years and examination
of more than just cross-median

crashes

As reviewed by Hauer, 2000.
Hauer’s reanalysis results
added to synthesis (median
width).

(20) (Miaou, S. P., "Measuring the Goodness of Fit
of Accident Prediction Models." FHWA-RD-96-040,
McLean, Va., Federal Highway Administration,
(1996))

Developed multivariate model of
effect of sideslope on single-
vehicle crashes on two-lane

undivided roads.

As reviewed by Hauer, 2000,
added to median shape
synthesis

(Elvik, R., "The Safety Value of Guardrails and
Crash Cushions: A Meta-Analysis Of Evidence From
Evaluation Studies." Accident Analysis and
Prevention, Vol. 27, No. 4, Oxford, N.Y., Pergamon
Press, (1995) pp. 523-536.)

Meta-analysis of 32 studies that
evaluated the safety effect of
median barriers (and guardrails
and impact attenuators)

Suggested by NHCRP 17-
18(4). No relevant
information; barriers are not
included in this section. Not
added to synthesis.

(10) (Hadi, M. A., Aruldhas, J., Chow, L., and
Wattleworth, J., "Estimating Safety Effects of
Cross-Section Design for Various Highway Types
Using Negative Binomial Regression."
Transportation Research Record 1500, Washington,
D.C., Transportation Research Board, National
Research Council, (1995) pp. 169-177.)

Analyzed FL crash data to

develop NB cross-sectional

models for various design

elements on different road
classes

Suggested by NHCRP 17-
18(4). As reviewed by Hauer
2000 (two-lane, and multi-
lane), added to synthesis
(median width).

(Harwood, D. W., Pietrucha, M. T., Wooldridge, M.
D., Brydia, R. E., and Fitzpatrick, K., "NCHRP
Report 375: Median Intersection Design."
Washington, D.C., Transportation Research Board,
National Research Council, (1995))

Study of the operational and
safety considerations of median
widths at 40 rural and suburban

divided highway intersections

No AMFs. Not added to
synthesis.

(Bowman, B. L. and Vecellio, R. L., "Effects of
Urban and Suburban Median Types on Both
Vehicular and Pedestrian Safety." Transportation
Research Record 1445, Washington, D.C.,
Transportation Research Board, National Research
Council, (1994) pp. 169-179.)

Evaluated the safety effect of
various medians on vehicular and
pedestrian safety; analyzed over
30,000 crashes; 3 cities

Suggested by NHCRP 17-
18(4). Included in meta-
analysis by Elvik and Vaa
(2004). Not added to
synthesis.

(Long, G., Gan, C., and Morrison, B. S., "Safety

Impacts of Selected Median and Access Design

Features." Gainesville, Transportation Research
Center, University of Florida, (1993))

Cross-sectional evaluation of
effect of median on crashes on
urban arterials; various types of
medians, no medians, restrictive

medians; 400 miles of urban

roads in FL

Suggested by NHCRP 17-
18(4). Reviewed by Hauer
(2000). Simple comparison of
raw crash rates without
control for other variables; not
added to synthesis.

(21) (Knuiman, M. W., Council, F. M., and Reinfurt,
D. W., "Association of median width and highway
accident rates." Transportation Research Record
1401, Washington, D.C., Transportation Research
Board, National Research Council, (1993) pp. 70-

82.)

Developed log-linear multivariate
cross-sectional models (assuming
NB variance function) of accident
rate/mvm on divided freeways
and non-freeways

Reviewed by Council and by
Hauer (2000), added to
synthesis.
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DOCUMENT

DESCRIPTION

COMMENT

(Zegeer, C. V. and Council, F. M., "Safety
Effectiveness of Highway Design Features: Volume
III - Cross Sections." FHWA-RD-91-046,
Washington, D.C., Federal Highway Administration,
(1992))

Overview of impact on safety of
various cross-section elements.

No additional information on
medians; relevant studies
reviewed by Hauer (2000);

not added to synthesis.

(22) (Seamons, L. L. and Smith, R. N., "Past and
Current Median Barrier Practice in California." TE-
90-2, Sacramento, Calif., CalTrans, (1991))

Developed cross-sectional models
of cross-median crash rates on
freeways.

As reviewed by Hauer 2000,
Hauer’s reanalysis added to
synthesis (median width).

(Harwood, D. W., "NCHRP Report 330: Effective
Utilization of Street Width on Urban Arterials."
Washington, D.C., Transportation Research Board,
National Research Council, (1990))

Evaluated the safety effect of
reallocating urban arterial street
width to create more lanes; 35

improvement projects

No relevant information. Not
added to synthesis.

(12) (Harwood, D. W., "NCHRP Report 282:
Multilane Design Alternatives for Improving
Suburban Highways." Washington, D.C.,
Transportation Research Board, National Research
Council, (1986))

Developed cross-sectional models
for various design alternatives on
suburban highways

As reviewed by Hauer, 2000,
added to synthesis (median
presence). Included in meta-
analysis by Elvik and Vaa
(2004)

(Various, "Synthesis of Safety Research Related to
Traffic Control and Roadway Elements Volume 1."
FHWA-TS-82-232, Washington, D.C., Federal
Highway Administration, (1982))

Summary of safety research of
various traffic control and cross-
section elements.

No additional quantitative
information; relevant studies
reviewed by Hauer (2000);
not added to synthesis.

(23) (Foody, T. J. and Culp, T. B., "A comparison of
the safety potential of the raised versus depressed
median design." Transportation Research Record
514, Washington, D.C., Transportation Research
Board, National Research Council, (1974) pp. 1-14.)

Examined total and fatal crash
rates per MVM on raised and
depressed medians of 84-ft width
on Interstate roadway.

As reviewed by Hauer, 2000,
added to synthesis (median
shape)

(24) (Garner, G. R. and Deen, R. C., "Elements of

Median Design in Relation to Accident Occurrence."

Highway Research Record 432, Highway Research
Board, (1973) pp. 1-11.)

Examined accident rates for
various medians types and widths
on Interstate and turnpike roads
in Kentucky

As reviewed by Hauer, 2000.
added to synthesis (median
shape)

(Dearinger, J. A. and Hutchinson, J. W., "Cross
Section and Pavement Surface." Traffic Control and
Roadway Elements - Their Relationship to Highway

Safety Vol. Revised, No. 7, Washington, D.C.,
Highway Users Federation for Safety and Mobility,
(1970))

Reviews highway safety aspects
of cross-section elements.

No additional quantitative
information; relevant studies
reviewed by Hauer (2000);
not added to synthesis.

Target crashes for median treatments are head-on, opposite-direction sideswipe, and

run-off-road-left, generalized as median-related crashes in the following discussion.

Treatment: Provide a median

Rural (and urban) two-lane roads

Elvik and Vaa provide estimates of the safety effect of constructing “central
reservations” on the basis of 9 international and 7 U.S. stW)igsg 326). Although uncommon
in North America, Elvik and Vaa found that on rural two-lane roads, medians increase the

number of all accident types, both injury and PDO, possibly due to the hindrance of overtaking
maneuvers, and the presence of a new hazard (i.e., the median is generally raised or &)barrier) (
On two-lane roads in urban areas, Elvik and Vaa found that medians reduced injury accidents of
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all types by about 40%. This effect is likely related to the restriction of turning maneuvers at
minor intersections and access@s (

Elvik and Vaa's findings are summarized in Exhibit 3-22; the standard error of the
safety effect estimates are based on the 95% confidence interval reported by Elvik and Vaa,
multiplied by a factor of 1.8, representing a medium-high rating for the meta-analysis.

Exhibit 3-22: Summary of study characteristics for median presence on two-lane roads

Author, Treatment/ ] Road Accident Ind.ex of Estimate of
Setting type & type & Effectiveness, Std. Error,
date Element .
volume severity t adjusted s
. - Two-lane
Elvik and Provide a ! All types, fatal
Vaa, 2004 median Rural volume not and injury 1.94 0.558
reported
Elvik and Provide a Two-lane,
- Rural volume not All types, PDO 2.28 0.549
Vaa, 2004 median
reported
. . Two-lane,
Elvik and Provu;le a Urban volume not Al type_:s_, fatal 0.61 0.099
Vaa, 2004 median and injury
reported

Rural multi-lane highways; Urban and suburban arterials

Hauer (2000) conducted a detailed review of 1953 to 1999 literature on median
presence, and reanalyzed data in some caSgdHauer did not draw overall conclusions from
the studies he reviewed. Exhibit 3-23 includes two of the six studies reviewed by Hauer (2000)
that were methodologically sound (Harwood, 1986; Council and Stewart, 1999), a meta-analysis
by Elvik and Vaa (2004), and a more recent study by Strathman et al. (2001).

Harwood (1986) found that non-intersection accident rates (per MVM) were
approximately 43% higher on divided than undivided suburban residential roads, and
approximately 2% higher on suburban commercial roa#s (When total crashes were
examined, Harwood found very little difference between the crash rates for divided vs. undivided
suburban roads of either type). Although the results of the Harwood (1986) study were included
in the meta-analysis by Elvik and Vaa (2004), the results are documented here to provide some
knowledge of the suburban setting. This single study of suburban roads would indicate an AMF
for median presence of 1.0 for total crashes on both commercial and residential roads and for
non-intersection crashes on commercial roads (i.e., no effect), and an AMF of 1.40 for non-
intersection crashes on suburban residential roads.

Elvik and Vaa 8) (pg 327) present findings for median presence on multi-lane roads for
injury and non-injury crashes separately. Elvik and Vaa's findings for rural roads with a median
indicate a decrease in crashes of 12% for injury and 18% for PDO crashes. The urban road
findings indicate a decrease in crashes for injury (22%) but an increase in PDO crashes (9%). The
standard errors presented in Exhibit 3-23 for Elvik and Vaa'’s findings are based on the 95%
confidence intervals reported by the authors, multiplied by a method correction factor of 1.8, as
the results of the meta-analysis methodology are deemed to be of medium-high quality.

Using negative binomial and zero-inflated negative binomial models, Strathman, et al.
(2001) @7) examined the effects of various roadway variables on crashes on Oregon roadways.
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Separate models were developed for urban vs. rural, and freeway vs. non-freeway, but not for
different road classes (e.g., two-lane vs. multi-lane) within the non-freeway group. It was not
possible to determine how the functional form of each variable was derived, or how parameters
were excluded from the model (if at all). The models included dummy variables for the presence
of vegetative medians, curbed medians, and medians with barriers. While difficult to interpret, the
findings appear to indicate that the presence of a vegetative median reduces crashes by
approximately 57% on rural non-freeways (regardless of median width). A standard error could
not be computed for this value.

Exhibit 3-23: Summary of study characteristics for median presence

Author, Treatment/ ] Road type & Accident o Im.:lex of Estimate of
date Element Setting volume type _& Effectiveness, t | Std. Error,
severlty adjusted S
Harwood,
1986 Suburban Commercial Non-
Included in . (California roads, lanes . . Unable to
meta-analysis Add median and and volume not mtiresveecrtilt?gs, all 1.02 calculate.
by Elvik and Michigan) reported
Vaa (2004)
Harwood,
1986 Suburban Residential Non-
Included in . (California roads, lanes . . Unable to
. Add median intersection, all 1.43
meta-analysis and and volume not severities calculate.
by Elvik and Michigan) reported
Vaa (2004)
Council and Rural Four-lane, Non- Unable to
Stewart, 1999 Add median (California) volume not intersection, all = 0.76 x ADT % calculate
(18 reported severities ’
Multi-lane,
. volume not
EIV|k2%chLVaa, Add median Urban reported, AIiInt}:Ipes, 0.78 0.018
includes minor jury
intersections
Multi-lane,
. volume not
EIwk;:)rz)ci}Vaa, Add median Urban reported, All types, PDO 1.09 0.018
includes minor
intersections
Multi-lane,
. volume not
EIVIKZ%%ivaa’ Add median Rural reported, Alilnt_yllpes, 0.88 0.0315
includes minor jury
intersections
Multi-lane,
Elvik and Vaa volume not
2004 ! Add median Rural reported, All types, PDO 0.82 0.0315
includes minor
intersections
Strathman et Vegetative Non-freeways, Non- Unable to
. Rural volumes not intersection, all 0.43
al. 2001 medians o calculate.
reported severities
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The results of the four studies that provided AMFs are distinct. Three of the studies
examined non-intersection crashes (Harwood, Council and Stewart, and Strathman), and Elvik
examined total crashes (intersection and non-intersection combined) by severity class.

Findings from the studies of rural roads by Council and Stewart, and Strathman et al.
are somewhat consistent with each other, but disagree significantly in both degree and direction
from the Harwood findings for suburban roads.

The single study of suburban roads would indicate an index of effectiveness for median
presence of 1.02 for total crashes on both commercial and residential roads and for non-
intersection crashes on commercial roads (i.e., no effect), and an index of effectiveness of 1.43
for non-intersection crashes on suburban residential roads. Standard errors could not be calculated
for these values.

Freeways; Expressways
No studies found.
Treatment: Widen median
Rural two-lane roads

No studies found.

Rural multi-lane highways; Freeways; Expressways; Urban and suburban
arterials

Hauer (2000)15) reviewed eleven studies and reanalyzed the data gathered in some of
the studies. Hauer concluded with no specific AMFs; however the following general conclusions
concerning the safety effects of median width were documeb®ed (

= As median width increases, cross-median crashes (where an opposing vehicle is
struck) decrease, particularly for medians wider than 50 ft (15 m);

= As median width increases, median-related crashes may increase, reaching a peak
at around 30 ft (9 m) and then decrease for medians wider than 30 ft (9 m); and,

= The effect of increasing median width on total crashes is still in question. Simple
comparative studies show no change in total crashes with width, while a single
study showed a decrease in total crashes with an increase in median width.

Hauer’s results for three studies are included in Exhibit 3-24 (Seamons and Smith,
1991; Hadi et al., 1995; Nystrom et al., 19915)( These three studies were selected for
inclusion in this synthesis either because the original data of the study was reanalyzed, or because
“major” methodological problems were not noted. It was not possible to compute standard error
values.

Hauer's reanalysis of the Seamons and Smith data for freeways accounted for ADT, but
was unable to account for other possible factors (e.g., median shape, inside shouldet®yidth) (

Hadi et al. developed negative binomial cross-section models for a variety of road types
and settings, for both midblock and total crashes. Hauer notes a bias due to the fact that variables
were excluded from the models on the basis of statistical significance only, thus some
confounding probably occuri¥).

Hauer’s review of the Nystrom et al.9) data controlled only for ADT. As Hauer
notes, there was no control for other factors that would differ with median width (e.g., median
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type, terrain, curvature, land use, etc.). Hauer was able to develop indices of effectiveness for
widening medians from 10 ft to 80 ft. Note that roads with 30 ft medians without barriers appear
to have about twice as many crashes as would be predicted by traffic and length alone. Hauer
goes on to say that the reason for this increase in crashes for 30 ft medians is not clear, and may
not be attributable to median width alone. For example, there may be an effect of median width
on operating speed, or perhaps 30 ft medians are usually of the depressed type with slopes that
cause overturninglf).

Exhibit 3-24: Summary of study characteristics for median width

. Index of Estimate
Author, Treatment/ Setting Road type | Accident pre Effectiveness, of Std.
date Element & volume & severity
t adjusted EI‘I‘OI‘, S
Seamons Incr‘s?ds; mneodlan Freeway, Multi-vehicle
. o Not 20,000 to cross-median exp(-0.041 (MWifer Unable to
and Smith, | median barrier, | oo 130,000 impacts, all - MWaerore)) compute
1991 (22) for medians > P ! pacts, before P
veh/day severities
50 ft
. . 4-lane non- .
Hadi et al., | Increase median 3 Midblock, all : 0.5 Unable to
1995 (10) width Rural freew%kl.lK severities exp(--0458MW™) compute
. . 4/6-lane .
Hadi et al., | Increase median . Midblock, all : 0.5 Unable to
1995 width Rural freevggylg K severities exp(--0252MW™) compute
. . 4-lane non- .
Hadi et al., | Increase median 3 Midblock, all : 0.5 Unable to
1995 width Urban freew;gl,( 10K severities exp(--0588MW™) compute
. : 6-lane non- .
Hadi et al., | Increase median . Midblock, all : 0.5 Unable to
1995 width Urban freev;%,KlOK severities exp(-.0412MW™) compute
Hadi et al., | Increase median Urban freev‘\}/_a:an?} 2K- Midblock, all exp(-.0801MWOS) Unable to
1995 width 13y7’K ' severities p- compute
Hadi et al., | Increase median Urban freesv_alnamZOK- Midblock, all exp(-.0345MWOS5) Unable to
1995 width Zoé,K severities p- compute
. . 4-lane non-
Hadi et al., Increas_e median Rural freeway, 1.1K- All crashe;s, all exp(-.0688MW°5) Unable to
1995 width 40K severities compute
. . 4/6-lane
Hadi et al., Increas_e median Rural freeway, 5K- All crashe;s, all exp(-.0472MW05) Unable to
1995 width 60K severities compute
. . 4-lane non-
Hadi et al., | Increase median 3 All crashes, all : 0.5 Unable to
1995 width Urban freewsagl,( 10K severities exp(--1060MW™) compute
. ) 6-lane non- -
Hadi et al., | Increase median 3 All crashes, all No statistically
1995 width Urban freev;g;(/),KloK severities significant effect n/a
Hadi et al., | Increase median Urban freev‘\}/_a:anz 2K- All crashes, all exp(-.0926MW-) Unable to
1995 width 13Y7,K ’ severities P compute
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Author, Treatment/ Settin Road type | Accident type Effi:(tiis)é::ss E::';l:te
date Element 9 & volume & severity ! i
t adjusted EI‘I‘OI‘, S
. . 6-lane -
Hadi et al., | Increase median All crashes, all No statistically
. Urban freeway, 20K- i~ 2 n/a
1995 width 200K severities significant effect
Cross-median 10ft-038
multi-vehicle, 20 ft-0.9
Increase median cross-median 30ft-1.9
: s Freeway, - .
Nystrom et width, within 0 Not 20,000 to single vehicle, 40 ft—1.4 Unable to
to 85 ft range, and median
al., 1997 ] reported 130,000 50 ft— 0.9 compute
no median veh/da encroachment
barriers Y and recovery 60 ft — 0.8
crashes, all 70 ft = 0.75
severities 80 ft — 0.75

NOTE: all measurements of median width (MW) for equations in this exhibit are in feet.

Exhibit 3-25 converts the above findings to a common basis for example median
widths, assuming a 10 ft median has an AMF of 1.0 (i.e., same effect as no median).

Exhibit 3-25: Summary of findings concerning AMFs for increasing median width

Road type and Crash Median width (ft)
type 10 20 30 40 50 60 70 80 90
Cross-median multi-vehicle _ _ _ ) 0.20 0.13 0.09 0.06 0.04
crashes — freeways
Median-related crashes (single _
or multi-vehicle) — freeways 1.00 1.12 2.38 1.75 1.12 1.0 0.94 0.94
Total crashes
1.00 0.91 0.85 0.80 0.76 0.73 0.70 0.67 0.65
4-lane rural non-freeway
Total crashes
1.00 0.94 0.90 0.86 0.83 0.81 0.78 0.76 0.74
4/6-lane rural freeway
Total crashes
1.00 0.87 0.78 0.72 0.66 0.62 0.58 0.54 0.51
4-lane urban non-freeway
Total crashes
1.00 0.89 0.81 0.75 0.70 0.65 0.62 0.59 0.56
4-lane urban freeway

It is difficult to summarize the findings since the studies examined different road types

(e.g., freeway, non-freeway), and crash types (e.g., cross-median multi-vehicle, run-off-road,

total). Cross-median multi-vehicle crashes are clearly reduced by increasing median width, but

the amount of estimated reduction for a given width varies significantly.

Findings concerning median-related (i.e., single or multiple vehicle crashes involving

the median) are inconsistent with results for other crash types. Hauer’s reanalysis of the Nystrom
et al. (1997) data indicates that 20 ft to 50 ft medians have more median-related crashes than 10 ft
medians, and that there is no safety benefit for these crash types except in medians of 70 ft and

wider.
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Perhaps the more consistent findings are for total crashes. However, it is noted that all
these findings are taken from one study. Hadi et al. found that while there may be a difference
between median width effects on rural freeways vs. non-freeways, the effects are very similar on
the urban freeways and non-freeways studied.

Neuman et al. report that “Knuiman et al. (1998) found that accident rates
continued to decrease as median widths increased up to about 80 feet (25 m). The effect was seen
for head-on/opposite direction sideswipe crashes, as expected. A similar effect was also found for
single- and multiple-vehicle crasheslsf. No comment was made by Neuman et al. about the
effect of median widths wider than 80 ft (25 m). It is not clear if a distinction was made here
between multiple-vehicle crashes and head-on/opposite direction crashes.

Harkey et al. (2008) utilized a cross-sectional analysis of HSIS data to develop AMF
values over a range of roadway types and conditions. The results account for area type (rural vs
urban), access-control (full access vs partial or no access) and provide AMFs for both total
crashes and cross-median crashes. It is also important to note that the data set used to develop the
AMFs did not include barriers so the AMFs from Harkey et al. 2008, are for medians without
barriers. The range of AMFs developed is consistent with previous work in this area (e.qg.,

Knuiman et al. (1993) and Hadi et al. (1995)). The AMFs for roadways with full access control
and partial or no access control are presented in Exhibits 3-26 and 3-27, respectively. The
baseline condition for the AMFs is a 10 ft median.

Exhibit 3-26: AMFs for changing median widths on full access control roadw&gs (

Median Rural 4 Lanes Urban 4 Lanes Urban 5+ Lanes
Width All CM All CM All CM
10 1.00 1.00 1.00 1.00 1.00 1.00
20 0.96 0.86 0.95 0.89 0.93 0.89
30 0.93 0.74 0.90 0.80 0.86 0.79
40 0.90 0.63 0.85 0.71 0.80 0.71
50 0.87 0.54 0.80 0.64 0.74 0.63
60 0.84 0.46 0.76 0.57 0.69 0.56
70 0.81 0.40 0.72 0.51 0.64 0.50
80 0.78 0.34 0.68 0.46 0.59 0.45
90 0.75 0.29 0.65 0.41 0.55 0.40
100 0.73 0.25 0.61 0.36 0.51 0.35
All = total crashes, all severities
CM = cross median crashes, all severities

Exhibit 3-27: AMFs for changing median widths on partial or no access control roadways (168)

Median Rural 4 Lanes Urban 4 Lanes

Width All CM All CM
10 1.00 1.00 1.00 1.00
20 0.95 0.84 0.95 0.87
30 0.91 0.71 0.90 0.76
40 0.87 0.60 0.85 0.67
50 0.83 0.51 0.81 0.59
60 0.79 0.43 0.77 0.51
70 0.76 0.36 0.73 0.45
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80 0.72 0.31 0.69 0.39
90 0.69 0.26 0.65 0.34
100 0.66 0.22 0.62 0.30
All = total crashes, all severities
CM = cross median crashes, all severities

Treatment: Change median shape or type

“Median shape” is defined here to include depressed vs. raised medians. Median slopes
are briefly discussed here, with more detailed discussion with roadside geometry in Section 3.1.2.

Rural two-lane roads
No studies found.
Rural multi-lane highways; Freeways; Expressways

Based on Hauer's review of studies from 1960 to 1996, it is difficult to draw
conclusions based on the few and varied stud®s (

With respect to the issue of raised versus depressed medians (median type), the one
study reviewed by Hauer (Foody and Culp, 1923))(provided contrasting findings. Foody and
Culp concentrated on one accident type — median-related single vehicle crashes — and concluded
that depressed medians were superior. Hauer notes that raised medians had lower crash rates for
all other crash types, and lower fatal crash rates for all tyf#sl{is very possible that a more
rigorous study of more recent data might provide a different answer. Thus no conclusion can be
drawn for median type based on the available literature.

With respect to the issue of median slope, two studies reviewed by Hauer (Garner and
Deen, 1976,44); Miaou, 1996, 20)) indicate that the steeper the median slope for depressed
medians, the higher the median-related crash rate. However, no quantification of safety for
changes to median slopes was found in the literature.

While some of the risk factors for accidents are different for cross-median vs. run-off-
road-right crashes, evidence regarding the safety effects of roadside slope is perhaps the closest
one can get to median slope. Additional discussion of roadside slope can be found in Section
3.1.2.

Urban and suburban arterials
No studies found.

3.1.2. Roadside Elements

The roadside is defined as “that area between the outside shoulder edge and the right-of-
way limits” (25).

The following sections discuss of the safety effect of various roadside characteristics.
Sections include the clear roadside concept, roadside geometry (including sideslopes and ditches,
for roadsides and median), roadside features (such as signs, supports, and utility poles), and
roadside barriers. Two tools for improving roadside safety are also discussed: the Roadside Safety
Analysis Program (RSAP), and the Roadside Hazard Rating method.
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The AASHTO Roadside Design Guidgs] is an invaluable resource for roadside
design, including clear zones, geometry, features and barriers.

3.1.2.1. Roadside Geometry

Roadside geometry refers to the physical layout of the area between the outside
shoulder edge and the right-of-way limits, or the area between roadways of a divided highway
(i.e., the roadside or the median).

A roadside environment clear of fixed objects with stable flattened slopes is intended to
increase the opportunity for errant vehicles to regain the roadway safely, or come to a stop on the
roadside, and reduce the chance of serious consequences. The concept of a “forgiving roadside” is
detailed in Chapter 1 of AASHTO’s Roadside Design Gu. (

The clear zone is defined by the AASHTO Roadside Design Guide as the “total
roadside border area, starting at the edge of the traveled way, available for safe use by errant
vehicles. This area may consist of a shoulder, a recoverable slope, a non-recoverable slope, and/or
a clear run-out area2b).

A well-designed clear zone will):

= Be of sufficient width that most vehicles that leave the road do not exceed its
limits;

. Have up and down slopes that do not cause vehicle rollovers; and,

= Possess soil characteristics that do not lead to vehicle tripping and thus rollovers.

It is generally accepted that a wider clear zone creates a safer environment for
potentially errant vehicles. However, there are often many constraints that limit the available
clear zone.

Neuman et al. state that although the Roadside Designh Guide implies that a “safe clear
zone width” on higher-speed roads is approximately 30 ft, there is no single width that defines
maximum safety. Errant vehicles may exceed any given width; speeds and roadside elements play
a significant role in the dynamics of these movements. Several factors are involved in the
calculation of clear zone width, such as design speed, design ADT, prevailing sideslope, and
curvature. In general, “the wider the better”, up to some cost-effective limit beyond which no
significant number of vehicles will encroactty.

The AASHTO Roadside Design Guide provides a 6-step approach to applying the clear
zone concept2p):

Remove the obstacle

Redesign the obstacle so it can be safely traversed

Relocate the obstacle to a point where it is less likely to be struck

Reduce impact severity by using an appropriate breakaway device

Shield the obstacle with a longitudinal traffic barrier designed for redirection or use
a crash cushion

6. Delineate the obstacle if the above alternatives are not appropriate.

arwpdE

The AASHTO Roadside Design Guide contains substantial information to determine
the suggested clear-zone distance approximation for roadways based on traffic volumes and
speeds (Figure 3.1 or Table 3.1 of that publication), as well as a decision process to determine if a
treatment is suitable for a given fixed object or non-traversable terrain fe2ure (
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The AASHTO Roadside Design Guide also provides detailed information about
roadside design, particularly Chapter 3: Roadside Topography and Drainage Fé&juiidsy
information includes:

=  Foreslopes (recoverable, non-recoverable, critical)
= Backslopes

= Transverse slopes

= Drainage channels

A recoverable slope is defined as “a slope on which a motorist may, to a greater or
lesser extent, retain or regain control of a vehicle. Slopes flatter than 1V:4H are generally
considered recoverable?¥).

A traversable slope is defined as “a slope from which a motorist will be unlikely to steer
back to the roadway but may be able to slow and stop safely. Slopes between 1V:3H and 1V:4H
generally fall into this category26).

A non-recoverable slope is defined as “a slope which is considered traversable but on
which the errant vehicle will continue on to the bottom. Embankment slopes between 1V:3H and
1V:4H may be considered traversable but non-recoverable if they are smooth and free of fixed
objects” @5).

“Critical foreslopes are those steeper than 1V:3H. They will cause most vehicles to
overturn” and may be candidates for treatment if the slope begins within the clear zone distance
of the highway. Warrants for shielding are provided in Chapter 5 of the Roadside Design Guide

(25).
A transverse slope is a common obstacle created by median crossovers, berms,

driveways, or intersecting side roads. Transverse slopes of 1V:6H or flatter are suggested for
high-speed roads, which can be transitioned to a steeper slope further from the tra28).lane (

A drainage channel is “an open channel usually paralleling the highway embankment
and within the limits of the highway right-of-way2%). These terms are illustrated in Exhibit
3-28.

Exhibit 3-28: Roadside geometry (25)

Required Clear-Zone Distance

(based on recoverable slope)

Through Non-recoverable Clear Runout
Traveled Way Shoulder Recoverable Slope Slope Area”
1V:4H or Flatter Slope Slopes Between 1V:6H or Flatter
{1V:6H or Flatter Desirable) 1V:3H & 1V:4H Slope Desirable
\i 1

* The Clear Runout Area is additional clear-zone space that is needed because a portion of the Required
Clear Zone (shaded area) falls on a non-recoverable slope. The width of the Clear Runout Area is equal to that
portion of the Clear Zone Distance that is located on the non-recoverable slope.
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As stated in AASHTO’s Policy on Geometric Design, “a curb, by definition,
incorporates some raised or vertical element” (pg 323) Curbs are used primarily on all types
of low-speed urban highways (i.e., design speed less than 45 mph (70 km/h) @®)7Zhere
are two types of curb design: vertical and sloping. Vertical curbs are designed to deter vehicles
from leaving the roadway. Sloping curbs (also called “mountable curbs”) are designed to permit
vehicles to cross them readily when needed (pg 28}) Materials that may be used to construct
curbs include cement concrete, granite, and bituminous (asphalt) concrete.

While cement and bituminous concrete curbs are used extensively, it should be noted
that the visibility of these types of curbs offer little visible contrast to normal pavements
particularly during foggy conditions or at night when surfaces are wet. The visibility of curbs may
be improved through the use of reflectorized markers that are attached to the top of the curb, or
marked with reflectorized materials such as paints and thermoplastics in accordance with the
guidelines outlined in the MUTCLI26). Delineation is discussed in Section 3.2. Curbs at
intersections are discussed in Chapter 4.

This section includes discussion of the safety impact of the various roadside geometric
elements discussed above. Details on other roadside elements, such as trees, poles, and barriers
can be found in the following sections.

Exhibit 3-29: Resources examined to investigate the safety effect of roadside geometry on

segments

DOCUMENT

DESCRIPTION

COMMENT

(Harkey, D.L., R. Srinivasan, J. Baek, B. Persaud, C.
Lyon, F.M. Council, K. Eccles, N. Lefler, F. Gross, E.
Hauer, J. Bonneson, “Crash Reduction Factors for Traffic
Engineering and ITS Improvements”, NCHRP Project 17-
25 Final Report, Washington, D.C., National Cooperative
Highway Research Program, Transportation Research
Board, (2008))

Researched and/or
developed AMF values for a
number of roadway segment

treatments including
flattening side slopes on
rural two-lane and multilane
roads

Expert panel’s opinions
added to synthesis

NCHRP Project 17-26 “Methodology to Predict the Safety
Performance of Urban and Suburban Arterials”

http://www4.trb.org/trb/crp.nsf/All+Projects/NCHRP+17-
26

On-going project.

Results not available.

(8 (Elvik, R. and Vaa, T., "Handbook of Road Safety
Measures." Oxford, United Kingdom, Elsevier, (2004))

Meta-analysis of past studies
for various road elements
and safety improvements.

Provision of 95% confidence

interval allows determination

of standard error. Added to
synthesis.

(Torbic, D. J., Harwood, D. W., Pfefer, R., Neuman, T.
R., Slack, K. L., and Hardy, K. K., "NCHRP Report 500
Volume 7: A Guide for Reducing Collisions on Horizontal
Curves." Washington, D.C., Transportation Research
Board, National Research Council, (2004))

Strategy 15.2 B1 Design
safer slopes and ditches to
prevent rollovers

Strategies are discussed in
ROR guide (Vol 6). No
information not provided by
Neuman et al., 2003. Not
added to synthesis.

(27) (Plaxico, C. A., Ray, M. H., Weir, J. A., Orengo, F.,
Tiso, P., McGee, H., Council, F. M., and Eccles, K.,
"Recommended Guidelines for Curbs and Curb-Barrier
Installations." 22-17, Washington, D.C., Transportation
Research Board, National Research Council, (2004))

Study of the use of curbs
and curb-barrier
combinations on higher-
speed roads.

No AMFs. Qualitative
discussion added to
synthesis.
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DOCUMENT

DESCRIPTION

COMMENT

(3) (Hauer, E., Council, F. M., and Mohammedshah, Y.,
"Safety Models for Urban Four-Lane Undivided Road
Segments." (2004))

Used four years of HSIS
crash, traffic and inventory
data for urban undivided
four-lane roadways in
Washington State to develop
cross-sectional models of
safety.

Added to synthesis.

(16) (Neuman, T. R., Pfefer, R., Slack, K. L., Hardy, K.
K., Council, F. M., McGee, H., Prothe, L., and Eccles, K.
A., "NCHRP Report 500 Volume 6: A Guide for
Addressing Run-off-Road Collisions." Washington, D.C.,
Transportation Research Board, National Research
Council, (2003))

Strategies to reduce run-off-
road crashes, including
minimizing the likelihood of
crashing into an object or
overturning if the vehicle
travels off the shoulder.

Qualitative description of
attributes of well-designed
clear zone added to
synthesis. Qualitative
information and AMFS from
Zegeer added to synthesis.

("Roadside Design Guide." Washington, D.C., AASHTO,
(2002))

Forgiving roadside concept,
detailed chapters on
topography and drainage,
supports, trees, barriers,
bridges, barrier end
treatments, control devices,
etc.

Material from Chapter 1
added to section introduction
(definition of clear zone
concept).

(American Association of State Highway and
Transportation Officials, "A Policy on Geometric Design of
Highways and Streets, 4th ed. Second Printing."
Washington, D.C., (2001))

Guidance for roadway
designers based on
established practices and
recent research.

Material from Chapter 4 on
clear zone added to section
introduction.

(28) (Fitzpatrick, K., Balke, K., Harwood, D. W., and
Anderson, 1. B., "NCHRP Report 440: Accident Mitigation
Guide for Congested Rural Two-Lane Highways."
Washington, D.C., National Cooperative Highway
Research Program, Transportation Research Board,
(2000))

Review of past literature for
several road elements for
two-lane rural roads.

Relationship between
accident rate, ADT, and clear
zone policy added to
synthesis. No AMFs.

(Lee, 1. and Mannering, F., "Analysis of Roadside
Accident Frequency and Severity and Roadside Safety
Management." WA-RD 475.1, Olympia, Washington State
Department of Transportation; (1999))

Analysis of several roadside
characteristics on about 100
km of State Route 3 in
Washington State using
negative binomial models.

Due to uncertainty of models

with respect to the variables’

individual effects, not added
to synthesis.

(McLean, 1., "Practical Relationships for the Assessment
of Road Feature Treatments - Summary Report." ARR
315, Vermont South, Australia, ARRB Transport Research
Ltd, (1997))

This report is a brief
summary of several projects
conducted in Australia.

Primarily qualitative
information, quantitative
values have insufficient data
to determine standard error.
Not added to synthesis.

(Allaire, C., Ahner, D., Abarca, M., Adgar, P., and Long,
S., "Relationship Between Side Slope Conditions and
Collision Records in Washington State." WA-RD 425.1,
Olympia, Washington State Department of
Transportation, (1996))

Naive before/after study of
60 3R projects in
Washington State.

Reviewed by Neuman et al.
2003 (Vol 6). Not added to
synthesis.

(20) (Miaou, S. P., "Measuring the Goodness of Fit of
Accident Prediction Models." FHWA-RD-96-040, McLean,
Va., Federal Highway Administration, (1996))

Reviews relationship
between roadside accident
frequency and hazards
exploring the complementary
nature of accident and
encroachment-based
approaches

Negative binomial model
results added to synthesis.
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DOCUMENT

DESCRIPTION

COMMENT

(29) (Lienau, K., "Safety Effect of Barrier Curb on High
Speed Suburban MultiLane Highways." TTI-04690-6,
McLean, Va., Federal Highway Administration, (1996))

Used crash data in a before
and after matched
comparison study to
evaluate the effect of barrier
curb on safety; high-speed
suburban multilane
highways; sites in TX and IL

Suggested by NCHRP 17-
18(4). Added to synthesis.

(Fambro, D. B., Nowlin, R. L., Warren, S. P., Lienau, K.
A., Mounce, J. M., Bligh, R. P., Mak, K. K., and Ross, H.
E., "Geometric Design Guidelines for Suburban High-
Speed Curb and Gutter Roadways." FHWA/TX-95/1347-
1F, College Station, Texas A&M University, (1995))

Study of geometric design
elements of high-speed
suburban roadways with

curb and gutter. Safety study
used rates, severities and
frequencies.

Suggested by NCHRP 17-
18(4). Same Texas data as
Lienau (1996).No additional

information on roadside
geometry. Not added to
synthesis.

(Zegeer, C. V. and Council, F. M., "Safety Effectiveness
of Highway Design Features: Volume III - Cross
Sections." FHWA-RD-91-046, Washington, D.C., Federal
Highway Administration, (1992))

Overview of impact on safety
of various cross section
elements.

Limited information. Not
added to synthesis.

(Zegeer, C. V., Twomey, J. M., Heckman, M. L., and
Hayward, J. C., "Safety Effectiveness of Highway Design
Features: Volume II - Alignment." FHWA-RD-91-045,
Washington, D.C., Federal Highway Administration,
(1992))

Primarily discussion of
horizontal and vertical
alignment.

AMFs for flattening
sideslopes same as Zegeer
et al., 1987. Not added to

synthesis.

(Zegeer, C. V., Reinfurt, D. W., Hummer, J., Herf, L., and
Hunter, W., "Safety Effects of Cross-Section Design for
Two-Lane Roads." Transportation Research Record 1195,
Washington, D.C., Transportation Research Board,
National Research Council, (1988) pp. 20-32.)

This study is quoted by
several of the studies
reviewed above; not

reviewed.

Added to synthesis as cited
by (16).

(Zegeer, C.V., Reinfurt,D.W., Hunter,W.W., Hummer,J.,
Stewart,R., Herf,L., “Accident Effects of Sideslope and
Other Roadside Features on Two-Lane Roads”
Transportation Research Record 1195, Washington, D.C.,
Transportation Research Board, National Research
Council, (1988) pp. 33-47)

This study is quoted by
several of the studies
reviewed above; not

reviewed.

Added to synthesis as cited
by other authors.

(Various, "Synthesis of Safety Research Related to Traffic

Control and Roadway Elements Volume 1." FHWA-TS-82-

232, Washington, D.C., Federal Highway Administration,
(1982))

Summary of safety research
of various traffic control and
cross-section elements.

Primarily qualitative
information, quantitative
values have insufficient data
to determine standard error.
Superceded by Roadside
Design Guide; not added to
synthesis.

(Dearinger, J. A. and Hutchinson, J. W., "Cross Section
and Pavement Surface." Traffic Control and Roadway
Elements - Their Relationship to Highway Safety Vol.

Revised, No. 7, Washington, D.C., Highway Users
Federation for Safety and Mobility, (1970))

Summary of significant
findings for several cross
section elements.

No additional information on
roadside geometry. Not
added to synthesis.

Treatment: Increase clear roadside recovery distance

Rural two-lane roads

Miaou (1996) 20) found that increasing the clear roadside recovery distance will have a

positive safety effect on two-lane rural undivided roads (Equation 3-4). Miaou developed
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negative binomial regression models to accident data collected for five years on 596 sections of
two-lane rural undivided road sections (totaling about 1,800 miles) in three states (Alabama,
Michigan, and Washington). Miaou notes that 530 out of 596 miles of road had a posted speed
limit of 55 mph, and that the B@ercentile sideslope measured value of each section was used in
the model development, though the actual sideslope may vary considerably within a given
section. This model limitation may explain the small magnitude of effect even with substantial
increases to roadside recovery distance. A baseline clear zone width and the volume range at the
sites used are not specified by Miaou. A standard error is difficult to articulate for this AMF as it
varies depending on clear roadside recovery distances used in the model (d1 and d2), and it is
therefore not provided (t-statistic reported by Miaou (page 104) is -297) (

Equation 3-4: Safety effectiveness of increasing the clear zone width for single-vehicle run-off-
road accidents

AMF (single-vehicle run-off-road accidents) 2®375(2-d1)
Where: d2 = clear roadside recovery distance after widening (in ft)

d1 = clear roadside recovery distance before widening (in ft)

For example, using Equation 3-4, widening the clear roadside recovery distance from 5
ft to 10 ft yields an AMF for single-vehicle run-off-road accidents of:

AME = @001375(d2-d1L 0.01375(10-5_ ) 934

Zegeer et al. (1988) also estimated the effects of clear zone widening on two-lane rural
roads, and calculated the expected percentage reduction of “related crashes” (i.e., the total of
ROR, head-on, and sideswipe). This estimate is conditioned by the existing recovery area being
less than 15 ft (4.6 m) when measured from the edgeline (Exhibit 3-30) (as citéy.ifliere is
insufficient information to calculate the standard error of these values.

Zegeer et al. focused on a different set of target crashes; therefore, the safety effects in
Exhibit 3-30 are not combined with the values from Miaou (1996). In comparing the results, it is
evident that Zegeer et al. found greater safety benefits than Miaou for the same increase in clear
zone width (e.qg., increasing clear zone by 5 ft yields an AMF of 0.934 for Miaou, and a 13%
accident reduction for Zegeer). This is likely partially due to the fact that Zegeer et al. included
additional crash types, such as head-on and sideswipe, whereas Miaou modeled only single-
vehicle run-off-road accidents.

Exhibit 3-30: Percent reductions in “related accidents” due to increasing the roadside clear
recovery distance on two-lane rural roads (Zegeer et al., 1988 as cited in (16))

Amount of increased roadside % Reduction in related accident types (total of run-off-
recovery distance in ft (m) road, head-on, and sideswipe)
5 (1.5) 13
8(2.4) 21
10 (3.1) 25
12 (3.7) 29
15 (4.6) 35
20 (6.2) 44
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As stated by Neuman et al., “While additional guidance on [clear zone] widths and
slopes and economic analysis techniques should be developed within the next 1 to 5 years, the
best current guidance on widths and slopes is in the AASHTO Roadside Design Gjde” (

In summary, both Miaou and Zegeer find a similar safety effect trend due to increasing
clear zone distance on two-lane rural roads.

Rural multi-lane highways; Freeways; Expressways; Urban and suburban
arterials

No studies found.
Treatment: Implement clear zone policy

All roads

As noted by Fitzpatrick et al., Graham and Harwood (1982) found that “single-vehicle
accidents per mile per year are highest for roads with no clear zone policy, lower for a 1V:4H
clear zone policy (i.e., clear area with a 1V:4H sideslope), and lowest for a 1V:6H clear zone
policy for various ADTs” 28) (pg 59). The relationship is shown in Exhibit 3-31. Although
Graham and Harwood note that the field conditions may not necessarily match the clear zone
policy, the study indicates a potential for safety benefits from increased clear zones and flatter
sideslopes. Although not noted by Fitzpatrick et al., or Graham and Harwood, it is also possible
that the roads with smaller clear zones used lower design standards which may have confounded
the results noted here (e.g. narrow lanes, no pavement markings, etc.).

Exhibit 3-31: Relationship between single-vehicle accident rate (run-off-road; per mile per year)
and ADT for two-lane highways with various clear zone policies (28)
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Discussion: Safety effect of increased clear zone
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Other information about clear zone safety effect found in current literature is
summarized here.

Fambro et al. (1995) used benefit-cost approach for clear zone guidelines on suburban
high-speed (50 or 55 mph posted speed limit) roadways with curb and gutter, focused on
roadways with growth in traffic volume and turning movements requiring widening of existing
two-lane highway to four or more lanes. Baseline minimum clear zone was 10 ft (3 m) after
widening. Study found that the following scenarios are not cost-beneficial:

= To purchase 5 ft (1.5 m) or less of additional right-of-way (with existing clear zone
of 10 ft or more) primarily due to high cost of relocation of utility poles

= To purchase of additional right-of-way for costs greater than $4 / ft2 ($43.06 / m2)

= To provide more than the 10 ft baseline clear zone for roadways with low roadside
hazard rating

However, the benefit for avoiding a fatality was estimated to be $500,000 for this
analysis, a value that is much higher today and would likely change the concldgjons (

Treatment: Flatten sideslopes
Rural two-lane roads

Elvik and Vaa 8) found that flattening sideslopes “reduces both the number and
severity of accidents” based on three American studies (Dotson, 1974; Missouri Dept of
Transportation, 1980; Graham and Harwood, 1982). The index of effectiveness is as given by
Elvik and Vaa; the standard error is based on the 95% confidence interval, with a method
correction factor of 1.8.

Miaou also found that a “steeper sideslope is associated with a higher single-vehicle
run-off-road accident rate” on two-lane rural roa2id (Miaou notes that the (ercentile
sideslope measurement was used, though the actual sideslope may vary considerably within a
given section. This study was rated medium-high and assigned a method correction factor of 1.5.

These two studies provide the only AMFs found with sufficient information to provide
estimates of their standard errors (Exhibit 3-32 and Exhibit 3-33).

Exhibit 3-32: Safety effectiveness of flattening sideslopes from 1V:3H to 1V:4H (8) (20)

Author Treatment/ Road Accident Index of Estimate of
! Setting type & type & Effectiveness, Std. Error,
date Element .
volume severity tadjusted S
Elvik, 2004 | Flatten sideslope Rural Mostly two- | All types, injury
from 1V:3H to lane, volume 0.58 0.036
1V:4H unknown
Elvik, 2004 | Flatten sideslope Rural Mostly two- All types, PDO
from 1V:3H to lane, volume 0.71 0.036
1V:4H unknown
Miaou, 1996 | Flatten sideslope Rural Two-lane, Single-vehicle
from 1V:3H to unknown run-off-road, all 0.82 0.159
1V:4H volume severities
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Exhibit 3-33: Safety effectiveness of flattening sideslopes from 1V:4H to 1V:6H (8) (20)

Author Treatment/ Road Accident Index of Estimate of
! Setting type & type & Effectiveness, Std. Error,
date Element .
volume severity tadjusted s
Elvik, 2004 | Flatten sideslope Rural Mostly two- | All types, injury
from 1V:4H to lane
1V:6H undivided, 0.78 0.036
volume
unknown
Elvik, 2004 Flatten sideslope Rural Mostly two- All types, PDO
from 1V:4H to lane
1V:6H undivided, 0.76 0.023
volume
unknown
Miaou, 1996 | Flatten sideslope Rural Two-lane Single-vehicle
from 1V:4H to undivided, run-off-road, all
1V:6H unknown severities 0.76 0.208
volume

The following studies provide additional qualitative knowledge with some indices of

effectiveness, but have insufficient information to determine the standard error of the estimates.

Zegeer et al. (1987) estimated the relationship between single-vehicle accidents and

field-measured sideslopes (Exhibit 3-34), as cite@@). (

Exhibit 3-34: Relationship between single-vehicle accident rate and sideslope, relative to
accident rate for a sideslope of 7:1 [1V:7H] or flatter (Zegeer et al., 1987 as cited by (28))

Note: Sideslope Ratios in Exhibit 3-34 are referring to a V:H relationship
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Zegeer et al. (1987) examined sideslope effects on rollover and all single-vehicle ROR
crashes using field-measured data from approximately 1,800 miles of rural two-lane roads in
three states. Neuman et al. report that “the authors found that rollover rates were significantly
higher on slopes of 1[V]:4[H] or steeper as compared with slopes of 1[V]:5[H] or flatter ... it is
concluded that single-vehicle ROR crashes (which include, but are not limited to, rollovers) can
be significantly reduced by flattening existing sideslopes to 1[V]:4[H] or flatter”. Neuman et al.
also find that “the corresponding decrease in total crashes for this example is an estimated 15
percent. These estimates are made under the assumption that the clear zone width stays the same
and that the resulting sideslope is relatively free of rigid objects”, based on Zegeer et al. (Exhibit
3-35) (as cited in16)).

Allaire et al. (1996) studied sideslope flattening projects and ROR collision frequency
and severity using a before-after study of 60 projects that involved sideslope flattening for at least
some portion of the project. By comparing to “control” changes, Allaire et al. found a statistically
significant benefit for slope flattening. “The percent reduction in ROR collision rates varied by
comparison and by injury severity class from approximately 3 to 50 percent. Based upon
examination of the tables, the estimated “median” reduction in ROR crash rate is approximately
25 to 45 percent.” (as cited ihg)).

Exhibit 3-35: Percentage reduction of single-vehicle and total crashes due to sideslope flattening
on two-lane rural roads (Zegeer et al., 1987 as cited by (16)).
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Note: Sideslope Ratios in Exhibit 3-35 are referring to a V:H relationship

An expert panel was convened as part of Harkey et al. (2008) to determine the best available
AMF values for changing roadside sideslopes. The expert panel's assessment was that the AMFs
developed by Zegeer et al. (see Exhibit 3-35) are the most accurate, consistent, and cover more
cases than other research.

Rural multi-lane highways; Freeways; Expressways; Urban and suburban
arterials
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The expert panel on rural multilane highways convened as part of Harkey et al. (2008)
concluded that the AMFs from Zegeer et al. (1987) were valid and the best available for both
rural two-lane roads and rural multilane highways. The discussion of this study and recommended
results are found above for rural two-lane roads.

Treatment: Install vertical curb instead of parallel drainage ditch design
Rural two-lane roads; Rural multi-lane highways; Freeways; Expressways
No studies found.

Urban and suburban arterials

Using data from Washington State (1993 to 1996), multivariate statistical models were
developed by Hauer et al. in order to predict the non-intersection accident frequency of urban
four-lane undivided roadS). Six separate models were estimated for “off-the-road” and “on-the-
road” property damage only (PDO), Injury, and Total accidents. “Off-the-road” accidents were
identified using the Impact Location Code in the HSIS database on which the models were
derived. Accidents occurring “Off Road Past Shoulder” and “On Shoulder” were classified as off-
the-road accidents. The traffic volumes for the sites studied had a range of 2,500 to 68,500
veh/day with the mean being 24,900 veh/d3)y lauer et al. categorized shoulders as either
curb/wall, or flush of various widths.

Based on the results from the study by Hauer et al., it appears that the presence of curbs
instead of narrow flush shoulders results in increased crashes. The study results are summarized
in Exhibit 3-36. There were insufficient data to calculate standard error values for these values.

Exhibit 3-36: Safety effectiveness of raised curbs on urban four-lane undivided roads (3)

Author, | Treatment/ ] Road type & Accident Ind_ex of Estimate of
Setting type & Effectiveness, Std. Error,
date Element volume .
severlty tadjusted S
Curbs instead Four-lane
Hauer et of 2t0 3 ft Urban undivided, Off-the-road 1.38 Unable to
al., 2004 Washington | 2,500 to 68,500 | accidents, PDO ' calculate.
flush shoulders
veh/day
. Four-lane
Hauer et Cg;bzs tlgs3tef?d Urban undivided, oaffc_ct::j::?:d 1.25 Unable to
al., 2004 Washington | 2,500 to 68,500 - ! ’ calculate.
flush shoulders Injury
veh/day
Curbs instead Four-lane
Hauer et of 2t0 3 ft Urban undivided, Off-the-road 1.32 Unable to
al., 2004 Washington | 2,500 to 68,500 | accidents, Total ! calculate.
flush shoulders
veh/day
Curbs instead Four-lane
Hauer et of 2 ft flush Urban undivided, On-the-road 1.19 Unable to
al., 2004 Washington | 2,500 to 68,500 | accidents, PDO ' calculate.
shoulders
veh/day
. Four-lane
Hauer et Cglfr t;sfltnfit;?]d Urban undivided, Oanc_g:j(::t):d 1.08 Unable to
al., 2004 Washington | 2,500 to 68,500 - ! ' calculate.
shoulders veh/day Injury
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Curbs instead

Four-lane

Hauer et of 2 ft flush Urban undivided, On-the-road 1.13 Unable to
al., 2004 Washington | 2,500 to 68,500 | accidents, Total ' calculate.
shoulders veh/day

Lienau et al. (1996) attempted to quantify the safety effects of barrier curb (i.e., vertical
curb) on high-speed suburban multilane highways, compared with a rural parallel drainage ditch
design 29). Using TXDOT and HSIS data, Lienau et al. studied sites in Texas and lllinois.

The Texas data comprised 10 sections, varied in length and driveway density, with at
least two through lanes in each direction. The posted speed limit of all sections was 50 mph or
greater, none had paved shoulders, one had a flush median, two had a raised median, and six had
TWLTL; volumes ranged from 5,900 to 18,300 veh/day. A minimum of two years of before and
two years of after data were included in the analy8k (

The lllinois data comprised nine multilane (non-freeway) sections with curb and gutter,
and homogeneous volumes, median design, and number of lanes for comparative analysis.
Comparison sites were then matched to these nine sections. The curbed study sites had posted
speed limits of 50 mph or greater, none had shoulders, one had a curbed median, one had a
mountable median, one had an unprotected median, two had rumble strip medians, and four had
no median; volumes ranged from 14,500 to 34,900 veh/day. The comparison sites had similar
characteristics29).

Lienau et al. used accident rates before/after curb installation in Texas, and with/without
curbs in lllinois. The accident frequencies are also provided in an appendix to their report.
However, the AADT and length of each site is not reported; therefore, the best estimate of an
AMF from these studies was determined from the accident rates computed by Lienau et al.
(accidents/mile/year@), and are summarized in Exhibit 3-37. The indices of effectiveness were
calculated by taking the arithmetic average of the results of the sites for each method (i.e., Texas
and lllinois results were kept separate), and estimates of standard error for each method were
based on Equation 3-1, where n=10 for Texas and n=9 for Illinois, éthe change in accident
rate at each site. A method correction factor of 3 was then applied, as the study does not account
for confounding factors (e.g., driveway density, volumes, etc.), and the small sample sizes used in
the study.

Note that the large standard error for the lllinois data (26.48) is primarily due to one set
of sites where the non-curbed site experienced 3.08 acc/mi/yr and the curbed site experienced
83.39 acc/milyr (Exhibit 3-37). The factors involved in this substantial difference in crash
experience are unclear, but it skews the lllinois results. In an attempt to learn from the study
results, the lllinois data were reanalyzed excluding that site; however, the standard error is still
large.

Exhibit 3-37: Safety Effectiveness of raised curbs on high-speed suburban multi-lane highways
(non-freeways) (29)

Accident Index of Estimate of
Author, | Treatment Setting Road type & type & Effectiveness, Std. Error,
date / Element volume .
Seve"ty tadjusted S
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Barrier curb Multilane
Lienau et on the road Suburban highways, All accidents, all 1.09 1.26
al., 1996 Texas 5,900 to 18,300 types ’ ’
edge
veh/day
. Multilane
. Barrier curb - .
Lienau et Suburban highways, All accidents, all
al, 1996 | ©" g:je ;°ad Tilinois 14,500 to types 3.57 26.48
9 34,900 veh/day
. Multilane
. Barrier curb - .
Lienau et Suburban highways, All accidents, all % %
al, 1996 | ©" g:je ;°ad Tilinois 14,500 to types* 0.64 1.64
9 34,900 veh/day

* One set of sites where the non-curbed site experienced substantially fewer accidents than the curbed site was removed from this
calculation

Treatment: Install curb-barrier system
All roads

Plaxico et al. studied curbs and curb-barrier systems along roads with operating speeds
greater than 60 km/l27). Guidelines were developed as a result of the study, such as (page 151):

= “When curbs must be used on high-speed roads, the smallest possible curb height
and flattest slope should be used in order to minimize the risk of tripping the
vehicle in a non-tracking collision”

= “Any combination of a sloping-faced curb that is 150 mm or smaller and a strong-
post guardrail can be used where the curb is flush with the face of the guardrail up
to an operating speed of 85 km/h”

= “Guardrails installed behind curbs should not be located closer than 2.5 m for any
operating speed in excess of 60 km/h”

Additional guidelines are provided in that document regarding the implementation of
curbs and curb-barrier systems. However, no quantification of safety effect was repgrted (

3.1.2.2. Roadside Features

Roadside features may include signs, signals, luminaire supports, utility poles, trees,
motorist-aid call boxes, railroad crossing warning devices, fire hydrants, mailboxes, and other
similar roadside features.

The AASHTO Roadside Design Guide contains information about the placement of
these features, criteria for breakaway supports, base design&5gtc. (

Providing barriers in front of roadside features that cannot be relocated is discussed in
Section 3.1.2.3.

A discussion of the safety effects of illumination pole positions will take place here
while the safety effect of the presence of illumination is found in Section 3.4.1.

Exhibit 3-38: Resources examined to investigate the safety effect of roadside features on segments

DOCUMENT DESCRIPTION COMMENT
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DOCUMENT

DESCRIPTION

COMMENT

(Torbic, D. 1., Harwood, D. W., Pfefer, R.,
Neuman, T. R., Slack, K. L., and Hardy, K. K.,
"NCHRP Report 500 Volume 7: A Guide for
Reducing Collisions on Horizontal Curves."
Washington, D.C., Transportation Research
Board, National Research Council, (2004))

15.2 B2 Remove/relocate objects in
hazardous locations

15.2 B4 Add or improve roadside
hardware

These strategies are discussed

in the Run-off-Road guide (Vol

6) — see below. Not added to
synthesis.

(30) (Lacy, K., Srinivasan, R., Zegeer, C. V.,
Pfefer, R., Neuman, T. R., Slack, K. L., and
Hardy, K. K., "NCHRP Report 500 Volume 8: A
Guide for Addressing Collisions Involving
Utility Poles." Washington, D.C.,
Transportation Research Board, National
Research Council, (2004))

Several strategies to mitigate
crashes with utility poles.

Qualitative discussion of
strategies. No AMFs. Limited
information added to synthesis.

(8 (Elvik, R. and Vaa, T., "Handbook of Road
Safety Measures." Oxford, United Kingdom,
Elsevier, (2004))

Meta-analysis of past studies for
various road elements and safety
improvements.

AMFs for removing and marking
roadside obstacles. Added to
synthesis.

(Neuman, T. R., Pfefer, R., Slack, K. L., Hardy,
K. K., Lacy, K., and Zegeer, C., "NCHRP
Report 500 Volume 3: A Guide for Addressing
Collisions with Trees in Hazardous Locations."
Washington, D.C., National Cooperative
Highway Research Program, Transportation
Research Board, (2003))

16.1 B4 Delineate Trees in
Hazardous locations

16.1 B1 Remove trees in hazardous
locations

Qualitative discussion of
strategies. Not added to
synthesis.

(16) (Neuman, T. R., Pfefer, R., Slack, K. L.,
Hardy, K. K., Council, F. M., McGee, H.,
Prothe, L., and Eccles, K. A., "NCHRP Report
500 Volume 6: A Guide for Addressing Run-
off-Road Collisions." Washington, D.C.,
Transportation Research Board, National
Research Council, (2003))

Strategies to reduce run-off-road
crashes, including minimizing the
likelihood of crashing into an object
or overturning if the vehicle travels
off the shoulder.

Qualitative information on
feature placement added to
synthesis. AMFs found by
Zegeer 1990 added to
synthesis.

(Mak, K. K. and Sicking, D. L., "NCHRP Report
492: Roadside Safety Analysis Program (RSAP)
- Engineer's Manual." Washington, D.C.,
Transportation Research Board, National
Research Council, (2003))

Discussion of RSAP software and
approach.

No information relevant to this
section, used in section on
RSAP. Not added to synthesis.

(“Roadside Design Guide." Washington, D.C.,
AASHTO, (2002))

Guidebook that readers may refer
to.

Not added to synthesis.

(Fitzpatrick, K., Balke, K., Harwood, D. W.,
and Anderson, I. B., "NCHRP Report 440:
Accident Mitigation Guide for Congested Rural
Two-Lane Highways." Washington, D.C.,
National Cooperative Highway Research
Program, Transportation Research Board,
(2000))

Review of past literature for several
road elements for two-lane rural
roads.

No new information — all
provided by other references.
Not added to synthesis.

(Lee, 1. and Mannering, F., "Analysis of
Roadside Accident Frequency and Severity and
Roadside Safety Management." WA-RD 475.1,

Olympia, Washington State Department of
Transportation; (1999))

Analysis of several roadside
characteristics on about 100 km of
State Route 3 in Washington State

using negative binomial models.

Due to uncertainty of models
with respect to the variables’
individual effects, not added to
synthesis.
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DOCUMENT

DESCRIPTION

COMMENT

(Allaire, C., Ahner, D., Abarca, M., Adgar, P.,
and Long, S., "Relationship Between Side
Slope Conditions and Collision Records in

Washington State." WA-RD 425.1, Olympia,

Washington State Department of
Transportation, (1996))

Naive before/after study of 60 3R
projects in Washington State.

Reviewed by Neuman et al.
2003 (Vol 6). Not added to
synthesis.

(Miaou, S. P., "Measuring the Goodness of Fit
of Accident Prediction Models." FHWA-RD-96-
040, McLean, Va., Federal Highway
Administration, (1996))

The study reviews the relationship
between roadside accident
frequency and hazards exploring
the complementary nature of
accident and encroachment-based
approaches

Roadside features were not
modeled. Not added to
synthesis of this section.
Relevant info added to
syntheses of other roadside
sections.

(Zegeer, C. V., Twomey, J. M., Heckman, M.
L., and Hayward, J. C., "Safety Effectiveness
of Highway Design Features: Volume II -
Alignment." FHWA-RD-91-045, Washington,
D.C., Federal Highway Administration, (1992))

Primarily discussion of horizontal
and vertical alignment.

AMFs for increased roadside
recovery distance. Information
insufficient to calculate
standard error; no baseline
given. Not added to synthesis.

(31) (Zegeer, C. V. and Council, F. M., "Safety
Effectiveness of Highway Design Features:
Volume III - Cross Sections." FHWA-RD-91-
046, Washington, D.C., Federal Highway
Administration, (1992))

Overview of impact on safety of
various cross section elements.

No new information on
roadside geometry. Not added
to synthesis.

(Zegeer, C. V., Reinfurt, D. W., Hummer, J.,
Herf, L., and Hunter, W., "Safety Effects of
Cross-Section Design for Two-Lane Roads."
Transportation Research Record 1195,
Washington, D.C., Transportation Research
Board, National Research Council, (1988) pp.
20-32.)

This study is quoted by several of
the studies reviewed above; not
reviewed.

Results included in meta-
analysis by Elvik and Vaa
(2004).

(32) (Zegeer, C.V., Reinfurt,D.W.,
Hunter,W.W., Hummer,J., Stewart,R., Herf,L.,
“Accident Effects of Sideslope and Other
Roadside Features on Two-Lane Roads”
Transportation Research Record 1195,
Washington, D.C., Transportation Research
Board, National Research Council, (1988) pp.
33-47)

This study is quoted by several of
the studies reviewed above; not
reviewed.

Added to synthesis as cited by
other authors.

(33) (Zegeer, C. V. and Cynecki, M. J.,
"Determination of Cost-Effective Roadway
Treatments for Utility Pole Accidents."
Transportation Research Record 970,
Washington, D.C., Transportation Research
Board, National Research Council, (1984) pp.
52-64.)

Article summarizing the
development of a model to predict
utility pole accidents based on ADT,

pole density, and pole offset.

Model results added to
synthesis.

(349 (Zegeer, C. V. and Parker, M. R, Jr.,
"Effect of Traffic and Roadway Features on
Utility Pole Accidents." Transportation
Research Record 970, Washington, D.C.,
Transportation Research Board, National
Research Council, (1984) pp. 65-76.)

Article summarizing various costs
for utility pole countermeasures.

Roadside adjustment factor for
model results added to
synthesis.
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DOCUMENT DESCRIPTION COMMENT

(Various, "Synthesis of Safety Research Primarily qualitative
Related to Traffic Control and Roadway Summary of safety research of information, quantitative values
Elements Volume 1." FHWA-TS-82-232, various traffic control and cross- have insufficient data to
Washington, D.C., Federal Highway section elements. determine standard error. Not
Administration, (1982)) added to synthesis.

(Dearinger, J. A. and Hutchinson, J. W., "Cross
Section and Pavement Surface." Traffic
Control and Roadway Elements - Their Summary of significant findings for

Relationship to Highway Safety Vol. Revised, several cross section elements.
No. 7, Washington, D.C., Highway Users
Federation for Safety and Mobility, (1970))

No additional information on
roadside geometry. Not added
to synthesis.

Discussion: Roadside features in the clear zone area

Neuman et al. state, “The clear zone concept requires that no objects that can result in
crashes be located in the zong®)( It is recognized that there is often a need for some objects to
be located in the desired clear zone, such as sign supports, barriers, culverts, or utility poles.
“Regardless of the reason, the best treatment for all objects is to remove them from the zone.”
Neuman et al. suggest that if this cannot be done, alternative strategies include:

= Relocating the objects either farther from the traffic flow or to less hazardous
locations
= Shielding or replacing “harder” objects with less hazardous breakaway devices

Information about the implementation of these strategies can be found in the AASHTO
Roadside Design Guid@y).

The Code of Federal Regulations [23 CFR 645.209(k)] requires that when a
transportation agency “determines that existing utility facilities are likely to be associated with
injury or accident to the highway user, as indicated by accident history or safety studies, the
transportation department shall initiate or cause to be initiated in consultation with the affected
utilities, corrective measures to provide for a safer traffic environmgayt” (
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Treatment: Increase the distance to roadside obstacles

Rural two-lane roads; Rural multi-lane highways; Freeways; Expressways; Urban
and suburban arterials

Elvik and Vaa estimated the safety effect for increasing the distance to roadside
obstacles, based on American studies by Cirillo (1967) and Zegeer et al. (1988). It is unclear if
the distance is measured from the travel lane or shoulder edge for the Cirillo study, but the Zegeer
et al. study notes that the distance was measured from the edgeline or edge of the tragel lane(
The road types, traffic volumes, and environments were reported as noted in Exhibit 3-39. It is
noted that only two studies are included in this exhibit. Elvik and Vaa state that it is unknown if
the results include the effect of other improvements, such as improved sight di8}ambe (
estimates of standard error are calculated based on the 95% C.I. reported by Elvik and Vaa,
multiplied by a method correction factor of 1.8.

Exhibit 3-39: Safety effects of increased distance to roadside features (8)

Author, | Treatment ] Road Accident Ind.ex of Estimate of
d Setting type & type & Effectiveness, Std. Error,
ate / Element .
volume severity tadjusted s
Elvik, 2004 Increase Rural Mixture of All types, 0.780 0.018
distance to freeways and unknown
obstacle from two-lane, severity
around 1 m to volume
around 5 m unknown
Elvik, 2004 Increase Rural Mixture of All types, 0.560 0.014
distance to freeways and unknown
obstacle from two-lane, severity
around 5 m to volume
around 9 m unknown

Note: Distance measured from the edgeline or edge of travel lane.

Zegeer et al. (1992) provides percent accident reduction values for increased roadside
recovery distance (which is defined by those authors as including removing trees, relocating
utility poles and other obstacles, providing traversable drainage structures, and flattening roadside
slopes) 81). However, a baseline for these values is not provided, and more recent studies have
indicated that the benefit of widening the roadside recovery distance depends not only on the
amount of widening, but also the amount of recovery distance prior to widening. Therefore, the
results of Zegeer et al. (1992) are not included in this synthesis.

Zegeer et al. (1990) developed safety effectiveness estimates for removing roadside
hardware from the clear zone or relocating it farther from the travel way for two-lane rural roads
(Exhibit 3-40). These estimates are based on the assumption that removing a specific object
increases the clear zone width, and that other objects do not remain at the distance that the
specific object was moved from (close to the travel wag). (There is insufficient information to
calculate standard errors for these AMFs. The traffic volumes and other cross-sectional elements
for these values are unknown.
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Exhibit 3-40: AMFs for specific types of obstacle accidents due to clearing/relocating obstacles
farther from the roadway on two-lane rural roads (Zegeer et al., 1990 as cited in (16))

Increase in obstacle Trees Mailboxes, culverts, | Guardrails Fences/Gates
distance in ft (m) and signs
3(0.9) 0.78 0.86 0.64 0.80
5(1.5) 0.66 0.77 0.47 0.70
8(2.4) 0.51 0.66 0.30 0.56
10 (3.1) 0.43 0.60 0.22 0.48
13 (4.0) 0.34 NF NF NF
15 (4.6) 0.29 NF NF NF

Notes: NF = generally not feasible to relocate obstacles to specified distance.
These values are only appropriate for obstacle distance of 30 ft or less on two-lane rural roadways.

The values developed by Zegeer et al. are somewhat counterintuitive, as it seems
reasonable to expect that the magnitude of safety effect will vary depending how far away the
obstacle is from the roadway prior to relocation, not just on the increase in obstacle distance. In
other words moving a mailbox from 3 ft to 8 ft is likely more beneficial than moving the same
mailbox from 8 ft to 13 ft.

Discussion: Remove roadside obstacles

Elvik and Vaa cite an Australian study (Corben et al., 1997) that investigated the impact
of removing roadside obstacles. This study found an index of effectiveness of 0.98 (S=0.3, based
on 95% C.I. given by Elvik and Vaa and a method correction factor of 3 due to the lack of detail
known about the Corben study) for all accident types of injury severity. The road type, volume,
and environment are not stated. The results of the study were not statistically sigréficant (

No other AMFs were found for the removal of roadside obstacles.
Treatment: Increase the distance to utility poles and decrease utility pole density

Rural two-lane roads; Rural multi-lane highways; Freeways; Expressways; Urban
and suburban arterials

Zegeer and Parker (19884} and Zegeer and Cynecki (1984) found that crashes
decrease as pole offsets are increased, and as pole density is r8@ubadgd on a predictive
model using 9,600 utility pole crashes in four states, which relates the number of pole crashes to
the average offset from the travel lane, ADT, and pole density. Substantial effects were observed
by relocating the poles at least 10 ft from the roadway. As the offset (distance between roadway
edgeline and utility pole) increases beyond 10 ft, the safety benefit continues to increase, but at a
slower rate. The best-fit regression model is provided here as Equation 3-5.
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Equation 3-5: Utility pole accident predictive model (33)
Acc/milyr = ([9.84 x 10 (ADT) + 3.54 x 1G (Density)] / (Offsetf9) — 0.04
Where:
Acc/milyr = number of predicted utility pole accidents per mile (1.6 km) per year
ADT = annual average daily traffic volume
Density = number of utility poles per mile within 30 ft (10 m) of the roadway
Offset = average lateral offset of the utility poles (ft) from the roadway edge
Note: It is not indicated if the model is intended for two-lane or multilane, rural or urban settings.

The above model can be used for any combination of ADT, pole density or pole offset.
An AMF can be calculated by taking the ratio of the approximate frequency of predicted
accidents (acc/mifyr) with the after conditions divided by the observed accidents (acc/milyr) with
the before conditions, assuming no significant changes in traffic volumes. For example, Exhibit
3-41 shows the expected safety effect as poles are moved away from the roadway for ADT of
10,000 veh/day and pole density of 40 poles/mile. These AMFs assume that no other roadside
fixed objects are present apart from the utility poles.

Exhibit 3-41: AMFs for utility poles accidents for moving poles farther from the roadway (Zegeer
and Cynecki, 1984 as cited in (30))

Pole offset before (ft) Pole offset after (ft)

6 8 10 12 15 17 20 25 30
2 0.50 | 0.42 0.36 0.32 0.28 0.26 0.23 0.20 0.18
3 0.65 | 0.54 0.47 0.42 0.36 0.33 0.30 0.26 0.23
4 0.78 | 0.65 | 0.56 | 0.50 | 043 | 040 | 0.35 | 0.31 0.27
5 0.89 | 0.74 0.64 0.57 0.49 0.45 0.41 0.35 0.31
6 0.83 0.72 0.64 0.55 0.51 0.46 0.39 0.35
7 092 | 080 | 0.71 0.61 0.56 | 0.50 | 0.43 0.38
8 0.87 0.77 0.67 0.61 0.55 0.47 0.42
10 0.89 0.77 0.71 0.63 0.55 0.48
11 0.95 0.82 0.75 0.67 0.58 0.51
12 0.86 0.80 0.71 0.61 0.54
13 0.91 0.84 0.75 0.65 0.57
14 09 | 088 | 0.79 | 0.68 | 0.60
15 092 | 083 | 0.71 0.63

NOTE: Pole offset is defined as the distance between the roadway edgeline and the utility pole.

To account for the presence of other roadside objects, Zegeer and Cynecki (1984)
developed adjustment factors, which adjust the predicted utility pole accidents for various types
of roadsides and the presence of other fixed objects along the road. An example of roadside
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adjustment factors for placing poles underground, increasing lateral pole offsets, and reducing
pole density through multiple pole use is shown in Exhibit 3-42.

Exhibit 3-42: Roadside adjustment factors for placing utility lines underground, increasing
lateral offsets, and multiple pole use; for use in conjunction with Exhibit 3-41 (33)

Urility Lines Undergrounding

o~ Rural Aress Yrban Areas
0le
OfFaet {overage of Fixed-Objfects Loverage of Fixed-0hjects
{Feat} 10% 5% 0% 0% 354 0%
el Sl Bl S oo
F G.B1% $.897 G,374 0.706 0.574 0.432
8 o.611 0,485 ¢.361 0.670 0.513 B. 356
10 0564 5.433 0.295 Q.61 0.44% Q.271
14 0.543 G.407 0.241 0,536 0.383 0.236
20 0,521 0.376 0.231 0.400 0.289 0.i78
25 g.A71 | 0.340 | 0.210
3 G.800 G289 n.178
Ingreasing hateral Pole Offser
Pagﬁ 6:1}'“% Arpa Type Covgrage of Fixed-Objects
eg
Sefore After {urban or
Improvement Tmprovement Rural) 10% 35% £0%
7 P 7 0.716 | 0.588 | 0,251
5 0 B 0.708 | 0,576 | 0,845
1g 30 LS 0,681 | D,50¢ | 0,357
15 30 ] 0,65 | 0.468% | D.2727
0 30 R 0.650 | 0.489 | n,e8%
25 30 R 0.65%0 | 0.46% | D.288
4 23 R 0.763 | 0872 1 Q.%82
!5 20 R 0,703 1 0.655 | 0.580
i o] R 0.672 | 0.348 | g.423
15 20 R 0.550 | 0.469 § D.28%
2 20 I 0.833 | 0.693 | 0.582
|3 20 3} 0.B16 | 0.634 | D.432
10 Fis} EH 0.Bo0 | 0.578 ] 0.35
13 0 [l 0.E00 | 0,678 | 0.356
4 ic U G.861 | 0.791 | 0.721
3 i0 J o840 § o.7e8 | 5.596
' Muttiple Pots Use
Rurzl Areas Urban Aress
Pole
Offset Coverage of Fixed-Objects toverage of Fized-(Ohjects
(Feet) 10% I 5% ! 0% 10% 35% 603
ot ) e A veae e |
2 2.613 0,497 8.374 0873 G.659 0.455
5 4.811 0.486 0.361 G.810 0.614 0.418
10 6.571 £.433 0.295 0804 0.578 0358
15 0,543 0.392 0,241 0. /0 P.578 0245
2 $.521 0.376 §.231
5 4471 0.340 0.2140
0 £.400 0,283 0.178

Note: 1 foot = 0.3 m
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NCHRP Report 500 Volume 8 has identified several other strategies to address crashes
involving utility poles 80). Details on these strategies are not repeated here. AMFs are not
available.

Discussion: Use breakaway devices

The use of breakaway devices may be considered if relocating or removing the poles is
not feasible or cost-effective and the location of the pole meets the following cB®ria (

= Poleis located in the clear zone

= Alternatives for removing or relocating the pole is not practical due to right-of-
way, roadside, or economic constraints

= Poleis class 4-40 or smaller and does not have attached heavy devices

= There is a safe recovery area behind the pole, free of roadside hazards

= Poleis not located near a zone of significant pedestrian activity

= Final position of pole and conductors (wires) should not create a hazard for
pedestrians, other vehicles, and adjacent property owners

AMFs were not found for the introduction of breakaway utility poles.
Discussion: Delineate roadside features

Elvik and Vaa report the only quantified safety effect for marking roadside obstacles to
increase their visibility based on a study conducted in Australia (Corben et al., 1997). An index of
effectiveness of 0.77 (s=1.01, based on 95% C.I. reported by Elvik, multiplied by MCF of 3 due
to lack of detail reported for the original study) is provided for injury accident for all types; the
results of the study are not statistically significa)t The road type, volume, and environment
are not stated. “At least two states are currently pilot testing a low-cost experimental strategy
where roadside objects are delineated so that they are more visible to drivers afLGjght” (
Pennsylvania and lowa are testing a strategy at sites where it is not feasible to remove or relocate
the objects (utility-poles, trees). The effectiveness of this delineation has not yet been quantified;
it is unknown if this treatment will be beneficial or confusing to road users. The hypothesis is that
the added delineation could provide additional guidance to drivers to assist in maintaining the
travel way, make the hazard more visible, or provide information to allow the driver to navigate
the roadside (assuming the driver is able to react and control the vehicle after leaving the travel
way). “This should not be used in place of other non-experimental treatment and should be pilot
tested and evaluated before widespread use in any jurisdicti®n” (

Lacy et al. provide some discussion regarding the safety effect of delineating poles to
improve the drivers’ ability to see poles in high-crash locations. “A major problem with this
strategy is that its low cost may make it appear attractive, but it may not provide any real
improvement in safety. Application of this strategy should be limited to poles where other
strategies cannot be applied” (pg V-13)

3.1.2.3. Roadside Barriers

As defined by AASHTO’s Roadside Design Guide, a roadside barrier (guardralil,
guiderail) is “a longitudinal barrier used to shield motorists from natural or man-made obstacles
located along either side of a traveled way. It may also be used to protect bystanders, pedestrians,
and cyclists from vehicular traffic under special conditio2§).(This section will discuss the
safety effect of implementing roadside barriers to provide a buffer between motorists and
roadside features (Roadside Features are discussed in Section 3.1.2.2). Median barriers are
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included in this discussion. Bridge railings are not included in this discussion; the reader is
referred to Section 6.3 Bridges [Future Edition]. Clear zone, roadside geometry, roadside
features, use of the Roadside Safety Analysis Program, and applying the roadside hazard rating
are discussed later.

At this time, no literature was found describing the safety effect of the use of roadside
barriers to protect bystanders, pedestrians, and bicyclists. Future editions of the HSM may discuss
this treatment.

Warrants for barrier installation can be found in AASHTO’s Roadside Design Guide,
along with performance requirements, placement guidelines, and a methodology for identifying
and upgrading existing installatior2g).

Barrier end treatments or terminals are “normally used at the end of a roadside barrier
where traffic passes on one side of the barrier and in one direction only. A crash cushion is
normally used to shield the end of a median barrier or a fixed object located in a gore area. A
crash cushion may also be used to shield a fixed object on either side of a roadway if a designer
decides that a crash cushion is more cost-effective than a traffic ba2BgrA(crashworthy end
treatment is considered valuable if a roadside barrier terminates within the clear zone or an area
likely to be struck by errant vehicles. “Crashworthy” implies that the end treatment “should not
spear, vault, or roll a vehicle for head-on or angled impa2&” (

AASHTO'’s Roadside Design Guide contains barrier end treatment and crash cushion
installation warrants, structural and performance requirements, selection guidelines, and
placement recommendatiorzby.

Exhibit 3-43: Resources examined to investigate the safety effect of roadside barriers on roadway
segments

DOCUMENT DESCRIPTION COMMENT

Meta-analysis of the safety effect
of placing guardrails along the

roadside; placing guardrails in the Results for roadside,
(8 (Elvik, R. and Vaa, T., "Handbook of Road Safety median of divided highways; divided median, undivided
Measures." Oxford, United Kingdom, Elsevier, (2004)) guardrails placed between median and crash cushions
opposing lanes of undivided added to synthesis.
highways; crash cushion
installation

(Torbic, D. 1., Harwood, D. W., Pfefer, R., Neuman, T.
R., Slack, K. L., and Hardy, K. K., "NCHRP Report 500 15.2 B5 Improve design and
Volume 7: A Guide for Reducing Collisions on application of barrier and
Horizontal Curves." Washington, D.C., Transportation attenuation systems
Research Board, National Research Council, (2004))

Strategies are fully
discussed in Vol 6 (ROR
guide). Not added to
synthesis.

(16) (Neuman, T. R., Pfefer, R., Slack, K. L., Hardy, K.
K., Council, F. M., McGee, H., Prothe, L., and Eccles,
K. A., "NCHRP Report 500 Volume 6: A Guide for
Addressing Run-off-Road Collisions." Washington,
D.C., Transportation Research Board, National
Research Council, (2003))

15.1 C2 Improve Design and
Application of Barrier and
Attenuation Systems

Discussion of past research
added to synthesis.
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DOCUMENT

DESCRIPTION

COMMENT

(36) (Neuman, T. R., Pfefer, R., Slack, K. L., Hardy, K.

K., Lacy, K., and Zegeer, C., "NCHRP Report 500
Volume 3: A Guide for Addressing Collisions with
Trees in Hazardous Locations." Washington, D.C.,
National Cooperative Highway Research Program,
Transportation Research Board, (2003))

16.1 B2 Shield motorists from
striking trees

Qualitative discussion
added to synthesis. No
quantitative information

Srinivasan, Raghavan.; Lacy, Kevin.; Feaganes, John.;
and Hunter, William. Effects of Continuous Median
Barriers on Highway speeds, emergency response

times, and Transport Times on North Carolina
Highways. Final Report, FHWA A/NC/2003-05,
November 2003.

This study examines the effect of
various types of median barriers
in terms of speeding, speeding
related crashes and emergency
response time. 51 freeway
segments with 4 types of median
barriers were studied.

Statistical models were
calibrated to help predict
collision frequency at any

one of the 4 median types.

No AMFs. Not added to

synthesis.

("Roadside Design Guide." Washington, D.C.,
AASHTO, (2002))

Guidebook that contains
substantial information on
barriers and roadside design.

No AMFs. Not added to
synthesis.

(37 (Ray, M. H., Weir, J., and Hopp, J., "In-Service
Performance of Traffic Barriers." 22-13, Washington,
D.C., Transportation Research Board, National
Research Council, (2002))

In-service safety performance
evaluation of common guardrails
and guardrail terminals in NC, IA,

and CT

Suggested by NCHRP 17-
18(4). No information
about overall impact on
safety. Not added to
synthesis.

(38) (Hunter, W. W., Stewart, J. R., Eccles, K. A.,
Huang, H. F., Council, F. M., and Harkey, D. L.,
"Three-Strand Cable Median Barrier in North Carolina:
In-Service Evaluation." Transportation Research
Record, No. 1743, Washington, D.C., Transportation
Research Board, National Research Council, (2001)
pp. 97-103.)

Used crash data to evaluate the

effect of the installation of cable
median barrier on crash rates in
NC; only used Interstate locations

Suggested by NCHRP 17-
18(4). Insufficient
information to determine
safety effect. Not added to
synthesis.

(15) (Hauer, E., "The Median and Safety." (2000))

Addresses the use of guardrail as
a median barrier

Suggested by NCHRP 17-
18(4). Added to synthesis.

(39 (Ray, M. H., "Safety Effectiveness of Upgrading
Guardrail Terminals to Report 350 Standards."
Transportation Research Record, No. 1720,
Washington, D.C., Transportation Research Board,
National Research Council, (2000))

Reviews previous in-service
evaluations of the safety effect of
guardrail terminals

Suggested by NCHRP 17-
18(4). As reviewed by
Neuman et al. (2003) Vol
6. Qualitative information
added to synthesis.

(Harwood, D. W., Council, F. M., Hauer, E., Hughes,
W. E., and Vogt, A., "Prediction of the Expected
Safety Performance of Rural Two-Lane Highways."
FHWA-RD-99-207, McLean, Va., Federal Highway
Administration, (2000))

Model of safety performance of
two-lane rural roads.

Roadside barriers are not
explicitly considered. Not
added to synthesis

(Fitzpatrick, K., Balke, K., Harwood, D. W., and
Anderson, I. B., "NCHRP Report 440: Accident
Mitigation Guide for Congested Rural Two-Lane
Highways." Washington, D.C., National Cooperative
Highway Research Program, Transportation Research
Board, (2000))

Guardrails discussed with other
roadside features that errant
vehicles may strike.

No relevant information.
Not added to synthesis.

(Lee, J. and Mannering, F., "Analysis of Roadside
Accident Frequency and Severity and Roadside Safety
Management." WA-RD 475.1, Olympia, Washington
State Department of Transportation; (1999))

Analysis of several roadside
characteristics on about 100 km
of State Route 3 in Washington

State using negative binomial
models.

Due to uncertainty of
models, in the estimation
of AMFs, not added to
synthesis.
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DOCUMENT

DESCRIPTION

COMMENT

(Miaouy, S. P., "Measuring the Goodness of Fit of
Accident Prediction Models." FHWA-RD-96-040,
McLean, Va., Federal Highway Administration, (1996))

The study reviews the
relationship between roadside
accident frequency and hazards
exploring the complementary
nature of accident and
encroachment-based approaches

Roadside barriers were not
modeled. Not added to
synthesis of this section.
Relevant info added to
syntheses of other
roadside sections.

(Elvik, R., "The Safety Value of Guardrails and Crash
Cushions: A Meta-Analysis Of Evidence From
Evaluation Studies." Accident Analysis and Prevention,
Vol. 27, No. 4, Oxford, N.Y., Pergamon Press, (1995)
pp. 523-536.)

Meta-analysis of 32 studies that
evaluated the safety effect of
guardrails along the edge of the
road and impact attenuators

Suggested by NCHRP 17-
18(4); reviewed by Hauer
(2000); conclusions taken
from Elvik (2004) as they
have CI indicated. Not
added to synthesis.

(Zegeer, C. V. and Council, F. M., "Safety
Effectiveness of Highway Design Features: Volume III
- Cross Sections." FHWA-RD-91-046, Washington,
D.C., Federal Highway Administration, (1992))

Overview of impact on safety of
various cross-section elements.

No additional information
on barriers; not added to
synthesis.

(Various, "Synthesis of Safety Research Related to
Traffic Control and Roadway Elements Volume 1."
FHWA-TS-82-232, Washington, D.C., Federal Highway
Administration, (1982))

Summary of safety research of
various traffic control and cross-
section elements.

No additional quantitative
information; not added to
synthesis.

(Dawson, R. F. and Oppenlander, J. C., "General
Design." Traffic Control and Roadway Elements -
Their Relationship to Highway Safety No. 11,
Washington, D.C., Highway Users Federation for
Safety and Mobility, (1971))

Reports the relationship between
safety and general design
features of highways.

Before/after values for
guardrail installation from
California improvement
projects; very limited and
outdated information; not
added to synthesis.

(Dearinger, J. A. and Hutchinson, J. W., "Cross
Section and Pavement Surface." Traffic Control and
Roadway Elements - Their Relationship to Highway

Safety Vol. Revised, No. 7, Washington, D.C.,
Highway Users Federation for Safety and Mobility,

(1970))

Reviews highway safety aspects
of cross-section elements.

Some discussion of the
merits of median and
roadside barriers and

guardrails; appears to be
superseded by Roadside
Design Guide (warrants).
Not added to synthesis.

Treatment: Install shoulder guardrails along embankments or changing to softer

guardrails

All road types

Elvik and Vaa (2004) performed meta-analyses of studies on guardrails along

embankments, including both U.S. and International stu)e3lje range of traffic volumes and
road types were mixed in the study. Details such as the distance to the guardrail were not stated in
the source studies.

Elvik and Vaa note that “changing to more pliant guardrails also has a damage-reducing
effect, but this is smaller than the effect of setting up guardrails in places where previously there
were none” (pg 3508). Elvik and Vaa also state “guardrails do not have an equally great effect
on all types of obstacles... a significant reduction in the severity of injuries sustained in crashes
with trees, rock faces and driving off the road in steep slopes. The reduction in injuries is,
however, smaller with regard to hitting signposts or ditches” (pg 0) (
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The type of roadside barrier applied can vary from very rigid to less rigid. In order of
rigidity, the following generic types of barriers may be conside®&d: (

= Bridge rail (most rigid)
= Concrete

= Steel

= Wire (least rigid)

Based on the information provided by Elvik and Vaa (2004), the s ideal for these values
are based on the 95% confidence interval, and then modified by a method correction factor of 1.8.
The resulting indices of effectiveness and standard error values are summarized in Exhibit 3-44.

Exhibit 3-44: Safety effect of guardrails along the roadside (8)

Author Treatment/ Road Accident Index of Estimate of
! Setting type & type & Effectiveness, Std. Error,
date Element .
volume severity tadjusted S

Elvik and New guardrail Not . Run-off-road,

Vaa, 2004 along embankment reported Mixed fatal 0.56 0.099
Elvik and New guardrail Not . Run-off-road,

Vaa, 2004 along embankment reported Mixed injury 0.53 0.050
Elvik and New guardrail Not . Run-off-road,

Vaa, 2004 along embankment reported Mixed all severities 0.93 0.306
Elvik and Changing to softer Not . Run-off-road,

Vaa, 2004 guardrails reported Mixed fatal 0.59 0.306
Elvik and Changing to softer Not . Run-off-road,

Vaa, 2004 guardrails reported Mixed injury 0.68 0.099

Treatment: Install median guardrails

Rural two-lane roads

Not applicable.

Rural multi-lane highways; Freeways; Expressways

Elvik and Vaa performed a meta-analysis of the safety effect of median guardrails on
divided highways, based on the results of 22 studies (15 U.S., 7 international). The analysis
includes some information on the type of guardrail placed in the majiarhgse values are for
all accidents on divided multi-lane roads. Elvik and Vaa state that “median guardrails are seen to
prevent nearly all accidents in which vehicles actually cross the median and reduce the severity of
accidents greatly"q) (pg 352).

Traffic volume is rarely stated in source studies, but it is reasonable to assume that it is
in the range of 20,000 to 60,000 veh/day. Based on the information provided by Elvik and Vaa
(2004), the s ideal for these studies was based on the 95% confidence interval, and then modified
by a method correction factor of 1.8. The resulting t and s values are summarized in (Exhibit
3-45).
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Exhibit 3-45: Safety effect of guardrails and guardrail type in the median of multi-lane divided
highways (8)

Author, Treatment/ ] Road type & Accident Ind_ex of Estimate of
Setting type & Effectiveness, Std. Error,
date Element volume .
severlty tadjusted S
. - Multi-lane divided
Elvik and Median Not .
Vaa, 2004 guardrail reported highways, volume | All types, fatal 0.57 0.099
not reported
. - Multi-lane divided
Elvik and Median Not . -
Vaa, 2004 guardrail reported highways, volume | All types, injury 0.70 0.059
not reported
. . Multi-lane divided
Elvik and Medlan_ Not highways, volume Al type_:s:, al 1.24 0.027
Vaa, 2004 guardrail reported severities
not reported
. Install concrete Multi-lane divided
Elvik and S Not h -
Vaa, 2004 guardr_all in reported highways, volume | All types, injury 1.15 0.356
median not reported
Elvik and Install steel Not Multi-lane divided
guardrail in highways, volume | All types, injury 0.65 0.077
Vaa, 2004 median reported not reported
Install wire . .
Elvik and (cable) Not | e e | Al types, inju 0.71 0.113
Vaa, 2004 guardrail in reported ghways, Pes, Injury ’ ’
median not reported

Hauer (2000) performed a critical review of literature from 1953 to 1997 which studied
the use of guardrails as a median barti&).(Based on the studies available, Hauer draws some
conclusions regarding median barriers, however no quantitative solution is reached. Only one
study had sufficient information to determine a quantitative conclusion, Sacks (1965) studied the
safety effect of placing a beam barrier in a 4 ft median on an expressway with ADT 130,000
veh/day or greater. The results of that study are shown in Exhibit 3-46. This study had a known
increase in volume, and was rated low (method correction factor of 3).

These results are indicative of the other findings reviewed by Hauer. Hauer states “The
basic trade-off is clear. Placing a barrier in the median will largely eliminate the severe cross-
median accidents. These are the very accidents that tend to create adverse publicity for the
highway agency and are the impetus for public pressure to erect a median barrier. At the same
time, the barrier will become the target of crashes that would otherwise not occur. It will cause
additional accidents by deflecting vehicles back into the traffic stream. In addition, for narrow
medians, the barrier seems to cause increases in speed in the median lane and changes in vehicle
placement that reduce the clearance between parallel streams. The net effect of placing a barrier
in the median is usually an increase in total accidents; an increase in injury accidents and its
effect on the total number of fatal accidents is at present unclear. Traditionally, highway agencies
took the position that it is the total accident impact that matters. This position may be eroding
under the pressure of adverse publicity” (pg 6.33).(
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Exhibit 3-46: Safety effect of placing beam barrier in 4 ft median on expressway with ADT
130,000 veh/day (15)

Author, Treatment/ ] Road type Accident Ind_ex of Estimate of
date Element Setting & volume type _& Effectiveness, Std. Error,
severlty tadjusted S

Sacks (1965) Install beam Not Expressway, All types

as cited in barrier in 4 ft reported 130,000 fatgl ! 0.13 0.414
Hauer (2000) median veh/day
Sacks (1965) Install beam Not Expressway, All types

as cited in barrier in 4 ft reported 130,000 in'up 4 1.18 0.462
Hauer (2000) median veh/day jury
Sacks (1965) Install beam Not Expressway, All types

as cited in barrier in 4 ft reported 130,000 PD% ! 1.40 0.344
Hauer (2000) median veh/day
Sacks (1965) Install beam Not Expressway, Cross-

as cited in barrier in 4 ft reported 130,000 median, all 0.22 0.194
Hauer (2000) median veh/day severities

The following points are excerpts from Hauer’s review of the literafie (

= For ADT<130,000 veh/day, both the injury and the total accident rate are higher
when a median barrier is installed. No attempt has been made to examine the
validity of this assertion as a function of median width. Also, fatal and injury
accidents were lumped together and this does not allow one to account properly for
the larger mortality of cross-median accidents.

= A before/after study by Johnson (1964) shows that the installation of a cable or
beam barrier resulted in an increase in total accidents (22% for cable, 32% for
beam), increase in injury accidents (18% for cable and 30% for beam) and no
change in fatal accidents. This is similar in direction and magnitude to the results
summarized in Exhibit 3-46 for injury and PDO accidents.

= A statewide with/without comparison shows that urban freeways with
ADT>50,000 and with no barrier have considerably fewer accidents. The same
seems to be true for the fatal accident rates but the numbers are too small to tell.

= Whether barrier installation on a freeway is of safety benefit seems to depend on
the width of the median. The impression is that in medians up to 36' the barrier was
beneficial. For wider medians in the 40-46 foot range it was detrimental. Thus,
differentiation by median width is important.

= One must differentiate between median barriers on freeways and non-freeways. On
non-freeway projects, the use of a median barrier was harmful.

= The use of a barrier in the conditions where the barrier is now not warranted can be
expected to increase the number of accidents, increase the number of injury
accidents, and perhaps decrease the number of fatal accidents. The increase in PDO
and injury accidents is very consistent. The savings in fatal accidents cannot be
confidently estimated because the number in each cell is small.

Also, Hauer notes, “Because little can be said about the impact of median barriers on
fatal accidents, many early studies lumped fatal and injury accidents together. In retrospect, this
was a mistake. The essence of a median barrier seems to be that in some conditions it may save
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fatalities whilst increasing injuries and property damage. Therefore the distinction between fatal
and non-fatal injury accidents is all-important. By lumping the two these early studies developed
powerful prejudices against the use of median barriers” (pg 6.52) (

Urban and suburban arterials

No studies found.

Treatment: Install wire guardrails between lanes of opposing traffic
Three-lane undivided roads (uncommon in North America)

Elvik and Vaa (2004) reviewed a Swedish study (Carlsson et al., 2000) that evaluated
the placement of wire guardrails between the lanes of opposing traffic on undivided three lane
highways in Sweden (i.e., two lanes in one direction, one in the other, alternating every few
kilometers) 8). These kinds of highways may not be very common in North America. Typical
traffic volume is 5,000 to 20,000 veh/day. The guardrails are intended to prevent, or reduce the
severity of, head-on crashes. Elvik and Vaa found a 100% reduction in fatal crashes (AMF=0.0,
s=2.5), a 26% reduction in serious and slight injuries (AMF=0.74, s=0.84), and an increase of
34% of all accidents (fatal, injury and PDO combined) (AMF=1.34, s=0.74) (Exhibit 3-47). The
standard errors were calculated based on the number of accidents before and after the treatment,
and a method correction factor of 5 (rating of very low) was applied due to the lack of detalil
reported in the original study, the likely influence of regression-to-mean, and the limitation of
only one study performed.

Exhibit 3-47: Safety effect of wire guardrails between opposing lanes of traffic on three-lane
undivided roads (8)

Author Treatment/ Road Accident Index of Estimate of
! Setting type & type & Effectiveness, Std. Error,
date Element .
volume severity tadjusted s
Three lane
Wire guardrail undivided
Elvik and Not highway, @
Vaa, 2004 b:tw:;z Iatr:;e?f i(CJf reported 5,000 to All types, fatal 0.00 2.54
PPOSing 20,000
veh/day
Three lane
Wire guardrail undivided
Elvik and Not highway, -
Vaa, 2004 bstwsfig Iatrr\s:f icC)f reported 5000 o | Al types, injury 0.74 0.835
pposing 20,000
veh/day
Three lane
Wire guardrail undivided
Elvik and Not highway, All types, all
Vaa, 2004 b:tw:;z Iatr::?ﬁ(gf reported 5,000 to severities 1.34 0.743
PPOSing 20,000
veh/day

NOTE: (a) AMF for fatal crashes has large standard error

Hunter et al. (2001) developed regression-type models in an attempt to estimate the
safety effect of installing three-strand cable median barriers on North Carolina Interstate highway
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(38). Negative binomial models were used to produce the predicted values, and (over dispersed)
Poisson models were used to estimate and test the treatment effects (pg 99). Insufficient
information is provided in the TRR article to determine the parameter estimates used in the
various models for the various crash types and treatment levels (pre-treatment, transition, post-
treatment). This study is not added to the synthesis.

Treatment: Install crash cushions
All road types

Elvik and Vaa (2004) performed a meta-analysis of the safety effect of crash cushions,
based on 5 studies (3 U.S., 2 international) (Exhibit 3-88)The placement and type of crash
cushions, setting, road type, traffic volumes, and other cross-sectional elements of the studied
sites are not reported. The standard error is calculated based on the confidence interval of the
effect noted by Elvik and Vaa, modified by a factor of 3 due to the uncertainty of the original
studies. The results are summarized in Exhibit 3-48.

As noted by Elvik and Vaa “Only two studies that included property damage only
accidents are available. One, carried out on an accident black spot, found a strong reduction in the
number of accidents. The other, carried out on motorways in Great Britain, found a strong
increase in the number of accidents” (pg 383) Elvik and Vaa also note that “no studies are
available which have evaluated the effect of different types of crash cushions” (p§)353) (

Exhibit 3-48: Safety effect of new crash cushions at permanent objects (8)

Author, Treatment/ ] Road Accident Ind_ex of Estimate of
Setting type & type & Effectiveness, | Std. Error,
date Element .
volume severity tadjusted s
New crash
. cushions at Not Not Fixed object,
Elvik, 2004 permanent reported reported fatal 0.31 0.278
objects
New crash
. cushions at Not Not Fixed object,
Elvik, 2004 permanent reported reported injury 031 0.098
objects
New crash
. cushions at Not Not Fixed object,
Elvik, 2004 permanent reported reported PDO 0.54 0.300
objects

Discussion: Other roadside barrier information

Ray et al. (2002) conducted in-service performance evaluation of the BCT (breakaway
cable terminal) and MELT (modified eccentric loader terminal) guardrail terminals in North
Carolina, lowa, and Connecticut. During the 24-month data collection period, the authors
collected 169 MELT and BCT cases, including 144 crashes. Ray notes, “in general, these
terminals are performing reasonably well. Over 60 percent of the 115 police-reported MELT and
BCT crashes resulted in only property damage, and only five involved severe occupant injuries”
(pg 115) 87). Also “it was shown that about 90 percent of crashes with BCT terminals are minor
crashes that results in little property damage, no occupant injury, and are not reported to the
police” (pg 115) 87). This study does not provide data that can be used to determine an AMF.
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AASHTO'’s Roadside Design Guide contains detailed discussion of guardrail terminal treatments
(26).

In a previous study, Ray (2000) examined the possible effects of upgrading guardrail
terminals (e.g., BCT and MELT) to a newer design (ET-2000) using both police reported and
maintenance data in five statgg). Ray notes no statistically significant difference in injury
severity among three designs, and stresses the need for proper installment. Ray refers to previous
studies by Morena and Schroeder (1994) and Agent and Pigman (1991) that also indicate the
potential negative safety impact when installed impropeth). (

According to Neuman et al. “Guardrail installations in front of trees will typically
reduce crash severity of ROR crashes, although crash frequency may increase in some cases,
since a rigid object is placed closer to the roadway than are the trees or other objects being
shielded” 86). AMFs were not provided. AASHTO'’s Roadside Design Guide contains further
information on barrier installatior2®).

NCHRP Report 500 Volume 8 contains criteria for the application of barriers or crash
cushions to shield utility poleSQ).

3.1.2.4. Roadside Safety Analysis Program

It is important to implement roadside treatments at sites that will benefit a&p3the
above sections have discussed the effects of changes to various individual components of the
roadside. Decisions concerning alternative roadside designs with multiple components (e.g.,
different possible slopes, barrier placement, hardware location, clearzone width, etc.) are often
required. As pointed out by Neuman et al. (2003), it is important that the choice of the various
roadside strategies that can be implemented at a site be based on optimizing safety Bénefits. (
The application of the Roadside Safety Analysis Program (RSAP) — a computerized algorithm —
predicts roadside crashes based upon roadway, roadside, and traffic descriptors, and examines the
benefits and costs of various alternatives. Additional information on the development of RSAP
can be found in NCHRP Report 492 “Roadside Safety Analysis Program (RSAP) — Engineer’s
Manual”, which is available at http://trb.org/publications/nchrp/nchrp_rpt_492.@d).”.(

A description of the RSAP program with a number of proposed applications will be
provided in this section. No AMFs will be provided in this section.

Exhibit 3-49: Resources examined for the Roadside Safety Analysis Program

DOCUMENT

DESCRIPTION

COMMENT

(36) (Neuman, T. R., Pfefer, R., Slack, K. L., Hardy, K. K.,
Lacy, K., and Zegeer, C., "NCHRP Report 500 Volume 3: A
Guide for Addressing Collisions with Trees in Hazardous
Locations." Washington, D.C., National Cooperative
Highway Research Program, Transportation Research
Board, (2003))

Various strategies
aimed to reduce
crashes with trees.

Discussion of the benefits of

RSAP; added to synthesis.

(40) (Mak, K. K. and Sicking, D. L., "NCHRP Report 492:
Roadside Safety Analysis Program (RSAP) - Engineer's
Manual." Washington, D.C., Transportation Research Board,
National Research Council, (2003))

Developed an improved
cost-effective analysis
procedure to assess
roadside safety
improvements, the
Roadside Safety
Analysis Program
(RSAP).

Description of RSAP and some

applications; added to
synthesis.
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DOCUMENT DESCRIPTION COMMENT

Primary resource for
roadside element
guidance.

Linked to RSAP; not added to
synthesis.

(“Roadside Design Guide." Washington, D.C., AASHTO,
(2002))

Mak et al. (2003) developed a cost-effective analysis procedure to assess roadside safety
improvements, culminating in the development of the Roadside Safety Analysis Program
(RSAP). Details about the program and its development are documented in “Roadside Safety
Analysis Program (RSAP) — Engineer’'s Manual” for details on program functionality,
advantages, and limitation4Q); and the User’'s Manual discusses the interface and application.
Both manuals and the software are available at http://trb.org/news/blurb_detail.asp?id=1519. The
following discussion is adapted from the Engineer’'s Manual (pg 1-2):

“When determining locations and types of roadside safety devices to be used, the risk of
death or injury to road users is weighed against the initial cost of installing and maintaining
safety improvements. Sometimes, the choice of safety treatment is not readily apparent, such as
for low-volume and/or low-speed roadways. In addition, a performance level must be selected for
each situation. Incremental benefit/cost analysis has been widely accepted as the most
appropriate method for evaluating safety alternatives. Benefits are measured in terms of expected
crash savings or societal benefits associated with a safety improvement; costs are defined as the
increase in direct highway agency expenditures associated with the improvement(s). For
example, the ROADSIDE program (presented in Appendix A of the 1988 and 1996 editions of
AASHTO'’s Roadside Design Guide) is a benefit/cost analysis program intended for use with site-
specific decision-making processes. The Roadside Safety Analysis Program (RSAP) was
developed as a new improved cost-effectiveness procedure. RSAP is based on the encroachment
probability approach, using a stochastic Monte Carlo simulation techniq4é)”

RSAP consists of 4 modules, which are described in more detail in “NCHRP Report
492: Roadside Safety Analysis Program (RSAP) — Engineer’'s Mam@i” (

1. Encroachment Probability — uses roadway and traffic information to estimate the
expected roadside encroachment frequency along a highway segment. The Cooper
encroachment data used by RSAP is also used in the AASHTO Roadside Design
Guide (2002).

2. Crash prediction — given that an encroachment has occurred, assesses if the
encroachment would result in a crash, using a function for vehicle path (function of
encroachment angle, vehicle size, and vehicle orientation), the locations of
roadside features, and the probability that the vehicle may return to the roadway or
come to a stop before reaching the roadside feature. If a crash is predicted, impact
conditions are estimated

3. Severity prediction — for each predicted crash (Module 2) the severity of the crash
is estimated using a traditional severity index (SI) approach, similar to that used in
the ROADSIDE program (AASHTO Roadside Design Guide 1996), related to
impact speed instead of roadway design speed, for each roadside object

4. Benefit/Cost analysis — crash severity estimate is converted to crash cost using
values from either the AASHTO Roadside Design Guide or the FHWA
comprehensive cost figures based on willingness-to-pay (user’s choice)
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RSAP is believed to provide much advancement over its predecessors; however, there
are also some limitations to the software and prediction modules, such as the age of the
encroachment data used in the improved encroachment probability model. In spite of the
shortcomings of the current version, RSAP is currently the best tool when considering the safety
of highway roadsides.

3.1.2.5. Roadside Hazard Rating

The AASHTO Roadside Design Guide discusses clear zone widths related to speed,
traffic volume, and embankment slope. The Roadside Hazard Rating (RHR) system considers the
clear zone in conjunction with the roadside slope, roadside surface roughness, recoverability of
the roadside, and other elements beyond the clear zone such as barriers 9t TilmefRpadside
Hazard Rating (RHR) was developed to characterize the accident potential for roadside designs
found on two-lane highway§s). As the Roadside Hazard Rating increases, from 1 to 7, the crash
risk for frequency and/or severity increases. This seven-point categorical scale is discussed in this
section.

Exhibit 3-50: Resources examined for the Roadside Hazard Rating

DOCUMENT DESCRIPTION COMMENT
(/) (Harwood, D. W., Council, F. M., Hauer, E.,
Hughes, W. E., and Vogt, A., "Prediction of the Prediction models developed for two-
Expected Safety Performance of Rural Two-Lane lane rural roads, incorporating RHR in Added to synthesis.
Highways." FHWA-RD-99-207, McLean, Va., Federal one of the models.

Highway Administration, (2000))

(11) (Zegeer, C. V., Reinfurt, D. W., Hummer, J., Herf,
L., and Hunter, W., "Safety Effects of Cross-Section
Design for Two-Lane Roads." Transportation Research
Record 1195, Washington, D.C., Transportation
Research Board, National Research Council, (1988) pp.
20-32.)

Studied effect on accidents of lane
widening, shoulder widening, and
shoulder surfacing; used detailed
traffic, accident, roadway and
roadside data.

Original source of

RHR, as cited by

Harwood (2000).
Added to synthesis.

For the purposes of the accident prediction algorithm for two-lane rural roads (HSM
Part 1ll, Chapter 8), roadside design is described by the Roadside Hazard Rating (RHR), a 1 to 7
scale developed by Zegeer et all)( Quantitative descriptors for the seven RHR levels are
summarized in Exhibit 3-51. Exhibit 3-52 to Exhibit 3-58 are photographs illustrating the seven
RHR categories.

For the development of the IHSDM, the quality of roadside design was represented by
the RHR, as documented in Chapter 8 (HSM Part7)l)larwood et al. developed the AMF for
total accidents based on roadside design directly from their base model for roadway sections
(Chapter 8), using the nominal or base value of RHR of 3 (Exhibit 3-54). That is, the AMF is
based on the ratio of the accident experience predicted by base model using the actual roadway
section in question to the accident experience predicted by the base model using the nominal
value of RHR of 3, and can be calculated using Equation 3-6. An estimate of the standard error
for this AMF could not be determined.
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Equation 3-6: AMF for total accidents on rural two-lane highways based on roadside hazard
rating (7)
exp( 06869 00668RHR

expt 04865

AMF =

Where:
RHR = Roadside hazard rating for the roadway segment

The expert panel that developed this AMF encourages the development of AMFs for
specific roadside design elements (The Roadside Safety Analysis Program (RSAP) was not
complete at the time of the development of the rural two-lane model (Chapter 8), and it is
recommended that RSAP be used in place of the RHR where the data are available for the road
segment in question. (RSAP is discussed in Section 3.1.2.4.) However, the use of RHR data,
which can be collected from existing videologs, appears to be a feasible alternative in other

applications where detailed roadside inventory data are not available.

Exhibit 3-51: Quantitative descriptors for the seven Roadside Hazard Ratings (7)

Rating Clear zone Sideslope Roadside
width
1 Greater than or Flatter than 1V:4H; recoverable N/A
equal to 30 ft (9 m)
2 Between 20 and 25 About 1V:4H; recoverable N/A
ft(6to7.5m)
3 About 10 ft (3 m) About 1V:3H or 1V:4H; Rough roadside surface
marginally recoverable
4 Between 5 and 10 ft About 1V:3H or 1V:4H; May have guardrail (offset 5 to 6.5 ft, 1.5 to 2 m)
(1.5to 3 m) marginally forgiving, increased May have exposed trees, poles, other objects
chance of reportable roadside (offset 10 ft, 3 m)
collision !
5 Between 5 and 10 ft About 1V:3H; virtually non- May have guardrail (offset 0 to 5 ft, 0 to 1.5 m)
(1.5t03m) recoverable May have rigid obstacles or embankment offset 6.5
to 10 ft (2to 3 m)
6 Less than or equal About 1V:2H; non-recoverable No guardrail
to 5 ft (1.5 m) Exposed rigid obstacles offset 0 to 6.5 ft (0 to 2 m)
7 Less than or equal 1V:2H or steeper; non- No guardrail
to5ft (1.5 m) recoverable with high likelihood Cliff or vertical rock cut
of severe injuries from roadside
collision

Note: clear zone width, guardrail offset, and object offset are measured from the pavement edgeline

N/A = no description of roadside is provided.
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Exhibit 3-52: Typical roadway with Roadside Hazard Rating of 1
!

Exhibit 3-53: Typical roadway with Roadside Hazard Rating of 2
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Exhibit 3-54: Typical roadway with Roadside Hazard Rating of 3

Exhibit 3-55: Typical roadway with Roadside Hazard Rating of 4
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Exhibit 3-56: Typical roadway with Roadside Hazard Rating of 5

Exhibit 3-57: Typical roadway with Roadside Hazard Rating of 6
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Exhibit 3-58: Typical roadway with Roadside Hazard Rating of 7

3.1.3. Alignment Elements

The following sections describe the elements of the horizontal and vertical alignment of
roadway segments and the effect on safety; a future HSM edition will include the effect of
combined horizontal and vertical alignments.

A key, but dated comprehensive background reference is “Safety Effectiveness of
Highway Design Features: Volume Il Alignmen#1j.

3.1.3.1. Horizontal Alignment

There are several elements of horizontal alignment that may be associated with the
safety performance (i.e., accident frequency and severity on the curve) of a horizontal curve,
including the internal features (e.g., radius or degree of curve, superelevation, spiral, etc.) and the
external features (e.g., density of curves upstream, length of the connecting tangent sections, sight
distance, etc.).

The degree of curvature (or curve radius) is defined as the number of degrees of arc
su