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Declaration of Raymond Cruitt

I, Raymond Cruitt, state and declare as follows:

I. Introduction

1. Ihave prepared this Declaration in connection with petitions for

Inter Partes Review of U.S. Patent No. 9,335,255 and U.S. Patent No.

9,671,328, which I understand will be filed concurrently with this Declaration.

2. I am currently a Research Analyst at Finnegan, Henderson,

Farabow, Garrett & Dunner, LLP, 901 New York Avenue, NW, Washington,

DC 20001-4413.

3. I am over eighteen years of age and am competent to makethis

Declaration. I make this Declaration based on my ownpersonal knowledge and

based on my knowledgeoflibrary science practices.

4. I earned a Master of Science in Library Science from the

University ofNorth Carolina at Greensboro in 2004, and a Bachelor of Arts in

Philosophy from the University ofNorth Carolina in 1998. I have workedas a

librarian for eighteen years. I have been employed at Finnegan, Henderson,

Farabow, Garrett & Dunner, LLP since 2019. Before that, from 2016 to 2019,I

was employed in the Knowledge and Research Service Group (formerly,

Information Research Service) at Northrop Grumman Corporation. And from
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2005 to 2016, I was employed as a public and businesslibrarian at Enoch Pratt

Free Library, Baltimore, MD.

5. JT am a memberofthe American Association of Law Libraries.

Il. Standard Library Practice for Receiving, Cataloging, and Shelving
Materials

6. I have knowledge of and experience with standard library practices

regarding receipt, cataloging, and shelving of materials, including serial

publications, available to the public. For example, I have knowledge of and

experience with the Machine-Readable Cataloging (“MARC”) system that

libraries use to catalog materials.

is Based on standard library practice, when a library receives an item,

it stamps the item with the library name and often with a date that is within a

day of receipt. The library will catalog the item within a matter of a one to two

daysofreceiving it.

8.|The MARCsystem wasdevelopedin the 1960s to standardize

bibliographic records so they could be read by computers and shared among

libraries. By the mid-1970s, MARC had becomethe international standard for

bibliographic data, andit is still used today. Many libraries provide public

access to their MARCrecordsvia the Internet and/or their electronic

cataloging systemsat the library.
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9. The MARCrecord system uses specific three-digit numeric codes

(i.e., field tags) from 001-999 to identify each field in a catalog record. For

example, field tag 008 providesthe six-digit date the item wascataloged(i.e., the

date entered onfile at the library). The first six characters offield tag 008 are in the

“YYMMDD”format. Descriptionsfor all the character positionsof field tag 008

are outlined here on the Library of Congress website. See 008 - All Materials (NR),

The Library of Congress, https://www.loc.gov/marc/bibliographic/bd008a.html

(last visited July 5, 2024).

10. After an item is cataloged, the public may access the item by

searching the catalog and requesting the item from the library. Standard library

practice is to then shelve the item within a matter of a several days of

catalogingit.

11. Given the matter of a several days between receiving an item,

catalogingit, and shelving it, the total time between receiving an item and

shelving it is a matter of a several days.

Ill. MARCRecords

12. MARC usesasimple three-digit numeric code (from 001-999) to

identify each field in the record. For example, field 245 identifies thetitle

information of the work (which includesthe title, other title information, and the

statement of responsibility). Field 250 identities the edition of the work. Field 260
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identifies the publication information of the work. Field 264 identifies the

Production, Publication, Distribution, Manufacture, and Copyright Notice

information for the work. Field 020 identifies the International Standard Book

Number (ISBN)for the work. And field 490 containstheseriestitle.

IV. WorldCat, OCLC and Digital Libraries

13. WorldCat is the world’s largest network of library content and

services with 559,887,458 bibliographic records and ~3,446,566,579 holdings

as ofApril 2024. (Source: https://www.oclc.org/en/worldcat/inside-

worldcat.html). An Online Computer Library Center (‘(OCLC”) numberis a

unique control numbergivento all bibliographic records in the WorldCat

catalog. OCLC control numbersare often used by the public to search for

specific records within WorldCat.

14. According to Digital Libraries by William Y. Arms, published by

the MIT Press in January 2000 (and available here:

https://www.cs.cornell.edu/wya/DigLib/text/titlepage.html), an informal

definition of a digital library is ‘““a managed collection of information, with

associated services, where the information is stored in digital formats and

accessible over a network. A keypart ofthis definition is that the information

is managed.” Moreover, “Digital libraries contain diverse collections of

information for use by manydifferent users. Digital libraries range in size from
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tiny to huge. They can use any type of computing equipment and anysuitable

software. The unifying themeis that information is organized on computers

and available over a network, with proceduresto select the materia! in the

collections, to organize it, to make it available to users, and to archive it.”

V. Ownership and Date-Stamp

15. Libraries have different policies on whether or not to date stamp

publications.It is becoming increasingly commonforlibraries to no longer

date stamp the publications they receive, particularly if they are in an

electronic format. In the past, it was standard practice to affix an ownership

stamp somewhere within the publication, usually on the cover page, verso of

the cover page, or a designated page within the publication. The timing of

when an ownership stamp is entered on the monographorperiodical can vary

from one library to another. It could occur whenthe item is received in

acquisitions after shipmentto the library, or at the time of cataloging.

Therefore, it is possible for there to be instances whenthe date of receipt

precedesthe cataloging date or vice versa.

VI. Serial Publications

16. A serial publication, often knownas a “journal,” is a resource that

is issued in successive parts and has no predetermined conclusion. These

successive parts are commonlyreferred to as “issues,” and each issué is usually
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chronologically numbered and dated. The presence of enumeration, years of

coverage, and/or other chronological information also indicates a serial

publication.

17. There are significant differences between cataloging finite

resources (books/monographs) and continuing resources (serials). For serials,

the catalog record provides information abouttheserial as a whole, including

the first or earliest available issue. It also provides information as to holdings —

the volumes and issues, with dates, received by the library and made available

to the public. In serials cataloging, there are identifying characteristics unique

to serials that are slightly different from monographs(books). The issue date

for a print serial publication, for example, generally appears on the cover(front

or back), the masthead page,thetitle page (if any), the table of contents

page(s), or on the pagesofthe individual articles contained in the issue. More

information regarding the unique aspects of cataloging serials can be found at

this link: https://www.loc.gov/aba/pcc/conser/scctppt/Basic-20 1 4/Basic-

Trainee-Mannual.pdf

VII. Exhibits

18. This Declaration relates to the public availability, accessibility, and

authenticity of the followingarticle in Appendix A, John J. Lumia "Mobile

Systemfor Measuring the Retroreflectance ofTraffic Signs" Proceedings
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Volume 1385, Optics, Illumination, and Image Sensingfor Machine Vision V:

8-9 November 1990, Boston, Massachusetts (“Lumia”’). Appendix A is a true

and accurate copy of Lumia. The frontmatter of Volume 1385 of Optics,

Illumination, and Image Sensing for Machine Vision V published by SPIE—

International Society for Optical Engineering, which contains the Lumiaarticle

is date stamped June 26, 1990. Appendix A1is a true and accurate copy of the

MARCrecordfor this item at the University of Wisconsin Verona library. The

MARCrecord in Appendix A1 for this item showsit was entered into the

University of Wisconsin Veronalibrary catalog on April 09, 1991, according

to MARCline 008: 910409t19911991. Field tag 020 sets forth the unique

ISBN for Lumia as “0819404527 (pbk)” which matches the ISBN onthetitle

verso page. Field tag 245 denotesthe title statement of the work along with the

author as “a">Optics, illumination, and image sensing for machinevision /

"c">Donald J. Svetkoff ... [and others].” Field tag 264 denotes place of

publishing and year of publication “a” Bellingham, Wash, USA/ “c” 1991.

Field tag 490 containstheseriestitle: “Proceedings of SPIE — the International

Society for Optical Engineering” SEE

https://search.library.wisc.edu/catalog/999639084502121. Based on this

evidence, my professional experience, and standardlibrary practices, Lumia
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would have been publicly available at University of Wisconsin - Verona within

a few daysofApril 09, 1991, the date that it was catalogued.

19. This Declaration also relates to the public availability,

accessibility, and authenticity of the following article in Appendix B, Joseph

T. Fitzpatrick "Unified Reflective Sign, Pavement And Delineation Treatments

for Night Traffic Guidance" Highway Research Board Bulletin. 1960; 255:

138-145, which was published by Highway Research Board: Bulletin 255

(Night Visibilty: 1960) (“Fitzpatrick”) and was date stamped December6,

1960. Appendix B is a true and accurate copy ofFitzpatrick. The MARC

record in Appendix B1is a true and accurate copy of the MARCrecord for

this item that was entered into University of Wisconsin Steenbock library

catalog on August 05, 1980. The MARCrecord in Appendix B1 reflects an

updated catalog record with the item being registered in the catalog on August

05, 1980, according to MARCline 008: 80080581960. SEE:

https://search.library.wisc.edu/catalog/999748005302121. Based onthis

evidence, my professional experience, and standard library practices,

Fitzpatrick would have been publicly available at University of Wisconsin -

Steenbock within few days of December6, 1960, the date that it was received.

20. This Declaration also relates to the public availability,

accessibility, and authenticity of the followingarticle in Appendix C, Black,
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K.L. et al. NCHRP Report 346 (National Cooperative Highway Research

Program) Report - ‘Implementation Strategiesfor Sign Retroreflectivity

Standards. Washington, D.C. (1992). Highway Research Board, 1964-2016:

Washington, D.C. (“Black”) and was date stamped June 1, 1992. Appendix C

is a true and accurate copy ofBlack. The MARCrecord in Appendix C1is a

true and accurate copy of the MARCrecordfor this item at the University of

Wisconsin Veronalibrary and showsthe catalog entry date as June 2, 1992,

thereby demonstrating it was entered into the University of Wisconsin Verona

library catalog on June 02. 1992, according to MARCline 008: 92060281992.

Field tag 020 sets for the unique ISBN for Black as “0309048699 (pbk.)”

which matches the ISBN onthetitle verso page. Field tag 245 denotes thetitle

statement of the work as “a">Implementation strategies for sign

retroreflectivity standards / "c">K.L. Black.” Field tag 490 containstheseries

title: “Report / National Cooperative Highway Research Program.” SEE:

https://search. library.wisc.edu/catalog/999685544002121. Based onthis

evidence, my professional experience, and standard library practices, Black

would have been publicly available at University of Wisconsin — Verona

within a few days of June 02, 1992.

21. This Declaration also relates to the public availability,

accessibility, and authenticity of the following article in Appendix D, Uding,
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Kenneth D. "Exact Road Geometry Output Program for Retroreflective Road

Sign Performance" Highway Operations, Capacity, and Traffic Control.

Transportation Research Record, Issue 1421. (1993) (‘Uding’’) contained in

the serial Traffic Control Devices, Visibility, and Traffic Signal Systems (No.

1421) Traffic Research Record, ‘Highway Operations Capacity, and Traffic

Control’ 1996 and date stamped January 09, 1996. Appendix D is a true and

accurate copy of Uding. The MARCrecord in Appendix D1 is a true and

accurate copy of the MARCrecordat the Linda Hall Library for this item and

showsthe serial Transportation Research Record was entered into the current

Linda Hall Library catalog on April 04, 1975, and includes volumesno.

1362(1992) — no. 1621(1998); this includes No. 1421. SEE:

https://catalog.lindahall.org/discovery/sourceRecord?vid=01LINDAHALL_IN

ST:LHL&docId=alma99299 1883405961 &recordOwner=—01 LINDAHALL_IN

ST. Based on the date stamp evidence, my professional experience, and

standard library practices, Uding would have been publicly available at Linda

Hall Library within a few days of January 09, 1996.

22. This Declaration relates to the public availability, accessibility, and

authenticity of the followingarticle in Appendix E, McGee, Hugh W. et al. 'An

Implementation Guidefor Minimum Retroreflectivity Requirementsfor Traffic

Signs' U.S. Dept. ofTransportation, Federal Highway Administration,

10

Page 11 of 330



Page 12 of 330

Declaration of Raymond Cruitt

Research and Development, Turner-Fairbank Highway Research Center

(1998) (“McGee”). Appendix E is a true and accurate copy of McGee. The

MARCrecord in Appendix E1is a true and accurate copy of the MARC

record at the University of Wisconsin, Madisonlibrary for this item and shows

McGee wascataloged and available in at the University of Wisconsin, Madison

library as early as November 2, 1998, according to MARCline 008:

98110251998. Field tag 245 denotesthetitle statement of the work along with

the authoras “a">An implementation guide for minimum retroreflectivity

requirementsfortraffic signs. SEE:

https://search.library.wisc.edu/catalog/999896707502121. Based on this

evidence, my professional experience, and standard library practices, McGee

would have been publicly available at University of Wisconsin -Madison

within a few days of November2, 1998.

23. This Declaration relates to the public availability, accessibility, and

authenticity of the following article in Appendix F, Pezoldt, VJ. et al. "Raised

Pavement Marker Reflectivity’ Research Report, 1151-1F. Texas

Transportation Institute. TX State Department ofHighways & Public

Transportation Planning Division. 1990 (“Pezoldt”). AppendixFis a true and

accurate copy ofPezoldt. Appendix F1is a true and accurate copy ofthe

MARCrecord forthis item at the Texas A&M Libraries and shows that Pezold

11
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wascataloged and available in the library as early as August 9, 1991,

according to MARCline 008: 910809d1990. Field tag 245 denotes thetitle

statement of the work along with the authoras “a">Raised pavement marker

reflectivity /"c">V.J. Pezoldt [and others]. SEE:

https://catalog.library.tamu.edu/Record/in00001038161#details. Based on this

evidence, my professional experience, and standard library practices, Pezoldt

would have been publicly available at Texas A&M Libraries within a few days

of August 8, 1991.

VIII. Conclusion

24. Insigning this Declaration, I understandit will be filed as evidence

in a contested case before the Patent Trial and Appeal Board of the United

States Patent and Trademark Office. I understand I may be subject to cross-

examination in this case and that cross-examination will take place within the

United States. If cross-examination is required of me, I will appear for cross-

examination within the United States during the timeallotted for cross-

examination.

25. I declare that all statements made herein of my knowledgearetrue,

that all statements made on information and belief are believed to be true, and

that these statements were made with the knowledgethat willful false
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statements and the like so made are punishable by fine or imprisonment, or

both, under Section 1001 of Title 18 of the United States Code.

Respectfully submitted,

(Ante
RaymondCruitt

 

 
Executed on August 1, 2024, in Washington, DC.

13
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A mobile system for measuring retroreflectanceof traffic signs

John J. Lumia

EKTRONApplied Imaging, Bedford, MA 01730

LABSTRACT

Thereis a serious need for a practical system to evaluate the nighttime visibility of existing traffic signs and provide data
for making decisionson sign replacement. A mobile system has been developed which can measurethe averageretroreflectance
of sign legend and background from a moving vehicle during daylight hours. This system uses a video camera to acquire sign
images, a xenon flash as a source of light, a personal computer to analyzethe sign images, and a laser rangefinder to measure
the distance to the sign.

2.INTRODUCTION

The goal of the “Mobile System for Measuring Retroreflectance ofTraffic Signs” (MSMRTS)is to permit the measurement
oftraffic sign retroreflectance during daylight hours, while traveling at speeds up to SSmph, Average valuesofboth sign legend
and backgroundretroreflectance, in units of candelas per footcandle per square foot (commonly defined as R’) are sought. The
task is confounded by the factthat intensity of the retroreflected light from a sign depends on the angle between the source and
detector, and this is generally not fixed for realistic dynamic situations, The design must be able to accommodate signs of
different colors, shapes, sizes, and placement. The system should be simple and not pose a dangerto the operator or other
motorists.

The basic concept for the measurementof average legend and backgroundretroreflection is the use of a video camera to
recordthe sign, with an electronic flash source to provide a short burstoflight sufficiently bright enough to overcomethesign
luminance due to ambientdaylightillumination. The video camerasignalis then convertedto a digitally sampled representation
ofthe sign. Using the power of computer image processing, histogramsoftheretroreflected intensity distribution are exploited
to yield average legend and background values. The use ofa laser rangefinder in a moving system provides an accurate means
of monitoring the distance from the vehicle to the sign and triggering image acquisition when a predetermined sign distance is
reached.

3.BACKGROUND

A retroreflector is a device which turns light back toward its source, usually over a wide range of input angles. Signs are
typically comprised ofeither retroreflective sheeting or retroreflective glass beads mounted directly on theface of the sign. The
design ofthis system has beenbasedlargely on retroreflective sheeting. Three types of sheeting are commonlyused for highway
signs, consisting of enclosed glass beads, encapsulated glass beads, and cube-corner prismatic elements, as shownin Figure 1.
Theretroreflective properties ofthese materials are distinctly different from each other,as will be demonstrated laterin Section 5.
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The goal of this system is to measure the Coefficient of Retroreflection, or R’, in units

GRAN of candelas per footcandle per square foot. This can be expressed as:!
I(a) Endosed Lens

R’=
 

(1)

E,A

where E,is the normalillumination incidenton the retroreflector, A is the area ofthe surface
to be measured,andIis the reflected intensity. By suitable manipulation of these parameters,
the retroreflectance can essentially be regarded as the absolute brightness of the retroreflec-

(b) Encapsulated Lens tive target for a given amountof incidentillumination on the target. Arithmetically, this can
be expressed as:

APEPTALS 
L

. R’= (2)

E,
{c) Prismatic Lens

Figure 1. where L is the luminanceof the reflected light. Figure 2 shows the commonly accepted
Commonretrorefiective materials. geometry and definitions as prescribed by the American Society for Testing and Materials?

for evaluating retroreflective materials.

 

How are these quantities measured? Theincident
illumination is generally measured using an illumi-
nance meter located at the target and facing the
direction of light. A more realistic approach for a
mobile system is to use the inverse-square law to infer
the illumination from the source intensity, or E = I/d?
whereIis the intensity anddis the distance from the
source to the detector (assuming that for the distances
involvedthe source behavesasif it were a point). The
intensity can be readily calibrated from laboratory Figure 2.
measurements, while the distance can be measured Plan view of testing configuration showing
using an appropriate laser ranging device. The re- observation and entrance angles.
flected luminance may be measured with a luminance meter, whichis similar to an illuminance meter exceptthatthe field of
view (FOV)ofthe detectoris limited toa sufficiently small angle. The use ofa video camera effectively divides the FOV defined
by the system magnification into smaller FOV’s, thereby creating individual luminance meters at each sensing elementsite. In
effect, the use of a video camerais a practical way for obtaining a large number of measurement samplesfrom the sign so that
representative legend and backgroundretroreflectances may be calculated.

 
The video system takes advantage of the contrast whichtypically exists between legend and background,anticipating a

“bimodal”reflected intensity distribution. Thatis, the contrast difference allowsthe useofsimple software algorithmsto identify
and group areas of similar intensity. For a typical two-color sign, these groups are expected to represent sign legend and
background. The average value of each group corresponds to the average luminance, when properly calibrated. Assuming the
illumination is known, theretroreflectance is readily obtained using Equation2.

This approachis illustratedin the histogram plots of video imagery from anactual sign shownin Figure 3(a). This sign image
was obtained with the MSMRTSata distance of 200 feet under sunny outdoor conditions. Software is used to extract the sign
area from the image to minimize the influence of pixel values correspondingto the area surrounding the sign. Theresult ofthis
extractionis indicated by the box drawnin Figure 3(a). The histogram ofthe extracted sign area is shown in Figure 3(b), plotted
as relative number ofimagepoints versus reflected light intensity (camera graylevels). First, histogram peaksareisolated, then
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Figure 3(a). Image of typical sign with white legend on black background. Figure 3(b). Related histogram of image of figure 3{a).

pixels within these peaks are summed to infer the relative area corresponding to each peak. Since signs typically have a larger
background area than legendarea, the histogram peak with the largest pixel countis considered to be the sign backgroundas
shownin Figure 3(b). The region to the right of the sign background peak has a smaller area andis identified as sign legend.
The gray levels in these regions are then averaged to obtain sign legend and backgroundretroreflectivities. The gray levels
corresponding lo image areas surrounding the sign are also indicated in Figure 3(b). The maximum valueofsign surround
gencrally does not exceed four gray levels, so excluding these from the histogram analysis is an effective way of obtaining
accurate results without the need for sophisticated software to isolate signs having irregular shapes.

4, DESIGN, IMPLEMENTATION AN SRATI

4.1,Design

The conceptual designfor the mobile prototype is shownin Figure 4, with a block diagram ofthe system components shown
in Figure 5. The design centers on the optical head, which mountsontopofthe vehicle and whichhousesthe cameras,electronic
flash, and rangefinder. The operator is capable of manually aiming the optical head by meansof a handleinside the van.

Optical Head  

Light Battie

   
Cloar Lexan

 
   
 

Video Camera -
Viewfinder

Video Camera -
Data

Acquisition

 
 

Personal Computer
- Frame Grabber
- 40MB Disk
- Parallel/Serial Ports Laser

Rangefinder

Electronic
Flash   

 

Figure 4. Conceptual design of MSMRTS mobile prototype. Figure 5. Block diagram of MSMRTS mobile prototype.
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In order to satisfy the exposure requirements of this system, an electronically-shuttered video camera having a 1/
1000 seconddurationis utilized. The camera uses a CCD area array measuring 8.8 x 6.6 millimeters(an aspectratio of 1.33:1)
with 491(H) x 384(V)pixels. The array has a signal-to-noise ratio of46 db (200:1), witha sensitivity of40 footcandles incident
on a diffuse white target using a lens aperture off/4.0 and a source color temperature of 3200°K (with infrared cutofffilter). The
camera has a switchable automatic gain control (AGC) whichis disabled since absolute video measurements are desired. The
camera measures5.5 x 2.5 x 3 inches (140 x 64 x 76 mm). A color conversionfilter to correct the spectral distribution of the
flash to 2856°K,andafilter to correct the camera response to a photopic behavior, are attached to the front ofthe lens.

Alignmentofthe optical head components is straightforward. The viewing camera, rangefinder, and flash havesuitable
adjusting mechanismsto permit alignment with respectto the data acquisition camera, which is fixed. Focus andlens aperture
settings are preset and do not require adjustment.

4.2,Implementation

The design and implementation objectives of the mobile prototype were largely driven by physical and ergonomic
considerations, The system should be easy to use and requirelittle effort to operate. The system should be designed to permit
accessto all critical components for maintenance or service. The system should also be capable of withstanding typical
environmental conditions such as weather, temperature, dust, and impact(stones,etc.).

Thelocation of the optical head was a primary consideration in the design of the MSMRTS. Locating the head inside the
vehicle may create unwanted light source reflections from the windshield and could be annoying to both driver and operator.
Locating the head on the vehicle offers the possibility of having separate enclosuresfor both light source and cameras, thereby
eliminating light source reflections off glass surfaces from reaching the camera.

External mounting exposes the system to wind forces which could make the system difficult to control while under way.
Thefront surface area ofthe top cover and lowerflash enclosure is equally distributed above and belowthe pivotcenter in an
attemptto minimize torque dueto frontal wind on the optical head. The entire optical headisbalanced by acounterweightlocated
at the rear of the baseplate and a suitably located pivot point. A spherical bearing is used to permit the optical head to swing in
the front-to-back direction to control vertical aim andin the left-to-right direction to control camera angle. The bearing also
permits the unit to be rotated for horizontal aiming. The unit can be aimed +/- 11 degrees vertically and rotated +/- 90 degrees.
Cables are run through the center of the pivot arm to avoid exposure to the weather.

A 1990 Dodge B-150 Ram Van was purchased fortesting of the mobile prototype concept(referto Figure 6). The van comes
with two individual seats in the front and a middle bench seat capable of seating three persons. In order to accommodate the
optical head controls, the front passenger seat was relocated to the approximate location of the bench seat, and the bench seat
waslocated further back towards the rear of the van.

A microcomputerwith a video frame grabberis used to control the camera,flash, and rangefinder and to compute average
sign retroreflectivity values. The computer has a 40 megabyte 3 1/2 inch hard disk drive for storing sign imagesprior to
processing. The microcomputer is mounted close to the side of the van and nextto the operator seat. A video printer is mounted
next to the computertoprovide hard copy outputofthe video images. The flash powersupply,including acustom-designed flash
trigger circuit board,is situated directly underneath the computer.

'

Three video monitorsare secured to a table located directly in frontof the operator, along with a computer keyboard attached
toa slide out tray underthe table (see Figure 7). The leftmost monitor is connected to the viewfinder camera andisused for aiming
the optical head at the oncoming sign. The monitorin the center is connected to the video frame grabberand is used to view the
sign image usedfor the data analysis. The rightmost screen is connected to the computerandservesas the system monitor.
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Figure 6. Exterior photograph of MSMRTS.

 
Figure 7. Interior photograph of MSMRTSlooking toward the front.
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The powerfor the computer,flash, and monitorsis derived from an inverter (made by Vanner, Inc.) which converts 12 volts
DCsupplied by the vehicle to 120 volts AC. The inverter is capable of supplying 1,000 watts continuously andis sufficient for
supplyingthe needs ofthe system. The inverter is connected to two deep-cycle 12 volt batteries which act to store energy and
effectively minimize the duty-cycle of the vehicle alternator. An isolator is used to preventthe vehicle battery from being
discharged inadvertently. A voltmeter is located on the dashboard to monitorthe state of the inverter batteries.

4,3,Operation

Figure 8 summarizes the operational scenario of the MSMRTS. The operator aims the optical head at an oncoming sign
with the help of a video monitorattached toa wide angle video camera. The operatorthen presses a button located on the operator
contro! handleto initiate rangefinder measurementsoftware. The operatorcontinues to "track" the sign in the video monitor,
allowing the rangefinder to continuously measure the distance to the sign. When a predetermined sign distance (200 feet in
"highway" mode,100 feetin "local" mode) is reached, the computertriggers the electronic flash and the frame grabber acquires
a video imagefrom a second, narrow angle, video camera. The operator then mayentersign information (approximate milepost,
route, and heading - or major street and cross-street) and the system stores this data together with the image andafile number
for later identification. At the end of the run, the files are then analyzed to determine average legend and background
retroreflectance for each sign andthe results are printed on the screen. A video imageprinteris used for making hard copies of
the resulting image forreports. Approximately 135 images may be stored before processing is required, althoughitis anticipated
that minor software changeswill increase the maximum capacity to 270 images.
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Figure 8. MSMRTSoperational scenario.
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5.1.Measurementgeometry

In a system designed for in-situ measurements, the design of a system to achieve a specific measurement geometry is
straightforward. In a moving system, the geometricalrelationship between source, sign, and detector is constantly changing,
Attention to this relationship is importantsince, in general, all retroreflective devices do not behave the same as the geometry
is changed. The geometries of concern are observation angle and the entrance angle, as demonstrated previously in Figure 2.

Retroreflective materials are highly directional upon retroreflection, with prismatic sheeting most highly directional,
followed by encapsulated and enclosed materials (refer to Figure 9). Assuming a fixed source-detector separation, the
observation angle increases with decreasing distance to the sign. Realistically, the material of the sign being measured will most
likely not be known,so that unlessthe angle is kept constant, or nearly so,forall situations,it will be nearly impossibleto relate
the measured value to acommonly measured observation angle (such as 0.2°). Hence, in order to maintain sufficient accuracy,
there is a “distance window”in which the measurements need to be taken, assuminga fixed source-detector separation.

NOTE The Vertical scale for each of the thres materials is independent and was
chosen to emphasize the ditfarences In the shapes of the observation -
angle curves.

Prismatic Lens (5° Entrance Angle)

Encapsulated lens (-4° Entrance Angle)RelativeRetroreflectance
Enclosed lens (-4° Entrance Angle) 

0 0.2 0.4 0.6 0.8 1.0 12 14 16 1.8 2.0

Observation Angle (degrees)

Figure 9. Relative retroreflectance versus observation angle.‘

The effect of entrance angle (the angle between the axis ofthe light source and the normal to the sign)is far less severe.
Generally, the reflected intensity falls by a worst case approximation of 1% per degree out to about 20 degrees for prismatic
materials. In moving situations, it would be very difficult to measure the entrance angle. However,it can be expected that the
entrance angle of mostsigns at appreciable distances is small, minimizing this effect. This angle is nearly the same for the
measurement system as for the driver, so the impact of entrance angle on sign retroreflectivity is a realistic assessmentof the
sign’s performance. Thus, compensation for entrance angleis not considered in the measurement system.
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s.2. Ambient illumination effect

Since daylight measurements are required,it is necessary to cither eliminate the effect of ambientillumination,or reduce the
effect to a point to which it becomestolerable with respect to the desired accuracy of the measuring system. Retroreflective
effectivenessis usually relevant over small observation angles, and published measurements typically give data out to about 2°.
However,retroreflective materials exhibit a small but appreciable coefficient of retroreflection at large observation angles (the
angle subtended bythelight source andthe detectorat the sign), as shown in Figure 9, For instance,the R' for enclosed-lens white
materials is typically 100 - 120 ata 0.2° observationangle,but generally levels off to a value ofapproximately 0.3 at angles beyond
20 degrees. Ambientillumination levels can be quite high, approaching 10,000 footcandles for combined sun and clear sky,
effectively offsetting the low R' value at large angles and creating appreciable daytime sign luminancelevels.

In orderto determine the effect of ambient illumination on sign luminance, samples of white enclosed, encapsulated, and
prismatic materials were measuredatvarious sun elevation angles. Measurements ofsample luminancewere taken with theplane
of the material oriented vertically, but always in a direction facing closest to the sun. The experimental data shown in Figure
10 indicates that at any given angle, the enclosed-lens white material has the maximum luminance,followed by prismatic and
encapsulated materials. At an angle of 20 degrees, the maximum ambientsign luminance was found to be 2,500 candelas per
square foot for enclosed materials, 2,100 candelas per square foot for encapsulated materials, and 2,300 candelas per square foot
for white prismatic materials. For solar angles less than 20 degrees,the rate of change of the ambientluminance increases more
rapidly. This should be expected since the sun is creating a smaller observation angle with respect to the detector and thereby
approaching the region of optimal retroreflective performance. This suggests that in order to minimize illumination
requirements, it may be necessary to limit the measurement windowto times when the sun is above an elevation of 20 degrees.

4000

3500

3000 -@ enclosed lens

-—- encapsulated lens

2500 -@ prismatic lens

2000

1500Luminance(candelas/sq.ft.)
1000

 
0 10 20 30 40

Entrance Angle (degrees)

|
Figure 10, Sign luminance versussolar elevation for enclosed, encapsulated, and prismatic lens materials (white).
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53, Intensit ‘

For a uniform retroreflective target possessing a given luminance due to ambientillumination,the light source must provide
an adequate amountof additional exposure above the ambientsignalso thatthe retroreflection due to the illumination system
may be appropriately detected and isolated. This additional exposure factor can be denoted by a constant K. The value of K
selected determines the capability of the system to reject the sign luminance due to ambientillumination. For example,a value
of 20 implies a 20;1 ratio ofartificial to ambient signal, and hence the measured data will have a 5 percent maximumerror due
to the presenceofan ambient signal. The value of K could be ashighas the signal-to-noise ratio of the camera,typically 200:1
for CCD cameras, but the additional demands required of the illumination system may notbe realistic.

Forelectronic flash sources,the intensity is not constant overthe duration ofthe flash. Forthis reason,it is customary to
specify flash intensity in termsofan integrated value, denoted by It, It can be shown thatthis required “intensity exposure,”to
produce the necessary detection may be expressed as:3

KL,bam @
It= —————————__ (for t,<t,) (3)

R’

where L_, = maximum ambientsign luminance for a given material
t, = camera exposure time
t, = flash lamp duration
d = distance to sign
R’ = ccoefficientof retroreflection for a given material.

The units for It, are in candela-seconds. It was found that in order to operate effectively with all materials, intensity
requirements should be based on the retroreflective material (enclosed, encapsulated, or prismatic) which produces the worst
case,or largest value ofIt, From Equation 3, it can be seenthatIt, is greatest when L__, is large and R’ is small. From Figure
10, L,_,, was chosen to be 2,500 candelas per square foot, based on the white enclosed-lens material. Furthermore,to obtain
accuracy over a reasonable range ofretroreflection, the value of R’ was chosen to be the minimum recommended value
corresponding to the enclosed white material, or 70 candelas per footcandle per square foot. Assuming a K value of 20 anda
camera exposure time of 1 millisecond, the required value of flash exposure is 28,500 candela-seconds,as longas the flash
durationis less than the camera exposure time. From Equation 3, flash exposure is directly proportional to K,indicating that
system accuracy will be sacrificed if the required quantity oflight is not available.

3.4,Electronicflash

The advantage ofusing an electronic flash is that large quantities of light are produced over short periods of time. For
maximum efficiency, the flash duration should be less than or equal to the exposure time of the camera.

As Equation 3 indicates, exposure requirements are minimized whent,,, is short. It would, therefore, seem desirable to
reduce _,, as much as possible. However,as t,,,, is reduced, the flash exposuretime, t,,,, must be reduced as well. In general,
there is an optimum flash duration in whichlight outputefficiency is maximized fora given flashtube design. Also,the necessity
for an appreciable quantity of light for this application generally requires a relatively long flash duration (onthe orderof 0.1 to
1 millisecond), but in moving situations, the duration needs to be short enough to “freeze” the effects of image motion due to
vibration.
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The electronic flash used in the MSMRTShas a duration of approximately 1 millisecond and produces 40,000 candela-
seconds,nearly 40% greater than the 28,500 value described above. The spectral quality of electronic flash units are generally
found to be in the daylight regionofthe spectrum,with typical color temperatures ranging from 5,000°K to 7,500°K, depending
primarily on fill gas, pressure, and energy loading. The output is nominally continuous with few spikes which may adversely
affect color measurement accuracy. The unit uses a long linear flashtube in a trough-type reflector having a parabolic cross-
section,yielding a long, but narrow beam profile. In the morecritical vertical direction, the total beam spread, defined at the
90% points, was measured to be approximately 2°,

5.5,Rangefinderaccuracy

A commercially-available laser rangefinder is used to obtain sign distance information. This device uses a time-of-flight
(TOF) method in which short pulses oflaser light supplied by a laser diode are sent outto the target. By measuring the time to
receive the returned pulse, and knowingthe speed oflight, the total round-trip distance can be calculated. This value is divided
by two to obtain the actual distanceto the target. The rangefinder operates at a sampling rate of2,000 samples per second, but
in order to improve measurementaccuracy, the unit can average anumberofsamplesto obtainthe distance reading. The number
ofsamplesperreadingis called the repetition rate. The 9,600 bauddata rate oftheserial interfacelimits the effective data transfer
to approximately 133 readings per second, or 15 samplesper reading, with a net estimated accuracy of+ 0.27 feet (+ 82mm)
understationary conditions. At a constant speed of 40 mph (59 feet per second), the resulting distance resolution is estimated
to be 0.30 foot. Experiments indicate that the accuracy of sign measurements taken at 40 mph is within 2% of measurements
obtained while stationary. Measurement variability at 40 mph is found to increase by less than 1% over stationary
measurements.

5.6.Imageprocessing

The MSMRTSmeasuresa fixedsize region whichis generally centered within the sign. Dueto the differencesin signsize,
the imageprocessing may havedifficulty distinguishing between the dark backgroundorlegend and the imagearea surrounding
the sign. This typically results in the determination ofan incorrectthreshold for the sign, producing an erroneous partitioning
of legend and backgroundregions. If this occurs, the result is easily observed since the video monitor displays an incorrectly
thresholded image. The software has a feature permitting the operator to manually select the desired sign region or manually
change thresholdsettings.

6.EXPERIMENTALRESULTS

Ten signs were measured with the mobile system and comparedto data obtained with a calibrated hand-held retroreflec-
tometer. The signsused for this experimenthad a white backgroundcolorwith background R'values ranging from approximately
4 to 350. Calibration of the system was accomplished by acquiring an image of a calibrated white sheeting material and
computingascale factor toconvert the 8-bit digital gray levels of the calibration target image toR’ values. Sixteen image samples
were obtained for each sign using an observation angle of 0.2° andat a distance of 200 feet “highway” mode). The samesigns
were measured by an Advanced Retro Technology 910F hand-held retroreflectometer (HHRR) calibrated with the same
calibration target used to calibrate the MSMRTS. Six randomly distributed HHRR measurements ofthe sign background were
madefor each sign.

Figure 1](a) summarizes the comparative results ofthe MSMRTSand HHRR.Figure 11(b) showsthe differences as a percent
ofthe full scale (% FS) MSMRTSreading, where full scale was found to be 378 R’. From the graphs,it is evident that the results
are inclose agreement with measurements made with the HHRR. The MSMRTSmeasurements werefoundtobe typically within
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Figure 11(a). MSMTRS (maximum 378 R') versus hand-held retroreflectometer measurements.
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Figure 11(b). Percent difference of MSMRTS (maximum 378 R') compared to hand-held retroreflectometer.
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3% FS of the HHRR measurements,It should be noted that differences between the MSMRTSand the HHRR areexpected,since
itmaybe difficult to obtain a representative average measurementfor a sign whichhas sufficiently nonuniform retroreflectivity.

The data for the experimental results reported above were obtained with the vehicle in a stationary position. Vehicle speed
is expected to have a minimal impact on sign measurementaccuracy, as discussed previously in Section 5.5.

LCONCLUSIONS

The research and analysis presented in this report indicate that a reasonably accurate mobile system for measuring the
average retroreflectance oftraffic signs during daylight hours is feasible. The conceptualdesign of the system is well suited for
making measurements from a moving vehicle. The suggested components for this application are commercially available,
minimizing the need for an extensive engineering effort to develop a production model MSMRTS.
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Unified Reflective Sign, Pavement
And Delineation Treatments for

Night Traffic Guidance
JOSEPH T, FITZPATRICK, Manager, Technical Service, Reflective Products Division,
Minnesota Mining & Manufacturing Company, St, Paul

Consideration of the perception factor in night visibility has
led to the joint evaluation of a recognized guidance concept
and new reflective materials recently installed at a typical
interchange. The retro-reflective treatment was specifi-
cally designed to distinguish by color, brightness, and posi-
tion the location and design of exit and merging ramps.

High intensity delineation was used for distant identifica-
tion. For close approach, paved ramp surfaces were re-
flectorized for 200-300 ft. Yellow delineation and road sur-

faces for merging zones formed an integrated system de-
noting the required caution. For maximum contrast with
its complement, and based onairfield practice for off-
ramp guidance, a similar system in blue was used for exit
areas and pertinent destination signs. Silver through lane
delineation was retained with standard green guide signs.

To provide adequate differential between green and blue
Signs, a distinctive blue sheeting was employed. Color
and brightness requirements also established criteria for
delineation and reflective road treatments. With upper
beams, the reflective blue roadway initially provides 6
foot-lamberts luminance at 200 ft, the yellow, 40 ft-1 com-
pared to the untreated pavement returning 0,08 ft-1,

The substantial increase in road surface luminance of-

fers markedly improved contrast over the surround in both
color and brightness. Integrated, color-keyed reflective
systems thus afforded, suggest a method for effectively
providing the motorist's visual cue and guidance needs night
and day.

@ CONSIDERABLE PROGRESS has been realized in those fields of night visibility re-
lated to the visual function and to effective design and use of vehicle lighting, roadway
illumination and reflectorization. Substantial improvements in roadway visibility have
resulted, in many cases with corresponding and demonstrable improvement in night
driving characteristics and safety. However, the ultimate objective of increased per-
ception and safety proportional to the visibility improvement encourages continued re-
search, both for further improvement of visibility aids and their effectiveness.

The 1957 Symposium sponsored by the Armed Forces-NRC Committee on Vision di-
rected attention to many of the pertinent visual problems. Among these was the sug-
gestion that a substantial difference exists between what the driver should see and what
he does see, Seeing while driving was defined by Brody as "selective directional see-
ing in a multivisual environment,.'' Others suggested improvement in presentation of
essential information to the motorist. Additional visual problems ascribed to night
driving conditions included limited perceptual performance at mesopic levels of lumin-
ance, and visual disability or discomfort.

As an aid to selective and effective seeing, reflective materials have long been used
on signs, delineators and road markings. Research in this field has increasingly con-
centrated on brightness, design and application possibilities, The consideration of ad-
ditional color and shape coding in signs and markings — recommended by the Armed
Forces-NRC Committee — has encouraged more research as have a numberof related

138
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military and industrial applications. Asa result, recent technological developments
have led to more versatile reflective materials including pavement markings exhibiting
notably increased brightness and colorutility, a correlate inasmuch as adequate color
discrimination at mesopic levels and highway viewing distances requires either substan-
tial luminance or areas.

To test these materials under typical field conditions, a cloverleaf interchange at
the intersection of US 61 and Minnesota 36 was selected with the assistance and cooper-
ation of the Minnesota Highway Department for an experimental installation and study.
The complexity of the driving task at such locations has been reported by Forbes and
Katz together with the need for increased warning distance, visibility, attention value
and, particularly, choice limitation. Simple 2-choice channels afford least difficulty,
provided sufficient conspicuity to insure early perception particularly after nightfall.

Accordingly, the reflective treatment at the test interchange was designed to clearly
distinguish significant features of interchange design; namely, signs and markings, des-
tination, precise location and design of ramps, speed change and through lanes. In view
of the common purposeof related signs, speed change lanes and ramps, and to exclude
possible confusion from invariable use of similar colored delineation and marking sys- —
tems, the significant characteristics were further distinguished by color.

Consistent with the established use of yellow to denote caution, yellow reflective ma-
terials were employed at on-ramp and merging zones. The traveled surface of on-ramp
terminal ends and adjoining speed change lanes were coated with a yellow reflective
treatment consisting principally of minute reflective particles and associated binder
applied by conventional pavement marking equipment and techniques. For maximum
contrast with silver delineators customarily employed on through lanes and tangents,
50 cp/ft-c triple, yellow-amber delineators (dominant wave length 595m p.) were used on
both sides of ramp and alongside the acceleration lane. Delineation and color treated
surface of the acceleration lane was visible to through as well as on-ramptraffic.

Deceleration lanes and exit ramps together with relevant signs were similarly iden-
tified, using color to establish a relationship between signs, delineation, and roadway,
thus simplifying the perceptual task. Search for a distinctive color not presently as-
signed other traffic control functions led to use of blue which has the additional advan-
tage of providing maximum contrast with the complementary yellow of entrance loca-
tions. Required use of blue lighting and reflectorization for airfield taxiway and off-
ramp guidance offers an analogous experience which, with similar experimental high-
way guidance applications elsewhere, suggests the use of blue in bifurcation treatment.

Application of the various reflective components incorporated into the cloverleaf
interchange system is shown in Figure 1. Blue pavement areas represent reflectorized
sections of exit roadway, paralleled by triple, blue delineators along ramps and deceler-
ation lanes with blue guide signs pertaining to the adjacent exit. Yellow pavement areas
represent reflectorized sections of entrance or merging roadways, paralleled by yellow
delineation along ramps, acceleration lanes, and the right edge of the through highway
preceding merging zones. Adjacent yellow signs are customary standard warning series.
The remainder of through lane delineation was accomplished with conventional silver
materials and traffic guidance, with standard green signs.

Interchange guidance information therefore is first presented to the approaching,
north-bound motorist on conventional, green, 2-mi and 1-mi advance guide signs. Con-
firmation is subsequently provided by the color treatment as blue signs and delineation
corresponding to the east-bound deceleration lane first appear, followed closely by the
blue pavement treatment on approach areas, ramp surface and continuing with ramp de-
lineation. Indication of merging lanes and identification of exit ramps to the north is
Similarly achieved by the distinction apparent between conventional through route mark-
ings, yellow at entrance points, and blue at exits. In the experimental Minnesota ap-
plication, this treatment was installed on US 61 and the four appendant rampsat inter-
section with Minnesota 36 for the north-bound direction of travel, Abbreviated speed
change lanes at this older interchange were sufficiently long to permit up to 150 ft of
taper for test purposes. Roadway reflectorization covered these lanes and extended 200
ft up leg ramps from the nose, 150 ft for loop ramps. Conventinal 200-ft delineator
spacing was used for the approach but decreased within the interchange to emphasize
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 BLUE (EXITING) ROADWAY AND SIGNS
HEE] YELLOW (MERGING) ROADWAYANDSIGNS
MM GREEN (THRU) SIGNS
 

Figure 1. A unified reflective sign, delineator and roadway color treatment showing or-
der of presentation for northbound traffic through a typical interchange. Similar sys-

tems may be employed in a number of related traffic guidance applications.

significant design features for effective distant perception. Within the interchange, 50-
ft spacing was employed for through lanes, 25 ft for leg ramps and 15 ft for loop ramps,
including connecting speed change lanes. Sign legend materials and sizes followed in-
terstate standards with some legend modification in the absence of fully limited access
or overhead sign structures (Fig. 2).

Previous use of reflectorized blue background signs in juxtaposition with green signs
has led to some question of color discrimination. The dominant wave length of conven-
tional blue reflective sheeting is approximately 495 mp and peak reflectance 498 mp com-
pared to approximately 520 mp for bothin the case of the standard green. The similarity
of hue (blue-green, green-blue) and possibility of confusion at night led to the develop-
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ment of an attractive blue reflective sheeting with a peak reflectance deep in the blue
end of the spectrum (475 mp) and relatively high saturation in the red (620-700 mp), re-
sulting in a distinctive indigo-blue and subjective brightness similar to that of standard
green.

Purity and reflectance of blue roadway treatment and delineators were similarly ad-
justed to provide dominant wave lengths of comparable value and sufficiently blue to be
unmistakable (Fig. 3), Role and limited size of delineators together with reduced visual
sensitivity to blue necessitated blue delineation of relatively high brightness. A con-
struction of standard size resulted, with a characteristic value of 489 mp and luminance
of 6 cp/ft-c — a signal adequate to meet minimum long-rangevisibility requirements.
Directional reflectance values for these retro-reflective components at representative

 
wilt * a

Figure 2. Night view of bifurcation treatment at exit ramp.

observation and incidence angles were established with a modified spectrophotometer.
These are shown together with a 90 percent reflectance, diffuse white surface, relative
to perfectly diffusing white.

Colored reflective roadway treatments are shown in terms of specific luminance
(ft-1/ft-c) at divergence angles corresponding to viewing distances ranging from 1, 000-
80 ft (Fig. 4), Values are based on retro-reflective performance at representative en-
trance angles (88 deg) and exhibit initial efficiencies comparable to like-colored reflec-
tive sign materials and 20-500 X greater at applicable divergence angles than a hypothet-
ical, 18 percent reflectance roadway surface. Relative to a perfectly diffusing, stan-
dard white surface, the brighter, yellow treatment increases luminance in the order of
65 X at 0.5 deg divergence, the blue 4 X.

Initial luminance of the treated road surface at 80 to 1,000 ft is shown relative to
available headlamp illumination (Fig. 5). Upper and lower beam performance was de-
rived from iso-candle curves based on representative output of the Dual Headlamp Sys-
tem (GE~4001 and 4002) and current headlamp-driver relationships, with vehicle cen-
tered in a straight, 12-ft lane. Luminance of right and left edges viewed with upper
beams are identical for those distances considered. In view of lamp design features,
lower beams understandably provide increased luminanceat the right relative to the
left edge.

Luminance of a conjectural 18 percent reflectance surface is illustrated as a stand-
ard of comparison with the treated roadway in establishing relative performanceatall
distances with upper and lower beams. Field measurements and limited published data
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Figure 3. Spectrel distribution of blue reflective signs, delineators and roadway mark-
ing materials shown relative to a diffuse white surface. Figures for spectral response

at peak reflectance and dominant wavelength are given in millimicrons.

reveal typical pavement brightness illuminated with upper beams on the order of 0.08
foot-lamberts at 200 ft. At this distance with high beams, the reflective blue surface
initlally is shown to provide 6 foot-lamberts luminance, the yellow 40 ft-1, suggesting
a 500-fold increase over a conventional] pavement surface exhibiting 0.08 ft-1 lumin-
ance, This relationship applies equally to wet surfaces in the case of those portions of
the experimental application designed to perform wet or dry throughout their useful life,
and appears independent of pavementtexture.

Although the luminance of reflective pavement treatments is relatively independent
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of pavement surface type, brightness is quite naturally a function of the projected pave-
ment area, Horizontal ramp or speed change lane surfaces subtend a vanishingly small
angle at distances greater than 1,000 ft. In addition, intersection surfaces may be tem-
porarily covered with snow or ice or partially obscured by preceding vehicles, strongly
establishing the warrant for supplementary delineation. The several reflective compon-
ents may therefore contribute in varying proportion to the total perceptual purpose.

SPECIFIC LUMINANCE OF
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Figure 4, Specific luminance (foot-lamberts per foot-candle) of reflective rosdvay mater-
fala at divergence angles of 0.2 to 2.0 deg (approximately 1,000 to 80 ft). A diffuse
surfece exhibiting 18 percent reflectance anda perfectly diffusing white surface are

shown for comparlson.

  
Significant reduction of the perceptual impact through aberrant color deficiency is un-

likely at the wave lengths in question, Frequencyof tritans (blue-yellow deficient) has
been found to be less than 0.008 percent in contrast with the more prevalent red-green
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LUMINANCE OF TREATED 12’ LANE
DUAL HEADLAMP SYSTEM
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Figure 5. Luminance of treated roadway surface seen from 100 to 1,000 ft with Dual Head-
lamp System (G.E. 4001 and 4002) shown relative to an 18 percent reflectance roadway sur-
face. Iaminance of a straight 12-ft lane is shown from left to right for each color and

upper and lower headlamp beams.

defectives. Their incidence has generally been found to be at least 2 percent of the a-
dult population and the vast majority of this group are acutely perceptive of blue. Indi-
viduals deficient in ability to perceive yellow comprise the greatest rarities, suggesting
that the complementary use of blue and yellow in this application offers the least likeli-
hood of confusion, and provoking far less serious question than the color of traffic sig-
nal ware.

Choice of the particular location was largely dictated by the desirability of analyzing
relative benefits of such treatment where established expressway traffic patterns and
representative pavement surfaces, ambient illumination and lighting existed, Studies
of driver attitudes, traffic characteristics and performance were undertaken in cooper-
ation with the Traffic and Planning Division of the Minnesota Highway Department.
These studies were conducted over a seven-week, midsummerperiod before and after
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installation of the reflective color treatment and included, in turn, conventional delin-
eation, modified interstate standard delineation and supplementary illumination.

It is not in the scope of this paper to report the results of these studies, however,
the substance of completed work and expressions of other investigators suggest that
valuable insight has been gained into the night visibility problem and effective tech-
niques disclosed both for assessment andimprovement of the perceptual element. Be-
cause all seeing depends on light, perception on contrast levels, and guidance on per-
ception, effective guidance is dependent on both luminance and contrast. Intense retro-
reflective brightness, with contrast afforded by color as well as generally low back-
ground luminance, presages extensive new perceptual and guidance opportunities.

Color-keyed, reflective guidance systems should be restricted to readily distinguished
hues and applications for maximum effectiveness. Indiscriminant color use may serve
to defeat rather than enhance theeffort to reduce driving complexity. Inasmuch as dis-
tinctive colors are limited, their application should be well considered, though not over-
looked. Well conceived, unified reflective systems suggest a method that may effec-
tively provide for the motorist's visual cue and guidance needs as well at night as by
day.
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This report will be of interest to transportation officials concerned with the night-
time visibility of highway traffic signs and the cost for the replacement of signs to
maintain a minimum standard of nighttimevisibility. The report will be of particular
interest to traffic engineers responsible for the management and maintenance of traffic
signs. The focus of the report is retroreflectivity—the property of traffic signs that
makes them visible at night. The key issue is the national cost to provide a given level
of retroreflectivity as a function of the length of time over which the standard would
be phased in.

In 1985, the Federal Highway Administration published an Advance Notice of
Proposed Amendmentto the Manual on Uniform Traffic Control Devices as the initial
step in developing performance standardsfor in-service, retroreflective, traffic-control
devices. Since then, research has been conducted to determine minimum visibility

requirements for traffic signs that will satisfy the need of the nighttime driving popula-
tion. In addition, research has been completed to develop cost-effective, field-
measurement tools to determine whether a specific in-service traffic sign meets given
retroreflectivity levels. Research on the service life of retroreflective signs has also
contributed to the knowledge base needed to support the proposed establishment of
retroflectivity standards.

However, before retroreflectivity standards can be implemented, their potential

economic impact must be assessed. Further, any adverse effects of such standards
should be mitigated. The research reported here was undertaken to provide alternative
strategies for economical ways to improve the effectiveness of signs within available
resources.

Under NCHRP Project 5-11, “Implementation Strategies for Sign Retroreflecti-
vity Standards,” research was undertaken by Bellomo-McGee, Inc., Vienna, Virginia,
with the objective of determining the economic consequences of alternative standards
for retroreflective traffic signs.

To accomplish the objectives, the research agency had to address the following
questions:

« Whatis the status of the Nation’s signs regarding their level of retroreflectivity?
» How manysigns exist on the Nation’s roadway system by sign type, jurisdic-

tional level, and other key factors?
e What is the cost to replace signs by the type of sign, type of retroreflective

material, and by jurisdictional location?

Once this information was obtained, an economic assessment model was applied

with the following specific objectives: (1) Determine the economic consequences of

ii
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alternative standards for retroreflective traffic signs, ie: What will it cost to meet
and maintain standards? (2) Develop economic-based implementation strategies and
recommendoptions for systemwide implementation, i.e.: What are the alternative ways
to have jurisdictions come into compliance, considering their resources?

The findings of the research have indicated that minimum retroreflectivity stan-

dards could cost approximately $156 million per year nationally for a 10-year imple-
mentation schedule under the higher of the two levels of standards evaluated. At the
lower standards, the national cost would be no more than currently experienced for
regular sign maintenanceactivities, assuming a 5- or 10-year implementation schedule.
If a much shorter implementation schedule of one year was adopted, a one time cost
of between $400 million and $2 billion would be expected, depending on the standards
selected.
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IMPLEMENTATION STRATEGIES FOR

SIGN RETROREFLECTIVITY STANDARDS

Minimum retroreflectivity standards for traffic signs are currently being considered
and indications are that standards will be instituted in the near future. Prior to the

establishmentof retroreflectivity standards two key issues must be addressed: (1) how
will the standards be implemented and (2) how muchwill the standardscost jurisdic-
tions for replacement and maintenance activities. Currently, only new purchase specifi-
cations exist for permanent and temporary traffic signs. The retroreflectivity specifica-
tions measured in terms of specific intensity per unit area (SIA) are related to
manufacturer’s warranties and were not established based on motorist needs for sign

legibility. Minimum retroreflectivity standards for traffic signs based onlegibility re-
quirements are needed.

Measurementsof retroreflectivity were taken on approximately 8,000 traffic signs
across the country. These samples becamethe basis for evaluating the general condition
of the nation’s traffic signs. A signing questionnaire was developed and distributed to
state, county, and city jurisdictions. Estimates of sign inventory, replacement, and
maintenance costs were derived from the survey responses. The Federal Highway
Administration (FHWA)supplied ranges of minimum retroreflectivity values for this
project. Lower and uppersets ofretroreflectivity values were selected from the FHWA
data for red, yellow, green, and white sheeting. The numberof signs not meeting the
standard criteria was determined for each sheeting type. The economic costs associated
with the necessary sign replacement and related maintenance activities were deter-
mined. Several implementation strategies and schedules wereidentified for instituting
the minimum retroreflectivity standards. These include prioritizing sign replacement
by sign type and roadwayclass. Implementation schedules ranged from | to 10 years for
compliance. Because a broad economic analysis was required only basic implementation
strategies were tested. These strategies assumed noprioritization of sign or roadway
types, but required compliance with the standards within 1 to 10 years.

The current national population of traffic signs (not including street name and
parking) is estimated to be nearly 60 million. If the higher minimum retroreflectivity
standards tested in this research were applied, approximately 17 million traffic signs
on the nation’s roadways would require replacement today. This would amount to
approximately $156 million in sign maintenance costs per year for a 10-year implemen-
tation program.If the lower standards were applied, the cost for maintenance activities
should not exceed current expenditures with a 5- or 10-year implementation schedule.
With the adventofretroreflectivity standards,jurisdictions will also have to consider
instituting sign inventories and strict inspection programs. These items will create an
additional monetary demand on signing budgets. Preliminary results of an on-going
FHWAresearch project dealing with motorists’ needs in relationship to sign legibility
were used to develop the minimum retroreflectivity standards tested here.

The research found that the economic impacts of standards will be hardest felt by
city jurisdictions. This is becauseof the relatively poor condition of traffic signs on city
roadways. In addition, deficient green signs accounted for a disproportionate share of
replacementcosts across all jurisdiction types. Green sheeting, especially engineering
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grade, has rather low retroreflective properties. One of the minimum standardstested
here for green sheeting was actually higher than the delivered new specification pre-
scribed by states and the FHWAfor engineering grade sheeting. Ground-mounted
guide signs also tend to be at least twice as large as standard warning and regulatory
signs; therefore, the cost to replace ground-mounted guidesigns is nearly double that
of othertraffic signs.

Theresearch reported here tested twosets (i.e., lower and upper) of retroreflectivity
standards. The lower standards should have minimal economic impacts on most juris-
dictions. However, the upper standards would have an extreme impact on signing
budgets. Maintenance to the upper standards could cost two to six times as much as
current budgets. The establishmentof retroreflectivity standards between the two sets
of standardstested here wouldstill burden somejurisdictions. However, the anticipated
benefits of reduced liability and improved public safety could offset the additional
maintenance costs.

 

CHAPTER ONE

INTRODUCTION AND RESEARCH APPROACH

PROJECT BACKGROUND AND RESEARCH
OBJECTIVE

Traffic signs are a very important componentofstreets and
highways. They help motorists find their way in a safe manner
by providing for the orderly and predictable movementoftraffic.
For signs to accomplish their intended purposes, they must be
visible to the motorists, Although sign visibility is generally not a
problem during daylight, signs with inadequate retroreflectivity
may not be sufficiently visible at night and can contribute to
accidents.

Research has been initiated to determine visibility require-
mentsfortraffic signs that will satisfy the needs of the nighttime
driving population. In addition, research is under way to develop
field measurement tools to determine whether a specific in-ser-
vice traffic sign meets given retroreflectivity levels.

The Federal Highway Administration (FHWA) published an
Advanced Notice of Proposed Amendment (/) to the Manual
on Uniform Traffic Control Devices (MUTCD)(2)as aninitial
step in developing a performance standard forin-service retrore-
flectance of traffic control devices. The principal behind such a
standard is that signs and other devices that rely on internal
retroreflectance to be visible should maintain a level of perform-
ance thatrelates to minimumdrivervisibility requirements. This
objective is not without technical, logistical, and practical ob-
stacles.

Onecritical technical issue to resolve is to establish driver

nighttimevisibility needs and translate those to sign retroreflecti-
vity requirements. This has been the task of a FHWA project
entitled, “Minimum Visibility Requirements for Traffic Control
Devices.” The primary objective of that project is to develop a
relationship between retroreflectivity levels and driver profiles
so that in developing a performance standard one can use as a
criterion the percent of drivers excluded by the standard.
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Another issue, which is both technical and logistical, is the
field measurementofretroreflectivity for signs and other devices.
If the performance standard is to be a minimum retroreflectivity
value, an easy method for measuring this property ofin-service
signs is required. The current method is to use a portable retrore-
flectometer. The most prevalent apparatus used is the Model
920™ manufactured by Advanced RetroTechnology, Inc. While
this is a portable unit, it is still felt too cumbersome and time
consuming to be used for a wide scale inspection program. The
National Cooperative Highway Research Program (NCHRP)
Project 5-10, “A Mobile System for Measuring Retroreflectance
of Traffic Signs” (3) has resulted in a prototype system that is
under further evaluation and refinement by FHWA.

On the practical side, there is the issue of what will be the
economic impact imposed on the various jurisdictions, and in-
deed the public, of establishing a performance standard. De-
pendingonthestrictness of the standard,i.e., the retroreflectivity
level and how soon the jurisdictions would have to be in full
compliance, there will be an initial financial impact of replacing
the existing deficient signs and devices. Thereafter, there will
be a continuing cost to maintain the entire system within the
prescribed standard. Before establishing the performance stan-
dard, the FHWAand others faced with this decision should be
aware of what these impacts would be for different standard
levels. How many signs would have to be replaced, what would
be the costs to do so, and whatwill it cost agencies to maintain
the signs to the standard? These and other related issues are
addressed by this project.

SCOPE OF STUDY

The performance standard has not yet been established andit
was not the objective of this study to do so. Rather, it was the
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objective of the NCHRP Project 5-11 to assess the impacts of
alternative standards and provide strategies and guidelines for
implementing the standard.

Before sign retroreflectivity standards can be implemented,
their potential economic impact must be assessed and any ad-
verse effects of such standards should be mitigated. To meet the
overall objective of this study, and to resolve these issues, re-
quires certain information. The information includes: What is
the status of the Nation’s signs regarding their level of retrore-
flectivity? How manysigns exist on the Nation’s roadway system
by sign type, jurisdictional level, and other key factors? Whatis
the cost to replace signsby the type ofsign, type ofretroreflective
material, and by jurisdictional location?

This information is required to meet the specific objectives of
this project. The information must be analyzed within an eco-
nomic model to determine what it will cost jurisdictions to re-
place signs that do not meet alternative standards. The specific
objectives, therefore, are as follows: (1) Determine the economic
consequences of alternative standards for retroreflective traffic
signs, i.e., What will it cost agencies to meet and maintain stan-
dards? (2) Develop economic-based implementation strategies
and recommend options for system-wide implementation, i.e.,
What are the alternative ways to have jurisdictions come into
compliance considering their resources?

It was anticipated that the initial costs of compliance with
retroreflective standards would be substantial and beyond the
resources of manyjurisdictions. Alternative strategies for imple-
menting the standards need to be identified and evaluated.

RESEARCH APPROACH

To accomplish the goals and objectives of this project the
following general tasks were completed:

3

Task 1—Evaluate Literature and Other Sources. Thelitera-

ture and other informational sources dealing with retroreflecti-
vity of traffic signs were considered. The various types of sign
inventory systemsin use and current maintenance practices were
investigated.

Task 2—Summarize Information Pertinent to Establishing
Feasibility Retroreflectivity Standards. This task was accom-
plished by reviewing pertinent references and by considering the
latest results and findings from on-going and recent research
projects.

Task 3— Collect Retroreflectivity Condition and Other Sign
Data. Existing data on in-service sign retroreflectivity, replace-
ment costs (e.g., labor and material), and sign densities were
collected and compiled. Data were collected on standard,
ground-mounted traffic signs. Overhead and parkingseries signs
were not included.

Task 4—Analyze Data. For different categories of signs, rela-
tionships were developed that indicate how variousretroreflecti-
vity standards would affect, nationally and at the state and local
levels: (a) the numberofsigns to be replaced, (b) the replacement
costs, (c) any other economic or management considerations.
The modeling techniques used are described so they can be
applied readily to any jurisdiction’s sign replacement and man-
agement programs.

Task 5—-Develop Economic-Based Implementation Strategies.
Economic-based implementation strategies were developed for
alternative sign retroreflectivity standards across different cate-
gories of signs, roadways, and jurisdictions.

Task 6—Recommended Implementation Options. Several op-
tions for system-wide implementation were developed to provide
guidance for phasing the implementation of the retroreflectivity
standards and to indicate the expected economic consequences
of adoption of the standards.

 

CHAPTER TWO

FINDINGS

This chapter presents the key findings of the study in three
sections. Specifically, these sections relate to the literature re-
view, the retroreflectivity data collected from more than 8,000
sign samples across the country, and the results of the question-
naire sent to the states, counties, and cities for information,
sign inventories, and maintenance. More detailed informationis
provided in Appendixes A, B, C, and D.

LITERATURE REVIEW SUMMARY

Principles of Retroreflection and Sheeting
Materials

Nearlyall signs have to be legible and color distinguishable at
night as well as day. While this can be accomplished through
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external illumination of the signs, retroreflection is the most
commonly used means of making signs visible to the driver at
night.

Retroreflection occurs when light rays strike a surface and are
redirected back to the source of light. Two principles followed
to achieve retroreflectivity for roadway signs are prismatic and
spherical] lens retroreflection. Prismatic, also known as cube-
corner, retroreflection is achieved through total internal reflec-
tion. Incoming lighthits the first surface and reflects to the rear
surface which reflects it to the last surface which reflects the

light rays back to the source. In the second type, spherical lens
retroreflection is achieved through a combination of a glass
sphere (bead) andareflecting (mirror type) surface placed at the
focal point. The incoming ray is bent and directed inside and
toward the back of the sphere, reflecting off reflective surface,
and after being bent at the exterior of the sphere redirected
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Figure 1, Two types ofretroreflection, cube-corner(top) and spher-
ical lens (bottom).

towardthe light source. These two principles for achieving retro-
reflection are illustrated in Figure 1] and further described in
Appendix A with the entire literature review. Three references
(4,5,6) are suggested for a thorough discussionof the principles
of sign retroreflectivity.

Retroreflective sheeting consists of micro cube-corners or
spheres enclosed in a weather resistant, transparent plastic film.
To reflect color, pigment or dye is inserted into the film or on
the reflecting surface. There are three types of spherical lens
(bead) retroreflective sheeting: (1) exposed glass bead, (2) en-
closed glass bead,and (3) encapsulated glass bead.In the exposed
lens sheeting the front half of the glass beads are exposed to the
outside air. Glass beads work best when exposed to the air.
However, because of the small size of the beads, a film of water
can cover the beads when it rains and can greatly reduce the
retroreflectivity of the beads. Hence, this type of sheeting is not
recommendedfor traffic signs and is no longer included in state
or federal specifications. Nonetheless, exposed lens sheetingis
still found ontraffic signs on some low-volumerural roads con-
trolled by local jurisdictions.

Enclosed lens sheeting material consists ofa layer of transpar-
ent plastic of appropriate color in which glass beads are imbed-
ded. A metallic reflection shield is provided behind the plastic,
with a layer of adhesive and with a protective liner that is re-
moved during sign fabrication. The plastic covering enables the
sheeting to be equally bright under dry and wet weather condi-
tions.

With encapsulated lens sheeting the glass beads are also pro-
tected by a transparent material thatis supported slightly above
the beads by walls creating an air-filled compartment. The back
of the beads are covered with a reflective surface. The resulting
airspace in front of the beads makes it moreretroreflective and,
hence, is known as high performancesheeting.

Page 58 of 330

Oneof the most important properties of retroreflective sheet-
ing is the ability to return light that is commonly described by
a variety of terms including brightness, retroreflectance, lumi-
nance, and candlepower. The International Commission of Illu-
mination (CIE) uses the term coefficient of luminous intensity
that is defined as the ratio of luminous intensity of reflector
in the direction of the observation to the illumination at the

retroreflector on a plane perpendicular to the light. In the metric
system, designated as the International System of Units (SI),it
is expressed as candelas, cd, per lux, lx. This definition treats the
retroreflector as a point source. Because signs havearelatively
large area, they are treated as an extended light source which
may be thought to consist of many point sources, each with a
luminance intensity of one candela. The coefficient of luminous
intensity divided by the area is expressed in SI units as candelas
per lux per square meter and identified as the coefficient of
retroreflection. The English equivalency for coefficient of retro-
reflection is candelas per foot candle per square foot and is
denoted as R,. In the Standard Specifications for Construction
of Roads and Bridges on Federal Highway Projects, FP-85 (7),
the coefficient of retroreflection, R,, is described as specific
intensity per unit area (SIA). The conversion from SI to the
English system is unity. CIE plans to adopt R, as their designa-
tion in the SIA nomenclature. The SIA designation will be used
throughoutthis report.

The retroreflectance of sheeting material is described in the
context of another important property, its angularity, which is
defined by the entrance (of the light) and the observation (of the
motorist) angles. The entrance angle is the angle formed between
a light beam striking the surface of a sign and a line coming out
perpendicular from the surface. The observation angle is the
angle between the incoming light beam and the reflected light
beam and is a function of the height of the driver’s eye with
respect to the vehicle headlamps. In the FP-85 andother specifi-
cations, minimum SIA is prescribed for each different type of
sheeting for two observation angles, two entrance angles, and for
different colors.

The following specifications, related to retroreflectance, were
a primary source of information:

1. Standard Specifications for Construction of Roads and
Bridges on Federal Highway Projects, FP-85 (7).

2. Federal Test Method Standard 370, Instrumental Photo-
metric Measurements of Retroreflective Materials and Retrore-

flective Devices (8). ce
3. Four standards of the American Seciety for Testing and

Materials (ASTM) on color and appearance measurement:

e E808-81 “Standard Practice for Describing Retrore-
flection”

e E809-81 “Standard Practice for Measuring Photometric
Characteristics of Retroreflectors”

e E810-81 “Standard Test Method for Coefficient ofRetrore-

flection of Retroreflective Sheeting”
e E811-81 “Standard Practice for Measuring Colorimetric

Characteristics of Retroreflectors Under Night-
time Conditions”

In the FP-85, three types of retroreflective sheeting are recog-
nized. The first type has two classes: Type II and Type II A,
commonly called engineering and super-engineering grade sheet-
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ing, respectively. They are both enclosed-lens type sheeting. The
minimum SIA values specified by FP-85 for Type II A are about
twice those for Type II. The next type has three classes: Type
III A, II] B, and III C. All are encapsulated type sheeting with
Type ITI A made of glass beads and Type III B and III C made
of prismatic reflectors. All three types provide much higher
brightness than both Type II and Type II A. Thelast type of
sheeting recognized in the FP-85 is labeled as Type IV. This type
is a high performance vinyl sheeting that is used for retroreflec-
tive white collars around orange cones andfor “fold-up” tempo-
rary signs of the kind commonly used by utility companies.

Visibility Distance

Thesight distance requirementof a sign is a function offive
components: (1) sign detection, (2) sign recognition, (3) driver
decision-making, (4) response, and (5) completion of maneuver.
McGee et al. (9) developed and field tested a decision sight
distance model based on detection, recognition, decision-making,
response, and vehicle maneuver. The decision sight distance
model elements were later reexamined by Perchonoket al. (J0)
to develop a version applicable to determining nighttime visibil-
ity requirements for retroreflective devices. The model deter-
mines minimum detection distance requirement as the summa-
tion of distances required for five phases of action. The
summation process is based on the assumption that, in the worst
case, the driver must accomplish each aspect of the process in
order, one after the other. The model was formalized by Mace
et al. (//) as a computerized program to evaluate luminance
requirementto aid in sign maintenance decisions. This sign main-
tenance management program models sign visibility require-
ments in terms of time and distance requirements. However, it
does not model the visibility requirements of signs based on
human performance capabilities in terms of luminance and con-
trast needs.

The human visual performance model most generally accepted
among highway visibility researchers is that published by the
International Commission on Illumination (CIE). This model
represents an analytic approach to determining the observer’s
detection threshold contrast when adapted to a particular sur-
round luminance, with glare and transient adaptation require-
ments accounted for. An objectis visible or detectable at thresh-
old level if the object’s contrast meets or exceeds the contrast
required by an observer when adapted to the luminance of the
object’s background,also taking into accountthe effects of dis-
ability glare and background luminance that may change over
time. This analytic approach to visibility has been incorporated
by Bhise et al. (72) into a seeing distance model called DETECT,
which is a part of the Comprehensive Headlamp Environment
Systems Simulation Model (CHESS). The program calculates
the threshold visibility distance (50 percent probability of detec-
tion) to targets such as delineation, pedestrians, traffic cones,
etc., under a wide range of conditions with or without glare from
opposing vehicles.

Sign Leglbility

Drivers require a minimum amountof luminance for detection
and legibility of signs. The specification of minimal luminance
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requirements for traffic signs has been addressed by a number
of researchers. Historically, a sign was considered sufficiently
brightif it provided approaching drivers with a minimum of 50
ft of legibility per inch of letter height. However, the selection
of 50 ft per in. as a minimum legibility distance is quite arbitrary.
Mace (/3) suggested that older driver’s visibility requirements
should be based on a legibility of 40 ft per in. of letter height.
Mace also reported that the typical practice in the states is to
license drivers at a 20/40 high-luminance acuity. This acuity
level corresponds toa legibility of approximately 30 ft per in. of
letter height.

An approach that has been used is to consider a sign’s level
of brightness. Sign brightness is considered satisfactory if it pro-
vides a legibility distance that is greater than or equal to 85
percent of the maximum obtainable nighttimelegibility distance.
This criterion is too arbitrary as it does not account for the
driving situation.

Other measures that have been used to develop the relation-
ship between sign brightness andlegibility have been uniformity
of sign background,level of internal contrast, and luminance of
legend or background.Ifa sign face degrades unevenlyas it ages,
the legibility of the sign is impaired. The Institute ofTransporta-
tion Engineers (ITE) recommendsa ratio of 5: 1 as the maxi-
mum acceptable ratio of luminancesfor externally lighted traffic
signs (14). Another study conducted by Allen et al. (15) con-
cluded that variation in the luminance of different areas of the

sign should not be more than 10: 1. Another study (76) specifi-
cally designed to establish the relationship between the lumi-
nance uniformity ofsign background andlegibility found that for
externally illuminated signs these two variables are significantly
correlated only when sign luminance ranges from 9.9 to 39.7
foot-lambert (FL). These data indicated that if a reduction in
maximum obtainable legibility of 50 percent is assumed to be
maximum acceptable performance decrement, the maximum ac-
ceptable ratio of background luminancesis 6: 1. However, the
luminance of Type II and Type III white sheeting rarely exceeds
9.9 FL. For these reasons, the luminance uniformity of back-
ground may be relevant to legibility of illuminated signs, but
may not be relevant to retroreflective signs.

The contrast between the luminance of the sign legend and
the luminance of the sign backgroundis a key measure that has
been related to sign brightness andlegibility. A common measure
of internal contrast is the luminance ratio of the legend and
background of the sign, with the greater of the two values used
in the numeratorofthe expression. For signs with a black legend
on color background thelegibility is determined by the lumi-
nance of the color portion of the sign. Therefore, minimum
brightness standards based solely on internal contrast would
havelittle applicability to signs having either a black legend or
a black background. Also, most signs will not be taken out of
service until they have lost most of their retroreflectivity, which
meansthat the internal contrast of the sign is essentially fixed
for the duration of the sign’s service life by the material with
whichit is constructed. Therefore, internal contrast is most rele-
vant in sign design and construction.

Another measure of sign brightness that can be related to
legibility is sign luminance. Legibility as a function of sign lumi-
nancehas been studied to a greater extent than any other measure
of sign brightness. A 1988 study of nighttime conspicuity of
highway signs by Olson (/7) resulted in recommendation of
minimum SIA values for various sign types with guidance re-
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Table 1. End of service life SIA values recommended by Florida DOT.

EndofService Life SLA Values!
Sheeting Color

eeeuta, ut B|[=e[Sp 
na - not available

' SIA values measured at 0.2° observation and -4° entrance angles.
2 Engineering grade sheeting (Type II).
2 Super-engincering grade (Type II A), high performance (TypeII] A), and prismatic

(Type HI B) sheeting.

Source: Florida DOT (19)

garding the selection of sheeting materials. The SIA values are
based on area complexity and the required stopping sight dis-
tances for various speeds.

Another study by Morales (78) resulted in recommendation
on required overall SIA for stop signs for various approach
speeds underideal visibility conditions. The study suggests that
legibility should not be used as a criterion for developing in-ser-
vice retroreflective standards for sTOP signs, and it provides
mathematical relationships between sTOP-sign recognition dis-
tance and its photometric characteristics. This is because the
unique shape of sToP signs should be recognized and not read
to be understood.

A study conducted by the Florida DOT (19) recommended
“end of service life’ SIA values for various sheeting colors and
types. The study used several observers, at night, in the same
vehicle. Each observer recorded when sign detection, shape rec-
ognition, color recognition, message recognition and legibility
occurred. The times were converted to distances. Each sign was
then screened, thereby reducing SIA, until the sign was deter-
mined to be barely adequate. Table 1 provides the recommended
“end of service life’ values for white, yellow, green, and red
sheeting colors.

Luminance Standards

Theexisting federal standards for luminance ofretroreflective
materials for traffic signs are purchase specifications and provide
no differentiation based on driver needs. The MUTCD(2) sim-
ply specifies that all warning and regulatory signs be reflectorized
orilluminated to show the same color and shape by day or night
unless specifically excepted in the standards. The MUTCD has
no minimum initial or replacement requirements for retroreflec-
tive signs. FP-85 does provide minimum SIA standards for new
material. These standards, however, were developed by sheeting
manufacturers as a purchase specification not based on driver’s
needs. For work zonetraffic control, FP-85 (7) does specify that
traffic signs and devices must retain 75 percent and 50 percent
of the new specification for engineering grade and high perform-
ance sheeting, respectively.

Based on the agencies surveyed, replacementis left to practices
that vary between states and levels of government within states.
The need for inspection of signs for retroreflectivity is typically
not determined under a regimented policy or schedule, but is by
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casual, visual inspection. This deficiency is due to the lack of
a minimum brightness standard, the competing demands on
personnel’s times, and the absence of a rapid andreliable re-
flectance measurement device. However, the development ofau-
tomated sign inventories, minimum performance standards, mo-
bile system for measuring retroreflectance, and implementation
strategies will provide an opportunity for more efficient and
objective solutions to the problems of sign maintenance man-
agement.

Research has been conducted which is relevant to the question
of a standard, but standards have not yet been implemented
thatreflect fundamental driver needs. This is because specifying
luminance standardsfortraffic signs is complex and multidimen-
sional. Driver requirements of different signs change across situ-
ations. Also the population of signs is not uniform in purpose or
function. Signs are created in different designs to serve various
needs, and these differences create varying levels of luminance
required for signs to function properly at night.

The FHWAproject on “Minimum Visibility Requirements for
Traffic Control Devices,” is to determine the minimum visibility
distances for signs and markings. Based on these minimum visi-
bility requirements,it will be possible to determine the retrore-
flectivity necessary to make a sign or marking visible at a given
distance. Another difficulty in the implementation of standards
has been an absence of conclusive performance data. The final
report for that project will fill this void.

The FHWAproject entitled “Service Life of Retroreflective
Traffic Signs” (20) investigated the relationship between the
retroreflectivity performance of sign sheeting with respect to
such factors as age, weather conditions, and the like. Based on
these relationships, equations were developed to predict approxi-
mate in-service SIA of signs. The accuracy of the equations in
predicting in-service SIA is limited, however, because the initial
SIA values for new sheeting are quite variable.

Finally, there is no fast, practical and reliable way of measur-
ing luminance in thefield and, therefore, one cannoteasily deter-
mine if the requirements are met. The study conducted under
NCHRP Project 5-10, “Mobile System for Measuring Retrore-
flectance of Traffic Signs” (3), has determined thefeasibility of
developing instrumentation suitable to rapidly measureretrore-
flectivity from a moving vehicle during daylight hours. A proto-
type of the van-mounted system has been constructed and con-
sists of a video camera, electronic flash gun, laser range finder,
and a data acquisition/image analysis system to evaluate the
video image for average legend and backgroundretroreflectance.
Theresults of the above three projects and the project reported
here will help in development, measurement, and implementa-
tion of sign performance standards.

SUMMARY OF RETROREFLECTIVITY DATA

This section provides a summary of the retroreflectivity data
collected from more than 8,000 sign samples. The 8,000 signs
were ples from roadways within 28 counties in 26 states. The
data collection procedures and methodologies are described in
Appendix B. Table 2 presents a breakdown of total samples by
sheeting color, sheeting type, and area type.

As shown in Table 2, a reasonable sample of each sheeting
color and type in urban and rural areas was obtained. Not unex-
pected was therelatively low sample of high performance green
sheeting. Apparently, few agencies currently use high perform-
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ance green sheeting on their ground-mounted guide signs. Over-
head signs were not included in the survey.

SIA data were collected from signs on roadways under the
controlof state, county, city, and town agencies. Table 3 presents
the minimum, maximum, and mean SIA values for eachsheeting
color, sheeting type, and jurisdiction control. Except for high
performance green sheeting, a reasonable sample within each
jurisdiction type was obtained. As presented, differences in mean
SIA values between jurisdictions do exist.

To facilitate the testing of the impacts of implementing mini-
mum SIA standards, frequency graphs of SIA versus percent of
total signs were developed. As the minimum SIA standard will
be based on driver’s needs and not sheeting material specifica-
tions, the sheeting types were combined by sheeting color for
developmentof the frequency graphs. Becausethe intentof this
project was to evaluate the economic impacts on variouslevels
of jurisdictions, individual frequency graphs for state, county,
city, and town agencies were developed. SIA values were
grouped into increments of 5 SIA values and plotted versus
percent of total samples. The graphs depict the percentof signs
having that specific SIA value or less.

Figures 2, 3, 4, and 5 provide the frequency graphs for red,
yeliow, green, and white sheeting, respectively. Again, these
graphs includeall sheeting types combined and are provided for
each of the four jurisdiction levels evaluated. Few conclusions
about maintenance practices can be drawn from the frequency
graphs. However, it does seem that traffic signs on city-
controlled roadways tend to have lowerretroreflectivity values
across all sign colors.

SUMMARY OF QUESTIONNAIRE SURVEY

A survey concerning sign inventories, maintenance costs, and
density factors was distributed to 790 counties, 85 cities, and 50
states. The full results of the questionnaire survey are presented
in Appendix C. The major findings are presented here.

Approximately 30 percent of the states responding (48 total
responses) maintain a sign inventory at the statewide or district
level. Because the questionnaire survey was not inclusive ofall
agencies an accurate estimate of the percentage of cities and
counties having sign inventories is unavailable. It is assumed,
however, that few (i.e., 10 to 25 percent) of these local agencies
maintain inventory systems. Table 4 provides a summary of
inventory systems and data elements for city, county, and state
agencies.

Of the states with sign inventories, approximately 80 percent
have their systems on micro- or mainframe computers. Only 50
to 60 percent of the local jurisdictions with sign inventories
maintained them on a computer system. Almost 50 percent of
county agencies with inventories responded as having paper rec-
ords, Nearly all inventories had the MUTCDsign type designa-
tion as a field in the system. Approximately 50 percent of the
inventory systems included fields for the sheeting type. But, 75
to 85 percent of the inventory systems did includefields for the
date of sign installation or replacement.

Table 5 provides a summary of sign costs andalisting of
key reasonsfor sign replacement. Fabrication includes costs for
materials, labor, and equipment. The counties responding to the
survey estimated a fabrication cost of approximately $68.00 per
sign, while the cities responding estimated a fabrication cost
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Table 2. Total sample by area type.

 
NOTE: EG = Engineering Grade Sheeting = 60% of sample

HP = High Performance Sheeting = 40% of sample

Table 3. Description of retroreflectivity data.

Jurisdiction Type |Sheeting
Color Town Combined

29 Lo 0.8 Os
59.0 55.2 55.6 59.0
19.7 15.4 18.3 17.6

892
5 134 5

110.1 109.6 . 105.9 110.1
S11
138 143 142 109

Yellow - EG 22 49

| 6:5 i$ 121.0 137.667.4 58.0 78.7
352 217 172

Yellow - HP 106.5 116.2
2593 249.8 2515192.1 192.7 193.7

411 134 153
Green - EG 19 6.1

ny6 31.6 35.5
27 17 12.742 33

Green - HP 12.5 111 S41 13.8 il |80.5 79.0 746 37.5 80.5

47.72 a“2 64.5 27.4 46.14 6 84
White - EG 12 2.6 12

ui; 1s0a2 143.6 147.1 150.275.9 98.5 88.2
633 383 2,289

' Minimum SLA
= Maximum SIA * Numberof Samples

> Mean SIA

of approximately $54.00 per sign. The major differences were
generated by the higher material and labor costs reported by
county agencies. City-controlled roadways typically have much
higher sign densities than county roads. Because of these differ-
ences, annual sign maintenance costs per mile on city roadways
were 45 percent greater than that on county roads. However,
the annual sign maintenance costs per capita were only 20 per-
cent higherin city jurisdictions.

Conceming reasons for sign replacement, several differences
between the city and county responses were found. Thecities
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responded that 30 percentof their annual sign replacements were
caused by poorretroreflectivity, while counties responded that
only 16 percent of replacements were caused by this factor.
Inadequate retroreflectivity was the leading cause of annual sign
replacements according to the city responses. Vandalism was the
leading cause of sign replacements in county jurisdictions.
Nearly 40 percent of sign replacements in counties 'were caused
by vandalism, while this factor accounted for 24 percent of the
replacementsin cities according to the survey responses.

The questionnaire survey also obtained sign density and sign
population information for city and county agencies. Table 6
provides a summary of this information. City and county agen-
cies have similar sign densities per capita. The cities responded
as having approximately 114 total signs (not including street
name and parking signs) per 1,000 persons, while counties were

Table 4, Inventory types and data elements.
“PERCENT AND NUMBER OF
JURISDICTIONS RESPONDING

cour|sar

na 13 na 129

INVENTORY ITEM

Sign Inventory System
Inventory Type

Main/Mini Computer
Micro Computer
Card/PaperOther

Inventory Data Elements
Sign Type
Installation Date
Replacement Date
Sheeting Type

 
na - notavailable

Table 6. Sign population per capita and per roadway mile.

SIGN POPULATION PER CAPITA

eeee
Regulatory Signs per 1,000 persons

WarningSigns per 1,000 persons

Guide Signs per 1,000 persons|6[2|
TOTAL|as[ie

pocry_|coun|
[RegulatorySignspermile|ts|_|

WaringSunepermiefo|a[Guide Signspermile|
eeee

Note: Street name and parking series signs not included.

 

Page 63 of 330

found to have approximately 122 total signs per 1,000 persons.
The county agencies reported as having more warning and less
guide signs than city agencies. Cities reported as having nearly
three times the numberofsigns as counties on a per mile basis.

Several data files containing complete sign inventories from
several small jurisdictions were obtained. Only onejurisdiction’s
(e.g., Kossuth County, Iowa) inventory included the date of sign
installation. It is reasonable to assumethat the dateof installa-

tion closely reflects the age of the sheeting material. Table 7
provides the age distribution of signs from a small, rural jurisdic-
tion. Nearly 30 percent of all signs had been installed for 5
years or more according to this database. As more jurisdictions
implement a computerized sign inventory program that includes
date ofinstallation or replacement, the reliability of the distribu-
tion shown in Table 7 will be improved.

Table 5. Sign replacement and maintenance costs. Note in the table that
county figures represent a weighted average value for rural and urban
counties; sign fabrication and maintenance costs were not obtained from
state agencies,

 
 Sign Fabricatian Costs

Sign material cost per sign
-Laborcost per sign
-Equipmentcost per sign
TOTAL cost persign

 
  
   
 

   Sign Maintenance CostsPer mile costs
-Per capita costs

 

  | Reasons for Sign ReplacementPoor Retroreflectivity-Knockdown
-Vandalism
-Other  
 

Table 7. Age distribution of signs. (Source: Kossuth County, Iowa)

Age of = (years) Number of— Percent of Total Signs

BNWRUADAT00SOH
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CHAPTER THREE

INTERPRETATION, APPRAISAL, APPLICATION

This chapter presents the application of the findings presented
in Chapter Two. Thesign condition frequency graphs, sign den-
sity, and sign replacement cost information were compiled to
test the economic consequencesofestablishing minimum retrore-
flectivity standards.

MINIMUM RETROREFLECTIVITY CRITERIA

In order to test the economic impactsof establishing retrore-
flectivity standards, actual minimumcriteria needed to be identi-
fied. Selected preliminary results from the “Minimum Visibility
Requirements for Traffic Control Devices” project sponsored by
the Federal Highway Administration (FHWA) were obtained.
These preliminary results include minimum retroreflectivity re-
quirements for red, yellow, green, and white backgroundsigns.
The minimum requirementsare specified by sheeting color, road-
way speed, sign placement, and sign size. Sheeting colors, road-
way speeds, sign placements, and sign sizes other than those
included here were evaluated in the “Minimum Visibility Re-

quirements for Traffic Control Devices” project. The minimum
SIA values tested here are preliminary and subject to change.

The following information provides a general discussion of
the minimum retroreflectivity criteria provided by FHWA and
selected for use in this project. Criteria for yellow sheeting signs
were provided for right-mounted signs on 55-mile per hour
(mph) roadways. This placement and roadway speed are appro-
priate for the majority of yellow warning signs. Two sign sizes —
standard and standard plus 12 in.— were included. Minimum
retroreflectivity values from 5 to 60 SIA for frequently used signs
were recommended by FHWA. Minimum SIA criteria for red
screened sheeting signs were provided for right-mounted signs
on 30-mph and 55-mph roadways. The standard sign size was
evaluated for the 30-mph condition and standardsize plus 12 in.
was assumed for the 55-mph application. The minimum stan-
dards for red sheeting ranged from 8 to 34 SIA. For green
sheeting, minimum criteria were provided for freeway size signs
on 65-mph roadways, Overhead and ground-mountedsigns were
both assumed in the minimum retroreflectivity standard. As the

application of green sheeting materialis limited, only a minimum
standard of 10 SIA was provided. Finally, minimum SIA criteria
were provided for right-mounted white sheeting signs on 10-,
30-, and 55-mph roadways. For white sheeting, sign size was
limited to standard and standard plus 6 in. The range of mini-
mum retroreflectivity values for frequently used white sheeting
signs was from 10 to 100 SIA.

As ranges of SIA, instead of specific values, were provided
from the FHWA research, it was appropriate to test multiple
SIA values within each range. It was determined to test lower
and upper SIA values within the ranges provided by FHWAfor
each sheeting color so that reasonable limits of the economic

Page 64 of 330

 
Table 8. Minimum SIA values selected for testing.

Minimum Retroreflectivity Values (SLA)
heeti 1

| Steen ot

 

Upper Value

 
impact could be determined. Table 8 gives the values tested for
each sheeting color. Several judgments were madeto select the
lower and upper SIA values for each sheeting color. The values
selected for red sheeting represent the range ofSIA which accom-
modates the driver needs for nearly all sign types and applica-
tions. For yellow sheeting, lower and upper values were selected
from the FHWA recommendations. The lowerstandard(i-e., 20
SIA) wasthe reasonable limit to test because any values less than
this would require little, if any, sign replacement. The upper
value (i.e., 60 SLA) accommodates the driver needsfor the large
majority of sign types with yellow background. FHWA sug-
gested that sign types requiring greater than 60 SIA wereinfre-
quently used or were poorly designed (i.c., unidentifiable symbol,
unsatisfactory legendsize, etc.). FHWAprovided one value(i.e.,
10 SIA) for green sheeting signs. This value was used as the
upper limit because it exceeds the delivered specification of 9
SIA for new TypeII sheeting provided in FP-85. A lowerlimit
value of 8 SIA wasselected in order to test a range of economic
impacts. The lowervalue(i.e., 35 SIA) selected for testing white
sheeting was not the absolute lowest SIA value provided by
FHWA. However, minimum standards set at values below 35

SIA would not cause upgrades in current signing practices. The
upper limit of 70 SIA for white sheeting ‘was selected. FHWA
suggested that white background signs where drivers require
more than 70 SIAs are of generally poor design or they have
letter sizes that are too small.

The Florida DOT (79) reported end ofservice life SIA values
for engineering grade sheeting as follows: yellow = 16 SIA,
green = 5 SIA, and white = 40 SIA. These endofservicelife
values are similar to the lower SIA values selected here for

economid testing. Values for red, engineering grade sheeting
were not available.

SIGNS REQUIRING REPLACEMENT

The percent of signs by sheeting color and jurisdiction type
requiring replacement is provided in this section. The SIA fre-
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quency graphs developed and presented in Chapter Two and the
minimum retroreflectivity standards described previously in this
chapter were used to estimate sign replacement. Table 9 specifies
the percent of signs requiring replacement today by jurisdiction
control for each selected minimum SIA criteria.

The replacement percentages for yellow sheeting signs range
from 2 to 29 percent acrossall jurisdiction types assuming that
the replacement occurred today. The state, county, and town
replacement percentages were similar for the two minimum SIA
criteria. Yellow sheeting signs on city roadways had considerably
lowerretroreflectivity levels than those of other roadways. The
condition of red screened signs on city roadways is considerably
worse than on other roadways. The overall condition,as reflected
by the high replacement percentages (i.e., 3 to 57 percent), of
red screened sheeting is poor. If the upper minimum SIAstan-
dard was applied, approximately 57 percent of red screened
sheeting signs on city roadways would require replacement to-
day. Even on the otherjurisdiction roadways, at least 40 percent
of red-screened sheeting signs would require replacement under
the upper minimum SIA standard tested here.

Thesign replacement percentages are also quite high for green
sheeting. Theresults for the four jurisdiction types were consist-
ent at the lower and upper minimum standards. Approximately
30 percent of green sheeting signs would require replacement
today under the upper retroreflectivity standard tested here.

Thesign replacement percentages for white sheeting are simi-
lar to those of yellow sheeting. The percentages range from 2 to
24 percent across the two minimum SIAstandardsfor the four
jurisdiction types. The sign replacement percentages for city
roadways are considerably higher than those of the other three
jurisdiction types. Approximately 24 percent of white sheeting
signs would require replacement under the upper minimum stan-
dard tested here.

SIGN DENSITIES

Sign density information per roadway mile was obtained for
this study and presented in Chapter Two. The density values
were applied to the total roadway mileage resulting in estimates
of total traffic signs. This calculation was completed for a na-
tional estimate and estimates for states, counties, cities, and
towns. Table 10 provides the density estimates per mile for yel-
low, red, green, and white sheeting signs by jurisdiction type.
The county and city sign densities were obtained from the ques-
tionnaire survey results presented in Chapter Two. Thestate
sign densities were assumed to be similar to those of counties,
and town sign densities were assumed to be similar to those of
cities. The sign densities do not include parking series andstreet
namesigns.

SIGN REPLACEMENT COSTS

Replacement cost information for traffic signs was compiled.
The replacementoftraffic signs includes cost for the following
items: sign and substrate materials, labor for manufacturing,
labor for installation, equipment andtravel, and maintenance of
traffic.

A model to calculate replacement costs per sign was devel-
oped. This model is described by the following equation:
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Table 9, Sign replacement by jurisdiction type.

Percent of Signs Requiring Replacement by
Jurisdiction Type TodayacesRegulatory 4% 3% 17% 5%

40% 40% 57% 34%

Yellow Warming 2% 3% 9% 1%
16% 18% 29% 12%

Green Guide 20% 18% 18% 13% |30% 31% 35% 26%

wie Regulatory 35 3% 5% 11% 2%
70 1% | 1% 4% 10%
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Table 10.0. Sign density per roadway mile,
“Signs Signs Signs Signs

per State per county percity per town

Reemile|roadway mile|roadway mile|roadway milerefee
[Greens|sta
pwnietPaats
frorayJosTtts
Note: Sign densities were obtained from questionnaire survey for counties andcities. Sign

densitics for States were assumed to be similar to that of counties and towns were
assumed to besimilar to cities.

 

 

  

Based onsurvey results for regutatory signs reported in Chapter2 and factored by the ratio of red (o white signs
found from actual sign inventories for cities and counties.
Based on survey results for waming signs reported in Chapter 2.Based on survey results for guide signs reported in Chapier 2.
Based on surveyresults for regulatory signs reponed in Chapter 2 and factored by the ratio of white to red signs
found from actual sign inventories for cities and counties.

RC=SC+7C+(LxR)

where: RC = average replacement cost, SC = sign cost includ-
ing materials, fabrication, and labor for a mix of engineering
grade and high performance sheeting signs, 7C = transportation
costs, £ = labor hours for sign replacement andinstallation,
and R = laborrate including direct rate, overhead, and fringe.

Forthe analysis, numerous cost and time assumptions were
made. The key assumptions are detailed as follows:

1, Sign Cost (SC)— assumes averagecost for materials, labor,
and fabrication of standard-size ground-mounted traffic signs
with the following sheeting material: engineering grade = $45.00
and high performance = $65.00.

2. Transportation Cost (TC)— assumes 10 miles of travel at
$1.00 per mile per sign.

3. Labor for Replacement (L)— assumes one hourfor two-
person crew members or 2 man-hours for assembly andinstalla-
tion of a sign and the support, maintenance oftraffic, and travel
time. Assumescosts for traffic control devices are negligible and
are available from other projects.

4. Hourly Labor Rate (R)— assumes $12.50 per hour direct
labor rate plus 120 percent for overhead andfringe.

These cost and hour assumptions were applied to the cost
model with the following results:
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RC =
$65

C=) + (10 miles x $1.00/mile) +
(2 man-hours < $12.50/hour x 2.20)

RC = $120.00 per sign

The sign replacement estimate of $120.00 per sign was used
for all sheeting colors and sign types except for ground-mounted
green signs. The increased size and time for installation for
ground-mounted green guide signs doubled the replacementcost
to $240 per sign. Anyorall of these assumptions can be modified
using location specific values. The differences in replacement
costs between jurisdiction and area types were assumed to be
negligible for the broad analysis completed here.

IMPLEMENTATION STRATEGIES

Four implementationstrategies of the minimum retroreflecti-
vity standards were identified for the economic analysis. The
alternative strategies are described below:

Option 1 —Immediate compliance with standards (base case).
This option assumes complete compliance with all minimum
retroreflectivity standards within one year. While this is not rec-
ommended and probably not feasible, the evaluation of this op-
tion provides the basis for comparison.

Option 2— Short-term compliance with standards. This op-
tion assumes complete compliance with all minimum retrore-
flectivity standards for all sign, roadway, and jurisdiction types
within 3 years. It also assumes that jurisdictions would begin
sign replacementactivities immediately.

Option 3 —Median-term compliance with standards, This op-
tion assumes complete compliance with all minimum retrore-
flectivity standards for all sign, roadway, and jurisdiction types
within 5 years. It also assumes that jurisdictions would begin
sign replacement activities immediately.

Option 4— Long-term compliance with standards. This option
assumes complete compliance with all minimum retroreflectivity
standards for all sign, roadway, and jurisdiction types within
10 years. This option could accommodate the use of currently
stockpiled materials within the first several years of implemen-
tation.

Strategies other than the 3, 5, and 10 year even distribution
schedules tested here could be applicable. The minimum stan-
dards could be phased in over 3 to 10 years by sign priority,
starting with regulatory and critical warning signs. Also, sign
upgrades could be completed by roadwayclassification over a
specified time period starting with high type (i.c., freeways, ex-
pressways,arterials, etc.) facilities. Combinations of these strate-
gies could be instituted. However, these other strategies identi-
fied here could not be readily evaluated for economic impacts.
Thealgorithm for assessing these strategies would be quite com-
plex and would not provide any significant increase in accuracy.

INSPECTION PROGRAM

In addition to the sign replacement costs the implementation
ofminimumretroreflectivity standards will require theinitiation
ofa sign inspection program. Jurisdictions will require the means
to identify traffic signs at or near the minimum retroreflectivity
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Figure 6. Operation ofretroreflectometer.

standards. Several methodsare available for completingthefield
inspection of traffic signs including: visual nighttime inspection
using trained personnel, Q-beam daytime inspection using
trained personnel, portable retroreflectometer to measure SIA,
and mobile retroreflectometer (Traffic Sign Evaluator (TSE))
developed by NCHRP (Project No. 5-10) and FHWAto mea-
sure SIA.

The TSE provides for highway speed measurement of SIA
values which should be an economical alternative for gathering
retroreflectivity data as part of an inspection program. A proto-
type of the mobile TSE is currently being field tested at this
time; therefore, it is not appropriate to consider this method for
inspection here. A portable retroreflectometer can be used in the
field to measureretroreflectivity. However, the instrument must
be in contact with the sign face to take measurements. Figure 6
showsthe field operation of a retroreflectometer. This method
is time consuming when measuring a large quantity ofsigns.

Visual inspections conducted from moving vehicles during
daytimeor nighttime conditions are currently used throughout
the country. A Washington State DOT study (27) showed that
human observers can be adequately trained to perform visual
inspections of traffic signs. Daytime visual inspections can be
performed using a Q-beam light source. The Q-beam is used to
flash a high intensity light onto a sign face and the human
operator visually evaluates the retroreflective properties of the
sheeting. Figure 7 shows the operation of a Q-beam light. This
technique is used extensively by the Mississippi State Highway
Departmentin its sign inspection program. With trained person-
nel the Q-beam inspection technique can be quickly completed.
Nighttime visual inspections are performed by trained personnel
using a vehicle’s headlight beam to illuminate thetraffic sign.
Thetrained personnel visually evaluate the retroreflective prop-
erties of the illuminated sign face. This inspection technique can
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be completed economically. However, because the techniqueis
carried out at night issues of available staff, premium pay, and
union regulations must be considered.

Costs per roadway mile to perform visual inspections were
calculated for the daytime and nighttime techniques. The follow-
ing tabulation provides the key assumptions and — break-
downs for the two inspection techniques.

For daytime visual inspection with Q-beam lights, crew size
= 2 persons; labor rate including overhead = $27.50 per hour;
vehicle and equipment = $1 per mile; actual daily inspection
time = 6 hours; and data collection rate = 25 miles per hour.
Inspection costs for this inspection technique = $3.93 per road-
way mile.

For nighttime visyal inspection with vehicle headlights, crew
size = 2 persons; labor rate = $27.50 per hour (includes over-
head); premium pay for overtime = 50 percent; vehicle and
equipment cost = $1 per mile; actual daily inspection time = 6
hours; and data collection rate = 25 miles per hour. Inspection
costs for this inspection technique = $5.40 per roadway mile.

Theinspection costs presented here are rough estimates only.
The subsequent analysis assumes $5.00 per mile for inspection
costs. A sign inspection program will be necessary to ensure
adequate compliance with the proposed minimum retroreflecti-
vity standards.

SIGN INVENTORY PROGRAM

The application of a sign inventory system will assist agencies
in maintaining the retroreflectivity of traffic signs above the
established minimum criteria. The intent of the sign inventory
is to track sheeting deterioration through date of installation
or actual in-service SIA readings of individual signs. Tracking
sheeting deterioration is critical to ensuring compliance with
minimum retroreflectivity standards. Beyond the simple sign
inventory database, FHWAis currently finalizing models for
predicting required and available retroreflectivity. These models
will be incorporated into the Sign Management System (SMS).
Thepredictive models wili use information from the sign inven-
tory to identify when signs need to be inspected or replaced for
reasons ofinsufficient retroreflectivity.

Considerable cost can be incurred in establishing a sign inven-
tory system.Initial costs include the inventory of existing traffic
signs within the jurisdiction. Once the signs have been initially
logged the maintenance of the inventory can be accomplished
through the work-order process, thus adding only minorcosts.
Several techniques for inventorying signsare available including
manual, photolog, and videolog methods. Table 11 summarizes
the data collection cost ranges for manual, photolog, and vid-
eolog inventories for cities and counties and for urban and rural
areas in Minnesota.

Other methods oftracking sheeting deterioration can be estab-
lished by an agency. Sign dating programs have been established
in small and large jurisdictions. An effective sign dating program
includes the following elements: a color-coded sticker with date
of installation affixed to each sign panel; a portable retroreflec-
tometer to periodically measure SIA from test samples and se-
lected inservice signs; and a replacement program based on sign
age, climatological, and other variables identified from test rack
samples.
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Figure 7. Operation of Q-Beam.

Table 11. Sign inventory data collection costs. (Source: Refs. 21, 22)

[Agency|Range ofCost For Manual Data Collection
City $15-$27/mile

County $10-$15/mile

Range of Cost Per Inventory Method

|AreaType|Manual|__Photoog Videolog
Urban $80-135/mile $45-$70/mile $30-$70/mile

Rural $15-$45/mile $25-$30/mile $15-$25/mile |

This method would rely on test samples and general deteriora-
tion characteristics. Sign replacement needs of deficient signs
would be identified by using the color-coded sticker system.

 

 
 

 

  
 

  

ECONOMIC ANALYSIS METHODOLOGY AND
RESULTS

This section presents the methodology andresults of the eco-
nomic impact analysis of the proposed minimum in-service retro-
reflectivity standards. To complete the analysis the following
general items must be determined: (1) total signs requiring re-
placement, (2) cost to replace signs, and (3) implementation
schedule of the minimum standards. Within each of the basic

components numerousother information and data are required.
Figure 8 provides a flow diagram ofthe assessment methodology.
Although this methodology was developed specifically for this
research,it is believed that the methodology could be applied to
most other jurisdictions. The data needs and procedures associ-
ated with the process are presented as follows:

1. Using SIA data collected throughout the country, establish
frequency graphs ofsign sheeting condition.

2. Select minimum retroreflectivity standards to test.
3. Apply minimum standards to frequency graphs to deter-

mine percent of signs requiring replacement by sheeting color
and by jurisdiction type.

4. Removedeficient signs from database.
5. Replace deficient signs with new signs using equal mix of

engineering-grade, super-engineering-grade, and high-perform-
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Figure 8 Process for economic assessment.

ance-grade sheeting material to represent the change in market
share towards brighter materials.

6. Assign SIA values for new signs using the regression equa-
tions developed for FHWA’s “Service Life of Retroreflective
Traffic Signs” project for engineering-grade and high-
performance-grade sheeting. Assign SIA vaiues for super-
engineering-grade sheeting material based on measurements
taken on test rack samples by FHWA.

7. For non-new sheeting material in the database, reduce the
SIA values using the regression equations from FHWA’s “Ser-
vice Life of Retroreflective Traffic Signs” report.

8. Prepare new sign condition frequency graphs for the re-
vised database.

5. Use the minimum SIAstandards to determine percent of
signs requiring replacement.

10. Repeat steps 4 to 9 until implementation schedules are
satisfied.

11. Use sign density data to determine the numberof signs
per roadway mile requiring replacement by sheeting color and
jurisdiction type.
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12, Use sign replacement cost data to determine the cost per
roadway mile for each year of the implementation schedule and
for annual maintenance thereafter.

13. Determine per mile costs for annual sign inspection by
manual methods.

14. Determine per mile costs for the establishmentofa sign
inventory system. The development of the inventory system
would coincide with the minimum standards implementation
schedules.

15. Combine projected replacement, inspection, and inven-
tory costs and compareto existing sign maintenance budgets to
evaluate the economic impacts of the minimum standards.

These procedures and processes were used to complete the
evaluation. The minimum SIA standards were not assumed to

apply to parking series, street name and overhead guidesigns.
The model was run for 1-, 3-, 5-, and 10-year implementation
schedules with the assumption that jurisdictions would com-
mence upgrading their signs from the inception ofthe standards,
The implementation schedules of 3, 5 and 10 years assumed an
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even distribution of replacement and inventory costs. Annual
maintenance costs beyond each implementation schedule were
also estimated.

For comparative purposes average annual sign maintenance
budgets per roadway mile are also presented. While the economic
analysis results here can be tested for reasonableness versus cur-
rent sign maintenance budgets, the analysis procedutes were not
developed to determine costs to individual jurisdictions.

The actual or estimated sign maintenance budgets were ob-
tained from the survey responses reported in Chapter Two. The
annual maintenance budgets include sign replacement, inspec-
tions, inventory, and other related activities. Each annual sign
budget was divided by the total jurisdiction controlled roadway
mileage to obtain the estimated annual sign maintenance cost
per roadway mile..Table 12 summarizes these costs. The high
sign densities in urban areas are reflected in their per mile costs.

Totest the incremental costs associated with the implementa-
tion of minimum standards, predicted sign maintenance costs
per roadway mile were needed. The maintenance costs would
include sign replacements, establishment of sign inventory, and
sign inspection programs on a per mile basis. The costs for
inventories and inspections were obtained from information re-
ceived from agencies and previously presented in this chapter.

Sign replacement costs for state, county, city, and town-
controlled roadways were developed for red, yellow, green, and
white sheeting on the minimum SIA criteria previously pre-
sented. Each sheeting color was tested using the lower and upper
minimum SIA standards. Asstated previously, the economic
assessment was completed for 1-, 3-, 5-, and 10-year implementa-
tion schedules. The economic model was run for a total of 11

years to obtain the annual maintenance costs for the years after
the minimum standards have been implemented.

Sign replacement costs in terms of dollars per roadway mile
for state, county, city, and town-controlled roadways were devel-
oped. These are presented in Appendix D. Similar to state road-
ways, the majority ofsign replacement budgets in counties,cities,
and towns would be designated for replacementofgreen and red
sheeting signs. There is a considerable difference in replacement
costs between the lower and upper standards, espécially for the
red, green, and white sheeting. The replacement cost for green
sheeting represents 65 to 75 percent of the total replacement
cost. Several reasons for this are apparent:

1. Average cost per sign to replace green guide signs is nearly
twice that of standard warning and regulatory signs due to sign
size.

2. Majority of green guide signs are constructed using
engineering-grade sheeting, which has lower retroreflectivity
characteristics than the other sheeting types.

3. Minimum retroreflectivity standards for green sheeting
tested here were high and in the case of the upper value (i.e.,
10 SIA) higher than the delivered new specification for green,
engineering grade sheeting listed in FP-85.

4. Manyof the green sheeting samples collected across the
country had SIA values less than 8 SIA, which was the lower
standard tested here.

On all roadwaysthe need for replacementofred sheeting signs
was quite high. The problems ofcolor fade of this sheeting type
contribute to the overall poor condition of these signs. In several
instances the annual maintenance costs actually increased after
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Table 12, Annual sign maintenance cost.
q

Annual Maintenance Cost

| County - Urban $120/mile
| County - Rural $ 80/mite

City $135/mile  

the implementation schedule was completed. The population of
signs for this evaluation was deteriorated, using the equations
and relationships developed in FHWA’s “Service Life of Retro-
reflective Traffic Signs” project. High annual costs after the
standards implementation are the product ofa large population
of signs of similar age (i.e., 5 or more years old) failing to meet
the minimum criteria in the years after the schedule has been
fulfilled.

The predicted sign maintenance costs per mile per year are
presented in Tables 13, 14, 15, and 16. Each table includes the
costs associated with lower and upper SIA. The shaded areas
highlight the annual maintenance cost (in dollars per mile) for
each year of the specified implementation schedule. The un-
shaded areas show the annual cost per mile to maintain the
minimum standards after implementation is completed. Once
the programs have been established either after 1, 3, 5, or 10
years, a steady-state condition of maintenance cost occurs.

Table 17 summarizes the replacement, inspection, and inven-
tory costs for a typical year of the implementation schedule for
the l-, 3-, 5-, and 10-year alternatives. For clarification, if the
3-year minimum standard schedule was selected, the initiation -
of a sign inventory would be allocated evenly across the 3-year
time period. The cost for maintaining a sign inventory was ne-
glected because it is rather minimal as compared to the other
sign maintenance costs on a per mile basis.

Table 18 provides a comparison of the average sign mainte-
nance costs per mile. The comparison is between the projected
costs with the minimum standardsandthe currentcosts reported
by jurisdictions. The increased cost due to the implementation
of minimum retroreflectivity standards is represented by the
difference between the projected and existing maintenance costs.

Projected sign costs per mile were combined using theratios
of state, county, city, and town mileage as compared to total
national mileage as supplied by the Highway Performance Moni-
toring System (HPMS) (25). The difference or increment be-
tween the projected and existing per mile costs is summarized
in Table 19.

Table 19 shows the estimated national economic impact in
terms of yearly incremental maintenance costs of a sign retrore-
flectivity standard implemented over fourdifferent time periods.
To arrive at these estimates, shown in the last column,the follow-
ing calculations were made:

1. The projected per mile maintenance costs, shown in the
second column,is a composite cost for each of the four jurisdic-
tion types derived by obtaining an average of the sign mainte-
nance costs given in Table 18, weighted by their respective high-
way mileage.

2. The existing per mile maintenance costs of $100 was se-
lected as a composite average value on the results of question-
naire survey responses from 155 jurisdictions.
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Table 17, Sign maintenance costs per roadway mile,

    
 

 
 
 

 

Implementation perSchedules

1 YEAR (BASE CASE)slower standard
upper standard

3 YEAR PROGRAM
-lower standard
-upper standard

5 YEAR PROGRAM
-lower standard
upper standard
10 YEAR PROGRAM
lower standard
-upper standard

Aoaual Replacement
Cost of Deficicat Shecting  

 Inventory Cost
per mile!

 
 
 

  
$277|$172 $25
$723|$477 $100

$139|$ & $a
$333|$250 $33

$72 $75 $120|$89 $5
$170 $172 $229|$181 $20

$72 $68 $93 $73 $3
$124 $124 $144|$122 510

 
 

 

  

 
  
  

1 Represents low and high range values for the specified maintenance activity. The difference in cost
between the low and high values is not attributable to the lower and upper SIA standards, but
reflects differences in reported and computed per mile costs.

3. The incremental increase in maintenance costs shown in

the third column is simply column 2 minus column 3, with any
resulting negative values limited to $0.

4. The total yearly incremental maintenance cost shown in
the last column was obtained by multiplying the per mile incre-
mental cost by the national roadway mileage of 3.8 million.

Theresults indicate that there would be a substantial economic

impactif the standard were to be implemented within a 1-year
period. The incrementalcost decreasessignificantly as the imple-
mentation period is increased. For a 5-year or longer implemen-
tation period there would be no increase in sign maintenance
cost for the lower standards. In fact, a net reduction in annual
maintenance cost could be experienced. This would result from
the replacement of older, engineering-grade signs with new
super-engineering and high-performance sheeting which have a
higher level of retroreflectivity for a longer period. Approxi-
mately 60 percent of the signs sampled for this project were
constructed with engineering-grade sheeting.

The sign replacement algorithm used to evaluate economic
impacts replaced deficient signs with an equal mix of
engineering-grade, super-engineering-grade, and _high-per-
formance-sheeting signs. The replacement scenario vastly im-
proves the retroreflectivity levels and effectivelife of the popula-
tion of signs. Therefore, under certain implementation time
schedules and minimum standards, a reduction in replacement
costs could be realized. If the mix of sheeting remains unchanged
from existing conditions, substantially higher costs than those
represented here for sign replacements would be expected.

These estimates, which are presentedin current (1990)dollars,
are based on previously explained assumptions concerning re-
placementofsigns using different retroreflective sheeting types,
and onjurisdiction reported values for average per mile mainte-
nancecosts and sign densities. The assumptions and values used
in this analysis are reasonable and sufficiently accurate to pro-
vide these order of magnitude costs. Given the methodology
presented in this report, each jurisdiction can use its own cost
values and sign densities to determineits specific economic im-
pacts.

Table 18. Existing and projected sign maintenance costs.

ImplementationSchedule

1 year program
~ lower standard
- upper standard

3 year program
- lower standard
+ upper standard

5 year program- lower standard
+ upper standard

10 year program
- lower standard

~ upper standard

 
Table 19. National impact of retroreflectivity standards on sign mainte-
nance costs.—= EO

 
 

Total yearlyincremental
maintenance

 
  
 Existing Incremental

Projected reported per increase in
per mile mile maintenancemaintenance|maintenance costs costs in

cosis! costs? per mile? millions*
1 year program

- lower standard $235 $100 $135 $513
- upper standard $644 $100 $544 $2,067

3 year program 1
~ lower standard $113 $100 $13 $49
- upper standard $286 $100 $186 $707

$93 $100 $a $0
$207 $100 $107 $407

- lower standard $82 $100 $0
- upper standard $141 $100 $156

   
   

Implementation
  Schedule  

    
 

 

  
 5 year program+ lower standard

+ upper standard
 

  
 
 

10 year program  
  
' Weighted average of State, county,city, and town costs per mile.
2 Estimate of existing maintenance. costs for urban and rural areas.
? Difference between projected and existing maintenance costs
‘Result af per mile maintenance costs and total national highway mileage
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CHAPTER FOUR

CONCLUSIONS AND SUGGESTED RESEARCH

CONCLUSIONS

Theobjectives of this project were to determine(1) the overall
retroreflective condition of the nation’s traffic signs, (2) deter-
mine sign replacement and maintenance costs, (3) estimate the
numberofdeficienttraffic signs in the field today, and (4) evalu-
ate the economic consequences ofestablishing minimum retrore-
flectivity standards.

The condition of signs was found to vary by sheeting color,
sheeting type, and jurisdiction type. Traffic signs on city road-
ways were in considerably poorer condition than the otherjuris-
diction’s signs. The population of red and green signs was found
to have low retroreflectivity values as compared to the minimum
standardstested.

State, county, and city agencies provided sign maintenance
and replacement costs. The materials, labor, travel, and equip-
ment costs to replace a warning or regulatory sign of standard
size was determined to be approximately $120. A ground-
mounted guide sign costs approximately $240 to replace based
on thebest available information. Agencies reported that annual
sign maintenance budgets require between $80 and $135 per
roadway mile. Because of sign density urban areas incur higher
per mile costs than do suburban and rural areas.

Once minimum standards are established agencies will need
to consider implementing sign inventory and inspection pro-
gramsto ensure compliance. Sign inspections conducted visually
by trained personnel either during the day or at night can be
adequately accomplished at costs accounting for less than 5
percent of maintenance budgets. The establishment of a sign
inventory requires significant funding toinitially log all signs.
Once the data collection is complete the upkeep of the system
can normally be accomplished through daily maintenance activi-
ties and work order processes. Sign inventories and inspection
programs would be essential to maintaining signs above mini-
mum standards.

Two levels of minimum retroreflectivity standards and three
alternative implementation schedules were tested in this re-
search. The projected annual sign maintenance costs per mile at
the lower standards for the 3-, 5-, and 10-year implementation
schedules were in the same range as existing sign maintenance
costs and, thus, should have relatively minor economic impacts
on jurisdictions. This finding suggests that current sign mainte-
nance standards are adequately maintaining signs above the
lower standards tested here. It should be emphasized however,

that these conclusions derive from random national samples
of existing sign retroreflectivity. Therefore, depending on any
specific jurisdiction’s current standards, the standards tested
here could result in costs for sign replacementdueto insufficient
retroreflectivity that vary somewhat from the average costs re-
ported here.

The economic impact of the higher retroreflectivity standards
was found to be considerable. The annual costs for replacement,
inventory, and inspection could be as much as 2 to 6 times that
of current budgets. In some instances as many as 60 percent of
all signsofa particular sheeting color could require replacement
within city jurisdictions. The research here seemsto haveidenti-
fied the reasonable economic impact boundaries through the
testing of two sets of minimum standards.

The algorithm applied to estimate sign replacementcosts as-
sumed a shift towards the use of brighter and longer lasting
sheeting material. The use of the brighter material could over
time reduce the annual sign maintenance costs as reflected in
Table 19 underthe 5- and 10-year implementation schedules and
with the lower SIA standards.

SUGGESTED RESEARCH

Throughthis project several other research requirements be-
came apparent, as outlined in the following:

1. Preferred techniques for sign inspection should be identi-
fied. Detailed cost assessments for preferred inspection tech-
niques should be completed.

2. When the Traffic Sign Evaluator (TSE) is available an
economic assessment of sign inspection cost should be con-
ducted.

3. The effects of color fade on red sheeting should be evalu-
ated. A minimum SIA standard for red sheeting does not seem

appropriate, as SIA can actually increase over time.
4. Once minimum SIA standards areselected research on

specific implementation plans and schedules should be con-
ducted. The implementation strategies must be simple and uni-
form in their application. This research should includeidentifica-
tion of funding sources.

5. Research on liability costs from accidents involving inade-
quate signing should be included in future economic analysis.

|
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APPENDIX A—LITERATURE REVIEW

The following three topic areas were focused on during the review ofliterature:

1) Principles of retroreflection and retroreflective sheeting materials.

2) Specifications for retroreflective sheeting materials.

3) Sign luminance requirements, feasibility of performance standards and sign

maintenance practices.

PRINCIPALS OF RETROREFLECTION

Nearly all signs have to be legible and color distinguishable at night as well as day. While

this can be accomplished through external illumination of the signs, retroreflection is the

most commonly used means of makingsigns visible to the driver at night. Three reports,

"Retroreflectivity of Roadway Signs for Adequate Visibility: A Guide" (4),"Maintenance

Managementof Street and Highway Signs" (5) and "Guide to the Properties and Uses of

Retroreflectors at Night” (6) are the primary sources of the background information.

Retroreflection occurs whenlight rays strike a surface and are redirected back to the

source oflight. Two principles followed to achieve retroreflectivity for roadway signs are

prismatic and spherical lens retroreflection. Prismatic, also known as cube-corner,

retroreflection is achieved throughtotal internal reflection. As shown in the topillustration

of Figure A-1, incoming light hits the first surface and reflects to the rear surface which

Teflects it to the last surface which reflects the light rays back to the source. Typically, the

prismatic device reflects light off these surfaces at 90 degrees to each other,i.e. the corner

of the cube. In the second type, spherical lens retroreflection is achieved through a

combination of a glass sphere (bead) andareflecting (mirror type) surface placed at the

focal point. As shown in the bottom illustration of Figure A-1 an incoming ray is bent and

A-l
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Figure A-1. Two types of retroreflection, cube-corner (top) and

spherical lens (bottom).
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directed inside and toward the back of the sphere, reflecting off the reflective surface, and

after being bent at the exterior of the sphere redirected toward the light source.

TYPES OF RETROREFLECTIVE SHEETING

Retroreflective sheeting consists of micro cube-corners or spheres enclosed in a weather

resistant transparentplastic film. To reflect color, pigment or dye is inserted into the film

or on the reflecting surface. Figure A-2 shows a typical construction of cube-corner

retroreflective sheeting. This type of sheetingis typically manufactured with an air cushion

behind the cubes. A unique property of this sheetingis its high coefficient of retroreflection

at low entrance angle, which meansit appears bright at long distancesif the device is not too

far laterally removed from the light source.

There are three typesof spherical lens (bead) retroreflective sheeting -- 1) exposed glass

bead, 2) enclosed glass bead, and 3) encapsulated glass bead. These are shown in Figure A-3.

In the exposed lens sheeting the front half of the glass beads are exposed ta the outside

air. Glass beads work best when exposed to the air. However, because of the small size of

the beads, a film of water can cover the beads whenit rains and can greatly reduce the

retroreflectivity of the beads. Hence,this type of sheeting is not recommendedfortraffic

signs and generally is not included in State or federal specifications. Nonetheless, exposed
lens sheetingis still found ontraffic signs on some low-volumerural roads controlled by local

jurisdictions.

Enclosed lens sheeting material consists of a layer of transparent plastic of appropriate

color in which glass beads are imbedded. A metallic reflection shield is provided behind the

plastic, with a layer of adhesive and with a protective liner that is removed during sign

fabrication. Theplastic covering enables the sheeting to be equally bright under dry and wet

A-3
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Figure A-2. Cross-scction and top view of cube-comerretroreflective sheeting.

An4

07



Page 75 of 330

a) Exposed Lens Sheeting b) Enclosed Lens Sheeting 
Figure A-3, Cross-section view of three types of spherical lens retroreflective sheeting.
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c) Encapsulaced Lens Sheeting

weather conditions.

With encapsulated lens sheeting the glass beads are also protected by a transparent

material that is supported slightly above the beadsby walls creating an airfilled compartment.

The back of the beads are covered with a reflective surface. The resulting airspace in front

of the beads makesit more reflective and, hence, is known as high performance sheeting.

PROPERTIES OF RETROREFLECTIVE SHEETING

Oneof the most important properties of retroreflective sheeting is the ability to return

light which is commonly describedby a variety of termsincluding brightness, retroreflectance,

luminance or candlepower. The International CommissionofIlumination (CIE)(6) uses the

term coefficient of luminous intensity, which is defined as the ratio of luminousintensity of

Teflector in the direction of the observation to the illumination at the retroreflector on a

plane perpendicular to the light. In the International System of Units (SI),i.e. the metric

system, it is expressed as candelas (cd) per lux (Ix). It is a measure of efficiency of the

retroreflector becauseit describes the amount of luminance (candelas) that comes out from

the retroreflector per amountoflight (lux) comingin from thelight source, ie., the vehicle

headlights. This definition treats the retroreflectoras a point source. But because signs have

a relatively large area, they are treated as an extendedlight source which may be thought of

as consisting of many point sources each with a luminance intensity of one candela. To

accountfor this the term coefficient (R,) of retroreflection has been adopted by the CIE.

It is merely the coefficient of luminous intensity divided by the area and expressed in SI units

as candelas perlux per square meter. The English equivalency is candelas per footcandle per

square foot and in the FP-85 (7) is described as specific intensity per unit area (SLA). The

conversion from English to metric (SI) is unity; hence, a value expressed in SIA termsis the

AS 17
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same value in R, terms.

The retroreflectance of sheeting materials is described in context of another important

property, its angularity, which is defined by the entrance (ofthe light) and the observation

(of the motorist) angles. The entrance angle is the angle formed between a light beam

striking the surface of a sign and a line coming out perpendicular from the surface. The

entrance angle changes with distance between the vehicle and is a function of the location

of the sign and the vehicle. An entrance angle of 30 degrees is considered wide for highway

signing. The observation angle is the angle between the incoming light beam and the

reflected light beam and is a function of the height of the drivers eye with respect to the

vehicle headlamps. Figure A-4 illustrates the entrance and observation angles.

Since a retroreflective material is supposed to reflect most of the light directly back to the

source, the optimum observation angle should be zero. However, in reality this is not the

case since the driver’s eye is higher than the vehicle headlight and can range from 21 inches

for small cars to as muchas 64 inchesfor large trucks. A wide observation angle is anything

over 2 degrees. For purchase specifications, minimum SIA is prescribed for each type of

sheeting for two observation angles, two entrance angles, and the different colors.

SPECIFICATIONS FOR RETROREFLECTIVE SHEETING

There are at least four "national" specifications for reflective sheeting:

1. Federal Specification L-S-300C, a General Services Administration

specification.

2. Standard Specifications for Construction of Roads and Bridges on Federal

Highway Projects (FP-85).

3. AASHTO M268- Retroreflective Sheeting for Traffic Control by the

A-7
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a) Entrance Angle (9) For Roadside Sign
  

  
b) Entrance Angle (§) For Overhead Sign 
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’ Figure A-4. Entrance and observation angles.
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American Association of State Highway Officials.

4. ASTM D 4956, Reflective Sheeting Standards by the American Society for

Testing Materials.

The following specifications, related to retroreflectance, were a primary source of
information:

L FP-85, Standard Specifications for Construction of Roads and Bridges on

Federal Highway Projects.

2 Federal Test Method Standard 370, Instrumental Photometric Measurements

of Retroreflective Materials and Retroreflective Devices.

3. Thefollowing ASTM standards on color and appearance measurement

e E808-81,"Standard Practice for Describing Retroreflection”

e E809-81,"Standard Practice for Measuring Photometric

Characteristics of Retroreflectors”

e E810-81,"Standard Test Method for Coefficient of

Retroreflection of Retroreflective Sheeting”

° E811-81,"Standard Practice for Measuring Colormetric

Characteristics of Retroreflectors Under Nighttime

Conditions”

In the FP-85 three types ofretroreflective sheeting are recognized. The first type has two

classes: Type II and Type II A, commonly called engineering and super enginecring grade

sheeting, respectively. They are both enclosed lens type sheeting with the main distinction

between the two being a higher quality glass bead in Type II A. Table A-1 shows the

minimum SIA values for Type II and Type II A sheeting. As shown in Table A-1 the

minimum SIA values for Type II A specified by FP-85 are about twice those for Type II.
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Table A-1 Specific Intensity Per Unit Area (SIA) for Type II sheeting.

Table A-2 Specific Intensity Per Unit Area (SIA) for Types IIIA, B and C.

A - Glass Bead Retroreflective Element Material

 

Type If Sheeting

Observation Entrance Whit Re
aye Angie ite ed Orange Srovn Yellow Green Blue(a) (9)

eeSSSSSSSsSSSSSSSSSSSSSSSSssFhFFSSSSSSsFSSFSSSSSMSSSSSSSSSS
0.2 “4 70 14.5 25.0. . 2.0 50

or? 0 3° 6.0 7.0 1.0 22 35 Uy. - 7.5 13.5 1.0 25 : :
0.5 +30 15 3.0 4.0 0.5 13 22 o8

Type I-A Sheeting
ee

Observation Entrance White fed
Anate Angle e: Orange Brown Tellow Green Blue(8) (9)

O.2 ~4 140 30 60 5
0.2 +30 60 12 22 2 Me 10 °
0.5 “4 50 10 20 2 33° 9 3
0.5 +30 20 6 12 1 20 6 2 

 

 

Observation Entrance
Angle Angle Whice Red Orange Yellow Green Blue

(0) (0)

0.2 “46 250 45 100 170 4S 20.0
0.2 +30 150 25 60 100 25 11.0
0.5 =“4 95 15 30 62 15 7.5
0.5 +30 65 10 25 4S 10 5.0

B and C - Prismatic R fective Ek t Material

 

Observation Entrance ,
Angle Angle White Red Orange Tellow Green Blue

(9) (9)

0,2 -4 250 45.0 100 170 45.0 20.0
0.2 430 95 13.3 26 os 11.4 7.6
0.5 4 200 28.0 56 136 24.0 18.0
0.5 +30 65 10.0 25 20 10.0 5.0
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The next type has three classes: Type III A and III B, which are in FP-85, and Type II

C, which was added to FP-85 by an FHWA memorandum dated November 3, 1989. Two

classes are encapsulated type sheeting with Type II] A made of glass beads and Types III B

and III C madeof prismatic reflectors. All types provide much higher brightness than both

Type II and Type II A. Their respective minimum reflectance values are shown in Table A-2.

In the FP-85 there is reference to a "Type III Reboundable" sheeting. This is a

retroreflective material intended to be applied to flexible impact resistant plastic devices such

as plastic drums used as channelizing devices in work zonetraffic control. It is referred to

as "reboundable" because it can withstand expansion and contraction and will not crackeasily

whenhit by a vehicle or roughly handled as is the case for standard TypeIII A sheeting used

on permanentsigns.

Thelast type of sheeting recognized in the FP-85 is labeled as Type IV. This type is a high

performance vinyl sheeting of low durability that is used for retroreflective white collars

around orange cones, and for fold-up temporary signs of the kind commonly used byutility

companies. The primary distinction between the sheeting typesis their brightness, as noted

in the minimum SIA specifications, and durability.

The typology presented in FP-85 is simply a method for grouping products available when

the specification was made. Other organizations, notably the American Society for Testing

Materials (ASTM) and American Association ofState Highway and Transportation Officials

(AASHTO), and the General Services Administration (GSA) havedifferent typologies and

SIA specifications. Table A-3 compares the typologies for the four most common

specifications mentioned previously. Table A-4 compares the SIA specifications from the

four agencies for their different types the 0.2° angle and the -4° entrance angle. Table A-5

lists by type the known manufacturers of retroreflective highway sign sheeting.

A-11
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Table A-3. Comparison of retroreflective sheeting typology classifications.

  TYPOLOGY CLASSIFICATIONS

Super Engineering High Performance

Engineering Grade Grade >)
Specification = (SEG)[sane|Reggea268 owt[cet|A,B[ores[tet|eta|TypesABCASTM Type I Type II Sn

D-4956 |lhrTrr |
ns - not specified
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Table A-4. Comparisonof retroreflective sheeting SIA specifications. Table A-5. Known manovfacturesof various sheeting types.

  
 

Sheeting Type (as per FP-85) |Type II Type ILA Type HLA Type III B Type III C
Seibulite Seibulite Stimsonite

3M Reflexite*

 

 

 

AASHTO

| Sheeting
Color EG SEG Hp!

  
 
 
 

Seibulite Kiwalite

(Sakai Trading)

(Sakai Trading)

 
American Decal

(Adcolite)tL.
Notes: ns - not specified

' applies to both Type II] A & B
2 applies to Types III A,B,C

 
Note:

Type Il = Engineering Grade
Type U1 A = Super Engineering Grade
Type II A = High Performance Grade
Type III B = High Performance Grade (Prismatic)
Type III C = High Performance Grade (Prismatic)
*Construction Work Zone Devices Only

NAAW A-l4
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The procedurefor testing the SIA ofretroreflective sheeting is specified in "Federal Test

Method Standard 370, Photometric Measurements of Retroreflective Materials and

Retroreflective Devices".(8) Because of the elaborate instrumentation and laboratory set-up

this test is not within the capabilities of most small highway agencies. There are however,

portable reflectometers which can be used for a quick check of SIA in a sign shop or in the

field. Two such devices are the Model 920 and 930 retroreflectometers manufactured by

Advanced Retrotechnology Inc. (ARTI) of La Mesa, California.

The ASTM standard E808-81 "Standard Practice for Describing Retroreflection" provides

terminology, a geometrical coordinate system, and procedures for designating angles in

descriptions of retroreflectors, specification of retroreflector performance and measurements

of retroreflection. It is stated in the specification that the geometrical system described is

complete and non-redundant and should be used in specifying and testing retroreflectors.

The ASTM Standard E809-81 “Standard Practice for Measuring Photometric

Characteristics of Retroreflectors® describes procedures used to measure photometric

quantities that relate to the visual perceptionof retroreflectedlight. It essentially involves

the measurement of normal illuminance at the face of the sample by substituting the

photoreceptor for the sample.
The ASTM standard E810-81 "Standard Test Method for Coefficient of Retroreflection

of Retroreflective Sheeting” describes the method for instrument measurement of the

retroreflective performance of retroreflective sheeting. Measurements made bythis test

method arerelated to visual observations of retroreflective sheeting as seen by the human

eye whenilluminated by tungsten filament light sources. This method is intended as a

laboratory test and requiresa facility that can be darkenedsufficiently so that stray light does
not affect the test results.

A-15
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The ASTM Standard E811-81 "Standard Practice for Measuring Calorimetric

Characteristics of Retroreflectors Under Nighttime Conditions" describes a procedure for

measuring the color appearance of retroreflectors as seen under nighttime conditions of

illumination and viewing. The procedureinvolves spectral measurements ofthe incidentlight

andofthe retroreflected light underthe test-geometry required with cither a telecolorimeter

or telespectroradiometer,

MOTORISTS NEEDS

The current SIA standards provided in FP-85 merely reflect the available products and are

purchase specifications not necessarily related to driver visibility requirements and

environmental conditions.

In order foratraffic sign to be effective it must deliver its information to the driver soon

enough to react appropriately and safely. The sight distance requirement of a sign is a

function offive components: 1) sign detection, 2) sign recognition, 3) driver decision making,

4) response and 5) completion of maneuver. McGee etal. (9) developed andfield tested

a decision sight distance model based on detection, recognition, decision making, response

and vehicle maneuver. The time requirements for each step wereinitially estimated based

onan extensiveliterature review, then adjusted according to the findings of an empirical field

study. The decision sight distance model elements were later reexamined by Perchonok et

al. (10) to develop a version applicable to determining nighttimevisibility requirements for

retroreflective devices. The model determines minimum detection distance requirement as

the summation of distances required for five phases of action. The summation process is

based on the assumption that, in the worst case the driver must accomplish each aspect of

the process in order, one after the other. This model was formalized by Mace etal. (11) as

A-16
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a computerized program to evaluate luminance requirement to aid in sign maintenance

decisions. This sign maintenance management program models sign visibility requirements

in terms of time and distance requirements. However, it does not model thevisibility

requirements ofsigns based on human performance capabilities in terms of luminance and

contrast needs.

The human visual performance model most generally accepted among highwayvisibility

researchers is that published by the International Commission onIllumination. This made}

represents an analytic approach to determining detection threshold contrast for a observer

adapted to particular surround luminance, with glare and transient adaption requirements

accounted for. An object is visible or detectable at thresholdlevel if the objects contrast

meets or exceeds the contrast required by an observer when adopted to the luminance of the

objects background, also taking into account the effects of disability glare and background

luminance that may change over time. This analytic approach to visibility has been

incorporated by Bhise (12) into a seeing distance model called DETECT whichis a part of

the Comprehensive Headlamp Environment Systems Simulation Model (CHESS). The

program calculates the threshold visibility distance (50 percent probability of detection) to

targets such as delineation, pedestrians, traffic cones, etc. under a wide range of conditions

with or without glare from opposing vehicles.

The intent of the FHWA study “Minimum Visibility Requirements for Traffic Control

Devices" has been to research the various parts of the information processing model such as

detection distance, consipicuity distance, legibility distance, response latency and maneuver

time. This minimum visibility study has addressed the issues of individual differences relating

to contrast sensitivity and traffic control device differences during the laboratory studies of

conspicuity and legibility. After the comparisons between the laboratory andfield control

A-17

Page 81 of 330

studies, the field validation study, and the minimum visibility model, the minimum visibility

requirementfor each traffic control device class will be studied.

PERFORMANCE STANDARDS

Drivers require a minimum amountof luminance for both detection and legibility of signs.

The specification of minimal luminance requirements fortraffic signs has been addressed by

a numberofresearchers. Historically, a sign was considered sufficiently brightif it provided

approaching drivers with a minimum of 50 feet of legibility per inch of letter height.

However, the selection of 50 ftAn as a minimumlegibility distance is quite arbitrary.

Mace (13) suggested that older driver’s visibility requirements should be based on a

legibility of 40 feet per inch of letter height. Mace also reported that the typical practice in

States is to license drivers at 20/40 high-luminance acuity. This acuity level corresponds to

a legibility of approximately 30 feet per inch ofletter height.

Another approach that has been used is to consider a sign’s level of brightness. Sign

brightness is considered satisfactory if it provides a legibility distance that is greater than or

equal to 85 percent of the maximum obtainable nighttimelegibility distance. Like the first

approach,thecriterion is also too arbitrary as it does not account for the driving situation.

The other measures that have been used to develop the relationship between sign

brightness andlegibility have been uniformity of sign background, level of internal contrast,

and luminance of legend or background. If a sign face degrades unevenly as it ages, then the

legibility of the sign is impaired. The Institute of Transportation Engineers recommends a

ratio of 5:1 as the maximum acceptableratio of luminances for externally lighted traffic signs.

(14) Another study conducted by Allen etal., (15) concluded thatvariation in the luminance

of different areas of the sign should not be more than 10:1. Another study (16) specifically
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designed to establish the relationship between the luminance uniformity of sign background

andlegibility found that for externally illuminated signs these two variables are significantly

correlated only whensign luminance ranges form 9.9 to 39.7 FL. These data indicated that

if a reduction in maximum obtainablelegibility of 50 percentis assumed to be the maximum

acceptable performance decrement, then the maximum acceptable ratio of background

luminances is 6:1. However, the luminance of Type II and Type III white sheeting rarely

exceed 9.9 FL. For these reasons, the luminance uniformity of background maybe relevant

to the legibility of illuminated signs but may not be relevant to retroreflective signs.

The contrast between the luminance of the sign legend and the luminance of the sign

backgroundis the second measure that has been related to sign brightness andlegibility. A

common measureofinternal contrast is the luminance ratio of the legend and background

of the sign, with the greater of the two values used in the numerator of the expression. For

signs with a black legend on color background thelegibility is determined by the luminance

or the color portion of the sign. Therefore, a minimum brightness standard based solely on

internal contrast would havelittle applicability to signs having either a black legend or a black

background. Also, mostsigns will not be taken out of service until there is a complete loss

of retroreflectivity, which meansthat the internal contrast of the sign is essentially fixed for

the duration of the sign’s service life by the material with whichit is constructed. Therefore,
internal contrast is most relevant in sign design and construction.

The third measure of sign brightness that can be related to legibility is sign luminance.

Legibility as a function of sign luminance has been studiedto a greater extent than any other

measure of sign brightness. A 1988 study of nighttime conspicuity of highway signs by Olson

(17) resulted in recommendations for minimum SIA values for various sign types andin

guidance regarding the type of materials to use. The SIA values are based on area

A-19

Page 82 of 330

complexity and the required stopping distance for various speeds, The area complexity refers

to the ambientlight levels in the immediatevicinity of the signing location. The complexity

is typically described as low, medium and high corresponding to rural, suburban and urban

areas. Table A-6 shows the SIA values of 30" x 30" red STOPsigns. Based on those values,

engineering grade sheeting would be sufficient for low speed and low complexity areas and

high performance sheeting would be required for mostsituations. For high speed and high

complexity areas, supplemental warningsigns are warranted. Table A-7 shows the minimum

SIA values for warning signs by speed and area complexity derived from the same study.

Here, the engineering grade sheetingis sufficient in low-complexity areas. This finding is

consistent with the guidelines for warning signs presented by Maceetal. (24). Mace found

that engineering grade sheeting degradedto an SIA value of approximately 18 was adequate

in low complexity areas. Table A-8 shows the minimum SIA values for overhead guide signs

as derived by Olson in the same study. The research by Olson and Mace isolated by speed

and area complexity, these signing situations where engineering grade and high performance

sheeting are appropriate for roadway signs.

Anotherstudy by Morales (18) resulted in recommendation on required overall SIA for

STOPsignsfor various approach speeds under ideal visibility conditions. This study suggests

that legibility should not be used as a criteria for developing inservice retroreflective

standards for STOP signs and provides mathematical relationships between STOP sign

recognition distance and its photometric characteristics. This is based on the fact that due

to the unique shape of STOPsigns they are recognized and not read to be understood.

A study conducted by the Florida DOT (19) recommended "endofservicelife" SIA values

for various sheeting colors and types. The study used several observers at night in the same

vehicle. Each observer recorded when sign detection, shape recognition, color recognition,
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Speed
(pb)

65

60

55

50

45

40

35

30

Table A-6. Stop sign minimum SIA values.

Recommended Minimun SIA Yaluas for a STOP Sign

Stopping
Distance

569

484

407

337

272

215

164

121

Area Complexity
High Medium Low

* * 150

* * TL

* 155 30

170 63 4

70 25 8

30 il 4

16 5 3

8 3 2

* Supplemental Warning Required

Source: Olson (17)
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Speed
mph)

65
60

55

50

45

40

35

30

*Supplementary devices required.

Table A-7. Warning signs minimum SIA values.

Recommended Minimum SIA Values for Warning Signs (Yellow)

WumberofChoices
3 or moreQ=3

15
15

15

15

15

15

15

15

Low

31
25

21

17

15

15

15

15

Source: Olson (17)

c zit
Medium

Number of Choices
Ql 2-3 jorgore

15 & 630
15 63 414

1500 52 276

15 38 180

15 29 126

15 23 80

15 #17 52

15 15 35
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Ei——Hizh____
Number of Choices
Om)

230
173

144

110

80

63

52

38

2 oF more

520

345 -

230

150

100

6%
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Table A-8. Overhead guide signs minimum SIA values. message recognition, and legibility occurred. The times were converted to distances. Each

sign was then screened, thereby reducing SIA, until the sign was determined to be barely

Recommended Minimum SIA Values for Overhead Guide Signs (Green) adequate. Table A-9 provides the recommended “endofservicelife" values for white, yellow,

——___________Ares_Complexity green, and red sheeting colors.Low Medium, ———__High
Speed —Nords_onSignWordsonSignWordsonSignThe Oregon DOTprovidesa specification for retroreflection at 7 and 10 years ofinservice
Soph) 32 & 2 2a & 2 32a & 2

70 8 15 27 13 31 70 35 a2 200 performance. Under this specification the manufacturer is responsible for all cast in

60 8 13 22 12 25 54 32 70 150 restoring sign panels to the original effectiveness if the retroreflection falls below the values

50 7 11 17 11 20 37 28 54 100 specified in Table A-10. For years 7 and 10 of inservice placement the manufacturer is

40 7 9 13 10 15 25 25 40 68 obligated to replace the sheetingtoits original effectiveness if the retroreflectivity falls below

30 6 8 10 8 Ww WV 220 33046 the standardslisted on the right column of Table A-10. In addition, sign agencies are

Sign placement is 20 feet high over a 24 foot roadway. responsible for dating all signs at the time ofinstallation.
Research has been conducted whichis relevantto the question of standards, but standards

Source: Olson (12) have not yet been implemented which reflect fundamental driver needs. This is because the
problem ofspecifying luminance standards fortraffic signs is complex and multidimensional.

Driver requirements ofdifferent signs change across situations. Also the population ofsigns

is not uniform in purpose or function. Signs are created in different designs to serve various

needs, and these differences create varying levels of luminance requirements for signs to

function properly at night.

The ongoing Federal Highway Administration (FHWA) project entitled "Minimum

Visibility Requirements for Traffic Control Devices” is to determine the minimum visibility

requirements for signs and markings. Based on these minimumvisibility requirements, it will

be possible to determine the retroreflectivity needed to make a sign visible at a given

distance.
A-23
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Table A-10. Minimum warranties for retroreflective sheeting as specified by Oregon

Table A-9. End of service life SIA values DOT.

Endof Service Life SLA Values!
Sheeting Color

Type HAH A, IB?

ee ee
fveto|twTw

a
na - not available

Minimum Coefficient of Minimum Coefficient of
Retroreflection Retroreflection

Sheeting Color (Seven Years) (Ten Years)

   
   
  

! SIA values measured at 0.2° observation and -4° angles.
2 Engineering grade sheeting (Type II).
> Super-engineering grade (Type II A), high performance (Type III A), and prismatic

(Type 01 B) sheeting.

Source: Florida DOT (19)
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Anotherdifficulty in the implementation of standards has been an absence of conclusive

performance data. The FHWAproject entitled "Service Life of Retroreflective Traffic Signs”

(20) investigated the relationship between the retroreflectivity performanceof sign sheeting

with respect to such factors as sheeting age, weather conditions, ground elevation, etc, Based

on these relationships, equations were developed to predict approximate inservice SIA of

signs. The accuracy of the equations in predicting inservice SIA is limited since the initial

SIA values of new sheeting are quite variable.

Finally, there is no fast, practical, and reliable way of measuring luminancein thefield, and

therefore one cannot easily determine if the requirements are met. The National

Cooperative Highway Research Program (NCHRP)study 5-10 "Mobile System for Measuring

Retroreflectance of Traffic Signs” (3) has determined the feasibility of developing

instrumentation suitable to rapidly measure retroreflectivity from a moving vehicle during

daylight hours. A prototype of the system has been constructed and consists of a video

camera, electronic flash gun, laser range finder and a data acquisition image analysis system

to evaluate the video image for average legend and backgroundretroreflectance. Figure A-5

is a schematic illustration of the system components which are housed in the van shown in

Figure A-6. The results of the above three projects and this project will help in

development, measurement and implementation of sign performance standards,

SIGN MAINTENANCE PRACTICES

The existing federal standards for luminance of retroreflective materials for traffic signs

are purchase specifications and provide no differentiation based upon driver needs. The

Manual on Uniform Traffic Control Devices (2) simply specifies that all traffic signs be

retroreflectorized or illuminated to show the same color and shape by day and night unless
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Figure A-5. Schematic illustration of system components.

A-28

ce



Page 87 of 330

Page 87 of 330

A-29

Figure A-6. Prototype mobile retro-reflectivity measurement system.

 
specifically excepted in the standards. There are no minimum initial or replacement

requirements for retroreflective signs. Based on the agencies surveyed, replacementis left

to practices which vary between States, counties andcities. The need for inspection ofsigns

for retroreflectivity is typically not determined under a regimented policy but scheduled by

casual, visual inspection. This deficiency is due to the lack of a minimum legibility standards,

the competing demands on personnel’s times, and the absence of a rapid and reliable

retroreflectance measurement device. However, the development of automated sign

inventories, minimum performance standards, mobile system for measuring retroreflectance

and implementation strategies will provide an opportunity for more efficient and objective

solutions to the problemsof sign maintenance management.
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APPENDIX B—COLLECTION OF RETROREFLECTIVITY DATA

The objective of the national data collection effort was to obtain estimates of sign

retroreflectivity conditions across several subgroups including: sign type, sheeting type, and

jurisdiction control. To achieve this goal a intensive data collection plan was developed and

initiated. The data collection plan addressed the following:

° Identification of key variables

o Determination of samplesize

e Selection of study locations

e Developmentofeffective data collection methodology

Each ofthese data collection plan elements are discussed in the following subsections.

VARIABLES OF INTEREST

Initially, the dependent and independent variabies were identified. The dependent

variable, the object of effort, was the measure (i-e., SIA value) of retroreflective condition

oftraffic signs. The independentvariables were segregated into four main categories.

I. Geographic Area ~- Weather conditions presumably influence the retroreflectivity and

service life of sign- sheeting. However, as found in the FHWA “Service Life of

Retroreflective Traffic Signs” project (20) the effects of climate are difficult to isolate as the

climatic influences are very interrelated and tend to disguise the impacts of any specific

element. Dueto the interrelationship of climatic variables and the influences of highly

variable SIA values of new sheeting, the geographic zone system derived for the FHWA

project was removed from the final service life models. However,prior to the results of the

FHWAproject an eight geographic zone system was developed for the data collection effort
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described here, It is still reasonable to expect climatic/geographic influences on sheeting

deterioration but quantifying these influences remains difficult. The zone system

encompassed the continental United States as the goal of this project was to conclude with

national estimates of sheeting retroreflectivity conditions.

2. Jurisdiction Levels - Adopting retroreflectivity standards could have different economic

implications depending upon the type andsize of jurisdiction. Data was collected across

various jurisdiction types to assess the economic impacts ofa retroreflectivity standard. The

jurisdiction levels identified for sampling were State, county, city, and town/township. The

jurisdiction levels generally follow the levels delineated in the Highway Performance

Monitoring System (HPMS) from which total roadway mileage was obtained. No data was

collected on Federally controlled roadways.

3. Sign Type — Traffic signs are made of different colors and vary in criticality; therefore,

they require different retroreflectivity levels. To accommodate these differences it was

necessary to develop the retroreflectivity condition estimates by sign type and color. The

MUTCD classifies signs into the following categories:

, e Regulatory - black and white, red and white
e Warning - yellow and black

e Guide - green and white, blue and white, brown and white

Data was collected for the following four sign colors by sign type:

e White (Regulatory)

e Red (Regulatory)

e Yellow (Warning)

te
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e Green (Guide)

Parking series regulatory signs and blue, brown, and all street name guide signs were

excluded from the samplingeffort.

4. Sheeting Type -- Differences exist in retroreflective properties, service life, and per unit

cost among sheeting types. Therefore, it was desirable to sample the various types of

sheeting. However,from a visual inspection of inservice signs it is possible to distinguish only

two types - enclosed lens sheeting (Types II and II A from FP-85) and encapsulated lens

sheeting (Type III A). Type I and II A material appear the same during daytime inspection,

although in recent years the major manufacturer of TypeII A has a symbol onits sheeting

that may be distinguishable on some signs. Hence,all signs were identified as either Type

II (Engineering Grade) or Type III (High Performance Grade). In the presentation of the

results of the condition of signs, this classification was eliminated andall signs of the same

color were grouped, Theoretically, the randomness of the data collected resulted in a mix

of sheeting types representative of the Nation’s population of signs.

SAMPLE SIZE DETERMINATION AND SITE SELECTION

Theoverall objective of the data collection was to obtain a representative sample of signs

for statistically valid estimates of retroreflective condition and of sign density by roadway

jurisdiction control. In order to meet the stated objective a sample ofdifferent area types,

sign types, sign materials, roadway categories, and jurisdiction level of responsibility was

needed.

A cluster sampling approach was selected for developing the data collection plan. It

involved dividing the population, the entire country, into heterogeneous subgroups or
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clusters. States were used to form clusters because they have well defined boundaries.

Weather conditions influence the retroreflectivity and servicelife of signs and, therefore,it

was believed that grouping the States by similar weather conditions would be an effective

strategy to define the study areas from which to sample. The eight geographic zones

developed for the FHWA "Service Life of Retroreflective Traffic Signs” project were

modified slightly to maintain state boundary lines. This zone system considers general

climatic conditions andsolar radiationlevels.

Within each zone a minimum of two primary sampling units (PSU) were selected. Each

PSU neededat least three different jurisdictions (city, county, State or town). Individual

counties were selected as the most appropriate PSU. Using FHWA’s HPMSdata, counties

with three or more different jurisdictions were segregated. The counties were further

segregated by urban and rural designations based on population density.

Establishing the samplesize usually involvestrading off statistical requirements against time

and funds available. Using cost and variance models alternate combinations of total PSUs

and roadway segments were selected. The cost modelis described as follows:

Total Budget = (Cpsu)(M) + (Cseg)(M)(N)

where:

Cpsu = Cost per sampled PSU

M = Number of PSUs

Cseg = Cost per sampled segment

N = Numberof segments within each PSU
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Judgementwas used to select the following reasonable alternatives:

° 10 PSUs and 40 segments

° 25 PSUs and 12 segments

e 40 PSUs and 5 segments

Each ofthese alternatives satisfied the budget constraints.

A variance model was developed to evaluate the variance in SLA conditions between PSUs

and within PSUs. The goal of the modei was to establish if the between or within variance

is greater and then optimize the sample of PSUs and segments. The variance model had the

following form:

Vx) = Bm + Wma

where:

Vix) = Total variance

B = Between PSU variance

Wioos= Within PSU variance

m = Numberof PSUs

Q = Numberof segments

B* and W? were. estimated from data obtained from the FHWA ‘Service Life of

Retroreflective Traffic Signs" project. B? and W?vary by sheeting color and type. B* was

found greater than W*; therefore, it was concludedto increase the number of PSUsrather

than increase the number of segments within cach PSU. Table B-1 provides the variance

estimates for several alternate design options. It was determined to sample 25 PSUswith 12

segments in each PSU, as minimal improvementin variance was afforded beyond 25 PSUs.
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Table B-1. Estimated variance for three sample designs.

|EstimatedVariancesdVariance
Number PSUs

Numberof segments

Sheeting Color andType 0 2 :

Note: EG = engineering grade sheeting
HP = high performance sheeting

B-6

| 
9€



Page 91 of 330

Also, as the number of PSUsincreases the total signs to sample greatly decreases.

The 25 PSUs wereallocated to the eight zones based on that zone’s proportion of total

national roadway mileage. Depending on the numberofdifferentjurisdiction roadways (i.e.

State, county,city or town/township) within a county,four or five segments were selected for

each jurisdiction type. The roadway segments under each jurisdiction within a county were

identified on county mapping. Approximately 15 traffic signs per segment were measured,

Givenastarting point on a segmentthe first 15 waffic signs were selected and measured to

insure randomness.

The candidate counties were screened for three or more different jurisdictions roadways

and for urban and rural population densities. From the screenedlist, counties were then

randomly selected using the HPMS numbering system. At least one rural and one urban

county were selected in each zone. Again, the total number of PSUs per zone was

determined by the total roadway mileage. Certain manual selections were necessary for

travel and logistical considerations. Figure B-1 provides the geographic location of the data

collection sites with the zone system boundaries. As shown 28 sites, or 3 more than the

original plan, were actually sampled. This was attributed to the efficiency of the data

collection crews.

DATA COLLECTION METHOD

Two teams of two technicians each were used to collect the retroreflectivity data

throughout the country. The Advanced Retrotechnology model 920 retroreflectometer with

extension pole and remote display was used to collect the measurements. The traffic signs

were not cleaned prior to measurement because it was desirable to measure the

B-7
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DataCollectionSites(County)

Delaware, NY (2) Shawnee, KS (34)
Berkshire, MA (5) Vanderburgh, IN (35)
Hillsborough, NH (8) Fillmore, MN (37)
Westchester, NY (9) Oneida, WI (39)
Calvert, MD (12) Wayne, MI (40)
Montgomery, TN (13) Madison, MT (41)
Washington, AL (16) [ron, UT (42)
Levy, FL (17) Yuma, AZ (43)
Pittsburg, OK (20) Pima, AZ (44)
Greensville, SC (23) Wasco (46)
Dailas, TX (25) Mendocino, CA (47)
Butler, NE (27) Sacramento, CA (50)
Adair, LA (28) King, WA (51)
Bureau, IL (31) Clark, NV (52)

Figure B-1. Location of data collection sites.
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retroreflectivity as the drivers view the sign. (The FHWA “Service Life of Retroreflective

Traffic Signs" project found that sign washing increased SLA by 12% and 8% for Type II and

Type UT A sheeting signs, respectively). The retroreflectivity readings, segment and county

coding, sheeting color, and sheeting type were manually recorded in the field and transferred

to computer database in the office. Four readings per sign were taken andlater averaged.

Bd
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APPENDIX C—QUESTIONNAIRE SURVEY RESULTS

Questionnaire surveys were used to obtain data including:sign population,existenceofsign

inventory, sign replacementcosts, sign maintenance costs, inventory inputs, etc. The surveys

were distributed to 50 state, 790 county and 85 city agencies. Responses were received from

48 states, 170 counties, and 20 cities.

The following paragraphs provide a summary of the responses to key questions. The

summary of responses is grouped into twoareas -- 1) sign inventory and 2) replacement and

maintenance.

SIGN INVENTORY

Question A. Does your agency have a sign inventory?

Agency Yes No

State 14 33

County 129° 41
City 13° 7

. This is not the result of a random sample of jurisdictions. Those agencies

with computer inventories were morelikely to respond to the questionnaire

survey.

Only 30 percent of state agencies were found to maintain statewide sign inventories. For

counties andcities, generalizations cannot be made from the survey because this was not a

random sample of these agencies. However, from the considerable contact with local

jurisdictions it can be stated that few of these agencies maintain inventory systems.

we
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Question B. Whatis your inventory format?

Agency

Format State County City

Card/Paper ; 11% 43% 24%
Main/Mini Computer 37% 20% 233%
Micro Computer 48% 32% 30%
Other (photolog,maps,etc.) 4% 5% 15%

Approximately 85 percent of statewide inventories are computerized. Only approximately

50 to 60 percent of the counties and cities responding with inventories had computerized

systems, Over 40 percentof the counties responding as having inventories maintained card

or paper records. The majority of the “other” responses were inventories on aerial

photography and other mapping materials. The percentage of county andcity agencies

having micro-computer formatis likely to increase as these programs are becomingreadily

available.

Question C. Does your inventory include the following elements?

Agency

DataElement State County City

Sign Type 3% 97% 92%
Installation Date 78% 82% T1%
Replacement Date 14% 83% T71%
Sheeting Type 56% 50% 54%
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SIGN REPLACEMENT AND MAINTENANCE

Question D. Approximately how many signs do you replace per year due to

vandalism, knockdown,poorretroreflectivity and other causes?

Reason for Replacement

Vandalism and Theft
Knockdown

Poor Retroreflectivity
Other

Percent of All Replacement
Agency

County City

39% 24%
23% 27%
16% 30%
22% 19%

Question E. Whatis your total annual-cost for sign maintenance and replacement?

Item

Total Cost
Per Mile Cost

Per Capita Cost

County
Average No.of
Cost Responses

$96,000 148
$92.00 141
$1.00 72

Question F. What is your average cost to replace a sign?

County
Average No. of

Item Cost Responses

Materials Cost/SF $ 5.17 7
Labor Cost/Hour $14.97 19
Equipment Cost/Hour $10.35 16
Material Cost/Sign $38.24 117
Labor Cost/Sign $18.92 103
Equipment Cost/Sign $10.81 98
Total Cost/Sign $65.72 168

NA- Not Available

C3

City
Average No. of
Cost Responses

$277,000 16
$132.30 10
$1.20 16

City
Average No.of
Cost Responses

NA )
NA )
NA 0
$29.56 17
$14.49 14
$9.84 13
$54.66 13
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Question G. How manytraffic signs are under the control of your agency?

 TOTAL SIGNS PER CAPITA AND PER MILE!

 
  Signs? an|on|ae|we|oe|uw|e|u

| Tousies| re|a2|uo|«| zs|ow|os|is|
‘ocludes actual and estimated sign totals
2Does not include parking series signs
3Does not include street name signs

The replacementcost and sign density information obtained here becamethe basis for the

economic analysis and the developmentof the implementation strategies.

C4
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APPENDIX D—SIGN REPLACEMENT COSTS

Sign replacement cost for State, county, city, and town controlled roadways were developed for

red, yellow, green, and white sheeting based on the minimum SIA criteria identified in Chapter 3.

Each sheeting color was tested using the lower and upper minimum SIA standards. The economic

model was run for a total of 1] years to obtain the annual replacementcosts for the years after

implementation of the minimum standards.

Tables D-1, D-2, D-3, and D-4 provide the sign replacementcostin terms of dollars per roadway

mile for State, county, city, and town controlled roadways, respectively. The shaded boxes in the

tables highlight the annual replacement costs for each year of the implementation schedule. The

unshaded boxes show the annual cost to maintain the minimum standards after implementation is

completed.

There is a considerable difference in replacement costs between the lower and upper standards,

especially for the red, green, and white sheeting. The replacementcost for green sheeting represents

65 to 75 percent of the total replacement cost. Several reasons for this are apparent:

1, Average cost per sign to replace green guide signs is nearly twice the of standard

warning andregulatory signs due to sign size.

2 Majority of green guide signs are constructed using engineering grade sheeting which

has lowerretroreflectivity characteristics than the other sheeting types.

3. Minimumretroreflectivity standards for green sheeting tested here were high and in

the case of the upper value (i.e. 10 SIA) higher than the delivered new specification

for green, engineering grade sheetinglisted in FP-85.

4. Manyof the green sheeting samples collected across the country had SIA values less

than 8 SIA which was the lower minimum standard tested here.
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 Table D-1 Sign replacementcosts for state roadways.
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Table D-3 Sign replacementcosts for city roadways.
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Onall roadways the need for replacementof red sheeting signs was quite high. The problems of

color fade of this sheeting type contributesto the overall poor condition of these signs. In several

instances the annual maintenance cost actually increased after the implementation schedule was

completed. The population of signs for this evaluation was deteriorated using the equations and

relationships developed in FHWA’s "Service Life of Retroreflective Traffic Signs". High annual costs

after the standards implementation are the product of a large population ofsigns of similar age(i.c.,

5 or more years) failing to meet the minimum in the years after the schedule has beenfulfilled.

tv
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Exact Road Geometry Output Program for
Retroreflective Road Sign Performance
KENNETH D. UDING

The angles used for the laboratory testing of retroreflective sign
sheeting that are set forth in specifications are well defined and
are well understoodin the laboratory test setting. Not well known
is exactly what values of these angular parameters, especially
observation angle, occur for actual signs on the roadway. The
mathematics for a complete vector structure incorporating the
location data for headlamps, driver’s eye, the sign, and the
vehicle-to-sign (road) distance has been set up. These inputs de-
fine all locations exactly; there are no assumptions. The mathe-
matics has been incorporated into a computer program, ERGO
(Exact Road Geometry Output), which computes the exact angles
at which the sign is actually seen by approaching drivers. The
observation angle for actual signs is shown to be two separate
values— one for each headlamp—and not simply the eye height
over the headlamps. Eye setback is also shown to beacritical
factor under some conditions. The ERGO data demonstrate that

observation angle is a direct function of road distance: as road
distance becomesless, observation angle becomes greater. Spe-
cific observation angles correspond to specific road distances.
Graphsofthe observation and entrance angle correlates are given
for STOP and near-roadside signs, overhead guide signs, and
signs at a large offset from the road edge. Theeffect of different
size vehicles on observation angle is shown. The relationship of
time to observation angle is demonstrated: as the approaching
driver observes a sign at observation angles greater than 0.5 de-
gree, these angles are traversed in fractions of a second. Both
the ERGO program andits mathematical basis will be made
available to others so that it can be applied to other experimental
and theoretical data to better correlate laboratory test values and
actual road performanceof retroreflective material.

Roadsignsat night require some minimum level of luminance
in order to be seen effectively and in time by an approaching
driver who is dependent on reading such signs for certain
essential information. Retroreflective sheeting is used on road
traffic signs as a means to provide this luminance in the ab-
sence of internal or external illumination. Specifications for
minimumreflectivity values in laboratory tests of this sheeting
have the ultimate objective of providing the required level of
effective performance (i.e., luminance) for such signs at the
distances and for the time that the driver requires. The effi-
ciency of retroreflective sheeting is specified by setting re-
flective efficiency (coefficient of retroreflection) values (R,)
for certain laboratory test points determined by designating
values for those angular parameters that have been carefully
defined for laboratory tests (1; ASTM Standard E808-91;
AASHTOStandard Method of Test T257-86). The angular
parameters that are recognized as the primary determinants
ofreflective efficiency and are set forth in every specification
are observation angle and entrance angle. These angular pa-

Stimsonite Corporation, 7542 N. Natchez, Niles, Ill. 60648.
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rameters must be carefully determined and accurately set up
in the laboratory to ensure accurate and valid measurements
of the reflectivity (as well as to achieve correlation between
laboratories). An R-value associated with a certain reflective
sheeting has meaning only in the context of the pair of these
angular values at which it is measured: one exact observation
angle and one exact entrance angle. (The “‘one entrance an-
gle” may be defined by the two angular coordinates B, and
B,, which, taken together, define a single entrance angle con-
dition.) These angles are well defined and well understood
for laboratory test purposes. Whatis not well understood is
whatthe actual observation and entrance angles are that occur
on the roadway in specific sign situations. How are these
angles determined for actual road signs seen by the driver of
a vehicle? How do these angles change as the vehicle ap-
proaches the sign? What angular values are important to a
driver approaching a particular sign? How are these values
different for drivers of different types of vehicles?

In a recently published National Cooperative Highway Re-
search Program (NCHRP) Report (2), it was pointed outthat
the federal standard (then FP-85) does provide minimumspe-
cific intensity per unit area (SIA) (R,) standards for new
material. These standards, however, were developed by sheeting
manufacturers as purchase specifications, not based on driv-
ers’ needs. Therefore, in order to set a new standard for

sheeting based on the driver’s actual minimum visibility re-
quirements, the report stated:

The FHWAproject on ‘Minimum Visibility Requirements for
Traffic Control Devices,’ is to determine the minimum visibility
distances for signs and markings. Based on these minimum vis-
ibility requirements, it will be possible to determine the retro-
reflectivity necessary to make a sign or marking visible at a givendistance.

A parallel effort is under way by the European Committtee
for Coordination of Standards CEN to develop a standard
based on the luminance requirements for reading actual road
signs. This effort is equally dependent on accurate values.for
the observation and entrance angles at which those signs are
actually seen by driversif it is to arrive at specification values
that correlate with the actual performance as planned.

A method is needed that can readily provide accurate ob-
servation and entrance angle correlates for given sign situa-
tions andat different viewing distances. These measurement
parameters can then easily be included in study data and
consideredin arriving at conclusionsrelating reflectivity levels
andothervariables. Although some researchers may be com-
puting these valuesaccurately,the basis of such values is never
certain and almost never is it adequately described.
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Thus computational error or the dimensional basis cannot
be determinedor verified. A search ofthe literature reveals

no data on any such method generally available to accurately
determine these angular values. There does not appear to be
any detailed compilation of these values for actual road sign
locations and viewing distances.

Consequently, the computer program ERGO (Exact Road
Geometry Output) has been developed to determinethe exact
observation and entrance angle correlates that actually occur
for signs andtraffic control devicesat different locations and
distances, as well as values for several other angular param-
eters of retroreflectivity. ERGO is available at no charge to
qualified personnel interested in the use or study of retro-
reflective sheeting. Its structure and formulas are available
for analysis and proof. It can be used as a commonreference
for other experimental data.

The data obtained with ERGOarediscussedin this paper.
Summariesin the form of graphs of the observation and en-
trance anglecorrelates for sometypical signs are shown. These
“applications” of ERGO data illustrate how the data can be
useful in studying how the angular parameters changein real
road sign situations. In turn, this may be essential in the
determination of valid measurement values for minimum lev-

els of retroreflectivity. Given a sufficient range of retrore-
flectivity data, the program may be used to accurately com-
pare the efficiency of different retroreflective materials for
particular applications.

ERGO OPERATION

To calculate the exact road geometry, a simple mathematical
vector structure was created together with the formulas to
compute all angles precisely and accurately. The computer
program was written to accommodate all dimensions in the
three coordinate planes that prescribe the locations of the
different elements and, in turn, the retroreflective geometry
of a specific road sign situation. The program then computes
the defined angles determined by those inputs. (The complete
mathematical analysis of the vector structure and the deri-
vations of the defined angles by D. Couzin are available on
request from the author.)

“ERGOeasily determines exact, not approximate, retro-
reflective geometry for any set of input data desired. Each
set of correlates generated by this program is specific to the
one correspondingset of input dimensionsthat exactly locate
the eye, headlamps, and sign relative to each other. The val-
ues are absolute; the only subjectivity is in the selection of
the input dimensions, or range of dimensions, to represent
any generic designation such as typical STOPsign,large-offset
guide sign, standard car, and so forth.

The parametersof location for car headlamps,driver’s eye,
and sign location that are inputs for ERGOareasfollows (all
input dimensions are entered in meters or, in an alternative
menu choice, a version is available in whichall inputs are in
feet):

ROAD DISTANCEto Sign:
SIGN: Offset from Road Edge:

Height above Roadway:
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VEHICLE DIMENSIONS
(STANDARD CAR): Meters.Feet

Separation between headlamps 1.042 3.42
Headlampheight over roadway -661 2.17
Eye height over headlamps 466 1.53
Eye setback behind headlamps 2.057 6.75
Eye displacementleft of vehicle 330 1.08

centerline

Dimensions were measured for a wide variety of vehicles in
many models. The dimensions above are the mean ofa rel-
atively narrow range of data for compact and mid-size cars
and thus well represent the universe of such cars. These mean
values have been dubbed the “standard car” and are included

as default values in ERGO. Of course, any values can be
entered to override the defaults. Separate dimensions were
determined for such vehicle groups as large cars, small vans,
large vans[recreational vehicles (RVs)], and large trucks with
maximum eye-headlamp displacements, dubbed ‘““MAX
trucks.”

OBSERVATION ANGLE: LABORATORY AND
ROAD DEFINITIONS

An accurate understanding of the observation angleis critical
both to understanding the effects of the different inputs on
the geometry and to using the output data correctly. For
laboratory test purposes, observation angle can be defined as
follows:

Theanglethatis formed at the reference center on the test sample
betweena line to the light source (the illumination axis) and a
line to the receiver (observation axis) (see Figure 1a).

It is useful to observe that its measure is a function of the

displacement distance from the light source to the receptor
(measured perpendicular to the illumination axis) and the
distance measured along the illumination axis. This is as de-
fined (in slightly different terminology) in ASTM E808-91.

In the actual road situation where the driver of an ap-
proaching vehicle observes a road sign illuminated by the car’s
headlamps, determining the observation angle at which the
sign is seen is a bit more complicated.In the literature, even
as recently as the reports by Black et al. (2) and by McGee
and Mace (3), the observation angle for the driver has con-
sistently been presented as if it were simply the vertical dis-
placementof the eye above the level of the headlamps. How-
ever, this is not correct.

Note that in Figure 2a (which diagrams the eye-headlamp
relationships for the standard car), the vertical distance down
from the eye is a dimension from the eye to nothing.

In truth, the observation angle, whetherit is measured in
the laboratory or on the road,is the angle intercepted (at the
particular road or test distance) by the straight-line displace-
ment of the receptor (or eye) from the light source illumi-
nating the reflector sample or sign. In the road situation, the
receptoris the human eye; the two eyes are sufficiently close
together that they can be considered one point at the cen-
terline of the driver. The light source is a headlamp.

Unfortunately for the cause of simplicity, (a) there are two
headlamps, that is, two separate light sources illuminating
signs; (b) the headlamps are unequally displaced on either
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FIGURE 1 Observation angle: (a) laboratory test setup per
specifications; (5) road to left headlamp; (c) road to right
headlamp.
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FIGURE 2 Vehicle dimensions in ERGO

(primarily affecting observation angle):
(a) standard car dimensions; (5) setback
dimension and effect on observation angle.
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side of the driver; and (c) the headlampsareat a substantial
separation. This meansthat in order to be accurate and math-
ematically specific, two different observation angles are in
effect for each roadsign situation. Oneis the angle intercepted
by the displacement to the left (driver’s side) headlamp and
the otheris the angle intercepted by the displacementto the
right headlamp. [The necessity of computing the angles to
each headlampseparately has also been recognized by John-
son (4).]

Figure 1b (to left headlamp) and Figure 1c (to right head-
lamp)illustrate how these two observation angles are formed
between the respective headlamp, the eye, and the sign. Note
the correspondence of the elements to the laboratory setup
(Figure 1a).

Another factor, which appears to have often been over-
looked, can also substantially complicate observation angle
calculations under certain conditions. It is automatically in-
cluded in ERGO’s complete computation. This involves the
setback distance. In all vehicles the eye is set back behind the
headlampsby a substantial distance; the standard car setback
averages 2.06 m (6.75 ft). For a driver viewing signs at very
small offsets (off the road) and at substantial distance, the
setback occurs moreorless parallel to the observation axis
and thus does not enter into the determination of the obser-

vation angle.
However, as a vehicle approachesclose to a sign that is

substantially offset to one side or the other, or as it turns
away from the sign evenslightly, as on a curved approach,
the setback becomesanincreasingly significant component of
the eye-headlamp displacement that produces significantly
larger observation angles. The rate of increase accelerates at
very close distances, producing extremely large observa-
tion angles, sometimes even completely out of the effective
range of retroreflected light. The principle is illustrated in
Figure 2b.

APPLYING ERGO DATA AND DATA SUMMARY
GRAPHS

Analysis of data from ERGOcanyield substantial informa-
tion on howretroreflective signs are actually seen. It can be
used to determine which observation and entrance angles should
be specified for any particular application. As a part of studies
of the parameters of effectiveness of signs—legibility dis-
tance, detection distance, and so on—it can be useful in

indicating where effective retroreflectivity is required, namely,
at the observation angle that corresponds to some determined
distance having an important function.

The few graphs summarizing ERGO-derived data shown
here illustrate how some useful principles can be deduced.
Following are a few guidelines for interpreting the ERGO
data presented here.

First, plots of angular data can apply to many differentsizes
and types of signs if the signs are mounted at offsets and
heights similar to those shown. However,the point at which
a particular sign is usefully seen or detected may notstart or
end at the endpoints of the plot shown on a given graph. The
beginning and endof the useful viewing time for a sign must
be independently determined and then the angles correspond-
ing to those distances should be noted.
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In using ERGO to evaluate the performance of a given
material for a particular type of sign, certain criteria should
be separately evaluated: (a) the distance at which a particular
sign needs to be detected, (b) the distance at which it should
be read, (c) the span of distance during which it continues to
be usefully read (and thus also the reading “time” based on
a given approach speed), and (d) the distance between the
approachingdriver and the sign whenthe driver can no longer
be expected to read the sign or no longer needs the infor-
mation. Then, using ERGO, the observation and entrance
angle correlates should be noted for those various determined
distances.

In the opinion of this author, a determination should also
be madein using the aboveseries of data points, although its
evaluation is not strictly a part of geometry-limited ERGO.
It applies to reflectivity values (and luminance data,if avail-
able) at the “far” and “near”limits, especially in the selection
between materials of different characteristics. This determi-

nation is whether the sign luminanceat the far distance limit
is less than, more than, or equally as important as that at the
near distance limit (at which the sign viewing is actually ter-
minated). Note that the near distance limit is reached after
the sign has been observed and read during the entire span
of time after the initial reading until reaching the nearlimit.

ERGO DATA OUTPUTS

The ERGOprogram outputprovidesvaluesforall the defined
angles of retroreflectivity that the input values determine. An
example of the actual output for a single road sign situation
as reported by ERGOis shown below:

Left Headlight Right Headlight

Alpha (a) 0.33 0.52
Beta (8) 2.97 2.42
Gamma(y) 39.29 121.09
Epsilon (e) 29.98 — 56.89
Omega (@) 69.24 64.23
Beta 1 2.30 -1.25
Beta 2 1.88 2.07
Beta V 1.05 1.05
Beta H 2.78 2.18

In this example, the inputs defined a point on a sign thatis
offset 2.5 m (8.2 ft) from the edge of the road at a height of
2.5 m (8.2 ft) viewed from the standard car at a road distance
of 100 m (328 ft). Output values of ERGOare given for the
geometric parameters, which are defined for the laboratory
test setup by ASTM E808-91. Two other parameters have
been created for the road situation only. The geometric pa-
rameters output by ERGOare asfollows:

Alpha: Observation angle
Beta: Entrance angle
Gamma: Presentation angle
Epsilon: Rotation angle (ASTM E808-91)
Omega: Orientation angle (ASTM E808-91)
Beta 1: Entrance angle componentas defined
Beta 2: Entrance angle component as defined
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Apply to ROAD environment ONLY: (not ASTM,notprior
CIE)

Beta V: Entrance angle vertical component
Beta H: Entrance angle horizontal component

The analyses in this paper are principally concerned with
the observation and entrance angle values, but other values
can be important to laboratory tests or specifications intended
to correlate with actual road performance, or to both.

The ERGOdata presented in the balance of this paper
consist of the observation and entrance angle outputsfor par-
ticular signs over a range of approach distances. These data
presentthe range of these angles that actually occurs for given
signs as seen by drivers of approaching vehicles. The data are
presentedin graphsthat plot observation angle (on thevertical
scale) against road distance (on the horizontal scale). Since
road distance is linear, it is very important to note that the
plot is also one of time, given a specific vehicle approach
speed. Since the driver’s information and decisions are pri-
marily defined by time, this type of graph best represents the
rate of change in observation angle as the observing vehicle
approachesthe sign. Shown below the graphed data is the
time in seconds before the vehicle passes the sign at various
distances and for speeds of 50 kph (30.1 mph), 75 kph (46.6
mph), and 100 kph (62.1 mph).

Of course, there is an entrance angle correlate for every
observation angle in the data. In the lowerright-hand corner
of most of the graphs is a separate plot of entrance angle
against the common horizontal road distance scale. The scale
for increments of entrance angle is the short vertical scale
along the lowerright side of the graph. To avoid confusion
with the observation angle plots, the entrance angle output
is only plotted when it exceeds 5 degrees. This is acceptable
because any entrance angle of 5 degreesorless is considered
equivalent to zero degrees. In fact, sheeting is actually tested
at 4 or 5 degrees to avoid front surface reflection. The en-
trance angle plots are short because entrance angle does not
exceed 5 degrees until the approaching vehicle is very close
to the sign.

An alternative type of graph would plot observation angle
against entrance angle. Thus, that plot is the compilation of
specific sets of correlates of observation and entrance angles.
The correlates of any specification can also be shownas spe-
cific points. This type of graph provides the best comparison
ofspecification test points with the actual geometry, especially
for unusual or extremesituations.

Road distance can be marked on the actual plots on this
second type of graph butit is very nonlinear, with increments
of distance very compressed for the longest distances and then
increasing to longer and longer spans as the vehicle ap-
proachesthe sign.

ERGO DATA GRAPHS

Several graphs summarizing ERGO-produced data are shown.
The examples were selected to demonstrate a variety of cir-
cumstancesin which the data from this program can be useful.
Analysis of the summarized and plotted data for particular
signs can reveal important relationships between the angular
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variables (primarily observation angle) and other variables
(primarily road distance).

STOPSigns and All Near-Roadside Signs

STOPsigns have very specifically defined locations, one com-
ponent of which is very small offsets from the road edge. In
Figure 3, the solid-line plots represent a minimal urbanoffset
of 0.6 m (2 ft). The dashed-line plots represent a large rural
offset of 3.65 m (12 ft). The majority of right-edge roadside
signs are located within this range.

The plots, virtually identical for either offset, demonstrate
thatthis difference in offsets has essentially no effect on the
observation angle value. The data also show that the mean
entrance angle is only 13 degrees, even for the larger offset
when the approachdistance is only 25 m (82ft) and the mean
observation angle is 2,2 degrees.

Zwahlen (5) has shown that drivers approaching a STOP
sign looked away from their final viewing (“last look’’) of the
STOPsign at a mean distance of 47.6 m (156 ft) for the worst
condition studied and this was after they had viewed the sign

 
 
 

 
LOCATION /

POSITION
Min & Max Offsets from
Road edge (0.6m, 3.65m)
Height: 2.13m to bottom edge

  
 
 

ObservationAngle
PELL

ceeetST
300 100 100 20 PASS

Road Distance fo Sign (Meters) SON

  
  
 

   
 

1,400 1,000 500 PASS
Road Distance to Sign (Ft. SIGN

Seconds to Read Sign balare Passing !
e . . . * . .

I
@100Kph 14 2 1 | 8, 8 ot, 2, I
@ 75 Kh 1 '@ 50 Koh 1412 108 46 2

FIGURE 3 Observation angle versus road distance for STOP
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for 148 m (484 ft); presumably they no longer needed the
information. Thus the effective distances for STOP signsin-
volve observation angles of 1 to 0.5 degrees and entrance
angles of 10 degreesorless.

Overhead Sign

Figure 4 is the plot for an overhead sign centered over the
driver’s lane at a height of 7 m (23 ft). Overhead signs are
mounted at a very limited range of locations relative to the
driving lane, which requires them to be considered a signif-
icant and separate category. They are always designed to be
read at significant distances, and their fixed position above
observing vehicles and perpendicularto the vehicles’ direction
determines that the observation and entrance angles differ
very little from site to site. Assuming initial detection in the
range of 200 to 300 m (656 to 984 ft) for a very significant
span of time after initial detection and viewing, the obser-
vation anglein effect for the approachingdriveris very small;
the entrance angle is negligible. More than any other type,
this sign functions during its useful viewing distance at very
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small observation and entrance angles. As close as 30 m (98
ft), where the observation angles are about 1.5 degrees and
the driver has probably terminated viewing of the sign, the
entrance angleis still only 13 degrees.

Large-Offset Signs

Figure 5 shows the observation and entrance angle correlates
both to the center of a very wide sign [5.5 m (18 ft)] and at
a very large offset from the road edge [9.1 m (30 ft)]. Thus
the entrance angle computationsare to a point offset 14.6 m
(48 ft) from the road edgeat a height of 3.34 m (11 ft). Note
that for signs at such a large offset, the observation angle
curves for left and right headlampscross over as the line of
sight passes over the right headlamp whenthe vehicle is close
to the sign.

Comparison of Vehicles with Different Eye-Headlamp
Displacements

Figure 6 is a comparison of the differing observation angles
at which drivers of certain types of vehicles with different eye-
headlampdisplacements view typical road signs at successive
approach distances. The vehicles represented are as follows:
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“Semona

Off edge of Road: 11.86m i CL
Height over Road: 3.34mwCL FE
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FIGURE 5 Observation angle versus road distance for signs at
large offset from highway. Entrance angle shown where 5
degrees or more (to lower right vertical scale).
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1. “Standard car” represents the mean dimensions of the
compact, mid-size, and medium cars. The majorityof carsfit
well into this category.

2. “Large car” represents the mean dimensionsof cars such
as the Lincoln Town Car, the Chevrolet Caprice (mid-1980s
style), and similar cars. Cars in this category are rapidly dis-
appearing.

3. Large vans (RVs).
4. “MAXtruck”represents the approximate dimensions of

the largest truck-tractors with a maximum eyeheight of about
2 m (6.6 ft) above the headlamps.

Actually, of course, there is a continous range oftrucks having
various eye-headlamp displacements so as to create a contin-
uum of plots of observation angle from that shown for large
vans to that shown for the MAX truck.

[Note: To avoid having to present excessive data on one
graph, only the observation angle data for the left headlamp
are shown. The sign position used for the ERGO computa-
tions is offset from the road edge by 6.08 m (20 ft) and at a
height of 2.13 m (7 ft). Changes in vehicle parameters have
no effect on the entrance angle; therefore no entrance angle
data are shown. ]
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RETROREFLECTIVE SIGNS: EFFECTIVE
PERFORMANCEPRINCIPLES

Somesignificant principles relating to the effective perfor-
mance of retroreflective sheeting on road signs can be noted
in or deduced from ERGOdata. The data developed in ERGO
can also be a valuable addition to other experimental data
and observations in correlating particular charateristics of re-
flective sheeting performance with the effectiveness of road
signs at night. The four ERGO graphsrelating to the ge-
ometry of signs (Figures 3-6) apply to and demonstrate the
points discussed below. The graphed data are from ERGO
calculations.

The most important determinant in the performance of
retroreflective sheeting materials for any given application is
the direct (although nonlinear) relationship of observation
angle and road distance:

1. A specific observation angle value equals a specific road
distance (for a given vehicle).

2. Observation angle increases as road distance decreases.

As shownonthethree plots of ERGO data for different signs
(Figures 3-5), the observation angle is very small (about 0.1
degree) when the road distance is as long as 280 m (919ft)
or more. As the vehicle approaches the sign from a great
distance, the observation angle changes very slowly. De-
pending on the vehicle speed and the size of the sign, the
approaching driver maysee the sign for 10 sec at 0.1-degree
observation angle. The observation angle begins to change
more quickly as the driver passes 0.2 degree at 156 m (512
ft) to the sign. If the rate of travel is 75 kph, only 3 sec will
elapse before the driver reaches 69 m to the sign and a 0.5-
degree observation angle. Now the angle is changing rapidly:
in only 1.5 sec the driveris at a 1.0-degree observation angle
and in 0.8 sec at a 2.0-degree observation angle. ERGO com-
putations show that at 2.0 degrees nominal, the driver passes
through 1.3 degrees of observation angle in 0.5 sec (1.5 to
2.8 degrees).

Table 1 gives carefully computed road distance values cor-
responding (exactly, for the left headlamp) to the specific
observation angle test points of various specifications. Also
shownis the time before passing the sign and the time before
the next given test point. The data are computed for geometry

TABLE 1 Observation Angle Nominal Points (Exact for Left
Headlamp) Versus Road Distance and Travel Time at 75 kph

Distance and Time
to the Next Obser-

 

 

. . Time vation Angle
Observation Angle Distance Before a
Specification Points from Passing? Distance Time’
(degrees) Sign (m) (sec) (m) (sec)
0.1 306 14.6 148 7A
0.2 156 75 57 2.7
0.333 99 5 - 30 1.4
0.5 69 3.3 30 1,5
1.0 38.7 1.8 10.5 0.5
1.5 28.2 1.3 5.5 0.3
2.0 22.6 Lt

At 75 kph.
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to a point on a sign offset at 2.5 m (8.2 ft) and at a height of
2.5 m (8.2 ft) viewed from the standard car.

The purpose of the summary in Table 1 is to provide an
easy reference for the sign distances that correspond to par-
ticular observation angle test points. The left headlampis used
because it is generally the primary source, the observation
angle for the right headlamp being generally larger. Table 1
is applicable to virtually all sign displacements (both offset
and height).

All the plots of observation angle versus road distance (Fig-
ures 3-6) display this reality: observation angle is a direct
function of road distance. Since the displacement distance
from a headlamptothe eye is relatively fixed until approach
distances quite close to the sign are encountered, the rela-
tionship is direct and occurs within a very narrow range for
all cars and even for small trucks. In other words, a specific
observation angle defines a specific distance to a sign. It fol-
lows that studies attempting to accurately correlate distance
with some measure of actual sign performance (detection,
legibility, etc.) for any or for several retroreflective materials
and to draw conclusions from their data must recognize this
relationship: different road distances involve different obser-
vation angles. For example, an R-value at 0.2 degree cannot
correlate with performance at 60 m (197 ft), since at that
distance the observation angle is about 0.6 degree. Review
of test data (6) for different materials reveals that the rela-
tionship between materials at 0.2 degree is substantially dif-
ferent from the relationship between them at 0.6 degree. The
objective of arriving at valid conclusions from these studies
requires taking into accountthe actual observation angles that
occur on the road as revealed by ERGO. Theeffective ap-
plication of this method would require havingreflectivity (R,)
data at all observation angles, that is, an observation angle
curve (0.1 to 2.0 degrees at least).

Therefore, it would also follow that different retroreflective

materials cannot be accurately characterized or referenced by
a single R,-value, as if the reflected light was an amorphous,
uniform blob centered around thelight source. This implies that
the ratios between these single-number values hold for all road
distances. However, test data studied (Stimsonite photometric
laboratory data, 1992, unpublished) demonstrate that Material
A can be substantially lower than Material B in its 0.2-degree
observation angle laboratory values but nevertheless produces
highersign luminance than Material B at certain distances (7).
Nevertheless, the use of single values is quite common in char-
acterizing the relative retroreflectivity of materials.

Reflectivity values at the very small observation anglescor-
respond to the longer distances and thus determineinitial
detection and overall reading time for most signs. Equal sign
luminance is not equally important at all road viewing dis-
tances. In order to provide adequate reading time and so
forth, which includesall the considerations that are used to

select the size of a sign and its legend for daytime viewing,
the distance at which initial detection and subsequent “‘pri-
mary” reading of a sign occur is the most important distance
to see a sign, day or night. This distance involves correlates
of very small observation and entrance angles. Subsequent
continued reading as the driver approachesclose to the sign
at large observation angles must be, in the author’s opinion,
far less “‘necessary.”’ Note the distances given by Zwahlen at
which drivers no longer looked at the signs.
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In addition to the common angles (observation and en-
trance angles), which have been emphasized in the data de-
rived from ERGO and presented in this paper, ERGO data
can also demonstrate what changesdo or do not actually occur
for the other angles of retroreflective geometry at different
distances for a variety of sign locations. These other angular
parameters also have an effect on the effective R-value and
on actual road performance. ERGO data collected for this
study for signs at various locations show thatif a given material
that is rotationally nonuniform is mounted with a uniform
predetermined material orientation forall signs, it will simply
result in maximum performance of the material at some sign
locations and minimal performance at others. True orienta-
tion values range from -90 degrees to +90 degrees for actual
signs.

CONCLUSIONS

The ERGOprogram data developed by users in support of
their study requirements can contribute to the knowledge of
the characteristics of effective performanceof retroreflective
sheeting on road signs. Since the values are absolute, they
can contribute to valid conclusions from data relating study
variables and retroreflectivity. Thus, soundly based and ac-
curate data can replace blanket applications of simplistic be-
liefs about what geometries fully characterize the effective
performance of retroreflective sheeting for road signs.

ERGO can be applied by users to any road viewingsituation
and any viewing distance. Successive increments of selected
variables can be entered, the output geometry determined,
and the resultant change in the correlates of observation and
entrance angle can be evaluated. To that data, R-values re-
sulting from laboratory tests at exactly the sign correlates
given by ERGO canbe added for a more accurate comparison
of different retroreflective materials.

It is hoped that ERGOwill be useful to those studying the
application of retroreflective materials and that it will con-
tribute to the accurate use of retroreflectivity data with other
visibility parameters to promote the developmentof accurate
and valid conclusions.

The ERGOprogram,including the complete mathematical
basis, will be madeavailable to all interested parties studying
retroreflectivity. Requests should be sent to the author.
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FOREWORD

This report presents information aimed at providing guidance to agenciesonall levei. on how they
can cost-effectively meet the minimum maintained retroreflectivity guidelines for traffic signs while
maintaining the signs on their highways. Over time, traffic signs deteriorate,losing their
retroreflective properties and color. Eventually, the sign may be rendered undetectable andillegible,
which could possibly create an unsafe driving environment. This report presents information
essential for maintaing a system ofhighwaysigningthat will serve the driving population in the most
efficient mannerpossible.

Sufficient copies ofthe report are being distributed by FHWAto provide a minimum oftwo copies
to each FHWAregional and division office, and five copies to each State highway agency. Direct
distribution is being made to division offices.

Glybomtensen

Director, Office ofSafety and
Traffic Operations Research
and Development

NOTICE

This document is disseminated under the sponsorship of the Department of Transportation in the
interest of information exchange. The United States Government assumesnoliability for the
contents or the use thereof. The report does not constitute a standard, specification, or regulation.

The United States Government does not endorse products or manufacturers, Trade and
manufacturers’ names appear in this report only because they are considered essential to the object
ofthe document.
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BACKGROUND

Traffic signingis a critical componentofany road becauseit is the mediu..: by which the
highway agency communicates with the users (motorists, bicyclists, and pedestrians), providing
information related to regulations, warnings, and directional guidance. As stated in section 1A-2
ofthe Manual on Uniform Traffic Control Devices (MUTCD), "To beeffective, a traffic control
device should meet five basic requirements:

Fulfill a need.
Commandattention.

Convey a clear, simple meaning.
Commandrespect of road users.
Give adequate time for proper response."

vrwnn
Whenappliedtotraffic signs, this means that among other requirements,the traffic signs

mustbe detectable andlegible at a sufficient distance commensurate with their purpose. The
term detectable is used to mean thatthe sign, while not necessarily completely legible, can be
seen ordetected by the user from a prescribed distance. Legible means that the sign message,
either words or symbols, can be read or recognized from a prescribed distance. Thecritical
features of any sign must apply under both day and night conditions.

Traffic signs are designed to satisfy these visual requirements by meeting specifications for
size ofthe sign, and in particular the size ofthe letters, numerals, and symbols;by the use of
certain colors designated for type of message; and by the material used for the sign face. To
ensure that the user can detect andread the sign during night conditions, retroreflective materials
are commonly used.' These materials consist of one of several grades or typesofretroreflective
sheeting, containing either micro-sized beads or prisms, and/orretroreflective prismatic-type
buttons. Principles ofretroreflectivity are described later in this document.

Overtime traffic signs can deteriorate in a number of ways, but the primary mechanism is
the loss ofretroreflectivity and the fading ofthe color portions. When the formercondition
occurs, the sign becomes undetectable andillegible at night unless illuminated by a light source
at the sign. Whenthelatter occurs, the sign will lose its distinguishing color, which for signs
such as the STOPsign andother red background signsis critical, and will jose its contrast
condition makingit less detectable and legible, even during daytime.

Whensignsare not maintained to an adequate legibility level during both, day and night
conditions, highway users will miss the message resulting in possible inconvenience,
misdirection, and even accidents. Inadequate and poorly maintained signageis often cited as the

'A small percentage ofsigns may be internally illuminated, such as street namesignsandintersection control
signs, or externally i!luminated, such as overhead guide signs on freeways. Forthelatter, the material fur the legend,
and, for most guide signs, the green backgroundis typically retroreflective.

1
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contributing factor to accidents and has been the primary factor in numerous tort liability claims
across the country.

PURPOSE OF THE GUIDE

Given the importance ofthe retroreflectivity properties of a sign to meet motorists’ detection
andlegibility needs, the Federal Highway Administration (FHWA)is considering issuing
guidelines on the minimum levelofretroreflectivity required for certain types of signs.”? These
minimum levels would be considered thresholds below which the sign would be considered
inadequate and should be replaced.

With the issuance of and in support of the national guidelines, the FHWAis providing
guidelines on how agenciesofall levels could cost-effectively meet these minimum maintained
retroreflectivity guidelines while maintaining traffic signs on their highways. The purpose ofthis
guide is to documentthese guidelines.

Keyto maintainingsigns at an effective level is a sign management system, which,as will
be explained, is a series ofcoordinated activities from sign acquisition and installation to
eventual replacement. The level of sophistication ofa sign managementsystem will be
dependent uponthe needs, desires, and capabilities of the individual agency.

To assist the agencies in developing their sign management system and meeting the
minimumretroreflectivity requirements, the following is presented in this guide:

° An explanation ofthe principles ofretroreflectivity and minimum retroreflectivity
requirements.

° Elements of a comprehensive Sign Management System.

° Proceduresforestablishing a sign inventory.

° Procedures for conducting sign inspections.

° Sign maintenance considerations.

° Options for implementing and meeting the minimum retroreflectivity requirements.

2 Section 406(a) of the 1993 Department of Transportation Appropriation Act required the Secretary of
Transportation to revise the MUTCDto includea standard for minimum levelofretroreflectivity that must be maintained
fortraffic signals.
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. Suggested minimum and desirable programs for meeting the minimum
retroreflectivity requirements.

PRINCIPLES OF RETROREFLECTIVITY

Before describing minimum retroreflectivity requirements and how they can be met, a basic
understandingofthe principles ofretroreflectivity is needed. The basic principle of
retroreflection is that the light coming from a light source is returned or reflected back in the
direction of the source. This is accomplished through the use ofspherical reflectors (micro-sized
glass beads) or cube-comerreflectors (micro-sized prisms)as illustrated in figure 1. The light
sourceis typically the vehicle headlight, and candlepower,or its metric equivalent candela, is the
unit of measurementforthis light. Theintensity of this light on the sign surface is known as
iluminance and is measured in terms of foot-candlesor lux in metric equivalent. The light that
is retumed to the observer near the light source is known as luminance and is mea. ed as
candelas per square foot or square meter. Luminance is, therefore, what the motorist actually
sees whenthe vehicie headlights hit the sign.

 
Figure 1. Types of retroreflectors.
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Retroreflective materials are basically constructed with either micro-sized glass beads or
prismsto provide their retroreflective properties. The principal feature that distinguishes various
types ofretroreflective materials is the coefficientof retroreflection (R,). (The various types of
retroreflective sheetings will be described in the next section.) This property is precisely defined
in American Society for Testing and Materials (ASTM) “E 808 Practice for Describing
Retroreflection”, but basically it can be defined as the amountoflight(i.e., luminance measured
as candelas per square foot or square meters) that comes out from the retroreflective material per
amountof light coming in from thelight source,i.e., the vehicle headlights (i.e., illuminance
measured as foot-candels or lux).”? The R, value is expressed as candelas per foot candle per
square foot (cd/fe/ft?) in English or candelas per lux per square meter (cd/lx/m’) in metric
measurements. The higher the R, value, the brighter the material appears to the motorist.

Theretroreflectance of sheeting materials is always described in context of an important
property, its angularity, which is defined by the entrance (ofthe light) and the observation (by the
motorist) angles. These two angles are depicted in figure 2 for a roadside, post-mounted sign and
an overhead sign. The entrance (or incidence) angle is the angle forrued betweena light beam
striking the surface of a sign and a line coming out perpendicular from the surface. The
observation angle is the angle between the incoming light beam andthe reflected light beam as it
is seen by the motorist. These angles change with distance between the vehicle and the sign, and
are a functionofthe location of the sign and the vehicle (for the entrance angle) and the height of
the driver’s eye with respect to the vehicle headlamps (for the observation angle).

While the R,is sensitive to changes in both the observation and entrance angles, it is much
less sensitive to the entrance angle, except at large angles. For ASTM Type I,Ill, and III
retroreflective sheeting materials substantial change in R, does not occur at entrance anglesless
than 20 degrees and for some materials significant change does notbegin until the entrance angle
exceeds 30 degrees.

Unlikethe case ofthe entrance angle, even the slightest change in the observation angle can
have dramatic effects on R,. Since the distance between the driver's cye and the light source is
fixed, every time the distance between the observerand thetarget sign is doubled,the
observation angle is cut in half. Due to its high degree of sensitivity, the observation angle plays
the most importantrole in the calculation of R,.

The “angularity" of the sign refers then, to the range of angles at which a sign will remain
retroreflective. An entrance angle of 30 degrees is considered wide for highway signing.

Since a retroreflective material is supposed to reflect all the light directly back to the source,
ideally, the observation angle should be zero. However,in reality this is not the case since the

3 The ASTM specifications discussed throughout this Guide are found in reference number 2, which is a
compendium ofstandards related to color and appearance measurement.

4
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ROAD EDGE

ROADWAY CENTERLINE ca
SESSee

a) Entrance Angle ()) For Roadside Sign

b) Entrance Angle (@) For Overhead Sign

oe

¢) Observation Angle (€), Either Type Sign

Figure 2.Illustration of entrance and observation angles under actual highway conditions.

 
driver's eye is higher than tite vehicle headlight and can range from 21 in (0.5 m) for small cars to
as much as 64 in (1.6 m)for large trucks. A wide observation angle is anything over 2 degrees.

Finally, the coneofreflected light refers to the spreadingofthe reflected light beam. A
good retroreflector will have a very small cone, with mostofthe reflected light being within 3
degrees of the incominglight ray.

Minimum retroreflectance is prescribed at two observation angles, and two entrance angles
and for each different type of sheeting ofdifferent colors. The two observation angles of +0.2
and +0.5 degrees equate to a viewing distance of 500 ft (152 m) and 200ft (61 m), respectively
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assumingthatthe driver height is 21 in (0.5 m) above the headlight. The two entrance angles are
-4 and +30 degrees. The 30 degrees is consideredto be the widest angle betweenthe driver and
any sign that would have to be seen. The -4 degreesis intended to be for signs close to the edge
of the roadwaybut oriented away from the perpendicular to avoid the specular reflection that
occurs at 0 degrees.

TYPES OF RETROREFLECTIVE SHEETING MATERIALS

Theretroreflectivity of signs is accomplished by usingeither retroreflective sheeting for
both the legend and the backgroundor, in the case of some large guide signs, using
retroreflective elements that are housed in white embossed aluminum framescut in the shape of
letters, symbols and borders. This so-called "button copy" is then attached (riveted) to
retroreflective sheeting or non-retroreflective enamel-coated material. For the vast majority of
roadside signs, retroreflective sheeting is used for both the background and the legend.

Overthe years industry has developed different types ofretroreflective sheeting materia's
using either a glass bead or a prism as a method for providingthe retroreflective properties. As
new products are developed theclassification has changed and expanded te accommodate these
materials. The most recent and most recognizedclassification of retroreflective sheeting material
for traffic signs (and delineators which use retroreflective sheeting) is found in the ASTM
Standard Specification for Retroreflective Sheeting for Traffic Control, D 4956-93. ) Ofthe six
classes identified in that specification, the following four relate to highway signing:

° Type I — A medium-intensity retroreflective sheeting referred to as "engineering
grade" which is typically enclosed lens glass-bead sheeting.

° Type II — A medium-intensity retroreflective sheeting sometimes referred to as
“super-engineering grade" whichis typically enclosed lens glass-bead sheeting.

» Type Ill — A high-intensity retroreflective sheeting whichis typically
encapsulated glass-bead retroreflective material.

. Type IV — A high-intensity retroreflective sheeting which is typically a non-
metallized microprismatic retroreflective element material.

Oneofthe distinguishing features of these four types is their basic construction. Types I
and I] are enclosed lens type sheeting, type IH is an encapsulated lens type sheeting, and type IV
is a prismatic lens type sheeting. Their basic construction is depictedin figure 3.

Theprincipal characteristic that distin .-s the various typesof retroreflective sheeting is
the coefficient of retroreflection, R. - .uva at different entrance and observation angles.
Tables 1 through 4 provide f! -amum R, values for the four typeslisted above. The FHWA
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Figure 3. Physical composition of three types of retroreflective sheeting.
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has adoptedthese specifications in their Standard Specificationsfor Construction ofRoads and
Bridges on Federal Highway Projects, FP-96, with one exception for type I brown sheeting,
whichis noted at the bottom oftable 1.°) Individual States have their own specifications which
maydiffer slightly from the values shown in these tables.

Table 1. Minimum coefficient of retroreflection for Type I sheeting.

Coefficient of Retroreflection*

[oss[oe[omeow[oe[a[oe

® ed/fc/ft? (cd/Ix/m?)
> FHWAFP-96specifies2 cd/fc/ft? at 0.2° observation angle and -4° entranceangle, 1.0 cd/fc/ft? at 0.2°

observation angle and +30° entrance angle and at 0.5° observation angle and -4° entranceangie, and 0.5
cd/fe/ft? at 0.5° observation angle and +30° entrance angle

SOURCE:Refs.(2,3)

 
Table 2. Minimum coefficient of retroreflection for Type II sheeting.

Coefficient of Retroreflection*

panee|Brown|140 oe 30
°

20 
* cdifc/ft? (cd/Ix/m’)

SOURCE:Refs.(2,3)

Another microprismatic material has been developed by at least one company which will likely
be classified as Type VII. It has been identified as diamond grade material and has two types:

e Type A sheeting is wide angle retroreflective sheeting with optimized performance
overa broad range ofobservation angles.
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. Type B sheeting is wide angle retroreflective sheeting with optimized performanceat
narrow observation angles and with extended entrance angle performance.

Table 3. Minimum coefficient of retroreflection for Type III sheeting.

Observation|Entrance Coefficient of Retroreflection®

Angle
Deg. White|Yellow range}Green

24 144
+30
4

+30
4

+30

cd/fc/ft? (cd/Ix/M’)
Values for 0,1° observation angle are supplementary requirements that shall apply only when specified by

the purchaserin the contract or order.

SOURCE:Refs. (2,3)

 
Table 4. Minimum coefficient of retroreflection for Type I'V sheeting.

|CoefficientofRetroreflectiont=|of Retroreflection"

ieoeeee
fale

*  cdffc/ft? (cd/lx/m?)
> Values for 0.1° observation angle are supplementary requirements that shall apply only
when specified by the purchaserin the contract or order.

SOURCE: Refs. (2,3)

|
|
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Tables 5 and 6 provide the R, values for these two types as provided by its manufacturer.

It is emphasized that the R, values found in tables | through 6 are for distinguishing the
various types and are minimum values for new material. R, values for newly purchased sheeting
are often times higher than the minimum values for each of the types. However these R, values
are ore not whatthe driver necessarily needs for adequate detection and recognition ofthe sign at
night. While in general,“brighter is better” especially, when signs need to be conspicuous
among competing and distracting light sourcesat night, in manysituations most drivers require a
minimum level in order to discern the sign at a sufficient distance. The retroreflectivity values
that are needed by the driver, and which,therefore, should be provided as a minimum are
discussed next.

Table S. Minimum coefficient of retroreflection for proposed type VII-A sheeting.

|CoefficientofRetroreflection*|

ii[ew[ate[om
430 350 20 45

i
i
i

30

30

30

40

40 85

40 35

_ 40 20 17 0.7 2
[eurecami’)

Source: 3M Company
Note: This table contains non-proprietary information

 
10
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Table 6. Minimum coefficient of retroreflection for proposed type VII-B sheeting.

Observation Entrance Coefficient of Retroreflection*

Angle Angle

4

30

45

60

-4

30

45

. 60

* cd/fc/ft? (cd/Ix/m?)
~ Source: 3M. Company

Note:This table contains non-proprietary information

 
MINIMUM RETROREFLECTIVITY REQUIREMENTS

In anticipation of a national guideline on minimum maintained retroreflectivity level,i.e.
R,, the FHWAhas sponsored research to determine what levels of sign retroreflectivity are
needed by the road user. Theresults of that research led to the development ofrecommended
minimum retroreflectivity levels below which signs would not provide adequate brightnessfor
motorists’ needs.“ Minimum maintained retroreflectivity R, values were developed for four
groupsof signs:

Black message on yellow or orange background warning signs.
Black and/or black and red message on white background regulatory signs.
White message on red background regulatory signs.
White message on green background guide signs.

The values that were presented in the research report were subsequently revised and are
shownin tables 7 through 10.These values are based on the standard of 0.2° observation angle
and -4° entrance angle. The values presented in the four tables are based on:

(1) Theresults from research thatutilized a human factors and mathematical modeling
approach to consider the wide rangeofvisual, cognitive, and psychomotor

11
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capabilities of the driving population and the complexity ofthe relationships between
the driver, the vehicle, the roadway environment, and the sign.

(2) The results from human factors research to evaluate the percent ofdrivers that would
be accommodated by signs with varying levels ofretroreflectivity.

(3) The results from measurements made on over 20,000 inservice signs in over 50 State
and local jurisdictions.

(4) Inputreceived from the more than 40 State and local jurisdictions represented at three
regional workshopsheld in Baltimore, MD, Kansas City, MO, and Denver, COin late
1995.

(5) Inputfrom public agency andprivate industry representatives received at numerous
presentations given at such forumsas the Transportation Research Board (TRB)
Annual Meeting, the Institute of Transportation Engineers Annual Meeting, the
American Traffic Safety Services Annual Meeting, the TRB Visibility Symposium,
and State-sponsored Safety and Traffic Engineering Workshops.

The recommended values only apply to yellow and orange warning signs, white and red
regulatory signs, and green guide signs (excluding street name signs). They do not apply to
parkingsigns, or brown orblue series signs. Given the many unresolved issues with vehicle
headlamp performance specifications and the difficulty in measuring overhead sign
retroreflectivity, at this time the FHWAis not recommendingthat minimum values be
established for overhead-mounted signs.

In developing the recommended values, FHWAattemptedto balance the desire to
accommodatethe highest percentage of drivers as practical with considerations of the budgetary
constraints facing State andlocal jurisdictions. These values were developedin recognition of
the fact that retroreflectivity is only one factor that contributes to poor nighttime performance of
signs.

It should also be recognizedthat these values provide a guideas to the levels at which signs
will become dysfunctional for a significant portion of the driving population undercertain
driving conditions. This does not mean that they will be dysfunctional forall drivers underall
conditions. Signs with retroreflectivity values below these levels should be considered for
replacement. These values should be used in connection with sound engineering judgement to
determine the motorist’s needsat a particular sign installation. Unique geometric situations or
areas with complex visual backgrounds may require higherlevels ofretroreflectivity and/or
larger or supplementalsigns to provide the motorist with sufficientvisibility for sign detection
and recognition.

12
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Table 7. Minimum retroreflectivity guidelines for black-on-yellow and
black-on-orange warningsigns.

Legend Color: Black
Background Color: Yellow or Orange

All table values in cd/lx/m?
1in=2.54 cm

* Warning signs with bold symbols:

Tum
Curve
Reverse Tum
Reverse Curve

Winding Road
Large Arrow
Double Head Arrow
Chevron
Cross Road
Side Road
T Intersection
Y Intersection

Flagger Ahead
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-SignType
Stop Ahead
Yield Ahead

Signal Ahead
Merge
Lane Reduction
Added Lane

Divided Highway Begins
Divided Highway Ends
Two-Way Traffic
Slippery When Wet
Advance Pedestrian Crossing
Pedestrian Crossing
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Table 8. Minimum retroreflectivity guidelines for black (and/or red)-on-white
regulatory and guide signs.

Legend Color: Black and/or Black and Red
Background Color: White

45 mi/h orgreater 40 mi/h orless

|SignSize:||>=48-in|30-36-in 30-36-in

| 3 25
|on 30

a 55
7o_| 90|40|so

All table values in cd/lx/m?
| mi/h = 1.6 knvh
1 in =-2.54 cm

Source: FHWA

5

|60| 
Table 9. Minimum retroreflectivity guidelines for white-on-red regulatory signs.

Legend Color: White
Background Color: Red

Traffic Speed: 45 zaior greater

|SignSize:|>=48-in|_36-in_|<=30-in_|>=48-in|36in_| <=30-in_|
|Color:|w|R|Ww
|_Allsigns:|35|8|

All table values in cd/Ix/m?
1 mi/h = 1.6 km/h
1 in = 2.54 cm

Since both the legend and the background ofthese signsis retrorefletorized a minimum
maintained contrastratio of4:1 has also been established. If the retroreflectivity value foreither jj
the white or red material falls below the value specified in the table orifthe retrereflectivity of
the white material divided by the retroreflectivity of the red material is less than four, the sign
should be replaced.

Source: FHWA
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Table 10. Minimum retroreflectivity guidelines for white-on-green guide signs.

Legend Color: White
Background Color: Green

40 mi/h orless

White

All table values in cd/l/m?
I mih=1.6kmh

Source: FHWA

 
To ensure that agencies replace signs that no longer provide the retroreflectivity levels

prescribed by these tables, or their replacement, a program for timely sign inspection and
replacementwill be needed; hence, the need for a sign management system.

SIGN MANAGEMENT SYSTEM

A managementsystem can be defined as an integrated and coordinated setofpolicies,
procedures, methods,andtools that assist decision makers in providing a productin a serviceable
condition in the most cost-effective manner. In the highway field, management systems have
been created for pavements, bridges, traffic safety, and traffic congestion. An obvious extension
ofthese managementsystemsis in the area oftraffic control devices and signingin particular. In
this context then a Sign Management System (SMS)can be defined as a coordinated program of
policies and procedures which ensurethat the highway agency provides a sign system that meets
the needsofthe user most cost-effectively within available budgets and constraints. Whenfully
developed, a comprehensive Sign Management System can effectively manage various activities
that take place duringthe life cycle ofhighway signs from purchasing of materials or fabricated
signs through thesign's service life and eventual replacement and recycling. Asillustrated in
figure 4 the activities throughoutthelife cycle of signs can be coordinated through series of
programs within a computer environment.

A comprehensive sign management system consists of the following elements for various
stagesofthe life-cycle of signs:

° Sign materials (sheeting, substrate, bracing, etc.) should conform to specifications of
the agency, andselection ofthe appropriate material should considercost, servicelife,
and motorists’ needs. Theability to track the cost and service life of various
materials through a SMSwill ensure that the agencyis using the mostcost-effective
material for the specific user requirement.

15
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INTEGRATION OF SIGNING ACTIVITIES THROUGH
THE HIGHWAYSIGNS MANAGEMENT SYSTEM

 
Figure 4. Integrated traffic sign managementsystem.
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An effective SMS would provide theability to forecast sign replacements, which
wouldfacilitate budgeting and scheduling of sign material or fabricated sign
replacements.

An inventory of stockpiled fabricated signs will allow managers to ensure timely
replacement ofsigns.

An SMScan generate work orders for new sign installation by in-house sign crews or
by contractors.

The nucleus of an SMS would be the inventory of the signs on the road network.
That inventory is maintained through the computer and a work order system that
ensures updating wheneversign activities occur.

Periodic inspections of signs is necessary to insure that they are maintainedat a
serviceable level and continue to meet the users' needs. An SMScan be effectivein

scheduling inspections, recording the results, and determining when signs may need
to be replaced.

Inspections will identify maintenance needs, such as sign cleaning, straightening of
sign posts, removal ofgraffiti, clearing of view-obstructing foliage, etc. These
maintenanceactivities can be scheduled through the SMS and the work accomplished
including costs can be recorded with the SMS.

Thereplacementofineffective signs can be scheduled andthe inventory can be
updated through an SMSusing work orders.

Certain sign materials especially aluminum substrate and metal supports can be
recycled and used for future sign requirements.

Thesesign activities, some of which will be discussed in detail in this guide, can be
effectively coordinated using a computeranda series ofinterrelated software program modules.

SIGN INVENTORY‘

Part and parcel of a sign managementsystem is a sign inventory. One has to know what
one has in order to manageit effectively. This general axiom applies especially to highway
signing. While it is beneficial to know whatthe agencies inventory of signs and/or sign material
is in the sign shop,it is highly desirable to know whatis out on the road.

* This section, except for minor editing, was originally prepared by Jeff Paniati of FHWA.
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is in the sign shop,it is highly desirable to know whatis out on the road.

A comprehensive inventory can serve many purposesincluding:

Targeting Signs for Replacement — tracking theinstallation dates oftraffic signs
allows the userto easily identify those signs that are mostlikely in need of
replacement. When combined with an effective inspection program this allows the
removal of signs that have reached the endoftheir useful life.

Identification of Problems — maintaining records ofmaintenance activity allows
the user to identify problem locations. Physical countermeasurescan be utilized at
high vandalism sites, while safety studies can be conducted at locations with frequent
knockdowns. A well-maintained inventory is also important for identifying and
quickly replacing missing signs.

Minimizing Tort Liability — an inventory is an essential tool for use in tort
liability cases, It can provide evidence ofthe existence of a particular sign at a
particular location and documentthe inspecon or maintenance activity associated
with the sign. An inventory can also be an effective tool for identifying non-
conforming signs as standards are changed. Someinsurers have recognized the value
of sign inventories in reducingliability. For example, the Utah Risk Management
Association offers a 3 percent discount on insurance premiumsto jurisdictions with a
sign inventory.

Planning and Budgeting for Sign Replacement — knowledge of the numbers and
ages of signsallows the managerto establish a regular program of sign replacement.
This can include identification of signs to be replaced, estimation cfmaterial
quantities, routing and scheduling ofreplacements,etc. The inventory allowsthe
manager to make informed decisions and to allocate limited resources in a cost-
effective manner.

Maximizing Productivity — combining work orders with a sign inventory allows
the manager to monitor the productivity of signing activities and to effectively
schedule both emergency and regular maintenance activities.

If the inventory is to be successful in providing these functions and meeting the needs ofthe
user, then it must be well designed. The following is a seven-step process for the planning and
developmentofan effective sign inventory.

18
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Step 1: Involving Key Personnel

The development and maintenanceofan effective sign inventory is a significant
undertaking. It can involve a substantial investment on the part of the jurisdiction. Reaping the
benefits of this investment requires the commitmentand participation of individual responsible
for:

Collecting Data
Entering Data
Installing Signs
Maintaining Signs
Inspecting Signs
Using the Inventory

The successor failure of the inventory depends on the communication between the
personnel involved more than any other aspect. The best planned system,using the latest in
computer hardware and software will not be successful if those responsible for collecting and
maintaining the data do not see the value of the sign inventory. It is essential that individuals
responsible from each ofthe areas listed above actively participate in the planning, development
and implementation ofthe inventory. In small jurisdictions this may involve only a few
individuals, in larger jurisdictions it may require a steering committee with representatives from
each area. Regardless ofthe size of the group, they should be consulted throughout the process
and their input used to guide the development and refinementof the inventory.

Step 2: Selecting a Location Reference System

The establishmentofthe location reference system provides the foundation on which the
inventory will be built. In many jurisdictions, one or more location reference systems may
already exist. If a standard location reference system has been establishedfor the jurisdiction,
then clearly the sign inventory should utilize this same system. Use of a commonlocation
reference system brings about manyefficiencies (utilization of measurementtools, training of
personnel, linking of data bases, etc.) and is highly desirable. If multiple reference systems exist
or in the absence of any es.ablished location reference system,the user group mustselect the
system that will be most effective in meeting the needs for signing. Alternative location
reference systemsinclude:

° Route/Milepost/Distance — this system is primarily used by larger jurisdictions
that have physical markers at regular intervals [usually 1-mi (1.61-km) spacing] along
the roadway. Signs are located by the distance from the nearest milepost. Distances
are recorded as positive if they are in the direction of increasing mileposts and
negative if in the direction of decreasing mileposts. A variation on this approach is
the reference post system. With this approach sequer.ially numbered reference posts

19
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are placed at irregular intervals along the roadway. Signs are located by the distance
plus or minus from the nearest reference post. The advantage ofthe reference post
approach occurs when alignment changes are made to the roadway. With the
milepost system all of the markers and data along the route within and after the
change mustbe reassigned. With the reference post system only data within the
changedsectionis affected.

. Route/Milepoint — with this system signs are located at a milepoint (normally
specified to the hundreds or thousandths of a mile) along a route. This system may be
used with or without markers on major physical features such as bridges. Where
physical markers do not exist, roadway features such as intersections,bridges,etc. are
given a milepoint (and milepoint maps,straight-line diagrams,orlistings of roadway
features andtheir milepoints are used for reference). This system is the most common
for rural locations. Use ofvehicle-mountedelectronic distance measurement devices

can significantly increase the quality and efficiency of measuring distar.ces in the
field.

° Link/Node/Distarce — with this system, intersections (and often other physical
features) are given node numbers and the roadway sections between the nodes are
designated as links. Links are numbered using the node numbers at either end ofthe
link. For example, the link between nodes | and 2 would be known as link 1-2 if you
weretraveling from node | to node 2, andlink 2-1 ifyour were traveling from node 2
to node !. Signs are located by a distance (either in miles or feet) from the beginning
of the link. Reference point and control section systems are variations of the
link/node approach. With these systems, roadwaysections are numbered(similar to
links) andsignsare located by a distance from the beginning of the control section or
from thelast reference point. As with the milepoint system, mapsorlistings are used
in the field for reference. The advantageofthe link/node system (and the reference
pointandcontrol section systems)is similar to that for the reference post method.If
construction is done lengthening or shortening a route, only the affected links have to
be changed,notthe entire route. One disadvantageofthis system is that the link and
node numbers by themselves are meaninglessto the field user and mustbe tied back
to a route name.

. Route/I{ntersectica/Direction/Distance — with this system, signs are tied to
specific intersections and are located by their distance away from the intersection in a
particular cardinal direction. This system is typically used in urban areas with closely
spaced intersections. In rural areas with long distances betweenintersectionsthis
system is very inefficient due to the need to find an intersection to use as a reference.
To he effective, this system requires that consistent cardinal directions be established
for each intersection, Without this consistency, one ser may identify a particular leg
of the intersection as west, while arfother wouldcall it northwest or southwest. A

variation ofthis system is to locate signs by their distance from one intersection
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toward anotherintersection (sometimesreferred to as the "from/to"or “ A street/B
street" method). For example, a sign might be located on MainStreet, 50 ft (15.2 km)
from the intersection with Elm Street toward the intersection of Maple Street. A
disadvantage ofeither approachis the need for a mapto identify adjacent
intersections.

e Latitude/Longitude — with the advent of Geographic Information Systems (GIS)
for the integration and display of data and the Global Positioning System (GPS)for
the location of data, latitude/longitude coordinates have become another option for
establishing sign locations, With a hand-held GPSreceiver (or a GPS card ina
portable computer) the user can obtain latitude and longitude coordinatesfor a
location on the ground. While GPSis not affected by cloud coveror electrical
interference, it can be blocked by tall buildings in urban areas ortree cover in rural
areas. Effective use of GPS data also requires the availability of GIS base-maps on
whichto display the data and relate the data to other reference systems that can be
used to locate signs in the field. GPS and GIS applications are still in their infancy in
the highway community, but if well-developed they clearly offer the potential to
significantly increase the accuracy andefficiency of locating and displaying sign data.

More detail on location reference systems can be found in a National Cooperative Highway
Research Program synthesis study on highway location reference systems.

In addition to the longitudinal location reference systems described above, the user must
decide whetherto reference individual signs or sign supports. Someinventories treat each sign
as a unique record while others use the sign support as the basic record and then reference signs
to the support ( a one support to many signs relationship), Both systems have their advantages
and disadvantages.

The referencing of individual signs is the most commonly used approach. This is especially
true in smaller jurisdict’.as with relatively few supports with multiple signs mountings. The
selectionofthe sigr. support as a referencing method may be advantageous for jurisdictions with
a large number «Isupports with multiple signs. It eliminates some of the data redundancy by
requiring the user to only enter the support information one time and then referencing a number
of signs to that support. It does require the developmentofa system for identifying the sign
location on the support (often a sequential numbering system starting from the top left and
proceeding clockwise is used).

Theselectionofthe longitudinal and sign reference systems should be made in conjunction
with the selection ofthe inventory software (see Step 4), since many off-the-shelf software
programswill support only one (or a limited number) of these reference systems.
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Step 3: Choosing Data Elements

Havingselected a location reference system, the next step in the processis to determine
what data elements will be collected. There are a wide range of data elements that can be
collected and used in the managementofsigns. Each individual user must weight the usefulness
of the data versus the costs required to maintain the data. The major expenses of data collection
are often associated withthe travel time required to get to the signsin the field and the costs
required to make field measurements. Oncein the field the incrementalcostofcollecting
additional data elementsis relatively small. For most data elements, the decision whetheror not
co collect the data will be based on the usefulness of the data for managing the inventory and the
ability of the agency to maintain the data.

The followinglistings provide the data elements that should be considered when developing
an inventory. The data elements have been categorized into three groups based on the
importanceof the elements: core,critical, and desirable. They are described below.

Core Elements — these data elements are essential for effective sign management and should
be included in every inventory. An inventory containing these elements will provide information
on the location of signs, their condition, and any maintenanceactivity that has been conducted.
This will allow for a basic inventory that can identify signs needing replacement, be usedfortort
liability defense and provide some limited management and budgeting capability. Table 11
provides a listing of the core data elements.

Critical Elements — these data elements significantly increase the valueof the sign inventory
and should be given serious consideration. The addition ofdetails ofthe installation date and the
characteristics of the sign and supports provide a much greaterability to target signs for
replacement and developcost-effective sign replacement plans and budgets. Table 12 provides a
listing of the critical data elements.

Desirable Elements — these data elements may add valueto the inventory depending on the
needsofthe individual user. They provide more detail on the sign installation. Table 13
providesalisting of the desirable data elements.

Theuser group identified in Step 1 should be used as a resource in selecting the desired data
elements. Theselectic.: process should not be comprised by the data elements that users "want,"
butrather the data elements they "need." Surveying users wants can result in unrealistic "wish
lists" of data elements Jt i¢ imnortant that the fina) selection onlv include those elemenis that
will serve a well-defined need and tor which there is a commitmentto maintain.
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Table 11. Core data elements.

   
 

DATA ELEMENT DESCRIPTION

Location Includes several variables (such as route name,distance,
etc.) depending on the location reference system thatis
selected,

Location of the sign relative to the road(e.g.left, right,
overhead, median).

Sign Code Usually based on the MUTCDdesignations, may be
supplemented or modified based on State or local sign
designations.

Sign Condition An assessmentofthe quality of the sign based on
daytime and nighttime visual inspections.

Maintenanceactivity associated with a particular sign.

Inspection/Maintenance Date when the sign was inspected or maintained.
Date

Table 12. Critical data elements.

DATA ELEMENT

 

   
  

 
 

 
  

 
[SignSize|Thewidthandheightofthesign.|

  
 
 

 
 

 

  

Post/Support Condition An assessmentof the quality ofthe sign
support.

is facing.

Type of sign blank material

| Post/Support Type Type of sign support used, may include
breakaway characteristics.

Sign Orientation Cardinal direction the sig

Traffic Speed Speed limit on the roadway wherethesign is
located.
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Table 13. Desirable data elements.

DESCRIPTION

Distance from the edge of pavement.

Hee|Height of sign above the level of the road atthe edge of the pavement.

Objective measure of the nighttime quality of
the sign.

spc|Nameorinitials of the individual whoinspected or maintained the sign.

Sign Identification A unique numberidentifying the sign.
Number

Images Visual images ofthe sign, either digitally
captured orlinked to a videodisc-based
photolog.

Supplcmentary notes aboutthe sign
installation.

Other Reference Numbers|Could include maintenance district, plan or
contract numbers,etc.

Step 4: Selecting Inventory Software

  

  
  
 
  

  
  

In the past, small jurisdictions used paper-based methodsfor maintaining sign inventories,
while large jurisdictions that could afford computer systemshad to resort to mainframe-based
applications. Neither was very effective in meeting user needs. Paper-based systems were
difficult to maintain and severely limited access to the data. While some excellent mainframe
computer-based systems were developed, the majority were expensive to maintain, not user-
friendly, and required sophisticated programming to make any changesto the system. The
introduction of the microcomputer opened up a whole new range ofoptions for developing
inventories. The cost of hardware dropped dramatically and a range of software approaches
including spreadsheet and data base software packages could be used to develop inventory
systems.
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Today, even the smallest ofjurisdictions have access to microcomputer hardware and a
wide range of public and private domain off-the-shelf software packages have becomeavailable
to the user. The options include:

Customized Programs — Ifa primary objective is to have a system that exactly
matchesthe user’s needs, then a customized sign inventory software application may
be appropriate. As more and more jurisdictions move toward Geographic Information
Systems, the sign inventory may be just one ofa series of data management
applications that are developed. If experienced software development capabilities are
not available in-house they can be contracted for. While this approachallowsthe
software to be tailoredto fit the jurisdiction's needs, it often comesat a significant
cost. These costs include initial developmentofthe software and ongoing
maintenance and support. For most smaller jurisdictions, the costs of this approach
are prohibitive. For State highway departments, customized programslikely will be
required dueto the needto integrate the sign management system with other
information systems and to the large numberofpotential users at both control and
district levels.

Off-the-Shelf Software — For users with limited budgets or those whoare willing
to be more flexible, a numberofoff-the-shelfpackages have been developed in recent
years. These include both public domain software available from local technology
transfer centers, and the MCTRANSand PCTRANStransportation software
clearinghousesat very nominal costs. These public domain packages range from
rudimentary to very sophisticated. Similarly, there is a wide range of proprietary
software packages available. These packages can be found in both MCTRANSand
PCTRANSandthrough advertisements in magazines such as the [TE Journal. Costs
for these software packages range from several hundreddollars into the thousands of
dollars. For additional fees, some of the vendors will make minor changes to
customize the software to better match the needs of an individual jurisdiction. While
mostofthe software packages available were developed strictly for sign inventories,
several larger packages thatinclude additional modules for the management of
markings, lighting,traffic signals, etc. are available as well.

While there are many more off-the-shelf products available that could be discussed
here, some offer unique capabilities. One of these is the FHWA Sign Management
System which includes sign deterioration models that predict whenasign is likely to
need replacement. These models allow the user to estimate future budget
requirements for sign replacement. Appendix A provides a summary description of
the SMSprogram, whichis fully explained in the User’s Guide. Figure 5 showsthe
data elements, the predicted R, value andthe estimated replacementdata for a typical
sign.
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At least one commercial program offers the capability to record and store digitized color
imagesofthe sign as illustrated in figure 6. While the hardware necessary to collect the
data andstore the imagesis significantly more expensive than most inventory systems, the
availability of the image can be advantageousespecially for unique message signs such as
guide signs.

SMS - UPDATE (VIENNA)

LOCATION] T #4 ROUTE NAME/# OLD COURTHOUSE ROAD
(<ALt-R> to see route names)

INTERSECT CHAIN BRIOGE ROAD MILEPOINT 12.300 DIRECTION E

POSITION R OFFSET 3.0 HEIGHT 7.0 ORIENTATION W

MUTCD R1-1 LEGEND “STOP”
(<Alt-H> to see MUTCO codes)

SIZE: W@ 36 H 36. SHEETING EG MANUFACTURER 3M BACKING W POST AL

INSTALL DATE 03/17/90 COMPLEXITY M SPEED 35 USER DEFINED

INSPECT DATE 04/05/95 CONDITION G ACTIVITY VS MEASRD Ra: L B
(<F9> Average Readings)

MAINT REQ'D NO COMMENTS

RESULTS}AVAILABLE Ra: L107 B 20
REPLACEMENT DATE 01/2006

REQUIRED Ra: L 35 8B
<F3> DISPLAY Special Keys

 
Figure 5. FHWAsign managementsystem.

. Turn-Key Systems —Athird option that is available, are turn-key systems, There
are a numberofconsultants who have developed sign inventory software packages,
that market the software along with their data collection services. These firms are
skilled in data collection and for a fee (either a flat fee or a per sign cost) will collect
the data and provide the user with a complete operational inventory that includes both
the software and the inventory data. Firms offering such services can be found
through advertisements in magazines such as the /TE Journal, This type of approach
can be useful for jurisdictions with limited manpowerto collectthe initial inventory
data.
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Figure 6. Example of an inventory program that includessign picture.

Step 5: Preparing for Data Collection

Having selected a location reference system, defined the data elements to be collected, and
selected a software package, the inventory administrator must now makethe final preparations
for the actual data collection. This preparation is a two-part process. Thefirst part involves
establishing definitions, conventions, etc. Someofthe issues that should be addressedprior to
beginningfull-scale data collection are:

Route Names/Numbers — Theinventory administrator mustselect a standard
approach to naming routes. Will route names or numbers be used? For routes with
multiple names, which namewill be selected. It is important to define the route
namesinitially to avoid multiple namesfor the same route. Software that includes
look-up tables for route names can assist in this process. If this capability does not
exist in the software, then a standard route namelist should be developed.

Ramps/Service Roads — Larger jurisdictions with grade-separated interchanges
will have signs on ramps, unnamed service roads, or rest areas. A naming convention
must be developed for these sections of road so that the signs can be properly located.
One approach that can be used is to assign them names or numbers based ontheir
location relative to the mainline of the roadway. For example, ramps may be
designated by the milepost of the interchange and sequentially numbered.
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. Whatsigns to include? — Will the inventory include just regulatory and warming
signs or will it also include street name signs, parking signs, post-mounted
delineators, etc.?

° Whosesign is it? — Often the developmentofa sign inventory forces jurisdictions
to determine whois responsible for signsat jurisdictional boundaries. The most
frequent point of confusion are signsat intersections of routes maintained by two
different jurisdictions. The inventory administrator should determine if an agency
policy exists. If not, one should be defined.

For mostof these issues there is no right or wrong answer. The importantthingis that a
consistent policy be established, recorded, and communicatedtoal] users.

The secondpart of the preparation processis training of the data collectors, which is key to
the success ofthe collection effort. This training should includenot only the individuals who
will be building the inventory, but also those who will be responsible for maintaining the data.
Thepolicies establishedin the first part of the preparation will from the core ofthis training. In
addition, the inventory administrator may need to develop data collection forms andinstructions,
inspection guides,etc.

Step 6: Initial Data Collection

Theinitial data collection effort to establish a sign inventory requiresa significant effort.
Manyjurisdictionswill not be in a position to hire an outside consultant or devote a large amount
ofstaff to collect the data in a short period of time. Normally, the initial data collection will be
conducted over a period of monthsor even several years. Asa result,it is critical that the data
collection be organized in a wayto allow a subset of the inventory to becomeoperational as
quickly as possible. The type of subset selected depends onthe jurisdiction, but could involve
breaking up the inventory by roadway class (Interstates, U.S. routes, State routes, local routes,
etc.), by townships, by maintenance districts, or by sign types (regulatory, waming,street name,
parking). Another optionis to quickly collect a few core and critical data elements (location,
sign type, condition,etc.) and gradually collect other data elements as time allows. The key is to
pick a cohesive groupthatwill result in a useful inventory.

The benefit of this approach is that it will quickly produce a working inventory that can be
used and maintained. This allowsthe agency to begin accruing the benefits from the inventory
and demonstratingits usefulness. This can be importantin obtaining continued support for the
full development. Starting with a small piece of the entire system also allowsthe inventory
collection and management proceduresto be tested andrefined.
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Three basic methodsare available for collecting sign inventory data:

1) Manual Field Data Collection — Manualfield data collection is the most widely
used method to gather the initial data for a sign inventory. Using this approach one or
more persons equipped with data entry forms and measurementtoolscollect the data.
Dependingon thelocation reference system andthe size of the jurisdiction, various
methods can be used to establish the location of the sign. These methods range from
the use of a measuring wheel to a vehicle-mounted distance measuring device to a
hand-held GPSreceiver. Establishing the location of the sign is often the most
difficult and time consumingpart of the data collection. One recent study, found that
use of GPSreceivers for obtaining location reference information for urban signs was
approximately 20 percent faster than data collected manually using traditional
measurementtechniques.”

Oncethe location is established, a combination of visual observations and
measurements are used to gather the inventory information. The amountof time
requiredfor this task will be dependent on the data elements selected for inclusion in
the inventory. The manual approachis labor intensive, but relatively simple. With
minimaltraining and a well designed data collection form,the data can be quickly
gathered in the field and entered into the computer system backat the office.

2) Microcomputer-Based Field Data Collection — With the decreasein the cost,
size, and weight of portable microcomputers, direct entry of field data is now a viable
option. Many jurisdictions and sign inventory consultants now use this approach.
The location ofthe sign may be established as with the manual approach described
above or maybe recorded directly into the computer. Distance-measuring devices
and GPSreceivers that can be integrated into the computer allow the data to be stored
directly into the sign record eliminating data entry errors and reducing data entry time.
Other sign inventory data can be keyed directly into the computer, eliminating the
need for data reduction backat the office.

Another recent advance in the microcomputer area has been the developmentofpen-
based computers. ‘1 ese computers allow the user to enter data by touching the screen
with a pen. This can speedthe data entry process by minimizing oreliminating
keyboard entry. This technology is being widely investigated for a variety of
transportation-related applications including maintenance management, accident data
collection, etc. This approach was successfully used in the developmentofa sign
inventory for the New Jersey DepartmentofTransportation. This inventory covers
16,000 mi (25,744 km)of roadwayand includes over 150,000signs."

More details on emerging technologiesfor data acquisition can be found in recent
reports by the Federal Highway Administration and the Transportation Research
Board12)
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3) Photologs/Videolog-Assisted Data Collection — If available, photologs or
videologs can be used as a starting point for the sign inventory. Photologs consist of
sequential images of the highway taken from an instrumented vehicle. Traditionally,
photologs are taken using a 35-mm motion picture camera modified to take individual
framesof film at preset distances (normally one picture every 59 ft [18 m] or every
26.2 ft [8 m]). Videologgingis similar to photologging, however, continuous images
ofthe roadwayare taken instead of individualpictures at preset distances. In recent
years jurisdictions have begun to use videodisc-based photolog systemsinstead of the
traditional film-based systems. In this system, the film images are transferred to
videodisc or a shuttered video camera is used to record directly to the videodisc.
Videodisc-based systems offer the advantage of reduced storagecosts and increased
accessibility.

Using this technique basic informationsuch as the location ofthe sign, sign type,
support type, etc. can be gathered through visual observation of the photolog images
in the office. The collection of measurements such as the offset, height and size of
the sign can be estimated by overlaying a grid on the screen. Precise measurement of
these elements and determination ofthe elements suchas the sheeting type or backing
type must be madein the field, however.

An importantissue that must be addressed when using this approachis the ability to
read the legend onthe photolog image. The Connecticut DOT (ConnDOT)recently
completed a pilot study to develop a videodisc-based inventory system.‘? One of the
problemsthey encountered was the ability to read the sign legend on the photolog
image. Inthis effort they foundthat 45 to 70 percentof the signs, depending on sign
location, were not legible using normal inventory images taken every 59 ft (18 m).
However, using a second, close-up imageofthe right side of the roadway, they were
able to increase the legibility to approximately 90 percent.

The data collection costs for the inventory will vary depending on the data collection
approach used and the numberandtype of data elements collected. ConnDOTestimatesthat the
costs of developing a base inventory for the estimated 170,000 signs on the 8,000 mi (12,872 km)
ofState system using a manual field data collection method would be approximately $163 per
mile ($100 per km) or $7.65 per sign. Using the videodisc-based inventory, supplemented with
field data collection, ConnDOTestimatestheir collection costs at $58 per mile ($35.90 per km)
or $2.72 per sign. Based on the estimated costs for alternative road inventory procedures from
earlier work by Datta and Herf and cost information provided by various jurisdictions,it is
estimated that the cost of manual data collection ranges from $4 to $9 per sign, microcomputer-
based data collection from $3 to $7 per sign, and photolog-assisted data collection from $2 to $5
per sign depending on the data elements collected, size of the inventory, etc.47.'5!
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Step 7: Maintaining the Inventory

Asis evident from the previous discussion ofcosts, the developmentofa sign inventory is a
significant investment. This investment can easily be wasted if the groundwork for maintaining
the inventory has not beenlaid early on in the developmentof the inventory. The inventory
administrator mustidentify all installation and maintenance activities (including those done
undercontract by private forces) that affect the data elements selected in Step 4 and develop a
process for ensuring that theseactivities are reflected in the inventory.

Since most jurisdictions already have some work order system in place for assigning work
and accounting for labor and materials, integration of the collection uf the necessary sign
inventory data with the work orderis usually the most effective approach. Depending onthe data
elements selected and the information already being collected as part of the work order, only
minor modificationsto the form itself may be necessary. The National Cooperative Highway
Research Program Synthesis "Maintenance Managementof Street and Highway Signs" contains
several examples of work order forms."

As critical as the design of the form,is the timely processing ofthe data collected. In
developing the process for maintaining the inventory, a defined sequence should be identified for
routing copies of the completed work orders to the individual responsible for data entry. While
in small jurisdictions, this person may have numerous otherresponsibilities, time must be set
aside to allow regular data entry. If changes to the system are not entered in a timely manner, the
inventory can becomeout of date and unreliable as a daily working tool. Users will quickly lose
faith in the system ifthis is allowed to happen.

As with the initial data collection, microcomputer-based data collection can be used to
directly record che data in the field. The field data can then be uploaded to the complete
inventory, in the office, at the end of the day. This eliminates the need for data entry and puts the
inventory, out in the field, in the hands of the end-user. If this approachis used,it is important
that the software include good edit checking to spot data entry errors and regular quality control
checksby the inventory administrator to ensure accurate data is being entered.

SIGN INSPECTION

Theroutine inspectionoftraffic signs to ensure their effectiveness is a critical component of
a comprehensive sign management system. Periodic inspectionofsigns should be a standard
operating procedure of the agency responsible for motorist safety. Signs can be deficient in any
number of ways; hence, items that should be checked include:
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° Condition of sign face — indications of major cracking, delamination or peeling or
blistering of the retroreflective sheeting materials, missing message,etc.

. Discoloration, streaking, or fading of the sign face.

. Visibility of the sign — roadside vegetation or a new structure may be blocking the
motorists’ view of the sign.

* Dirt or other substance onthe sign.

e Vandalism.

. Orientation andstructuralstability of the sign support system.

« Usefulness or appropriateness — somesigns may no longer be needed and should be
removed.

e Poorretroreflectivity level.

To detect and then resolve any andall of these deficiencies, a comprehensive sign
inspection program is required. This would include formal scheduled inspections by trained sign
crews and even staff engineers as well as informal observations by personnel of various agencies
including the highway and police department and evenpostal carriers or other public agencies
that travel the routes frequently. The department responsible for signing should solicit the
assistanceofall appropriate departments and establish a procedure for receiving notices of a
potential signing problem.

Mostofthe problemslisted above can be identified by a visual inspection during the day by
trained personnel. If the personnel are adequately trained and sensitive to observing these
deficiencies, problemscan be identified on a daily basis as they travel along the routes.
However,it will still be necessary to conduct a formal inspection at least annually. Programs and
procedures for conducting sign inspections can be found in "Maintenance ManagementofStreet
and Highway Signs"andin the Institute of Transportation Engineers’ publication Traffic Sign
Handbook.» This guide will focus on the methodsfor inspecting for retroreflectivity
condition.

One of the deficiencies which can not be detected by a daytime visual inspectionis the
sign's level of retroreflectivity. Over timeall signs will experience diminishing retroreflectivity
levels. This deterioration will result from the ultraviolet portion of sunlight, moisture, high
daytime/low nighttime temperature cycling, pollutants, and even chemical reactions between the
sheeting and the substrate (i.e. aluminum panel). Also, loss of retroreflectivity can occur from
vandalism (i.e. gun shots, spray paints,etc.).
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Inspection for loss of retroreflectivity can range in sophistication and involveeither
subjective visual inspections or instrumentinspections. The selection amongthealternatives is
dependent upon the resources (funds, personnel and equipment) of the agency. The location
(overhead vs. ground mounted), numberof signs, and other logistical factors mayalso influence
the inspection method.

Visual Inspection Methods

There are a numberofalternative visual inspection procedures that can be employed to
determineifa sign has lostits effective luminance and may be near or below the minimum
maintained R, values. The most simple is to drive along at night and observe for obviously
deficient retroreflective signs. This procedure can be very efficient if the inspectoris
experienced enough to know whena sign is ineffective and specifically when it is at or below the
minimum R,values. Research conducted for the State of Washington has demonstrated that
inspectors can be trained to visually detect signs within certain levels of retroreflectivity.“”

The key to relying purely on a subjective visual assessmentis to select the most appropriate
inspectors and train them to relate a visual assessment of luminance to an actual R, value. If
possible, the inspector(s) should be older than 50 because research has shown that older drivers
have impaired nighttime vision and require brighter signs. Training of new inspectors would
involve having them viewsigns of different colors at various levels ofretroreflectivity. To do
this, the agency should keep a supply of signs at the maintenance yard for this purpose. Even
after suitable training,it is a good idea that each inspector view the test signs, especially those at
or near the minimum values, just before the night inspection run.

Asan aid to this visual inspection, a sign inspection pamphlet has been published by
FHWA.) The pamphlet includes night photographs ofsigns at different levels of
retroreflectivity. While photographic imagesare nottotally reliable and do not replicate exactly
whata personsees, they can provide the inspector anotheraid in judging the retroreflectivity
adequacy.

Anotheraid to the visual inspection procedure is to use a test panel — a small (no greater
than 12 in [0.3 m] square) panel of sheetingthat has a retroreflectivity level equal to (or nearly
so) the minimum value for that color. The test panel can be attached to the “questionable” sign
using either masking tape or a clamp. Stepping back about 30ft (9.1 m), the observer should
hold a flashlight about 2 in (50.8 mm) from his/her eyes and shineit at the sign. If the inspection
guide is brighter than the sign, the sign should be replaced.

Nighttime inspection is often not feasible for administrative reasons; for example,the
inability to pay overtime if that would be necessary. If this is the case a daytime visual
inspection procedure using a hand-held high-intensity light beam may be used. When a high-
intensity q-beam of about 200,000 candlepoweris flickered across the face of a sign during the
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day,it will show a "glow" ofreturnedlightif the retroreflectivity level is still adequate. The
effectiveness of this procedure is affected by the ambient light conditions and, therefore, is not
very precise. However. with sometraining an inspector can detect obviously inferior and failing
signs with this method. The Mississippi DepartmentofTransportation has usedthis inspection
method for a numberof years; their traffic engineering department can provide guidance on how
to perform this procedure.

Inspection by R, Measurement

The best method to determineifa sign has reached its minimum R,level is to measure the
signs retroreflectivity in the field. This can be accomplished by using a commercially available
retroreflectometer, such as manufactured by Advanced RetroTechnology, Inc. Figure 7 shows an
inspection being performed using their Model 920 Field Retroreflectometer and figure 8 shows
the apparatus in more detail. (As this document was being completed Flint Trading, Inc.
announced the availability of another hand-held retroreflectometer know as the Retro Sign”.
Information was not available on this product.) This device can be used during the daytime.
However, as is evident from figure 7, it requires that the inspector be at the sign to make the
measurement.

The retroreflectometer will come with instnictions on howto use the instrument. In

addition to those instructions, the following is recommended:

1) Makesure the instrumentis properly calibrated as found in the instructions; a faulty
reading will occurif this is not done.

2) Take a reading from atleast four areas of each color, which can then be averaged for
recording purposes. Black areas do not require measurements because they are not
intendedto be retroreflective.

3) Anextension pole can be purchased which will allow access to nearly all roadside
mounted signs. A bucket truck will be required for overhead signs.

4) Follow standardtraffic control procedures for maintenance activities prescribed by
your agency and as found in Part VI of the MUTCD.
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Seiceer, a

Figure 7. Sign inspection using model 920 retroreflectometer.

 
Figure 8. Components of the model 920 retroreflectometer.
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Measurements using a retroreflectometer will take considerable time and therefore,it is not
necessary that every sign be measured each inspection period. Measurements could be limited to
thosesigns that were identified during a nighttime visual inspection or the daytime inspection
with the q-beam. Also, if the inventory system has the capability similar to that of the FHWA's
SMSprogram,it could be limited to signs that have been identified as requiring inspection by the
program.

It would be highly desirable to be able to measure the retroreflectivity level of a sign during
the day from a moving vehicle. Such a device has already been developed. Initially developed
under a contract with the National Cooperative Highway Research Program, a second generation
has been developed by the FHWA.Figures 9 and 10 are inside- and outside-vehicle photographs
of the system which has been named the Sign Managementand Retroreflectivity Tracking
System (SMARTS). While the vehicle is moving the operator aims the tracking/video system at
the desired sign. The system will automatically track the sign and at 200 ft (61 m) will flash the
sign with a powerful flash tube. The recording system capturestheretroreflectivity levels ofall
colors within the image and a picture of the sign (image). This information along with the GPS
coordinates the other data associated with the sign and are stored in the systems data base. This
data can be used to evaluate the quality of the sign and can be used for establishing and
modifying the sign inventory data base. When fully developed a mobile system will allow
periodic inspection of retroreflectivity levels ofall traffic signs to be performed fairly efficiently.
However, since the apparatusis likely to be expensive, approximately $100,000,it is likely that
only a few local agencies, outside the State highway department, could afford to have their own.
It is much morelikely that either private enterprise will purchase these and providethe inspection
service on a per distance orper sign basis or that the State highway departmentwill "loan" the
apparatusto the various local agencies.

SIGN MAINTENANCE

In the context of a sign management system, sign maintenanceinvolvesall activities, short
of replacing a worn-outsign, that keep the sign effective. Typically these activities could
involve:

1) Cleaning of the sign face due to normal dirt accumulation.

2) Removalof spray paint and other markings from vandalism.

3) Maintaining adequatevisibility to the sign by cutting back or removing foliage.

4)_Reorientation ofthe sign.

5) Replacementofthe sign post damaged by a knock down.
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Figure 10. Interior view of FHWA’s SMARTS.
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With regard to sign cleaning, most agencies, State and local, do not, as a standard practice,
clean their signs on a regular schedule, annual or otherwise. In most cases, the "washing" of the
sign by normal rain will remove most accumulationofresidue from various sources. At least one
State agency that evaluated this practice determined that while somesigns benefitted from
washing, in general it was not worthwhile to do so.) However, there are many instances and
situations where periodic washingis necessary to ensure that the normallife of the sign is
attained. Signsthat are vulnerable to excessive residue build-up that may not be washed away by
rain include:

. Signs on heavily traveled truck routes especially at locations where trucks muststop.
Overtime the diesel fumes will significantly discolor the sign and renderit
ineffective.

. Signs directly under certain trees which exuderesins, Signs placed under the canopy
of trees such as oaks and pines are often discolored from this phenomenon. The
discoloration is not easily removed by normal rainfall.

e Geographic areas with little annual rainfall.

. Signs within tunnels and understructures.

The effect that washingwill have on an individual sign will likely vary by its age, type of
material, and the environmental conditions. For a study onthe retroreflectivity servicelife of
signs conducted for the FHWAin 1991, the researchers found that washing signs increased the
R, value by an average of nearly 12 percent for engineering grade (Type I) sheeting (sample size
of 336 signs of varying years of exposure and varying geographical locations) and nearly 8
percentfor high intensity grade (Type III and [V) sheetings (sample size of 251 signs)."® The
newer encapsulated sheeting materials are apparently less affected by dirt accumulation.

Before replacing a sign, the agency may want to consider washingthe sign. However,this
extra maintenanceactivity may not be worth the additional effort, unlessit is obvious that the
sign has a significant dirt accumulation which is maskingits retroreflectivity condition.

The washing of signs can be accomplished byusing either a high pressure sprayer mounted
on the back of a truck or by a standard cloth or squeegee attached to a long pole. Just water or a
mild detergentis usually sufficient to remove mostdirt buildup. However,it is best to consult
with the supplier or manufacturerofthe material, especially if a warranty is being provided.

The retroreflectivity of signs that have been vandalized by spray painting will certainly be
adversely affected. Some manufacturers claim to provide retroreflective sheeting materials for
which spray painting can easily be removed with normal washing.
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Maintaining unobstructed line ofsight to the sign is extremely important. Vegetationofall
types can quickly block the motorists’ view ofthe sign, makingit ineffective both day andnight.
In areas where this is a problem, agencies should have a routine maintenance program whereby
vegetation is cut back or removed as appropriate.

It is a good idea that a record ofany andall of these maintenance activities be kept. Many
of the computer inventory programshavethe capability of recording the date and type of
maintenance activity performed for each sign and keeping an historical record.

Additional information and procedural guidanceforall aspects of sign maintenance can be
found in Maintenance ManagementofStreet and HighwaySigns."

SIGN REPLACEMENT OPTIONS FOR MEETING MINIMUM
RETROREFLECTIVITY LEVELS

Asnoted earlier in this guide, minimum R,values have been established for four groups of
signs. These guidelines should be considered as values that marginally meet the retroreflectivity
needs ofmostdrivers. In many situations, and for somedrivers especially those who have
diminished night acuity, significantly brighter signs are needed. However; nor does it mean that
if the R,is just slightly lower than the minimum thatit is totally ineffective. However, the
minimum valuesdo indicate the sign should be replaced soon.

All agencies have a limited maintenance budget, and therefore, must have a cost-efficient
sign replacement program. Toreplace signs muchsoonerthan whenthey reach their minimum
R, value will have the benefit of providing brighter signs to motorist, butit will likely increase
the agency's cost for signing. On the other hand, replacingsigns after they have reached their
minimum R,value may have several repercussions, including:

° Increased nighttime accidents due to deficientretroreflectivity levels.

° Increased motorist delay due to motorists not seeing or being able to read guide signs
and thereby missing a turn.

° Increase motoristirritation dueto their inability to read signsat night.

° Increased potential for tort claims because the sign’s low R,is considered a factor in
an accident.

Thelast issue will have a direct negative financial impact on the agency. Onelarge
monetary judgementagainst the agency can far outweigh the agency's budget for sign
maintenance.
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It would seem, then, that the goal for an agencyis to have a sign replacement program that
cost-effectively identifies and replaces those signs that are approachingor at the minimum R,
requirements. This can be accomplished through a sign management system with varyinglevels
of sophistication commensurate with the agency's sign budget.

Table 14 showsfour options that an agency can follow to ensure that its signs will meet the
minimum R, requirements. The table also shows,in the middle column, the key components of a
sign managementsystem that will be required, and in the third column appropriate comments are
provided. It is emphasized that these replacement options consider only the retroreflectivity
condition ofthe sign. However, signs will need to be replaced due to the other observed
deficiencies mentioned earlier. These replacementoptions are discussed below.

Table 14. Sign replacement options!

OPTION SMS REQUIREMENTS COMMENT

I. Visual Assessment Only * Nighttime Inspection - Marginally Acceptable
* Minimum R, Reference - May Err

Sign or Panel - May Not Be Cost-Effective
* With or Without Inventory
* No Special Equipment

2. Maximum Sign Life * Sign Dating - Acceptable
* Inventory w/Date of - Eliminates Night Inspections

Installation - MayErr
* Relationship ofSign Life - May Not Be Cost-Effective

toR, Value
* No Special

3. Maximum Sign Life with * Sameas # 2 - Acceptable
Visual Assessment * Additional Nighttime - Will Increase Cost Inspection
Verification Inspection - May be More Cost-Effective

than # 2

3. Measured R, Compared to * Inventory ~ Desirable
Required R, * Sign Dating - Higher Inspection Cost

* Reflectometer - Highest Assurance that Signs
Replaced when Required |

- Maximum Life of Sigs
‘Based on Retroreflectivity condition only.
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1. Replace Based on Visual Assessment

The simplest, but less precise, method for replacing signs dueto their low retroreflectivity
level is to identify such signs through a visual nighttime inspection. The procedures for
conducting such an inspection were discussed previously. This method is described as less
precise, because withoutthe use ofa retroreflectivity measuring device, or at least a minimum R,
reference panel, the decision to replace will be based on a subjective opinion of the inspector. To
avoid the errorofrating a sign satisfactory, when in fact its actual R, is at or below the required
minimum,the inspector will need to be conservative in his/her subjective rating. Without any
verification by a retroreflectometer,this will result in signs being replaced before they have
reached their full effective life. However, if the inspectoris sufficiently trained and experienced,
then the agency mayfeel comfortable with this method, recognizing that some signs may be
replaced too soonifthe inspector is conservative in his/her appraisal or some signs may remain
that should be replaced basedontheir actual R, value.

Although an inventory can facilitate this simple approach, an agency doesnot necessarily
have to have an inventory. The inspection, which should be accomplishedat least annually, can
be scheduled by a numberofcriteria, for example by:

° Sign types, e.g. all STOP signs one period, all warning signs another period,etc.

° Road types,e.g. all freeways oneperiod,all residential streets another period,etc.

° Districts,e.g. all signs on all roads in a maintenance district or area for one inspection
period,etc.

The decision on scheduling and routing for the sign inspection is best determined by the agency.

2. Replace Based on Maximum Sign Life

Anotheroption is to replace signs simply by their age. As of now there is no definitive data
onthe service life of various types of sign materials. The various manufacturers claim their
material will last a certain number ofyears and somewill provide a warranty for that period.
However, there has yet to be a definitive study that indicates that certain materials will reach the
minimum R,value in a certain number of years. (One ofthe advantages of the FHWA SMS
program that was discussed in this Guideis that it includes a program for monitoring the service
life ofdifferent materials and establishing the expected life of a sign.)

Based ontheliterature it appears that the minimum servicelife for two major groups of signs
is as follows:

° Types I and Il — 7 years
° TypesII and [V — 10 years.
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These valuesor others that the agency has based onits experience could be used as a replacement
threshold in lieu of the actual R, value.

To implementthis option the agency must have a sign dating program wherebyeachsign is
marked in some way with the date the sign was installed. There are a variety of ways to mark the
installation date on the sign, such as non-washable ink, embossing and even bar coding.
Although as with the first option it would not be necessary to have a sign inventory, this method
would be facilitated if the agency did have a sign inventory which included the date when the
sign was installed. With a computerized sign inventory, which included date ofinstallation,
those signs ofa certain age or greater couldbe identified easily by sorting through the data base.

Within this option the replacement decision would simply be the age of the sign regardless of
its retroreflectivity condition. An advantage ofthis option is that the agency would not have to
perform a periodic nighttime inspection for retroreflectivity, relying solely on the age ofthe sign
as a indicator for replacement. However, under this option, the agency may be replacing signs
too soon especially if they are using a conservative servicelife threshold, or conversely, may not
be replacing them soon enough if the service life threshold is set too high. Over time as more
data becomesavailable on the effective service life of signs by sheeting material type and/or
manufacturer, then this may be less of an issue.

3. Replace Based on Maximum Sign Life With Visual Assessment Verification

The third option is to make a nighttime visual assessment of those signs that have reached or
exceeded the maximum servicelife value used for option 2. Under this option signs would not
be replaced until they fail the visual inspection as followed underthe first option. In essence this
option combinesthe procedures for options 1 and 2. It is more efficient than either of the two
options becauseit limits the costly nighttime inspection to those signs whichare of a certain age
andit avoids replacing signs ofcertain age which maystill be effective.

Aswith options | and 2, a computerized inventory is not necessary. However, a
computerized inventory, which included the date of sign installation, would greatly facilitate this
option. Signs that are a certain age or older could be sorted from the inventory andthelist
providedto the inspectors.

4. Replace Based on Measured R,

The third, and most desirable, is to replace the sign when its measured R,is at or close to the
minimum required R,. For this option it will be necessary for an agency to own or have access
to a retroreflectometer, or when it becomesavailable, the previously discussed mobile SMARTS.
Essentially, this option entails the agency to measure those signs suspected ofbeing close to the
minimum R,values. Identification of suspected signs could be through the visual inspection
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process,the age ofthe sign,or, if the computer program being used for the inventory allows, the
predicted R, value based onaretroreflectivity deterioration model. (Currently the FHWA SMS
program includes a modulethat predicts the retroreflectivity level, R,, for two types of sheeting
materials, Type and IV. This prediction is based on a model developed from research and
considers the sheeting color, age, and geographical and environmental factors.)

Again,as with the other options, a sign inventory is not absolutely required,butit is highly
desirable. If the sign inventory includesthe date ofinstallation, sheeting type, and other key
parameters, then signs suspected of being close to the minimum required R, value can beeasily
sorted from the data base. Sign inspectors can then be directed to those questionable signs and
retroreflectivity readings can be made.

Althoughthis option may increase the agency's cost for sign inspection,it should prove to be
cost-effective for the overall sign program. The maximum effectiveservice life of the sign
would be realized and signs would not be replaced prematurely.

MINIMUM RETROREFLECTIVITY IMPLEMENTATION GUIDELINES

In consideration ofthe options discussed above, a minimum and desirable program for
meeting the minimum retroreflectivity guidelines is recommended. These are discussed below.

Minimum Program

The minimum program consists of the following elements:

1. Computerized Inventory — Although it has been stated thatit is not necessary to
have a computerized inventory, the advantagesare such thatit is recommendedforall
agencies, regardless of size. Numerous computer programs exist which can be used
off-the-shelfor customized programs can be developedfairly inexpensively.
Computers and data base management systems are becoming commonplace andthis
situation should extend to sign inventory.

The data elements should be thoselisted under the core andcriticallisting (tables 11
and 12) in the Sign Inventory section. Ofparticular importanceis to have a sign
dating program wherebythe sign is dated when installed and recorded in the computer
inventory.

2. Inspection — Inspection of signs for retroreflectivity levels should be doneatleast
annually. (It is emphasized that signs can be deficient for reasons other than poor
retroreflectivity and this can and should be identified through normal daytime
inspections and maintenance programs.) This can be a simple visual nighttime
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inspection. In addition, an agency may obtain a retroreflectometerthat can be used
either for confirming the adequacy ofsigns detected by the visual method, and/orjust
be used at the sign shop in connectionin training inspectors and "calibrating" the
visual inspection process. Smaller agencies can "share"a retroflectometer(it costs
about $3,000) since it is not needed all the time.

Although a "through-the-window-while-driving" nighttime inspection should be
performedforall signs, more time could be devoted to signs that are suspected to be
deficient. A computerized inventory with sign dating will allow the identification of
potentially deficient signs due to age. At these signs, the visual inspection can be
augmented by measuring with the retoreflectometer.

Replacement — The replacementstrategy under this program is either based on the
inspector's opinion as to the condition of each sign inspected,or,if the
retroreflectometer is used, the actual R, comparedto the required R,.

Desirable Program

The most desirable program is to implement an integrated computerized sign management
system. Under such a program nearly all activities related to signing would be integrated through
a system of computer modules as was illustrated earlier in figure 2. The key components of the
program are described below.

1. Computerized Inventory — A computer program would be acquired or developed
that would include all the data elements described in the Inventory section.
Furthermore, the program would havethe capabilities of integrating several
components including stockpile inventory,field inventory, inspection histories, work
orders, costing and budgeting. It would also have the capability of tracking sign
deterioration for the purpose ofdevelopingbetter predictors ofsign servicelife for the
different material types. Programs already exist, including the FHWA Sign
Management System,that perform manyofthese functions.

Inspection — Retroreflectivity inspections would be performed during the day using
a hand-heldretroreflectometer or, when it becomes available, the mobile traffic sign
evaluator. This measurement technique wouldbe only for those signs that are
expected to be deficient either because of age or, more preferably, because of an
estimated R, that is derived from a prediction model within the program.

Replacement — For the purpose ofinsufficient retroreflectivity condition, signs
would be replaced only when they reach the minimum R,required. (Agencies that
prefer to establish higher standards forretroreflectivity can simply increase the
minimum requirements.) This is established by comparing the measured value
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obtained by either the hand-held retroreflectometeror the Traffic Sign Evaluator
against the minimum R,required for the particular sign.

There are, of course, variations or graduations within these two suggested levels of
implementation guidelines. Also, there are specific procedures that each agency will want to
adopt to meet their individual needs and existing maintenance procedures.

Agency Level Considerations

Initially it was assumed that the program to be followed for meeting minimum R,
requirements would vary by agency type,that is, State vs. county vs. city vs. town or township.
Presumably, the larger the agency, the more sophisticated the program. However,this is not
necessarily so. While the amountof fundsavailable for the total sign program in proportion to
the numberof signs that need to be maintained is certainly a key factor, the most important factor
affecting the level of sophistication is the commitment of the personnel who would administer
and operate the program. The smallest of agencies can haveafully integrated sign management
system for a relatively low cost even considering the need for computer hardware and software
and peripheral equipment. Onthe other hand, State highway departments mayfindit
disproportionally more expensive to implementa full program because ofthe large network of
roads. This situation mayalso occur with large cities and counties, especially if they have
limited budgets for signing. This problem can be overcome, somewhat,if sign management
systemsare established for separate districts or sections, if appropriate.

The key to the successful implementation of any level of sign managementsystem will, as
with all other programs, lie with the commitment and dedication ofthe staff. This starts with
management whoprovidesthe tools, direction, and supervision. It continues when there is a
person responsible for the continuous operation of the program. Andfinally, it requires a
conscientious sign crew of inspectors and maintenance personnel who understand the merits of
the program and ensure that the information they provide is accurate and timely.
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APPENDIX A. FHWA SIGN MANAGEMENT SYSTEM (SMS) SUMMARY
DESCRIPTION

OVERVIEW OF SMS

The Sign Management System (SMS)has been developed by the Federal Highway
Administration (FHWA)Office of Safety and Traffic Operations Research and Development to
provide State and local highway agencies with a tool for assembling a sign inventory and to assist
them in maintaining their signs in accordance with the anticipated national guidelines on
minimum retroreflectivity levels.

To do so, the SMSintegrates three basic elements for comprehensive sign management-
inventory, inspection and maintenance/replacement. These basic elements help determine the
retroreflectivity condition of a sign, which is the key determinant ofa sign’s effectiveness. To
allow for compliance of minimum retroreflective levels, the SMS program estimates when a sign
may need replacement based on key data elements such as type ofsign,its color, age ofsign,etc.
The SMSusesinitial retroreflectivity (R,) measurements taken whenasign is installed and a
series of deterioration equations to estimate when a sign's retroreflectivity will drop below the
minimum guidelines. This way, signs can be scheduled for replacementbefore their condition
becomessubstandard.

The SMSprogram is divided into three sections: Sign Inventory, Sign Dictionary and
Utilities.

SIGN INVENTORY

DataElements

The SMSprogram requires the identification of certain data elements that are needed for
eachsign in orderto calculate the sign's R,. Each sign in the inventory is a separate sign record.
Each sign record should contain as much information as possible about the sign's age, location,
type, manufacturer,color, etc. The data elements are usedin the calculation of the R, and the
replacement date. The required data elements are as follows:

° Route name/# — up to 25 characters, where the sign is located.

e Location — three possible methods of measurement (described below).

° Direction — compass direction of travel on the road.

. Position — locationofsign relative to the road.

46

Page 167 of 330



Page 168 of 330

° Orientation — direction the sign is facing.

° MUTCD — codesofsign types.

. Sheeting — type ofsheeting used.

° Install date — dateofinstallation of sign.

Several other data elements are not required but can be entered into the sign record to
help determine a more accurate R, level and replacementdate.

LocationMeasurement

There are three methods of sign location measurementavailable in the SMS. Thefirst
type of location measurementis the milepoint location method which may be used if the road is
referenced by milepoints. The location of the sign along the road can be entered to the nearest
1/1000 of a mi (0.00161 km). The second type of measurementis the intersection/distance
location method. This method maybe usedto reference the sign location to the nearest
intersection or to any other prominent feature (e.g., a bridge). The distance from the intersection
is entered in feet. In this location method, the name ofthe intersection route must be entered in

the required "INTERSECT"field. The third location measurement method, the milepost method,
may be used whenthere are markers on the roadside every mile. Distance can be measured to as
small as every 0.1 mi (0.161 km). The closest milepost markerto the sign is entered into the
record. The distance in feet from the closest milepost marker is recorded with a plus (+) sign for
after the milepost marker and a minus (-) sign for before the marker.

History Fil

A history file is created to track the inspections of each sign record in an inventory file. A
history file is specific to the inventory file becauseit keeps track ofall of the inspection data for
the signs in that specific file. The sign history file is automatically updated each time a new
inspection date for a sign is entered. Additionally, the condition of the sign at the time of
inspection can be entered and the measured R, from field measurements can be recorded. The
history file is importantin tracking a sign's deterioration through its existence whichis used in
the Utilities section of the SMS program.It also helps keep track of sign maintenanceactivity.

ArchiveRecords

An archivefile is built when the user creates an active inventory file. Each active file
contains all of the currentactive sign records. An archivefile is a storage file used when active
signs are removed from service. To archive a record,the user moves it from the activefile to the
archivefile. All of the data previously entered into the active sign record will remain as it is in
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the archive file because archive files may be accessed, but cannot be modified. An archive
record stores the removal date and reason for the removalofthe sign.

UTILITIES

TestSignProgram

The purpose of the Test Sign Program within the SMSis to refine deterioration equations
so that the equations better model the conditions in a particular geographic area. The useris able
to tag sample signs for testing, and track their retroreflectivity levels over several years. These
levels are then input into the SMSand are used to develop a specific set of equationsrelative to
the geographicarea for the test signs. The SMS program default equations would not be used to
determinedeterioration rates in the test sign program. Rather, a predictive set of equations using
conditions related to the geographic area wouldbe utilized. Therefore, more accurate results
could be determined for the test signs as well as the remainderof the sign inventory. In this way,
the test sign program will permit users to more accurately predict sign servicelife and
replacementneedsin their specific geographiclocation.

Thereare six essential activities involved in the test sign program:

* Sign selection — The program needsto include a large enough selection oftest
signs to make the samplestatistically accurate.

° Identification of signs in the SMS — Tagsignspicked for the test program so they
can be tracked.

° Periodic measurements ofsign retroreflectivity — Conduct periodic
measurements ofthe test signs’ R, using either a hand-held retroreflectometer or a
traffic sign evaluator. Readings will be avcraged by the SMSto yield a single
background reading and single legend reading.

* Data analysis — Test sign data should be analyzed for consistency.

° Modification of equations — Deterioration equations in the SMS program can be
modified with the results ofthe test sign program.

° Verification of results — Accuracy of updated equations can be tested by
inspection of the available R, of non-test signs in the inventory.

R,MeasurementsandCalculationofSignResults

The R,is the measure ofa sign's retroreflectivity level. As a sign ages,its
retroreflectivity deteriorates more and more causing the sign to becomeincreasingly difficult to
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read. The SMShas theability to estimate when a sign may need to be replaced based on the
comparison ofdifferent R, measurements. FHWAhas developed minimum retroreflectivity
standards which have been programmedinto the SMSas the required R,. The required R,
considers elements such as sign backgroundcolor, legend color, sign size and roadway speed in
its calculations.

A second type of R, measurementis calculated from the SMS programsand equations by
using data from the sign inventory database. Estimates of available R, are prepared using data
elements, such as the sign type, sign color, age of sign, and sheeting material of the sign, which
are entered into each individual sign record. Additionally, the SMS equations use the amount of
heating degree days, the annual precipitation and the elevation appropriate to the region, which
mustbe entered into the system to allow it to calculate the available R,. The SMS doesnot
require field measurements to calculate available R,, rather the SMScalculates the R, from the
data in each sign record. The SMS comparesa sign's available R, to the required R, and
determines the remaining retroreflectivity of the sign to calculate the sign's remaining service
life. From this, the replacement date is determined by adding the remainingservicelife to the
current date. The maximum life of a sign has been established as 20 years, regardless ofthe
replacementdate.calculated.

Deterioration Model for EG and HP Sign T

Thecapability of predicting the replacement date ofa sign is limited to signs made of
sheeting Type I (engineering grade) and sheeting Type IV (high-intensity). There are eight
possible sheeting/color combinationsderived from four possible sign colors (red, yellow, green
and white) and the two sheeting types. Depending upon the color and sheeting combination,the
SMScalculates the deterioration rate of the sign using the regression equation for that particular
combination. These equations are only used to estimate the available R,. From this calculation,
the SMScan estimate the proper replacementdate for the sign.

SIGN DICTIONARY

The Sign Dictionary contains the information ofall of the signs in the Manual on
Uniform Traffic Control Devices (MUTCD). These signs are referenced from the sign inventory
records. The sign dictionary accepts custom signs from a particular jurisdiction.

CostEstimator

Most ofthe sign records in the MUTCDsign dictionary provide replacement costs per
square foot for each particular sign. In the case when the replacementcos’ ‘s not provided for a
sign, a user mayenter a particular screen to enter or modify an average c._. per square foot for
sign replacement materials. Each sign record will have its own replacen. it costs associated with
it depending uponthetype ofsign, and the type of sheeting and backing ofthe sign. A sign
inventory report summarizesall of the costs for each sign in the entire inventory file.
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ABSTRACT 

In recent years, problems associated with retaining retro­
reflective raised pavement markers (RPMs) on Texas highways have 
to a large extent been successfully resolved. Problems with the 
maintenance of acceptable levels of RPM reflectivity, on the 
other hand, have remained persistent. This report summarizes a 
variety of activities, including determination of minimum 
effective retroreflector performance in terms of visual detection 
thresholds, field and laboratory studies of the durability of RPM 
reflectivity, and research and testing associated with the 
development of a field measurement device, that address the RPM 
reflectivity and visibility issue. 

Tabled values of specific intensity (SI) are provided at 
which RPM replacement should be considered for various conditions 
of weather, sight distance, and opposing traffic. Studies of 
RPMs subjected to thermal stress and abrasion suggest glass-faced 
RPMs better retain SI than comparable acrylic-faced markers. A 
prototype vehicle-mounted infrared device for evaluating 
installed RPMs was developed and is described. Changes in the 
SDHPT RPM purchasing and testing procedures are recommended for 
consideration. 

DISCLAIMER 

The contents of this report reflect the views of the authors 
who are responsible for the opinions, findings and conclusions 
contained herein. This report does not necessarily reflect the 
views or official policies of the Texas state Department of 
Highways and Public Transportation whose support of this effort 
is gratefully acknowledged. This report does not constitute a 
standard, specification or regulation. 
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1. INTRODUCTION 

Baokqround of projeot 

Literally millions of raised pavement markers (RPMs) have been 
installed on Texas highways. These markers are intended to provide 
assistance to motorists by delineating lanes and intersections and 
providing other guidance information where painted lines may not be 
effective, especially on wet pavements and under other adverse 
conditions. In order for RPMs to effectively and efficiently 
fulfill this positive guidance function, two obvious but important 
conditions must be met: 

1. A significant proportion of the markers must be retained on 
the roadway, and 

2. A minimally acceptable degree of retroreflectivity must be 
maintained. 

Marker retention problems have to a large extent been 
successfully resolved. At one time premature failure of the 
adhesive material and/or pavement failure beneath the RPMs was 
commonplace on asphalt concrete pavements. The introduction and 
increased use of improved methods and materials, notably "bitumen, It 
have made the marker retention problem much more manageable 
(Tielking & Noel, 1988). Problems with the maintenance of 
acceptable levels of RPM reflectivity, on the other hand, have 
remained persistent. 

cooperative Research Project 2-18-82-322, itA study of Raised 
Reflective Pavement Markers," both contributed to the advances in 
marker retention performance and made some important initial 
evaluations of the loss of reflectivity with time and exposure to 
traffic. As part of that study estimates were made of minimum 
levels of luminous intensity and minimum marker density that 
provide adequate path delineation. These estimates were based on 
judgments of photographic representations of RPMs by a panel of 
traffic engineering experts. The present project was undertaken to 
assist the SDHPT in efforts to increase the effective reflective 
life of RPMs. Ideally the useful life of RPMs would be comparable 
to their pavement life. In addition, this effort was intended to 
provide recommendations that will assist the department in 
objectively determining when RPM replacement is warranted based on 
insufficient reflectivity. 

projeot Objeotives 

As defined in the initial statement of work, the primary 
objectives of the present project were to: 

1. Determine minimum effective retroreflector performance in 
terms of visual detection thresholds under nighttime and 
simulated wet pavement conditions with representative drivers: 
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2. Identify possible alternative approaches to fabricating and 
bonding retroreflective elements so as to assure SDHPT does 
not have unrealistic requirements for effective retro­
reflective pavement marking devices; 

3. Develop a cost-effective method of evaluating marker 
retroreflectivity on the highway; and 

4. As necessary, develop changes to existing SDHPT 
specifications and Test Methods to incorporate the findings of 
this study. 

As the project evolved, additional tasks and objectives were 
identified. These included: 

5. Investigations of the relative durability of different 
types of RPMs when exposed to vehicle traffic and to extremes 
of temperature; 

6. A preliminary study of the feasibility of restoring degrad­
ed RPMs to useful service; and 

7. Determination of practices regarding RPM use in 
jurisdictions outside of Texas. 

The approach to meeting these objectives entailed a variety of 
activities involving field and laboratory studies of RPM 
reflectivity and durability, research, development and testing 
associated with developing a field measurement device, and contact 
wi th highway department personnel in Texas and other States to 
determine the experience and practice with RPMs in various 
jurisdictions. 

Organization of the Report 

The remaining sections of this report emphasize specific 
facets of the overall project. 

section 2 provides a brief discussion of the photometric 
methods used for measuring the reflectivity of RPMs. Particular 
emphasis is placed on differences in the measurement techniques 
employed in the TTl laboratory and those used in the SDHPT lab. 

section 3 describes the development of a mobile RPM 
measurement system. 

A series of empirical studies and analytic efforts aimed at 
determining threshold levels of RPM reflectivity among the driving 
population are presented in section 4. These studies were directed 
at answering the question, "How bright is bright enough?" 

2 
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section 5 addresses the issue of RPM durability. Included in 
this section is a brief discussion of the materials used in RPM 
fabrication, a photometric assessment of RPMs removed from service 
on Texas highways and descriptions of a series of tests of the 
influence of thermal stress and abrasion due to automobile tire 
impacts on RPM reflectivity. 

The feasibility of restoring the reflectivity of damaged RPMs 
is discussed in section 6. 

section 7 provides a summary of experience and practices 
regarding RPM use in several jurisdictions outside of Texas. 

The final part of the report, section 8, summarizes 
conclusions and recommendations arising from all of the project 
efforts. 

Table 1-1 is provided to assist the reader in locating 
information specific to each of the stated objectives and project 
activities. 

Table 1-1. Guide to locating specific project information. 

Project Objective/Task Report section and/or Page 

1- RPM detection thresholds section 4 & pages 101, 103 

2. Alternative approaches to Pages 61-63 
RPM bonding and fabrication 

3. On-highway RPM evaluation Section 3 & pages 101, 103, 104 

4. Changes to RPM specifications section 2 & pages 101, 104 
and test methods 

5. RPM durability Section 5 & pages 102-103, 104 

6. Restoring RPM reflectivity section 6 & page 103 

7. RPM experience and practice Section 7 & page 103 
outside Texas 

3 
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2. PHOTOMETRIC ASSESSMENT OF RAISED PAVEMENT MARKERS 

TTl Laboratory Measurement 

Laboratory measurements for this project were conducted in 
accordance with a procedure adapted from Society of Automotive 
Engineers Standard SAE J594f - Reflex Reflectors which is in turn 
a simplified version of the American Society for Testing and 
Materials (ASTM) Standard Practice for Measuring Photometric 
Characteristics of Retroreflectors, Designation E 809-81. A 
description of the photometric laboratory established for these 
measurements at the Texas A&M Riverside Campus and the procedure 
used to evaluate RPMs is provided in Appendix A. 

Measurement of the photometric performance of RPMs is based on 
the ratio of the luminous intensity of the retroreflector to the 
luminous intensity incident on the reflector. This relationship is 
called specific intensity (SI) and is defined as: 

SI = ED2/En 

where 
E = Illuminance at the observation position. 
D = Distance between the center of the photoreceptor 

entrance aperture and the reference center. 
En = Normal illuminance at the retroreflector. 

In the English system of units, SI is expressed in candela per 
foot-candle. In the CIE vocabulary, this relationship is called 
the coefficient of luminous intensity (CIL) and is expressed in 
metric units as candela per lux. 

Photometric Assessment at SDHPT 

Photometric assessment of RPMs conducted by D-9 of the SDHPT 
are conducted in accordance with SDHPT Method Tex-842-B, Method for 
Measuring Retroreflectivity. This test method, like the method 
employed in the TTl laboratory, is a variant on ASTM Method E809-
81. Significant differences between the SDHPT and TTl test 
procedures, however, warranted an investigation to determine the 
comparability of results obtained in the two laboratories and a 
determination of the reasons for any differences in measurements 
that might be accounted for by the different procedures. To that 
end, a small sample of RPMs measured in the TTl lab was sent to the 
D-9 lab for independent assessment. Table 2-1 provides the 
specific intensities of 6 RPM reflective surfaces as measured by 
the two facilities. 

Inspection of Table 2-1 indicates a substantial difference in 
the results obtained from the two labs. We believe the explanation 
for these differences lies in the differences between the two test 
procedures used. 

5 
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Table 2-1. Comparison of RPM photometric assessment by the SDHPT 
and TTl laboratories. 

Specimen D-9 TTl 

1A 3.00 0.95 
1B 0.32 0.14 
2A 9.80 3.43 
2B 1.60 0.85 
3A 1. 70 0.67 
3B 6.80 2.24 

All measurements were made at a diversion angle of 0.2 degree and 
an entrance angle of 4 degrees. 

The SDHPT formula for finding the specific intensity (Sl) of 
a test specimen is: 

Where 
D = the distance from the light source to the specimen. 
K. = the ratio of the incident light (in ft-c) on the 
standard specimen divided by the measured luminance (in 
ft-L) of that standard. 
R = the luminance of test specimen - ambient luminance 
without specimen. 
Rstd = luminance of standard specimen. 

The sensor used by D-9 with the Tektronix J16 photometer is 
the J6503 luminance probe (8 degree cone). This probe is mounted 
on a board with a sliding track that allows the instrument to be 
moved laterally with respect to the returning beam from the test 
specimen, so that the divergence angle can be varied. The probe is 
pointed at a small mirror set at 45 degrees for the sake of 
convenience in mounting. The specimen is mounted at 90 degrees 
from its usual horizontal orientation, and the transit head moves 
in azimuth to change the angle of incidence (or entrance angle, as 
the SDHPT procedure terms it). This setup appears to have been 
designed primarily to handle larger signs or reflective surfaces, 
and to have been adapted for measuring the retroreflectivity of 
raised pavement markers or other similar small reflectors. This 
explains, we believe, why the SDHPT uses a luminance probe, 
suitable for measuring the brightness of an extended source of 
light, rather than the more customary illuminance probe available 
for the J16 photometer. 
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To align this setup, the transit head specimen holder accepts 
a small plane mirror. The incident angle is set to zero. The 
mirror is rotated to assure that there is no misalignment, and then 
the beam of light reflected by this mirror is adjusted by rotating 
the transit head in azimuth until it frames the projector lens 
squarely in the middle. This sets up an incident angle of zero. If 
the beam is off in elevation, the transit head can be changed using 
the leveling adjustments to correct for this error. The alignment 
mirror is then removed. 

The mirror is replaced with a retroreflector which is a 3-inch 
diameter disk. The disk holder incorporates a small motor which 
spins the reflector in the plane normal to the incident beam of 
light at a rapid rate. The Test Method calls for 300 rpm, but the 
Test Engineer said that the rate of rotation was 50 rpm. The 
purpose of spinning this calibration or "standard" retroreflector 
is to obtain an average value of luminance over its surface. It 
should be noted that the luminance probe is positioned at the 
divergence angle of 0.2 degree. At the distance of 50 feet, the 
standard subtends only 0.286 degrees of arc, versus the field of 
the instrument, which is 8 degrees. The luminance probe averages 
over the entire field of view to provide the reading in foot­
lamberts. This reading is then repeated with the standard 
retroreflector removed, but the holder spinning, to record 
background luminance. The latter reading is subtracted from the 
former reading to provide the luminance of the standard: 

The retroreflector is placed in the specimen holder. The 
transit head is moved in azimuth to the setting desired for 
incident angle, and the luminance probe is moved toward or away 
from the lens of the projector, and, it follows, the returning beam 
from the specimen to set the divergence angle. The luminance of the 
specimen is recorded, and then the luminance of the setup with the 
specimen removed is subtracted from this reading. This net value 
is: 

R 

Thus, the luminance of the 8 degree field with the test specimen in 
it is divided by the luminance of the same field with a standard 
reflector in it. with this approach, it is unnecessary to measure 
the amount of incident light falling on the specimen (illuminance 
of the source). Since the reflectance of the standard is known, 
and the illuminance is the same for both the test specimen and the 
standard, their ratio is directly related to the reflectivity of 
the test specimen. 

Evidently, the ratio Kj was computed from measurements that 
were made when the standard specimen was first adopted. Since the 
illuminance which is in the numerator gives rise to the luminance 
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that is in the denominator, as long as the reflectance of the 
specimen does not change, this ratio should not vary. 

The SOHPT formula may be rationalized as follows: 

SI = sg ft x ft-Lamberts 
(ft-candles/ft-l) x ft-Lamberts 

these units cancel to yield: 

SI = sg ft x ft-Iamberts 
ft - candles 

but luminance L = ft-Iamberts = (1/~) candela/sq ft 

then, SI = candela 
ft-candles x ~ 

Specific intensities obtained using an illuminance probe (J6511) 
per the ASTM/SAE methods reduces to: 

SI = candela 
Ft-c 

Therefore, it appears that the SI values obtained by the SOHPT 
method should differ from those obtained in the TTl laboratory by 
a factor of ~. 

Table 2-2 replicates Table 2-1 with addition of a third 
column; the 0-9 SI values divided by~. Inspection of Table 2-2 
reveals the excellent agreement of the two independent measures, 
differing by a factor of ~. The only exception is JU2B, which must 
be either an incorrect measurement by 0-9 or by TTl. Thus any 
measurements made by the 0-9 laboratory can be converted to its 
equivalent SAE or ASTM SI by dividing by ~. The 0-9 laboratory, it 
will be remembered, uses an 8 degree luminance probe as a sensor, 
as compared to the illuminance probe specified in ASTM/SAE and used 

Table 2-2. Comparison of RPM photometric assessment by the SOHPT 
and TTl laboratories with adjustment to 0-9 values. 

specimen 0-9 TTl 0-9/~ 

1A 3.00 0.95 0.96 
1B 0.32 0.14 0.10 
2A 9.80 3.43 3.12 
2B 1. 60 0.85 0.51 
3A 1. 70 0.67 0.54 
3B 6.80 2.24 2.17 
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by TTl. This difference in probes must account for this constant 
difference in SI between the two laboratories. 

Changes to Existing Standards and Specifications 

The fundamental or top-level specification for RPMs is Item 
674 in the 1982 Standard specifications for Construction of 
Highways, Streets, and Bridges (SOHPT, 1982). This section, 
entitled "Pavement Markers (Reflectorized)," provides definitions 
and classifications for the devices, and refers the user to 
Specification 0-9-4200 and in a general call-out (674.5) to the 
Manual of Testing Procedures for guidance on the visibility aspects 
of RPMs. 

0-9-4200 is the definitive material specification for RPMs. 
It repeats the classification scheme of Item 674, adds some details 
on the geometry of markers and shell characteristics, and refers to 
Test Method Tex-842-B (discussed above) for evaluating specific 
intensity. 

The results of this research do not indicate that any changes 
need be made to Item 674 in the Department Standard Specifications. 
0-9-4200, under Section V, Paragraph 0, lists specific intensities 
for RPMs that must be based on measurements made with the ASTM or 
SAE method, which, as discussed above, differ by a factor of pi 
(3.1416) from values obtained using Tex-842-B. The values in 0-9-
4200 are thus very conservative (low) for new devices. 
Consideration should be given to revising these values upward by a 
factor of pi, if Tex-842-B is not revised. 

The Department should consider replacing Tex-842-B with ASTM 
E 809-81, Standard Practice for Measuring Photometric Character­
istics of Retroreflectors in order to provide values of SI that can 
be readily reproduced in any photometric laboratory. This replace­
ment could be accomplished by direct call-out of ASTM E 809-81 in 
0-9-4200, rather than Tex-842-B, or by revising Tex-842-B to merely 
reference the ASTM practice. Alternatively, the Department could 
adopt SAE J594f Reflex Reflectors with minor clarifications for 
applicability to RPMs. The ASTM Standard Practice is possibly more 
complicated than is really necessary for the purposes of quality 
control, but could be readily simplified. 

Field Measurement 

One of the objectives of the project was to develop a cost­
effective method of evaluating RPM retroreflectivity on the 
highway. The results of this development effort are discussed in 
section 3. On-pavement measurements of RPM specific intensity 
needed for the various experimental studies described in the 
following sections were made using prototypes of the field 
measurement device developed. 
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3. DEVELOPMENT OF A MOBILE RAISED PAVEMENT MARKER 
MEASUREMENT SYSTEM 

Introduction 

The effectiveness of a raised pavement marker to delineate the 
roadway is based on its level of retroreflection. Retroreflection 
is the ability of a device to return light in directions close to 
that from which it came; in this case from automobile headlights 
back to the drivers eyes. As discussed in Section 2, several 
laboratory practices for the measurement of retroreflectivity have 
been developed. These laboratory methods (e.g. ASTM E 809, SAE 
J594F, Tex 842-B) specify very stringent measures to be taken when 
conducting the tests. Even with painstaking efforts to maintain 
specified distances, placement, angles and equipment calibration, 
the test/retest reliability of these tests is on the order of 90%-
95% 

The task reported here investigated the feasibility of 
performing photometric measurements of installed RPMs that are 
comparable to laboratory based measures. This would be accomplished 
from a moving vehicle, 30 to 55 MPH, in either the dark or 
daylight. The system would be self contained and operate from 
basically any type of highway vehicle; i.e., a passenger car or 
truck. Ideally it would require only one operator who would also 
drive the vehicle. The system would contain an unattended 
recording device so as not to interfere with the operation of the 
vehicle. 

Design Requirements 

In order to move the measurements out of the laboratory and on 
to the highway, a number of obstacles had to be overcome. The 
first was that laboratory measurements are taken in a darkened 
room. In the lab, even the small amount of ambient light is 
accounted for in the calculation of specific intensity. Because 
this technique was not possible on the highway, a method needed to 
be developed that would either eliminate the low levels of ambient 
light found in night testing or that would use a type of 
illumination and hence reflection that was not found in normal day 
or night ambient light. 

Once a suitable method of static measurement was decided upon, 
the problem of motion was addressed. This problem reduces to one 
of speed of operation of the measurement system since a target RPM 
is available for measurement for only a very short time. For 
example, if the longitudinal measurement area projected on the 
pavement was 8 inches and the vehicle was moving at 50 MPH, a 
marker would be in a favorable position for approximately 9 
thousandths of a second. This speed requires a very fast and 
stable light measurement method because the level changes from 
basically zero to a high level. If the measurement system is too 
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slow, it will not capture the maximum level. If the system is fast 
but underdamped, the value will be spuriously high. Because the 
"true" light value is only present for a brief instant, a method of 
holding or memorizing the reading must be incorporated to allow 
time for recording. Once the value is recorded, the memory must be 
cleared and made ready for the next reading. 

Another requirement is that the system must recognize when an 
RPM is in favorable position to be measured. This detection is 
needed to activate the process of peak measurement, storage, 
recording and resetting for the next measurement. The detection 
phase is problematic since the condition of RPMs on the roadway is 
highly variable. RPMs that are in good shape and are functional 
present little difficulty. units that have failed or provide very 
little retroreflection present a problem since they may appear as 
non-retroreflective ceramic bumps. For this reason a lower limit 
for the RPM detection circuit was set at about 0.1 SI. Below this 
limit, the system would produce false triggers on glass beaded 
paint stripes. 

Video system 

To meet the above criteria, a prototype system was designed 
and developed that used a high intensity light source to illuminate 
the RPM and a monochrome video camera to measure the retroreflect­
ance. The basics of this system are shown in Figure 3-1. In order 
to keep the observation angle to a minimum, a 50% transmission 
mirror was used to pass the light source and to reflect the 
returned light from the RPM into the camera along the same axis. 
In order to provide a constant reference level, an RPM with a known 
laboratory measured specific intensity was placed in the field of 
view along with the target RPM. These two images were then 
electronically split and processed into two separate but identical 
circuits. Each half of the frame was sampled 30 times a second, 
and the intensity or luminance was integrated for each sample. The 
peak integrated value from each RPM was held in analog memory as 
long as the test RPM was in the field of the Infrared Detector. 
The output of the peak value circuits was connected to an Analog 
Divider to provide a percentage output. The percentage was that of 
the test marker relative to the reference marker, which was set at 
100%. As the test RPM left the field of the detector the Cycle 
Timer instructed the Meter and Printer to record the value. Once 
the value was recorded, the peak reading circuits were reset to 
zero for the next readings. 

A prototype of the system was constructed using both equipment 
on hand at TTl and project hardware. Shop tests of the system 
showed that if the camera aperture was closed down and the 
automatic gain controls disabled, ambient room light had no effect 
on the measurement. The reference RPM selected was the same type 
as the target marker with a known high SI value. Numerous tests 
were conducted in the shop, both to determine the accuracy of the 
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system and to identify any problems. The static reliability proved 
to be very good, within 1% to 2% repeatability. Accuracy was also 
good. Specific intensity measures of target RPMs were within about 
5% of laboratory measurements. 

Changes in the intensity of the high intensity driving light 
that served as the light source were not critical since the target 
RPM was always compared to the reference RPM in the same field of 
view. As long as the same intensity of light fell on both the 
target and reference RPMs, differences in the absolute intensity 
from one target to the next did not influence the accuracy of the 
measurement. More problematic, however, was assuring that the 
target and reference RPMs were in fact receiving equivalent light 
intensities. Because the source produced light that varied 
considerably in intensity within a few inches laterally, aiming the 
entire system proved very difficult. 

Further development of the video-based system required both 
resolution of the almlng problem and the use of a more 
sophisticated video camera system than was obtainable within the 
resources of the project. Therefore, a simpler approach based on 
a modulated infrared beam was pursued. 

Infrared Modulated Beam System 

While working with the video system, it was observed that the 
Infrared Detector, used in that system only to sense the presence 
of an RPM, had potential for providing analog values. The unit is 
commercially built by the Tandy Corporation as an intrusion 
detector. It contains both an infrared (IR) transmi tter and 
receiver with associated optics. The transmitted beam is modulated 
or switched on and off at a rate of 10 kHz. This allows the 
received signal to filter out all but the 10 kHz information which 
has been reflected. This technique results in a signal that is 
insensitive to steady state ambient light or 60 Hz room lights. 
When operated in direct sunlight, however, the IR content is so 
high that it overloads the receiver, causing false readings. 

A block diagram of the prototype system based on the IR unit 
is shown in Figure 3-2. The vehicle battery powers the IR unit 
directly and is converted to 115 VAC to power the remainder of the 
circuitry. The Tandy unit has been slightly modified to allow the 
raw received signal to feed the prototype computation circuits 
developed for the project. 

The modulated IR light is reflected from a target RPM at a 
distance of about 12 feet. The received light is converted to an 
AC voltage in the receiver where it is fed to the computation unit. 
The incoming signal is split and is sent to the RPM Detect circuit 
and to the Data Filter. The Detect circuit acts like a switch; 
when an RPM is in the beam, it instructs the other components that 
a measurement is required. The data is first filtered to remove 
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any ambient light signals. It is then gated or switched into the 
Peak Value Holding circuit. As long as an RPM is detected in the 
beam, the peak reflected value during that time is held in analog 
memory by this circuit. When the RPM Detect circuit senses that 
the RPM has passed, it sends a signal to the Digital Meter to 
convert the peak signal level to numeric digits and display them on 
the front panel. Once the digits are available, they are sent to 
the Digital Printer to record the reading. To assist the driver in 
operation, a beeper was installed and connected to the RPM Detect 
circuit. Each time an RPM is in the field of view of the sensor, 
a tone will sound if the beeper is enabled. 

The unit is installed under the bumper of a car or truck as 
illustrated in Figure 3-3. It is then aimed at an RPM of known 
specific intensity approximately 12 feet forward. By alternately 
uncovering and covering the RPM, SI values are displayed on the 
panel meter. The units gain control is then adjusted to produce 
the correct reading. After this adjustment, the unit is ready for 
automatic operation. The system has been found to operate well in 
most light conditions except full sunlight. 

RPMs measured with this system in the shop show very good 
agreement, less than 5% disparity, with the values obtained in the 
laboratory. This is in normal room light at a distance of about 12 
feet. Field tests at the Riverside Campus Proving Grounds 
indicated that measurement speed did not seem to be a factor with 
runs made up to 55 MPH. A problem encountered with this system, as 
with the video system, is aiming while traveling at highway speeds. 
static tests showed that lateral alignment within an inch or two 
affected the reading by less than 5% to 10%, but trying to hold 
this tolerance at road speed is quite difficult. In an attempt to 
devise a feedback system, the sensor was aligned with the center of 
the wheels on the left side of the vehicle. If the driver feels 
the wheel going over the RPM, he can be confident that the aiming 
is fairly close. 

Even with this aiming technique, lateral positioning cannot be 
maintained within the few required inches for each RPM in a string. 
If a set of RPMs to be measured are fairly homogeneous, the aiming 
problem could be treated statistically; averaging the measured SI 
of multiple RPMs to provide a single data point. This would not, 
however, allow detection of individual low SI RPMs. Alternatively, 
multiple measurements of each target RPM could be made. The number 
of measurements and a criterion for acceptable variability among 
the multiple measures would need to be established for this 
scenario to prove practical. 

Another observation made while testing the device was that the 
detect level must be set at about 0.09 SI to avoid activation by 
objects other than the RPMs. At this level, RPMs that are very 
degraded will fail to trigger the detect or measurement circuits. 
This condition must be carefully analyzed by the operator so that 
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he or she is certain that failure to detect the RPMs is due to 
their low reflectivity and not to improper aiming. 

The schematic diagram of the Mobile IR system is shown in 
Figures 3-4 and 3-5. 

System Costs and Cost Effectiveness 

since this project produced only one prototype system, the 
cost of commercially producing the units cannot be determined 
accurately at this time. Estimates can be made, however, based on 
the current price of the components used in the prototype and 
estimates of costs for producing the circuit boards. 

The most expensive components of the system are the digital 
printer and readout, which total about $1600 in small quantities. 
The remainder of the components; infrared detector, power supply, 
circuit board, case and controls, can be purchased for 
approximately $600. Fabrication of one unit at a time would be 
costly, with the price dropping significantly with quantity 
production. The single unit labor cost at this time would be about 
$1,000. Thus, built one unit at a time, the infrared field 
measurement system as currently configured would cost approximately 
$3,200 per unit. This cost estimate would increase to the extent 
that additional hardware may be required to improve the aiming 
capability of the system. 
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DM-4100D INTERFACE WITH DPP-Q7 THERMAL PRINTER 

The OM-41000 may be connected directly to Oatel-Intersil 's OPP-Q7 Miniature Printer to form a func­
tional data logger. The required connections are shown below. 
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No formal determination of the cost effectiveness of using the 
system was undertaken for this project. Factors which would need 
to be considered in determining the cost effectiveness of the 
system include the initial training costs for personnel to operate 
and maintain the system. Although the system is generally easy to 
use, the extent of training necessary for proper application is 
directly related to improvements needed in the system I s aiming 
capability. Because the system can be installed on any passenger 
vehicle or truck, no special vehicle costs would be incurred beyond 
those associated with vehicle mileage accrued during RPM measure­
ment. 

The potential benefits to be realized from use of the system 
arise from sources which are difficult to quantify because they 
depend on the extent to which RPMs are used and the existing RPM 
replacement practices in each SDHPT district. If RPMs are 
routinely being replaced on the basis of very conservative 
subjective judgements regarding RPM brightness, then use of a 
system which allows an objective measure of RPM specific intensity 
could reap sUbstantial savings in unnecessary replacement costs. 
Conversely, in situations where RPMs are allowed to remain well 
beyond their useful life, implementation of a replacement schedule 
tied to measured specific intensity might result in increased RPM 
expenditures. This potential expense must be balanced against the 
judged benefit resulting from the enhanced path guidance provided 
by acceptably bright RPMs. 

Conclusions 

The video system used in the first prototype produced very 
good results when used in a static or stationary mode. In motion, 
errors were introduced due to lag or poor response of the video 
camera used. This technique is not recommended unless a very high 
speed, high quality camera specific to this application is used. 
The light sources on this system were also deficient in that they 
did not produce an even light level across the area of interest at 
a high enough illumination. 

The second design was based on a modulated infrared beam of 
light reflecting from the target RPM back to an IR receiver. This 
technique uses some hardware and techniques of the first method but 
is much simpler. The sensor mounts under the front bumper with a 
small cable leading to the control unit in the front seat. This 
method will work in all ambient light conditions, except full sun, 
due to the modulated beam. RPM measurements with this system under 
room light static condition are very comparable to those obtained 
in a completely dark test chamber using a Tektronix JIG photometer. 

A problem in using the IR system that may need further work is 
the degree of accuracy required by the driver to aim the sensor at 
the test RPMs at highway speeds. This condition may be greatly 
improved by measuring a string of homogeneous RPMs or by making 
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multiple passes of each RPM to be measured and applying statistical 
techniques. 

An easy-to-use manual for both District maintenance personnel 
and traffic engineers should be prepared. Such a manual should 
provide detailed operational instructions for the Infrared Field 
Measurement System and simple algorithms for any sampling or 
statistical techniques that need to be applied to evaluate the 
condition of installed raised pavement markers. 
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4. THRESHOLD STUDIES 

A series of empirical and analytic studies were conducted to 
determine the lower threshold of RPM specific intensity for a 
sample of Texas drivers. Determination of such thresholds provides 
a means to establish the minimum level of RPM reflectivity which 
can provide path information for motorists. 

Threshold Study 1: Threshold specific Intensities of Retro­
reflective Raised Pavement Harkers 

Purpose and Objectives 

The purpose of this test was to establish the lowest 
practicable values of specific intensity (SI) at which RPMs are 
discriminable from backgrounds under two operational conditions: 
(1) minimum light levels with no competing sources and (2) higher 
light levels with competing sources. The former condition 
simulates a dark rural highway with no extraneous sources of light 
or oncoming traffic. The latter condition simulates an urban 
situation with advertising signs and other lighted objects on or 
near the roadway. The objective was to determine, under both of 
these conditions, how much residual SI must be present for a driver 
to unequivocally say that the object on the roadway that he or she 
sees is an RPM. 

A secondary objective was to demonstrate the equivalence of 
loss of transmission of light through the optics of the RPM with 
loss of effective area of the RPM. Perceived brightness of these 
objects is based on the total number of lumens reaching the eye. 
Below a critical source diameter of 1 minute of visual arc, the 
source is perceived as a point of light, like a star. In this 
situation, reduction in the physical size of the object is seen as 
a reduction in brightness. 

Ground Rules and Assumptions 

1. Middle-aged and older drivers have inherently inferior contrast 
sensitivity and detection thresholds as compared to younger 
drivers. RPM's that are identifiable as such to a sample of 
drivers from the older population will pose no problem to younger 
drivers. 

2. The arrangement of RPM's in patterns that conform to roadway 
geometry provide extra cues for identification. 

3. The simulated urban environment should be as realistic, but 
cannot encompass all operational situations or be deemed "typical." 
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Test site Description 

Test RPMs 

pilot tests established that SI values of 4 x 4 inch raised 
pavement markers that are less than about 7 per cent of the 
original SI still are reliably detected by an observer under 
perfect seeing conditions. Anything above 50 per cent of nominal 
new value will be unmistakable under nearly any seeing condition. 
The specific intensities of the specimens prepared for use in this 
study, therefore, were very low compared to new RPMs. The S1 values 
(candela/incident ft-candle) of the test specimens are indicated in 
Table 4-1. The SI' s reported in the table were measured at 0 
degrees entrance angle and 0.2 degree observation angle. SI 
changes very little with small amounts of observation angle (i.e., 
the angle between the observer's eyes and the source of 
illumination). The degradation in retroreflectivity of the test 
RPMs was produced by abrading the reflective surfaces with emery 
cloth. 

Table 4-1. Specific Intensity of threshold study RPM specimens. 

Color: Clear Amber Red 

0.007 0.005 0.002 
0.051 0.013 0.030 
0.068 0.015 0.051 
0.080 0.065 0.068 
0.120 0.123 0.090 
0.188 0.134 0.161 

Nominal values new: 3.000 1.800 0.900 

New RPMs characteristically exhibit wide variation in 
retroreflectivity. The nominal values given above are merely 
statistical averages (arithmetic means) for Model 88 RPMs 
manufactured by stimsonite that have been measured in the 
laboratory. It should be noted, in keeping with the rationale 
discussed in Section 2 regarding the differences between TTl and 
SOHPT laboratory measurement techniques, that the above values 
should be multiplied by 3.1416 (~) in order to express the 
equivalent SI as measured in the 0-9 SOHPT Laboratory. 

For convenience in preparation, since the retroreflective 
qualities of the various types of RPM's are the same from a 
perceptual standpoint, the test specimens were all stimsoni te Model 
88. 
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Test Car 

A 1979 Pontiac Grand Am 4-door was used for the test car. 
Test participants did not drive this car, but observed RPM's from 
the front seat passenger position. The car is equipped with state­
of-the-art quartz iodide headlamps and a tinted windshield, 
consistent with the prevalence of air conditioning and such 
windshields in Texas. The car has a calibrated fifth wheel which 
directly reads in feet. The headlamps were aligned by target to 
nominal Texas standards for aiming (Periodic Motor Vehicle 
Inspection Manual, Current Issue). High beams were used throughout 
testing to illuminate the RPMs. The headlamps were measured from 
the specimen site to deliver an average of 0.041 ft-candle at 800 
feet. This means that they had an equivalent intensity of 26,240 
candela. Illuminance from the headlamps was measured before and 
after each experimental run. 

other Test Equipment 

simulation of an urban visual environment was accomplished by 
installing two types of luminaires in the test area. Luminaires on 
masts were used to simulate street lamps. A number of different 
colored lamps on stands were directed toward the observer to 
simulate the visual clutter often encountered in urban areas 
resulting from traffic signals, commercial signs and other traffic. 

The simulated urban light environment produced an adapting 
illumination at the observer's eye of 0.68 ft-candles, 

Figure 4-1 is a photograph of the urban setup taken at night. 
The test specimen is faintly visible (arrow). 

Test specimens were placed in a special flat black holder for 
presentation to the observer in the test car. The holder ensured 
that the observation and entrance angles remained constant for all 
specimens. 

Research participants 

Ten research participants were used. The 5 female and 5 male 
subjects ranged from 41 to 67 years old. Their salient 
characteristics are shown in Table 4-2. Middle-aged to older 
drivers were used because loss of visual acuity under night 
conditions as well as loss of light sensitivity related to 
pupillary limitations and opacity in the visual train are age­
related. Thus, any threshold data derived from this sample could 
be expected to be conservative (that is, younger drivers could be 
expected to detect RPMs that were less retroreflective than those 
found to be just visible with this sample). 

Research participants were licensed drivers, vision corrected. 
Their distance visual acuity was evaluated with a standard Ortho-
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Figure 4-1. Urban environment visual scene. 
(Arrow indicates faintly visible target RPM) 
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Table 4-2. Threshold study research participants. 

Id No. Gender Age Acuity 

3 M 43 20/22 
6 M 46 20/18 

10 M 53 20/40 
p1 M 59 * 

2 M 67 20/25 
7 M 66 20/40 
5 F 49 20/20 
4 F 41 20/22 
9 F 51 20/29 

p2 F 53 * 
1 F 66 20/33 
8 F 60 20/22 

* pilot study only 

rater. Drivers not associated with TTl were paid $20.00 for their 
expenses associated with their participation on the project. 

Test Design and Procedures 

The test comprised a classic Method of Limits psychophysical 
approach. In this approach observers are presented test objects 
ranging from clearly below to clearly above their detection ability 
(threshold). The observer declares that he or she either sees or 
does not see the test object. The stimuli are presented in a 
random order to preclude anticipation. The observer does not know 
whether the next presentation will be faint, bright, or not visible 
at all. The results of such a test are then depicted as a 
probability curve for detecting the object. A number of 
presentations of the same object are made to assure reliability of 
the test results. 

After executing an Informed Consent agreement, participants 
were given a standard visual acuity test using the Orthorater. None 
exhibited corrected acuity poorer than 20/40. The participant then 
was driven to the test site by an experimenter. The participant 
rode in the righthand front passenger seat of the test car. Half 
of the participants were tested under "rural" (dark) conditions 
first, half under "urban" (lighting in field of view) conditions 
first. 

"Rural" (Dark) Conditions 

The vehicle was positioned 800 feet from the test specimen 
location. On arrival at the site, the observer sat for at least 
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five minutes before testing commenced to assure reasonable dark 
adaptation. The test site was on the East Apron of the Riverside 
Campus runway complex. The participant looked southward into a 
very dark background of trees and empty range land. Only one 
source of light at a great distance was visible, a yard lamp on a 
ranch far to the south of the Riverside Campus. This source of 
light was blocked during these tests by a strategically placed 
black-draped sign board. The experimenter in the test car 
communicated by radio with another experimenter at the specimen 
site who placed test specimens on signal. The trials commenced 
when twilight conditions gave way to night, with estimated ambient 
luminance in the mesopic range of 0.001 ft-Iambert. 

The research participant was read instructions which are 
provided as Figure 4-2. Following these instructions, the 
specimens were presented in rapid order according to a prearranged 
random ordering scheme. Each specimen was presented seven times. 
For each specimen presentation, the participant was asked to tell 
whether he or she could see the RPM, and if they could see it, what 
the color was. These responses were noted by the experimenter 
without comment, and the next presentation was then called for. 
This continued until all 126 presentations had been made. 

Once the"participant and experimenter had arrived at the test site and were in poshion, ihey:'satfor' 
a period of 5-10 minutes to become dark adapted. The eXperil1)entet'wore a: g~wa:yradI6 headset to 
communicate with the assistant who positioned the test "i'etJect6"ts. the · j'efl~9tor,s Were labelled with 
arbitrary numbers to avoid encouraging the , Jjarticiplinrto, a~:s6CiaHr:them(igHiti.ide of the 'label with 
th:e bdghtness of the reflect6't. At thiS'time:::ttle pr6di:l iJrErW~WWgiii ri : explairied to the 'partiCipant: 

. -... -. ':'--:."-:." 
.:. 
".". :- }. 

'YoO will be ~hown a " series , of rEifh~ctors of different ' colors and different 
\:i6rightmis~es, t hey will aiways::be in the 'same location. Some will be bright and 
~ome wmnot be; some may not even be there. 
,;..: 

A ;saniple'new reflector was placed in position to guide t~~ participant's focu~. It was made sure that 
:. ,Jhe':piii'r:ti,qlpant CQuid see the refiE:)ctor:' (If :ll~ "90ulc::lllotsee the new on~: there was no point in: 

::'cci"ritihu j~g :with the experimen.t). :t he 'explariation , coritrnue~ , :~ 

:· After th~ :assistant positions 'thea'pprdp~:iat~ ~i~f:l~cior and 'tnf6~ms<:ihe that it is :' 
'in: place; I will tell you thatU is:"inj)lace:~~nc(~sl( youJo tell nje 'wHe#ler ~9rnot 

::<. you c~n : se~ it and" if you 'dm; 'wh~t'coforiyoiithinkitmay be.:::tak~ ::Mfttiirtime 
'you neect "If YO'u are :n<>t sure if you cart see it iorascertain its color,ma~e the 
best possible guess that you can. ":,',::::' 

New red, crystal, and amber.reflectors (1 each) were set 6litsuch thatt lieparticipant could see the 
selection of colors. After 1 minute, they were removed and 't tle·experimehf began. 

The ',experim~,iiter held a}lashlight with a red guard and kept it hidden so as"' no{:Yo :,alter ,:.the 
participaht's'dii'rk adaptatiOr;:;:, qr was iurnedon only for ng,;, 

: :.; 

Figure 4-2. Testing procedure and instructions. 
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Urban (Light) Conditions 

The procedures were the same as for "rural" conditions, with 
the following exceptions: 

1. Distance from vehicle to test specimen was 400 ft. 

2. The urban lighting simulation treatment was turned on, produc­
ing a higher level of light adaptation for the participant, in the 
neighborhood of 0.01 ft-Iambert. The measured adapting illuminance 
at the observer's eye was 0.68 ft-candle. In these tests, the dome 
lamp of the vehicle was illuminated as part of the adapting 
illuminance. It should be pointed out that this setup was merely 
one of many different lighting situations that a driver might be 
confronted with in actual driving. 

Veri fication of t he Equiv a l e nce of Degraded and Reduced-Area RPMs 

In this small investigation, three observers were used. The 
test vehicle was positioned approximately 400 ft from two specimens 
used on each trial. One specimen was made by degrading the amber 
reflective surface to an SI of 0.54. The other specimen was an 
undegraded identical RPM to the first, but with part of the surface 
covered with black electrician's tape to produce an SI equal to the 
first degraded specimen. The specimens were placed 3 feet apart on 
a line normal to the line of sight of the observer. The position 
of the taped and of the degraded reflector was varied randomly from 
trial to trial. The observers were asked to tell which of the two 
RPMs was the brighter. The car then moved slowly back until one or 
both disappeared. The car was then moved toward the specimens 
until the observer could identify which one appeared first. The 
car was then moved further toward the specimens until both were 
visible again. The sight distance was noted for each of these 
events. These trials were conducted under "rural" lighting 
conditions. 

Results 

"Rural" and "Urban" Lighting RPM Thresholds 

Table 4-3 summarizes the results of the threshold study. 
Under Rural conditions, an older driver could be expected to detect 
an amber RPM in his headlamps (assuming that they were like those 
used in this study) roughly half the time at 800 ft if its SI were 
between 0.065 and 0.123, and would have no problems detecting it if 
it were brighter than 0.123 SI. Under much brighter seeing 
conditions, with other light sources in the field of view, a driver 
would not be able to pick such an RPM up until he or she approached 
to half that distance. Any amber RPM with an SI over 0.134 could 
be reliably detected at these distances. White, or crystal, RPMs 
can be reliably seen (approaching 100 per cent detection 
probability) at an SI value of about 0.19, whereas red RPMs can be 
readily seen at these distances with an SI of 0.16. 
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Table 4-3. Summary of results: Percent of RPMs detected as a 
function of color, specific intensity, and viewing condition. 

Viewing Condition 

RPM Color SI Rural Urban 
% Detected 

Red .002 0.0 1.4 
.030 27.1 51.4 
.051 77.0 85.7 
.068 98.6 97.1 
.090 94.3 94.3 
.161 98.6 100.0 

Amber .005 1.4 0.0 
.013 1.4 1.4 
.015 4.3 5.7 
.065 32.9 48.6 
.123 98.6 98.6 
.134 94.3 92.9 

crystal .007 1.5 1.4 
.051 3.8 51.4 
.068 1.4 85.7 
.080 1.1 97.1 
.120 11.4 94.1 
.188 95.2 100.0 

If we take the conservative position that an RPM should be 
visible to the motoring public with 100% probability of detection, 
the thresholds derived from this study are (for 800-foot sight 
distance) : 

RPM Color SI 
Red ••..•...••.....•• O. 16 
Amber ............... O.13 
Crystal ............. 0.19 

The amount of light needed for equivalent visibility for 
nighttime seeing roughly doubles for each 13 years of age 
increment. since the mean age of this sample was 54.5 years, 
doubling these SIts would accommodate drivers up to age 67, and 
doubling them again would make these RPMs visible to drivers up to 
80 years of age. For 80-year-olds, these SIts would become: 

RPM Color SI 
Red ................. 0.64 
Amber ............... O.52 
Crystal .......••••.• 0.76 
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In order to generalize these results for a wide range of sight 
distances and levels of illumination by headlamps, let us convert 
these values for the sample and for the two extrapolations to 67 
and 80 years of age from SI to illumination at the eyes from the 
equivalent point source represented by an RPM. 

(1) 

(2) 

SI = Apparent Candlepower of RPM 
Illuminance from headlamps 

or 

SI = 

Irpm = SI x E 

Lambert's Law provides the illuminance at the eye produced by the 
RPM shining in the headlamps 

(3) 

Using Lambert's Law for illuminance of headlamps 

(4) E = I / d 2 
hl 

substituting (2) and (4) into (3), 

(5) Therefore Erpm = (SI x I hl ) / d4 

Where: Irpm 
E 
Erpm 
d 
Ihl 

= Candlepower of RPM (Candela) 
= Illuminance from headlamps (ft-candles) 
= Illuminance from RPM to eyes (ft-candles) 
= distance from rpm to eyes (ft) 
= Candlepower of Headlamps (Candela) 

Using Equation 5 to convert the threshold data above, the 
following results are obtained (values in ft-candles x 10-8 ): 

Age 
Color 54.5 yrs 67 yrs 80 yrs 

Red 1.025 2.050 4.100 
Amber 0.832 1. 664 3.328 
Crystal 1.217 2.434 4.869 

These results say that, for example, a person represented by 
our test sample would be able to detect on a dark road any source 
of light that delivers 0.00000001025 ft-candle of light to his 
eyes. When an RPM gets close enough that the reflection from it 
reaches that value, he or she will be certain to see it. In 
contrast, an 80-year-old driver would need to have 0.00000004869 
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ft-candle in order to have the same assurance of seeing the 
reflector. It would have to be four times brighter. An engineer 
need only sUbstitute into Equation 5 the required sight distance 
needed at a particular location on a highway, a nominal value of 
headlamp intensity (20,000 might be a good number, based on 8AE 
J579) and the age/color equivalent intensity of an RPM tabled above 
to determine the 8I of an RPM that would yield the 100 per cent 
detection threshold. A set of such calculations for various sight 
distances is provided in the Table 4-4 for a nominal headlamp 
intensity of 20,000 candela. These values would not hold for the 
"urban" condition in which the driver's eyes are much more light 
adapted and not as sensitive. The single condition simulated in 
this study cannot be generalized to all urban circumstances. Under 
the urban condition set up in this study, the 80-year-old amber 
threshold illuminance by an RPM becomes 0.000000349 ft-candles 
(using Eq.4), which represents an increase in brightness of almost 
an order of magnitude (10 times)! 

These thresholds are "achromatic," that is to say, the drivers 
were reporting detection of an object as a point of light. They 
often were unsure as to the color of the RPM that they were seeing, 
particularly amber vs white or crystal. Red was almost always 
correctly identified. 

Table 4-4. Predicted specific intensity thresholds for 80-year-old 
drivers, RPMs illuminated by 20,000 candela headlamps. 

Red RPM Amber RPM Crystal RPM 
Distance (ft) 8I 8I 8I 

50 .0000 .0000 .0000 
100 .0002 .0002 .0002 
150 .0010 .0009 .0012 
200 .0033 .0027 .0039 
250 .0080 .0065 .0095 
300 .0166 .0135 .0197 
350 .0308 .0250 .0365 
400 .0525 .0426 .0623 
450 .0841 .0682 .0998 
500 .1281 .1040 .1522 
550 .1876 .1523 .2228 
600 .2657 .2156 .3155 
650 .3659 .2970 .4346 
700 .4922 .3995 .5845 
750 .6486 .5265 .7703 
800 .8397 .6816 .9972 
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These results are comparable to those found by other 
researchers dating back to 1946 and before. They represent the 
lowest practicable bounds for degradation of RPMs installed on the 
highways. The seeing conditions in the "rural" situation were 
ideal for detecting these objects: no distractions, not driving, 
good visibility, very dark environment, and knowledge that an 
object was present. Hence it can be said with some confidence that 
RPMs that have degraded to such an extent that they can no longer 
deliver the threshold amount of light to the eye at the needed 
sight distance with the dimmest legal headlamps definitely need to 
be replaced. This study sets the lower limit of usability. 

Discrimination Between Degraded and Masked Test specimens 

No significant differences were noted in sight distances 
between equivalent SI RPMs which were abraded on the reflective 
surface, vs those taped to occlude part of the reflective surface. 
The two observers were unable to discriminate between the two types 
of devices. This demonstration confirms the assertion that at the 
operating distances used to illuminate and view RPMs, they are 
point sources of light. 
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Threshold study 2: An Analysis of Threshold specific Intensities 
to Account for Rain Diffusion 

The results of study 1 document the threshold specific 
intensities for observers under two different lighting conditions. 
In the discussion of those results, a rationale was presented for 
predicting the lowest illuminance from a point source of light, 
such as an RPM lit by headlamps, that a driver might be able to 
discern with high certainty. These values, repeated below, are 
valid for reasonably dark, clear seeing conditions (all values in 
ft-candles x 10-8 ) : 

Age 
Color 54.5 yrs 67 yrs 80 yrs 

Red 1.025 2.050 4.100 
Amber 0.832 1.664 3.328 
Crystal 1.217 2.434 4.869 

As would be expected, the elderly driver (80 years of age) 
needs considerably more illumination from an RPM to see it, thus 
providing a "worst case" for design purposes. study 2 provides an 
analysis and discussion of the influence of rain on the predicted 
RPM intensity requirements for these drivers. 

In order for a driver to see a light source, the specified 
amount of illumination to the eye must be provided regardless of 
what the light has to traverse before impinging on the eye. In the 
case of an RPM on a rainy night, the attenuation introduced by the 
environment can be a very significant factor. 

To assess the extent of light attenuation due to rain, the 
values in Table 4-4 (from study 1) can be corrected to account for 
various rainfall rates. It will be recalled that Table 4-4 
provides predicted SI (in the usual candela per incident foot­
candles) for all three colors of roadway RPMs as a function of 
sight distance, ranging from 50 feet to 800 feet. This table 
assumes clear seeing condi tions: dry, dark road, no opposing 
traffic, no rain or mist in the air. The headlamps illuminating 
the RPM are assumed to be at nominal high-beam level of 20,000 
candela, again a conservative assumption. 

If we now assume that the driver is looking at the RPM through 
a downpour, the light from the headlamps is scattered and absorbed 
as it travels to the RPM. The light returning from that RPM is 
likewise scattered and attenuated by the rain. Ivey, Lehtipuu, and 
Button (1975) studied visibility through rainfall. They found that 
rainfalls exceeding 1 inch per hour, even in areas of Texas where 
heavy rainfall is common, were rarely encountered (less than 5 
hours per year). Ivey et al recommended a "design rainfall" of 1 
inch per hour for further analysis. In order to bracket the 
situation, we shall use this level of rainfall, plus values of 0.5 
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inch per hour and 2 inches per hour. In a relatively qualitative 
estimate of daylight visibility, Ivey et al associated a 1-inch­
per-hour rainfall with a 30 percent loss in visibility in a car 
travelling 50 MPH. A 2-inch-per-hour rainfall intensity reduces 
visibility to less than 50 percent of clear conditions. 

Atlas (1953) developed an analysis of optical extinction by 
rainfall in which he derived a coefficient of atmospheric 
extinction: 

(6) s = 5. 85Ro.63 X 10-4 

Where R = rainfall, in/hr 

The extent to which the medium through which light is travelling' 
absorbs or scatters that light is expressed by "s". There is a 
straightforward relationship between sand "t" which is 
transmissivity, a term encountered in meteorology, aviation, and 
many other places. The conversion (Middleton, 1952) is as follows: 

(7) t = e"S 

Where e = natural log base 
Allard's Law (IES, 1966) relates illuminance provided by a 

source shining through a medium for which the transmissivity is 
known by the simple relationship: 

(8) E = I t d/d2 

Where E = Illuminance 
I = Intensity of the source 
d = distance 

Using these relationships, a table of predicted threshold SI 
for red, amber and crystal RPMs was generated and is given as Table 
4-5. As a function of distance in feet, equations 7 and 8 are used 
to compute transmissivity over the distance (td ) under the three 
conditions of rainfall, 0.5, 1, and 2 inches per hour. "Clear" 
visibility SI is reproduced from Table 4-4. For example, at 50 
feet, the transmissivity factor is 0.9712 for 1 inch per hour rain, 
a loss of 3 percent. For the same condition, equation 8 is used to 
compute an illuminance provided by the 20,000 candela headlamps 
assumed in this table. For this same example, the illuminance 
would be 7.7693 ft-candles impinging on an RPM in the road. 
Equation 8 is also used to compute the intensity required of an RPM 
to permit it to be seen by an 80-year-old observer. For this 
calculation, the illuminance values provided by study 1 are used. 
For a red RPM, the illuminance that must be delivered to the eyes 
is 0.000000041 ft-candle. In order for the RPM to be seen at 50 
feet through a rainfall of 1 inch per hour, Equation 8 is solved 
for I, intensity. The intensity need be only 0.0001. This means 
that even a "dead" RPM could be seen easily. The ratio of required 
I (Intensity) for the RPM to the incident illuminance of the 
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headlamps yields the estimate of the SI required for visibility, in 
this case, zero. 

The picture radically changes with distance, however. Take 
the case of an amber RPM. At 400 feet, under clear seeing 
conditions, the device needs to have an SI of 0.0426 or 0.04 to be 
seen by an 80-year-old. If the rainfall through which our elderly 
driver is peering is 1 inch per hour, the SI needed jumps up to 
0.068. At 800 feet, the difference is from 0.68 to 1.7. This 
means that only a brand-new RPM could be seen through this rain by 
an older driver! SIts greater than 2 are rarely attainable with 
amber RPMs; therefore even a brand new amber RPM could not be 
discerned by a typical 80-year- old driver in a 2-inch-per-hour 
rainstorm at 750 or more feet. 

Table 4-5 suggests that for a heavy downpour of 2 inches/hour, 
a red RPM could be glimpsed at 250 feet if it were degraded to 0.01 
SI (a level commonly found after an RPM has been in place for a 
year or more). An amber RPM degraded to the same level could only 
be seen 150 feet distant. A crystal or white RPM could be seen 
about as far away as a red RPM. 

The values given in Table 4-5 represent an estimate of RPM 
visibility under dark, rainy conditions. These represent the very 
best that could be expected, since several very significant factors 
are not taken into account, including: 

1. Windshield smearing and water scatter from motion of the 
car, 

2. Moisture on the face of the RPM, and 
3. Reflections from the wet roadway. 

These estimates are refined on the basis of data collected in study 
3. 
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Table 4-5. Predicted specific intensity thresholds for 80-year-old drivers under clear and 
rainy conditions, RPMs illuminated by 20,000 candela headlamps. 

RPM COLOR: RED 
Threshold Transmissivity Illuminance of Luminance of RPM Threshold RPM 

SI of Rainfall Headlamps Req'd to See SI in Rain 
Feet (Clear) 0.5* 1.0* 2.0* 0.5* 1. 0* 2.0* 0.5* 1.0* 2.0* 0.5* 1.0* 2.0* 

50 . 0000 .9813 .9712 .9557 7.8502 7.7693 7.6459 .0001 .0001 . 000 .0000 . 0000 .0000 
100 . 0002 .9629 . 9432 .9134 1. 9258 1.8863 1. 8269 .0004 .0004 . 0004 .0002 .0002 .0002 
150 . 0010 .9449 . 9160 . 8730 .8399 .8142 .7760 .0010 .0010 .0011 .0012 . 0012 .0014 
200 . 0033 . 9272 . 8896 .8344 .4636 .4448 .4172 .0018 .0018 . 0020 .0038 . 0041 .0047 
250 . 0080 . 9098 .8639 .7975 .2911 .2764 .2552 .0028 .0030 .0032 .0097 .0107 .0126 
300 .0166 .8928 . 8390 .7622 .1984 .1864 .1694 .0041 .0044 . 0048 .0208 .0236 .0286 
350 .0308 . 8761 .8148 . 7284 .1430 .1330 .1189 .0057 .0062 . 0069 .0401 . 0463 .0580 
400 .0525 . 8597 .7913 .6962 .1075 .0989 .0870 .0076 .0083 . 0094 .0710 . 0838 .1083 
450 .0841 .8436 .7685 .6654 .0833 .0759 .0657 .0098 .0108 . 0125 .1181 . 1423 .1899 
500 .1281 . 8278 . 7463 .6359 .0662 .0597 .0509 .0124 .0137 . 0161 .1870 .2300 .3168 

w 550 .1876 .8123 . 7248 .6078 .0537 .0479 .0402 .0153 .0171 . 0204 .2843 . 3571 .5078 -..J 

600 .2657 . 7970 . 7039 .5809 .0443 .0391 .0323 .0185 .0210 . 0254 .4182 .5362 .7873 
650 .3659 . 7821 .6836 .5552 .0370 .0324 .0263 .0221 .0253 . 0312 .5982 . 7830 1.1872 
700 .4922 . 7675 . 6639 . 5306 .0313 .0271 .0217 .0262 .0303 . 0379 .8356 1.1167 1. 7482 
750 .6486 . 7531 . 6448 .5071 .0268 .0229 .0180 .0306 .0358 .0455 1.1436 1.5603 2.5221 
800 .8397 . 7390 . 6262 .4847 .0231 .0196 .0151 .0355 .0419 .0541 1.5375 2.1416 3.5743 

RPM COLOR: AMBER 
Threshold Transmissivity Illuminance of Luminance of RPM Threshold RPM 

SI of Rainfall Headlamps Req'd to See SI in Rain 
Feet (Clear) 0.5* 1.0* 2.0* 0.5* 1.0* 2.0* 0.5* 1.0* 2.0* 0.5* 1.0* 2.0* 

50 .0000 .9813 .9712 .9557 7.8502 7.7693 7.6459 .0001 .0001 .000 .0000 .0000 .0000 
100 .0002 . 9629 .9432 .9134 1.9258 1. 8863 1. 8269 .0003 .0004 . 0004 .0002 .0002 .0002 
150 .0008 . 9449 . 9160 .8730 .8399 .8142 . 7760 .0008 .0008 . 0009 .0009 .0010 .0011 
200 .0027 . 9272 .8896 .8344 .4636 .4448 . 4172 .0014 .0015 . 0016 .0031 .0034 .0038 
250 .0065 .9098 . 8639 . 7975 .2911 .2764 . 2552 .0023 .0024 .0026 .0079 .0087 .0102 
300 .0135 . 8928 .8390 .7622 .1984 .1864 .1694 .0034 .0036 . 0039 .0169 .0191 .0232 

* Rainfall in inches per hour 
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Table 4-5 (Cont'd) 

Threshold Transmissivity Illuminance of Luminance of RPM Threshold RPM 
SI of Rainfall Headlamps Req'd to See SI in Rain 

Feet (Clear) 0.5* 1.0* 2.0* 0.5* 1. 0* 2.0* 0.5* 1.0* 2.0* 0.5* 1. 0* 2.0* 

350 .0250 .8761 . 8148 .7284 .1430 .1330 .1189 .0047 .0050 .0056 .0325 . 0376 . 0471 
400 .0426 . 8597 . 7913 .6962 .1075 .0989 .0870 .0062 .0067 .0076 .0576 . 06BO . 0879 
450 .0682 . 8436 .7685 .6654 .0833 .0759 .0657 .0080 .0088 .0101 . 0959 .1155 . 1541 
500 .1040 . 8278 . 7463 .6359 .0662 . 0597 .0509 .0101 .0111 .0131 . 1518 . 1867 . 2572 
550 .1523 . 8123 . 7248 .6078 .0537 . 0479 .0402 .0124 .0139 .0166 . 2308 . 2898 .4122 
600 .2157 . 7970 .7039 .5B09 .0443 . 0391 .0323 .0150 .0170 .0206 . 3395 .4352 .6391 
650 .2970 .7821 .6836 .5552 .0370 . 0324 .0263 .0180 .0206 .0253 .4856 .6356 .9637 
700 .3995 .7675 .6639 .5306 .0313 .0271 .0217 .0212 .0246 .0307 . 6783 . 9064 1 . 4190 
750 .5265 . 7531 . 6448 .5071 .0268 . 0229 .01BO .0249 .0290 .0369 . 9283 1.2665 2.0472 
BOO .6816 . 7390 .6262 .4847 .0231 . 0196 .0151 .028B .0340 .0439 1.2480 1.73B3 2 . 9013 

RPM COLOR: CRYSTAL 
w 

Threshold Transmissivity Illuminance of Luminance of RPM Threshold RPM OJ 

SI of Rainfall Headlamps Req'd to See SI in Rain 
Feet (Clear) 0.5* 1.0* 2. O· 0.5* 1.0* 2.0* 0.5* 1.0* 2.0* 0.5* 1. 0* 2.0* 

50 .0000 .9813 . 9712 .9557 7.8502 7.7693 7.6459 .0001 .0001 .000 .0000 .0000 . 0000 
100 . 0002 .9629 . 9432 .9134 1. 9258 1. 8863 1. 8269 .0005 .0005 .0005 .0003 .0003 . 0003 
150 . 0012 .9449 .9160 .8730 .8399 .8142 .7760 .0012 .0012 .0013 .0014 .0015 .0016 
200 .0039 .9272 .8896 .8344 .4636 .4448 .4172 .0021 .0022 .0023 .0045 .0049 .0056 
250 . 0095 .9098 . 8639 .7975 .2911 .2764 .2552 .0033 .0035 .003B .0115 .0127 . 0150 
300 . 0197 .892B . B390 .7622 .1984 .1864 .1694 .0049 .0052 .0057 .0247 .02BO .0339 
350 . 0365 .B761 .8148 .7284 .1430 .1330 .11B9 .0068 .0073 .0082 .0476 .0550 . 06BB 
400 . 0623 .8597 . 7913 .6962 .1075 .0989 .0870 .0091 .0098 .0112 .0843 .0995 .1286 
450 .0998 .B436 .7685 .6654 .OB33 .0759 .0657 .0117 .0128 .014B .1403 .1690 .2255 
500 . 1522 .827B .7463 .6359 .0662 .0597 .0509 .0147 .0163 .0191 .2221 .2732 .3762 
550 . 2228 .8123 . 7248 .6078 .0537 .0479 .0402 .0181 .0203 .0242 .3377 .4240 .6030 
600 .3155 .7970 .7039 .5809 .0443 .0391 .0323 .0220 .0249 .0302 .4966 .636B .9350 
650 .4346 .7821 . 6836 .5552 .0370 .0324 .0263 .0263 .0301 .0371 .7104 .9299 1. 4099 
700 . 5845 .7675 . 6639 .5306 .0313 .0271 .0217 .0311 .0359 .0450 .9924 1. 3262 2.0761 
750 .7703 .7531 . 6448 .5071 .0268 .0229 .0180 .0364 .0425 .0540 1. 3581 1. 8529 2 . 9951 
800 .9972 .7390 . 6262 .4847 .0231 .0196 .0151 .0422 .0498 .0643 1. 8259 2.5432 4.2447 
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Threshold study 3: Thresholds for Detection of Retroreflective 
Raised Pavement Markers under Simulated wet 

Weather Conditions 

:Introduction 

This experiment was designed to extend the findings of the 
first study in detection thresholds for retroreflective raised 
pavement markers (RPM) under good seeing conditions to the 
situation in which the pavement is flooded and opposing traffic 
headlamps are both causing specular reflections from the flooded 
pavement and reducing the dark adaptation of the observer. Under 
these conditions of seeing, the minimum specific intensities that 
would be expected to be at near 100 percent threshold will be far 
higher than found in the first study. Data derived from this 
experiment was then corrected using factors developed and discussed 
in study 2: An Analysis of Threshold Intensities to Account for 
Rain Diffusion. 

Method 

Equipment 

1. 1979 Pontiac Grand Am used in study 1. This car is equipped 
with quartz iodide headlamps that produce a nominal 26,240 candela 
(high beam), and 33,600 candela (low beam) at 200 feet directly in 
front of the vehicle. (Figure 4-3) 

2. Water distribution system. The water distribution system used 
for TTl truck splash and spray investigations was used to provide 
water on the test pad sufficient to produce a flooded, specular 
condition between the observer and the test apparatus (approxi­
mately 0.05 inch). 

3. Rotating shutter apparatus for exposing a test RPM to the 
observer. This device consists of a 5-inch radius disk with a slot 
cut in its outer periphery. The disk is mounted vertically on a 1 
rpm motor driven shaft such that an RPM behind the disk is 
gradually revealed and then concealed. The effect of this device, 
when illuminated by headlamps and viewed at a distance, is to make 
the point source of light produced by an RPM seem to grow brighter 
and brighter until it is fully exposed, then diminish in brightness 
until it can no longer be seen. By pressing a switch wired to 
break a latch circuit, an observer can stop the shutter at any 
point. The shutter disk is equipped with a vernier scale to permit 
its position with respect to the test RPM to be measured. The 
scale measurement is calibrated to provide conversion of the 
angular data to specific intensity of the exposed RPMs. This 
apparatus is depicted in Figures 4-4 and 4-5. 
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Figure 4-3. Test observer vehicle. 

Figure 4-4. Shutter apparatus for presenting RPMs 
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Figure 4-5. Rear view of shutter apparatus 

Figure 4-6. "Opposing traffic" vehicle. 
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4. RPM specimens prepared for this study were stimsonite Type 88, 
in red, amber and white. They were reduced by area adjustmentto 50 
per cent of their nominal full SI value. 

5. An opposing vehicle which was stationed just off the test pad as 
though it were in an opposing traffic lane on a two lane highway. 
This vehicle had its low beam headlamps on. The vehicle, a 1981 
Cadillac Coupe DeVille depicted in Figure 4-6, was positioned 200 
feet north of the test RPM. The car's headlamps delivered 0.156 
ft-candles of illuminance to the observer, 400 feet away. The 
headlamp's equivalent candlepowerwas, accordingly, 25,960 candela. 

Research Participants 

Fourteen research participants were recruited to work in this 
study. Age, gender and corrected acuity data for these individuals 
are summarized in Table 4-6. Of this group, participants 11 and 12 
were eliminated, because they were unable to discern any objects at 
any brightness in the glare from the headlamps of the opposing 
vehicle. They were very sensitive to glare at night, and neither 
drove at night. 

Procedure 

The method was the classic psychophysical Method of 
Adjustment. Each observer was driven to the test site and then 
stationed behind the wheel of the test vehicle already positioned 
on the test surface. Low beam headlamps were used. The test 
location for this vehicle was 200 feet south of the test RPM in its 

Table 4-6. study 3 research participants. 

Participant No. Gender Age Visual Acuity 

1 F 52 20/29 
2 M 53 20/40 
3 M 54 20/20 
4 M 67 20/40 
5 M 68 20/29 
6 F 66 20/29 
7 F 73 20/20 
8 M 60 20/20 
9 M 69 20/18 

10 M 69 20/25 
11 F 77 20/40, 20/50 
12 F 71 20/40 
13 F 60 20/20 
14 F 57 20/20 
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rotating shutter device. The RPM in its shutter was positioned on 
the flooded road surface, in the water. Figure 4-7 shows the scene 
from the observer's viewpoint in daylight, and Figure 4-8 shows it 
at night. The line of RPMs on the left are for a durability study 
and were not involved in this experiment. 

At the beginning of a test sequence, the observer was told to 
observe the RPM and watch for its disappearance. The experimenter 
at the site then started the shutter rotating. As the shutter 
covered the RPM, the observer attended the visual scene, and when 
he or she lost sight of the RPM, the observer depressed a stop 
button. This broke the circuit to the rotating shutter motor. The 
test site experimenter then read the shutter position scale. The 
position scale corresponded to the amount of RPM reflective area 
exposed, which, in turn, was indicative of the SI of the exposed 
RPM. The shutter was activated again and the observer was now 
instructed to watch for the reappearance of the RPM. The observer 
was instructed to press the button again when the RPM just 
appeared. The shutter position was then again read. The mean of 
these two readings was taken as the threshold value. The procedure 
was followed for all three colors, with twelve replications per 
color. 

Results 

Table 4-7 presents a summary of test results for the 12 
participants that were able to see through the glare. Values for 
the raised pavement markers are in terms of specific intensity 
(SI), candela per incident ft-candles. Mean (average) SI for red 
markers was 0.104, 0.240 for amber, and 0.229 for clear or crystal 
RPMs. By using the sample standard deviation or RMS error also 
reported in Table 4-7, and data reported from Study 1 in this 
series, some conclusions can be drawn concerning minimum values of 
SI for various sight distances and weather conditions. 

Estimate of Minimum Acceptable Illuminance at Eye from RPM 

By using the standard deviation computed from the data on the 
12 participants, a 95 percent confidence interval can be estimated. 
If the sample taken in this study approximates the parameters of 
the population of older middle-age drivers from which it was drawn, 
95 percent of the thresholds measured under the seeing conditions 
of this study should fall within plus or minus 2 standard 
deviations from the mean. If only about half of the population 
could reliably see an amber RPM under these conditions with an SI 
of 0.24, then 95 percent should be able to see an RPM with an SI = 
0.24 + (2 x 0.187) = 0.614. 
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Figure 4-7. Test setup from observer vehicle (daylight). 

Figure 4-8. Test setup from observer vehicle (night). 

44 

Page 232 of 330



Table 4-7. Threshold specific intensities, Threshold study 3. 

Test Conditions: Observer vehicle 200 ft from RPM. 
Low beam headlamps. 
Low beam opposing vehicle, 200 ft beyond RPM. 
wet pavement. 

RPM Color 
Subject Amber Red Crystal 

1 .045 .045 .082 
2 .239 .052 .244 
3 .158 .095 .185 
4 .205 .185 .139 
5 .757 .475 
6 
7 .248 .164 .377 
8 .321 .147 .313 
9 .168 .088 .196 

10 .164 .085 .175 
13 .110 .104 .115 
14 .222 .071 .213 

Mean .240 .104 .229 
Std. Oev. .187 .047 .118 

Calculations like this lead to the following results: 

Amber RPM 
Red RPM 
Crystal RPM 

SI = 0.614 
SI = 0.198 
SI = 0.465 

Candela = 0.516 
Candela = 0.166 
Candela = 0.391 

The equivalent candlepower of the RPM as reflected in this 
table is computed by multiplying the SI by the illuminance from the 
vehicle's headlamps, which was measured to be 0.84 ft-candle. 
These values lead directly to an estimate of how much light must 
fallon the observer's eyes in order for 95 per cent of a sample of 
people ranging in age in from their late 50's to early 60's to say 
that they see an RPM. Invoking Lambert's Inverse Square Law, the 
equivalent candlepower of each RPM above is divided by the square 
of the distance between the RPM and the observer (200 ft x 200 ft) 
to yield the following values: 

Amber RPM 
Red RPM 
Crystal RPM 

Illuminance at eyes = 0.0000129 ft-candle 
Illuminance at eyes = 0.00000415 ft-candle 
Illuminance at eyes = 0.00000977 ft-candle 
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These three numbers represent the best conservative estimate 
of the amount of light that must fallon an observer's eyes from an 
RPM when he or she is looking at oncoming traffic on a dark and wet 
road and trying to see the marker. From a target detection 
standpoint, this is "worst case" for design purposes. 

Comparison with Theoretical Estimate for Elderly Driver 

In study 1 of this series, "Threshold Specific Intensities of 
Retroreflecti ve Raised Pavement Markers," an extrapolation was made 
to the vision of an 80-year-old person. Using the rule that the 
amount of light needed for threshold detection doubles every 13 
years, a correction factor of 3.1 could be applied to the above 
data to derive an equivalent 80-year-old threshold from the 60-
year-old threshold data. The multiplier applied to the' mean 
thresholds would yield these results: 

Amber RPM 
Red RPM 
Crystal RPM 

Illuminance at eyes = 0.0000157 ft-candle 
Illuminance at eyes = 0.00000677 ft-candle 
Illuminance at eyes = 0.0000162 ft-candle 

Illuminances of this level would permit at least half of those 
80 years old to discern an RPM. They are not very much different 
than the 95 percent confidence level 60-year-old thresholds 
described in the last section. If those thresholds are multiplied 
by 3.1, then everyone 80 years or younger with normal or 
correctable vision should be able to see the RPMs, if the 
deleterious effects of glare were not a problem to elderly 
observers. 

Observers much over 70 tend to have a great deal of problem 
with nighttime glare, as evidenced by two of the 14 participants in 
this study. Hence these theoretical thresholds are probably 
suspect, because in fact many 80-year-olds would be unable to make 
out the RPM in the veiling glare. Thus further analysis of the 
data in this experiment will use the 95 percent 60-year-old average 
age observer thresholds, with a caveat that some very elderly 
drivers (perhaps half of those averaging 80 years of age) would 
probably be able to discern RPMs delivering that amount of light, 
but many would have problems. 

Prediction of RPM Visibility as a Function of Distance and Rainfall 

The rationale for computing threshold RPM specific intensity 
as a function of seeing distance and rainfall is explained in study 
2. Generation of the tables and graphs for this analysis assumes 
a nominal value of 20,000 candela for the equivalent candlepower of 
the observer's vehicle headlamps. This value is picked from the 
range of 18,000 to 30,000 candela for low beam lamps reported in 
Perel, et al (1983). 
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The "Clear" column in Table 4-8 provides the threshold SI for 
red, amber, and crystal RPMs on wet pavement, with opposing traffic 
but no rain as a function of sight distance in increments of 50 
feet. In the case of amber RPM's, perhaps the most critical color 
of marker, sight distances of over 250 feet are not attainable, 
since a brand new marker does well to yield an SI of 2. Under 
conditions in which light is attenuated by rainfall, not much more 
than 200 feet can be attained with a new marker. The typical 
marker which has been in place for a year or so, and has an SI of 
0.1 or less would not be usable at distances much beyond 100 ft. 
Similar results are shown in Table 4-8 for red and crystal markers. 

For comparison, two other cases previously investigated (and 
reported in Study 1) are analyzed in the same fashion and shown in 
Tables 4-9 and 4-10, for the perfect-seeing dark road condition, 
and for a nominal "urban" condition which does not involve opposing 
traffic. In Table 4-9, it can be seen that a somewhat degraded 
amber RPM with an SI of 0.36 can be seen at 800 feet and can be 
picked up at 600 feet even in a driving rainstorm of 2 inches per 
hour. An RPM with the "typical" SI of 0.1 could be seen at 600 
feet and at a little less than 500 feet in the rainstorm. In the 
nominal "urban" circumstance, such a marker could be seen at 300 
feet in the clear and somewhat over 250 feet in the 2-inch-per-hour 
downpour. 

Figures 4-9, 4-10 and 4-11 are plots of threshold SI for amber 
RPMs for the three scenarios that were discussed, based on the 
tabled data. Figure 4-9 presents the findings for the opposing 
traffic, wet pavement condition, Figure 4-10 shows thresholds for 
the clear but wet pavement seeing condition, and Figure 4-11 
depicts the nominal "urban" situation. 

Summary of Findings 

The geometrics of a particular highway setting dictate how far 
away an RPM needs to be seen in order to provide proper guidance to 
the driver. Many jurisdictions use a "rule of three" to set 
guidelines for RPM visibility: at any given point on the highway, 
at least three RPMs must be above threshold to provide path 
information. Add to this a rule of thumb which is widely endorsed 
in traffic engineering circles: 2.5 seconds decision-response time. 
(ITE, 1976) If a driver is travelling at 55 MPH (80.7 feet/sec), he 
or she needs to see the farthest of three RPMs at a distance of 2.5 
x 80.7 = 201.8 or 200 feet. In curved sections at reduced speeds, 
or under wet weather conditions in which average speeds would be 
lower, this decision sight distance decreases proportionately. 

If the traffic engineer assumes a "worst case" situation with 
a wet, shiny pavement, glaring headlamps in the opposing lane, and 
rain falling (but assuming good visibility through the windshield -
a perhaps dubious assumption) then reference to Table 4-8 gives the 
minimum level of SI at which replacement should be considered. For 
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example, in areas subject to downpours of up to 2 inches per hour, 
assuming a 200 foot sight distance requirement and traffic at 55 
MPH, amber RPMs should exhibit SIs no less than 1.5. Similarly, 
crystal and red RPMs can be expected to function at SIs of 1.1 and 
0.5, respectively. For sites at which little rainfall occurs, the 
"Clear" column could be used, indicating SIs of 1 for amber, 0.8 
for crystal, and 0.3 for red RPMs. 

Suppose that opposing traffic glare is not a problem, but the 
other assumptions hold: 55 MPH, 2.5 second decision-sight distance, 
and "urban" lighting conditions similar to that in a strip business 
district. Then Table 4-10 would give some values for minimum Sl. 
Under heavy rain (2 inches per hour) amber RPMs would be replaced 
when their Sl fell below 0.03, crystal at an Sl of 0.04, and red 
units under 0.03. 

Table 4-9 yields equivalent figures for very dark situations 
which might occur in farm-to-market or other rural roads. 

Thus these findings strikingly emphasize the importance of 
operational, geometric, and weather considerations in deciding when 
an RPM is no longer effective in its place. 

Table 4-8. Predicted threshold SI as a function of distance and rainfall. Adapting condition for observer: 

Opposing traffic 
Wet pavement 
Headlamp illuminance = 20,000 candela. 

Rainfall Rate 
Detection 
Distance eft) Clear 0.5 In/Hr 1 In/hr 2 In/hr 

RPM COLOR: AMBER 
50 0.004 0.004 0.004 0.004 

100 0.06 0.07 0.07 0.08 
150 0.33 0.37 0.39 0.43 
200 1.03 1.20 1.30 1.48 
250 2.52 3.04 3.38 3.96 

RPM COLOR: CRYSTAL 
50 0.003 0.003 0.003 0.003 

100 0.05 0.05 0.06 0.06 
150 0.25 0.28 0.30 0.32 
200 0.78 0.91 0.99 1.12 
250 1.91 2.30 2.56 3.00 

RPM COLOR: RED 
50 0.001 0.001 0.001 0.001 

100 0.02 0.02 0.02 0.03 
150 0.11 0.12 0.13 0.14 
200 0.33 0.39 0.42 0.48 
250 0.81 0.98 1.09 1.28 
300 1.68 2.11 2.39 2.89 
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Table 4-9. 
rainfall. 

RPM COLOR: AMBER 

Predicted threshold 8I as a function of distance and 
Adapting condition for observer: 

Detection 

Dark highway, no ambient lighting 
Headlamp Illuminance: 20,000 candela 

Rainfall Rate 

Distance (ft) Clear 0.5 In/Hr 1 In/hr 2 In/hr 

50 
100 
150 
200 
250 
300 
350 
400 
450 
500 
550 
600 
650 
700 
750 
800 

0.000 
0.000 
0.000 
0.001 
0.003 
0.01 
0.01 
0.02 
0.04 
0.05 
0.08 
0.11 
0.16 
0.21 
0.27 
0.36 

0.000 
0.000 
0.000 
0.002 
0.004 
0.01 
0.02 
0.03 
0.05 
0.08 
0.12 
0.18 
0.25 
0.35 
0.48 
0.65 

0.000 
0.000 
0.000 
0.002 
0.01 
0.01 
0.02 
0.04 
0.06 
0.10 
0.15 
0.23 
0.33 
0.47 
0.66 
0.91 

0.000 
0.000 
0.000 
0.002 
0.01 
0.01 
0.03 
0.05 
0.08 
0.13 
0.22 
0.33 
0.50 
0.74 
1.07 
1.51 

RPM COLOR: CRYSTAL 

RPM COLOR: RED 

50 
100 
150 
200 
250 
300 
350 
400 
450 
500 
550 
600 
650 
700 
750 

50 
100 
150 
200 
250 
300 
350 
400 
450 
500 
550 
600 
650 
700 
750 
800 

0.000 
0.000 
0.001 
0.002 
0.005 
0.009 
0.02 
0.03 
0.05 
0.07 
0.10 
0.15 
0.20 
0.27 
0.36 

0.000 
0.000 
0.000 
0.001 
0.003 
0.006 
0.01 
0.02 
0.03 
0.04 
0.06 
0.09 
0.12 
0.16 
0.21 
0.28 

0.000 
0.000 
0.002 
0.002 
0.005 
0.01 
0.02 
0.04 
0.07 
0.10 
0.16 
0.23 
0.33 
0.46 
0.64 

0.000 
0.000 
0.000 
0.001 
0.003 
0.007 
0.01 
0.02 
0.04 
0.06 
0.09 
0.14 
0.20 
0.28 
0.38 
0.51 
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0.000 
0.000 
0.001 
0.002 
0.006 
0.01 
0.03 
0.05 
0.08 
0.13 
0.20 
0.30 
0.44 
0.62 
0.87 

0.000 
0.000 
0.000 
0.001 
0.004 
0.008 
0.02 
0.03 
0.05 
0.08 
0.12 
0.18 
0.26 
0.37 
0.52 
0.71 

0.000 
0.000 
0.001 
0.003 
0.007 
0.02 
0.03 
0.06 
0.11 
0.18 
0.28 
0.44 
0.66 
0.97 
1.40 

0.000 
0.000 
0.001 
0.002 
0.004 
0.01 
0.02 
0.04 
0.06 
0.11 
0.17 
0.26 
0.39 
0.58 
0.84 
1.18 
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Table 4-10. Predicted threshold 81 as a function of distance and 
rainfall. Adapting condition for observer: 

Urban corridor, no opposing traffic 
Headlamp Illuminance = 20,000 candela 

Rainfall Rate 
Detection 
Distance (ft) Clear 0.5 In/Hr 1 In/hr 2 In/hr 

RPM COLOR: AMBER 

50 .00 .00 .00 .00 
100 .00 .00 .00 .00 
150 .01 .01 .01 .01 
200 .02 .03 .03 .03 
250 .05 .06 .07 .08 
300 .11 .14 .16 .19 
350 .20 .26 .31 .38 
400 .35 .47 .55 .71 
450 .55 .78 .94 1.25 
500 .85 1.23 1.52 2.09 
550 1.24 1.88 2.36 
600 1.75 
650 2.42 

RPM COLOR: CRYSTAL 

50 .00 .00 .00 .00 
100 .00 .00 .00 .00 
150 .01 .01 .01 .01 
200 .03 .03 .03 .04 
250 .07 .08 .09 .10 
300 .14 .17 .19 .23 
350 .25 .33 .38 .47 
400 .43 .58 .68 .88 
450 .69 .96 1.16 1.55 
500 1.04 1.52 1.87 2.58 
550 1.53 2.32 2.91 4.14 
600 2.17 3.41 4.37 
650 2.98 4.88 
700 4.01 

RPM COLOR: RED 

50 .00 .00 .00 .00 
100 .00 .00 .00 .00 
150 .01 .01 .01 .01 
200 .02 .02 .02 .03 
250 .05 .06 .06 .07 
300 .09 .12 .13 .16 
350 .18 .23 .26 .33 
400 .30 .40 .48 .62 
450 .48 .67 .81 1.08 
500 .73 1.07 1.31 1.81 
550 1.07 1.62 2.04 2.90 
600 1.52 
650 2.09 
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Figure 4-9. Predicted threshold 81. 
Adapting conditions for observer: 
Opposing traffic, wet pavement. 

1 in/hr 

.5-·-inlh 

250 300 

Page 239 of 330



,-------------------------- - -- - - --- - ------ - - ----

U1 
l\) 

RPM Color: Amber 

Specific Intensity 
1.6 ~--------------------------------------------~ 

1.4 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 
0 

2 in/hr 

1 in/hr 

.5 inlhr 

Clear 

200 400 600 800 
Distance (ft) 

Figure 4-10. Predicted threshold 81. 
Adapting conditions for observer: Dark 

highway, No ambient lighting 
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Figure 4-11. Predicted threshold 81. 
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5. RAISED PAVEMENT MARKER DURABILITY 

In order to provide effective path delineation over extended 
time periods, raised pavement markers installed on Texas highways 
must maintain a minimum level of retroreflectivity. The minimum 
specific intensities necessary for RPMs to effectively perform 
their function were discussed in section 4. This section provides 
a brief discussion of the types of RPMs used on Texas highways and 
the materials used in fabricating these markers and reports the 
findings of a series of studies of some of the conditions that may 
mitigate against long term retention of sufficient retro­
reflectivity. Among the abuses to which in-service RPMs are 
subjected are extremes of ambient temperature and repeated impacts 
from vehicular traffic. Three separate sets of studies are 
addressed in this section. The first is an assessment of the 
specific intensity of RPMs in several SDHPT districts after 
different periods of time in-service. Second, an account of two 
studies of the effect of thermal stress on RPM reflectivity is 
provided. Finally, the results of durability tests of RPMs when 
exposed to a laboratory abrasion test and to repeated tire impacts 
are reported. 

Types of Pavement Markers Used in Texas 

The vast majority of retroreflective raised pavement marker 
products used in Texas (by both the Highway Department and its 
contractors) are marketed under two trade names, Stimsonite, 
manufactured by a division of the Amerace corporation and Ray-O­
Lite, a division of Pac-Tec, Inc. 

Both manufacturers make standard and low profile RPMs with 
reflective surfaces on one or both sides. Markers are available in 
a variety of reflective colors and color combinations, including 
amber(or yellow) clear ("crystal") and red. All of the markers are 
designed to reflect light back in the direction of the light 
source. This reflex- or retro-reflective property is accomplished 
by the incorporation of many small molded cube-corner (or 
prismatic) elements. In addition to size and color, the primary 
difference among RPMs lies in the treatment of the surface of the 
reflective element. The base surface of all markers is Methyl 
Methacrylate. On some stimsoni te markers, a thin layer of 
untempered glass is added to the RPM face. Table 5-1 provides a 
description of the primary RPMs used on Texas highways and employed 
in the empirical studies conducted under this project. 

A preliminary comparative study of alternative materials for 
RPMs was conducted early in the research. This study consisted of 
library research plus interviews with cognizant individuals in the 
SDHPT, two maj or manufacturers of these devices (Amerace and 
FERRO), and Dow Chemicals in Freeport, Texas. As was mentioned in 
the preceding paragraph, the state-of-the-art in the manufacture of 
RPMs is the use of methyl methacrylate for the shell, which 
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Table 5-1. RPMs used on Texas highways. 

Manufacturer Model Dimensions Reflective Surface Material 
(in) Area per 

side (in2 ) 

Ray-O-Lite 28 4.0x4.0x.70 ~ 3.25 Methyl Methacrylate 
Ray-O-Lite Mini 2.0x4.0x.45 ~ 1.87 Methyl Methacrylate 
stimsonite 88 4.0x4.0x.75 ~ 3.25 Methyl Methacrylate 
stimsonite 911 4.0x4.0x.75 ~ 3.25 Untempered Glass 
stimsonite 948 2.3x4.7x.52 ~ 1. 87 Untempered Glass, 

recessed. 
stimsonite 947 2.3x4.7x.52 ~ 1.87 untempered Glass 
stimsonite 74 2.3x4.7x.52 ~ 1.87 Methyl Methacrylate 

includes the cube corner prism array. The interior of the shell in 
the area of the prism array is given a thin coating of aluminum as 
a reflective surface. Then the shell is filled with epoxy filler 
to produce the finished RPM. stimsonite-made glass-faced RPMs are 
exactly the same as all-plastic RPMs, except a very thin glass 
surface is bonded by a patented process to the face of the prism 
array. The only way that water or any other contaminant can 
penetrate to the aluminum reflective layer to destroy the optical 
qualities of the device is outright cracking or breakage of the 
shell itself, provided the bond between the shell and filler is 
tight to begin with, a quality control problem in the past, but 
reportedly not a major problem now. 

The major reason that methyl methacrylate thermoplastics are 
used to fabricate RPMs is their low cost and excellent performance 
under the wide extremes of heat and sun exposure to which these 
devices are subjected. In outdoor exposures, clear acrylics (the 
usual generic name for methyl methacrylate, since "Plexiglas" is a 
trade name) have experienced losses of less than 1 percent of their 
light transmission in 5 years. These plastics are universally used 
in aircraft windows. (Modern Plastics Encyclopedia, 1972-73). The 
only plastic that compares to acrylics in performance and 
durability for RPM use is the polycarbonate family. 
Polycarbonates, used very extensively for shells of power tools, 
sport helmets, space helmets and visors, and similar applications, 
have optical performance characteristics comparable (but not 
superior) to acrylics, but greater impact strength. The cost is 
roughly double that of acrylics. None of the persons contacted 
indicated that any plans exist among RPM manufacturers for 
substituting polycarbonate plastic for acrylics. 

As the project progressed, it became apparent that the major 
problem with the optical qual i ties of RPMs wi th exposure was 
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associated with abrasion of the surface of the optical array, as 
will be described in the paragraphs that follow. Hence the 
investigators decided to pursue this line of inquiry, and not 
further consider alternative materials for RPMs. 

Assessment of In-Service RPMs 

Among the first tasks undertaken for this project was an 
informal investigation of RPM experience and practices in several 
SDHPT Districts. Discussions with District Engineers and 
Maintenance Engineers in several of the Districts led to the 
collection of a small sample of in-service RPMs that were 
subsequently subjected to laboratory photometric analyses. The 
purpose of the measurements made on these RPMs was to provide a 
bench mark for the condition of RPMs that had been subjected to 
real-life operating conditions for known periods of time and to 
provide information pertinent to the life cycle of RPMs. Although 
several Districts provided RPM samples, the data presented here are 
based on RPMs provided by Districts 20 and 6, since those Districts 
provided specimens on the most regular basis. 

sets of seven amber stimsonite Model 88 RPMs were removed from 
service on us Highway 89 in District 20 after 6, 9, and 12 months 
of service. The markers were selected randomly from areas with 
similar roadway geometry. The mean specific intensity of each set, 
measured after the markers were cleaned with a mild soap and water 
solution, and the nominal new SI of these markers are shown in 
Figure 5-1. This figure can be viewed as providing a "typical" 
life cycle for this model of marker on a rural, east Texas two-lane 
highway. Clearly evident in the figure is the dramatic drop in SI 
after only 6 months of service. Following 6 months of use, these 
RPMs retained an average of only 18% of their original specific 
intensity. The differences among the mean SIs after 6, 9 and 12 
months are not statistically significant, suggesting that most of 
the performance decrements among these RPMs occur in a relatively 
short period of time, followed by a leveling off at a low SI level. 

The specific intensity of the RPMs received from District 20 
were measured under four conditions. In addition to determination 
of SI after the RPMs were cleaned and dried, as shown in Figure 5-
1, each RPM was also evaluated: 

As received, i.e. dry, but contaminated with dirt, 
As received, but wet, and 
After cleaning, wet. 

Useful information is provided from the determination of SI under 
each of these conditions. The "as received - dry" measurement is 
consistent with the conditions under which RPMs are most often 
viewed on the road. This state, however, is not congruent with the 
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Figure 5-1. Typical RPM life cycle, plastic-faced Model 88. 

conditions under which RPMs may be most useful for drivers, i.e., 
when visibility conditions are degraded. A critical need for RPMs 
is most likely to occur when it is raining, hence measurement of 
the markers "as received - wet." The "cleaned - dry" and "cleaned 
- wet" measures provide a means of evaluating changes in the 
physical status of RPMs without the confounding introduced by 
variable amounts of dirt buildup. Figure 5-2 illustrates the 
individual and average SI exhibited under each of these conditions 
for the seven 9-month-old Model 88 RPMs. The photometric 
performance of these RPMs, while variable, is quite poor under all 
measurement conditions except "cleaned - wet." It has often been 
observed that wet plastic-faced RPMs perform considerably better 
than the same RPMs dry. Inspection of Figure 5-2 shows this to be 
the case for this sample. The improvement, however, is striking 
only if the RPMs are relatively free of accumulated road dirt (i.e. 
"cleaned - wet"). RPMs measured wet, but not cleaned perform very 
similarly to the same RPMs that have been cleaned and dried (mean 
"cleaned-dry" SI = .217, mean "as received-wet" SI = .210). It has 
been suggested that although acrylic-faced RPMs are subj ect to 
abrasion from tire impacts, the reflectivity they lose from such 
abrasion is evident only under dry conditions where high levels are 
not critical. Based on this very small sample, it appears that the 
recovery of SI, presumably due to I water filling the surface 
scratches, may be limited if the markers are not clean. Thus, while 
some improvement in the performance of plastic-faced markers may be 
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Figure 5-2. Dry and wet measurements of Model 88 RPMs. 

anticipated under wet weather conditions, such improvement is 
likely to be minimal in areas where considerable environmental dirt 
is present. 

A set of 11 glass-faced Model 911 RPMs removed from service in 
District 6 two years after installation showed much less evidence 
of degradation than the 9-month-old Model 88s (see Figure 5-3). 
Comparison of Figures 5-2 and 5-3 suggest that glass-faced markers 
may retain higher levels of 81 under both wet and dry ambient 
conditions. The conditions to which these two sets of RPMs were 
exposed; including ambient temperatures, traffic volumes, and 
rainfall, are not known. It is important, therefore, to recognize 
that the superior 81 retention of the glass-faced markers could be 
the result of exposure to less hostile conditions rather than an 
inherent superiority of those markers. These data are sufficiently 
suggestive, however, that empirical efforts, under controlled 
conditions, were carried out to determine if RPM surface material 
has a significant influence on the durability and 81 retention of 
RPMs. The remainder of this section reports the methodology and 
results of those studies. 
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Figure 5-3. Dry and wet measurements of Model 911 RPMs. 
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Thermal stress study 1: The Effect of Thermal stress on the Photo­
metric Performance of Retroreflective 

Raised Pavement Markers 

:Introduction 

Retroreflective raised pavement markers (RPMs) installed on 
Texas highways are subj ected to a wide range of environmental 
conditions including large differences in ambient temperature in 
different geographical locations in the state, as well as 
sUbstantial seasonal and day-night fluctuations. These ambient 
temperature differentials are magnified by the heat retaining 
characteristics of the asphaltic cement road surfaces to which RPMs 
are adhered. 

Test Method Tex-846-B, "Method of Testing the Heat Resistance 
of Reflector Units", is implemented as part of the RPM acceptance 
testing conducted by D-9 of the state Department of Highways and 
Public Transportation. This test method calls for test specimens 
to be subjected to 140 degrees F for four hours. Test specimens 
whose photometric performance after heat treating, as measured by 
specific intensity, is less than 80% of the minimum specified 
performance prior to heating are considered to have experienced a 
sUbstantial change in prismatic configuration. 

Because the heat stresses to which installed RPMs are 
subjected are cyclical, a single test of heat resistance may not be 
adequate to characterize the effect of heat on RPM performance. In 
addition to being subjected to elevated temperatures, installed 
RPMs in some highway districts are exposed to low ambient 
temperatures. Therefore, a test of the effect of thermal stress 
arising from both high and low temperatures was conducted. One set 
of RPMs was subjected to repeated testing under the heat stress 
conditions specified in Test Method Tex-846-B. A second set of 
test specimens was exposed to an analogous procedure for low 
temperature in which RPMs were placed in a controlled cold 
environment. This set of RPMs was exposed to repeated cycles of 0 
degrees F for four hours. 

Method 

Test Specimens 

A total of 40 RPMs were tested, 20 in the "heat" test and 20 
in the "cold" test. In each case, five new RPMs of each of four 
models were tested. The test sample comprised Stimsonite models 
88, 911, and 948 and Ray-O-Lite Mini-markers. All test markers 
were reflective on two sides, thus providing 10 test surfaces of 
each type. The stimsonite model 88 and Ray-O-Lite Mini-markers 
have plastic (methyl methacrylate) faces. stimsonite models 911 
and 948 have untempered glass covered faces. All RPMs used for 
this test are amber (yellow). Model 88 and 911 RPMs are standard 
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4 x 4 inch markers. Model 948 and Mini-markers are 2 x 4 inch "low 
profile" RPMs. 

Test Procedure 

The specific intensity (SI) of each test RPM was determined at 
the photometric laboratory at the Texas A&M Riverside Campus before 
heat treating. The entrance and observation angles for this and 
all subsequent SI measurements were 0 and 0.2 degrees, 
respectively. 

The test markers in the "heat" set were subjected to eight 
cycles of heat treatment. In each cycle, the test specimens were 
exposed to 140 degrees F for four hours in a temperature controlled 
Precision Scientific convection oven. The SI of each reflective 
surface was determined after each heat cycle. In all cases, the 
RPMs were allowed to return to room temperature and were cleaned 
and dried before remeasurement. Markers in the "cold" set were 
tested in the same manner, except that they were exposed to only 
three cycles of cold treatment in a 0 degrees F cold vault for four 
hours. 

Results 

The influence of the hot and cold environments on RPM 
photometric performance are reported separately. 

Heat Stress 

The percent change (% Delta SI) from the pre-heat SI after 
each heat cycle was computed for each test RPM following each of 
the eight heat cycles. These data were subjected to a 4 (RPM type) 
x 8 (heat cycle) repeated measures analysis of variance, using the 
General Linear Models Procedure of SAS (SAS Institute Inc., 1988) 
to assess the influence of cyclical heat exposure on RPM 
photometric performance. The "percent change" data were used in 
the analysis, rather than absolute SI, to allow direct comparisons 
among the different RPM models. Substantial differences in initial 
photometric performance are observed among the various models due, 
in large part, to the inherent differences in the size of the 
retroreflective area. 

The results of the analysis reveal a statistically significant 
effect on the amount of change in SI after heat-treating as a 
function of both RPM type, F(3,36) = 114.9, p<.OOOl, and heat 
cycle, F(7,252) = 134.7, p<.OOOl. Importantly, the interaction 
between RPM type and heat cycle is also significant, F(21,252) = 
37, p<.OOOl. 

This analysis clearly indicates that the effect of cyclical 
exposure to heat on RPMs is dependent on both the type of marker 
and the number of heat cycles. Table 5-2 shows the average percent 
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Table 5-2. Mean percent change in SI after heat-treating as a 
function of RPM type. 

RPM Type 

Mean % 
Change* 

948 

33.5 

911 

14.4 

88 Mini 

-10.7 -18.3 

* All means differ significantly from each other, p<.05. 

change in SI for each RPM type tested, collapsed over all heat 
cycles. Both of the glass-faced RPM models (models 948 and 911) 
exhibited an improvement in photometric performance after being 
subjected to heat. Conversely, the performance of both plastic­
faced RPMs (model 88 and Mini-markers) declined. The most dramatic 
change is apparent among the model 948 markers which exhibited a 
nearly 34% average increase in SI when compared to before the heat 
cycles. 

Average changes in SI resulting from each of the eight heat 
cycles are presented in Table 5-3, without regard to RPM model. 
These data indicate the somewhat erratic nature of the changes in 
RPM performance as a function of repeated heating. Note that the 
photometric performance does not appear to follow a simple 
increment or decrement until some asymptotic performance is 
realized. Rather, following each heat cycle performance may be 
better or worse than the preceding cycle. Averaged over all marker 
types, the best optical performance was obtained after seven heat 
cycles. 

The clearest picture of the influence of the heat on RPMs is 
provided by the interaction of RPM type and heat cycle. Figure 5-4 
graphically depicts the influence of each cycle on the average 
percent change in SI for each of the four RPM types. The observed 
differences between the performance of glass-faced (911 & 948) and 

Table 5-3. Mean percent change in SI after heat-treating as a 
function of heat cycle. 

Heat Cycle 7 8 2 3 6 5 

Mean % 17.8 10.4 9.4 4.7 2.1 -1. 2 
Change 

Means underscored by a common line do not differ 
significantly, p >.05. 
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Figure 5-4. Change in SI as a function of RPM type and cycle 
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plastic (88 & Mini) RPMs following heat treatment are easily seen 
by inspection of the Figure. Also evident are the inconsistencies 
in RPM performance from cycle to cycle. Somewhat greater 
consistency between cycles was evidenced by the plastic-faced model 
88 and Mini-markers than by the glass 911s and 948s. The average 
change in SI of the plastic RPMs, especially the Mini-markers, 
however, approached or exceeded the maximum performance degradation 
allowed by Test Method Tex-846-B. 

Cold Stress 

The absolute SI and the percent change in SI following each 
cold cycle are provided in Tables B-3 and B-4, respectively. The 
same type of analysis was performed on the cold stressed RPMs as 
reported above for the heated RPMs. The percent change data were 
subjected to a 4 (RPM type) x 3 (cold cycle) repeated measures 
analysis of variance to assess the influence of cyclical cold 
exposure on RPM photometric performance. 

Like the previously reported analysis of heat treated RPMs, 
the results of this analysis indicate a statistically significant 
effect on the amount of change in SI after cold treatment as a 
function of cold cycle, F(2,68) = 14.34, p<.OOOl, and as result of 
the interaction between RPM type and cold cycle, F(6,68) = 5.84, 
p<.OOOl. Unlike the effect of heat, however, RPMs exposed to low 
temperature did not change differentially as a function of the main 
effect of RPM type, F(3,34) = 1.23, p = 0.3123. 

The mean change in SI resulting from each of the three cold 
cycles, without regard to RPM type, are shown in Table 5-4. Over­
all, the first two cold cycles produced very small changes in SI. 
The final cold cycle did result in SI changes that, while still 
relatively modest, were significantly greater than that of the 
previous cycles. 

The mean change in SI to each marker type, averaged over all 
three cold cycles, is shown in Table 5-5. 

Table 5-4. Mean percent change in SI after cold-treating as a 
function of cold cycle. 

Cold Cycle 1 2 3 

Mean % 2.94 1.16 11.15 
Change 

Means underscored by a common line do not 
differ significantly, p <.05. 
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Table 5-5. Mean percent change in SI after cold-treating as a 
function of RPM type. 

RPM Type 

Mean % 
Change 

948 

1.28 

911 88 Mini 

1.64 4.87 11.81 

Means do not differ significantly, p >.31. 

As was the case with the effect of heat on RPM performance, 
the graphical depiction of the significant cold cycle by RPM type 
interaction provides the clearest indication of the effect of 
repeated exposure to low temperatures. Inspection of Figure 5-5 
demonstrates the relatively small effect of the cold treatment on 
all of the RPM types tested. 

Discussion 

The results of this study clearly demonstrate that repeated 
exposure to temperature extremes has differential effects on the 
optical performance of retroreflective RPMs. The explanation for 
the observed influence of high and low temperatures is less 
evident. Nonetheless, it appears that cyclic exposure to high 
ambient temperatures may contribute to reduced brightness of 
plastic-faced markers. The SI of glass-faced RPMs seems to improve 
with exposure to heat. Exposure to cold temperatures does not 
appear to have a sUbstantial negative effect on either plastic or 
glass RPMs. 

The temperatures to which the test RPMs were exposed are not 
outside the range that installed retroreflectors may experience. 
considering that a hot mix asphaltic adhesive (Bitumen) is often 
used for adhering RPMs to the roadway, the 140 degree maximum 
temperature employed in this test may be lower than that which RPMs 
should withstand without significant change in performance. The 
bottom surface of RPMs are exposed to a thermal shock exceeding 350 
degrees at the time of application. The relationship between that 
kind of short duration, but high intensity, thermal loading and the 
present longer exposure to lower temperatures is the subject of 
Thermal stress study 2. 
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Thermal stress study 2: Thermal Shock from RPM Adhesive 

Introduction 

The results of Thermal stress study 1 raised the question of 
the effect, if any, on RPM specific intensity of thermal shock due 
to the heat applied to RPMs during installation. The bituminous 
adhesive used to affix RPMs to the road surface is heated to a 
temperature in the range of 350 to 400 degrees Fahrenheit. A pool 
of adhesive, at least as large as the base of the RPM, is placed on 
the road surface and the pavement marker is firmly positioned in 
the correct location. 

In light of the results of Thermal stress study 1, several 
questions arise regarding the possible effects on RPM SI of 
exposure, albeit brief, to high temperatures during installation. 
Does the heat of installation affect the SI of RPMs? If there is 
a heat shock effect, does it affect the RPMs differently due to 
material (glass vs acrylic) or size (large vs small)? The present 
experiment was undertaken to answer these questions. 

Method 

Test Specimens 

A random sample of four RPMs of each of four types was 
selected. The same RPM types used in study 1 of this series were 
used here; i.e., stimsonite Models 88, 911, and 948 and Ray-O-Lite 
Mini-markers. It will be recalled that the type 88 and Mini­
markers are both acrylic-faced whereas the type 911 and 948 are 
glass-faced. Model 88 and 911 RPMs are standard 4 x 4 inch mark­
ers. The Mini-markers and Model 948 RPMs are both low profile. 
Each RPM has two reflective faces. 

Test Procedure 

The sample RPMs were cleaned and the specific intensity of 
each face was measured in the laboratory using the standard method 
described in Appendix A. These values were recorded and labeled 
"Pre-shock." 

A quantity of bituminous adhesive was purchased from the 
District 17 SDHPT Office. The adhesive was heated to 360 degrees 
F. Pools of adhesive were poured on an asphalt concrete pavement 
surface and the test RPMs were pressed firmly in the hot adhesive 
in a random order. The air and pavement surface temperature at the 
time of installation was 75 degrees F. The RPMs were allowed to 
set for 20 hours. Low temperature during this time was 51 degrees 
F. After 20 hours, the markers were removed from the pavement and 
the specific intensity of each was remeasured in the laboratory. 
This provided the "Post-shock" measure. 
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Figure 5-6. 81 before and after thermal shock from adhesive 

Results 

The mean Pre-shock and Post-shock SI values for each RPM type 
are shown in Figure 5-6. These values were subjected to a repeated 
measures analysis of variance using the General Linear Model 
Procedure of SASe Summary tables of this analysis are provided in 
Appendix B. 

The analysis reveals significant differences among the mean SI 
values as a function of both period (Pre and Post) and RPM type 
(p<.OOOl). A small, but statistically significant increase in SI 
(from 1.49 to 1.62) was observed following exposure to the hot 
adhesive. The significant difference among RPM types was further 
evaluated using Tukey's Studentized Range (HSD) Test. The results 
of that test, summarized in Table 5-6, indicate that all four RPM 
types differed from one another. As expected, the larger RPMs 
exhibited higher SIs than the smaller, low profile RPMs. Although 
the interaction between period and RPM type is significant, 
examination of the mean SIs for each type and period reveals an 
increase on the order of only 7%-9% for each of the RPM types (see 
Table 5-7). These differences are rather small, particularly in 
comparison with the magnitude of differences in the percentage of 
change among the RPM types observed in Thermal Stress Study 1. 
Unlike the effect of exposure to the longer term lower temperature 
conditions comparable to environmental ambient temperatures, the 
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heat shock resulting from application of RPM adhesive does not 
appear to have a detrimental effect on the SI of any of the RPM 
types tested. 

Table 5-6. Tukey's Studentized Range (HSD) Test for variable: SI 

Table 5-7. 
period. 

Alpha= 0.05 df= 28 MSE= 0.001817 
Critical Value of Studentized Range= 3.861 

Minimum Significant Difference= 0.0412 

Means with the same letter are not significantly different. 

Tukey Grouping Mean N TYPE 

A 2.1012 16 88 
B 1.8455 16 911 
C 1.4438 16 948 
D 0.8306 16 mini 

Specific intensity as a function of RPM 

Type Period N Mean SI " Change From 
Pre to Post 

88 pre 8 2.024 
88 post 8 2.179 7.66 

911 pre 8 1.765 
911 post 8 1.926 9.12 

948 pre 8 1.391 
948 post 8 1.497 7.62 

Mini pre 8 0.797 
Mini post 8 0.864 8.41 
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Abrasion Studies 

Newly installed retroreflective raised pavement markers (RPMs) 
provide reflection of vehicle headlamps at night far in excess of 
the visual detection thresholds of virtually all drivers under 
nearly all ambient conditions. Pavement marker retroreflectivity, 
however, has been observed to decline very rapidly. In some cases, 
as shown previously in Figure 5-1, RPM retroreflectivity falls to 
less than 20 percent of its initial value in as short as six 
months. While a number of factors contribute to the decline in RPM 
effectiveness, physical damage to both the clear protective 
surfaces of RPMs and to the retroreflective elements themselves 
appears to be a primary causative factor. A major source of this 
damage is repeated impacts by the tires of passing vehicles. Tires 
may break or chip reflectors and scratch the clear RPM surface. 
This abrasion is likely accelerated in areas where especially high 
concentrations of dirt, dust, and sand are commonly found in the 
highway environment. 

considerable anecdotal evidence has been offered concerning 
the relative merits of different types of RPMs in resisting 
physical damage. Two studies were undertaken to provide more 
obj ecti ve information about the endurance of RPMs when subj ected to 
physical abuse under controlled and repeatable conditions. In the 
first, RPMs were subjected to abrasion in the laboratory using a 
device that applies an abrasive material to the reflective surface 
of RPMs under constant pressure. The second study evaluated the 
effects of vehicle tire impacts on RPMs under controlled closed­
course conditions. 

Abrasion Study 1: Laboratory Abrasion of RPMs 

In order to isolate the influence of abrasion on RPM 
reflectivity, whether resulting from environmental dirt, dust, 
sand, impacts from vehicle tires, or a combination of these 
factors, from other sources of RPM degradation, a laboratory test 
was devised that subjected RPMs to constant, controlled amounts of 
abrasion. This test used a specially designed "Abrasion Box" to 
expose RPMs to an abrasive surface with constant pressure. 

Abrasion Box Design 

A wooden box with fixtures that support and hold most 
varieties of retroreflecti ve pavement markers was constructed. The 
RPM holder was constructed such that an RPM's reflective surface is 
positioned normal to the horizontal plane of the box. The abrading 
element consists of a free-floating block wrapped with foam padding 
that is covered with garnet cloth. The padding allows the abrasive 
garnet cloth to conform to any RPM surface irregularities, 
permitting optimal uniformity of abrasion. A lead weight is fixed 
on the top of the floating block. The entire abrading element is 
contained in a sliding shelf that allows movement of the abrading 
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element over the specimen RPM. The abrading element and the 
complete abrasion box are shown in Figures 5-7 and 5-8, 
respectively. 

Abrasion Procedure 

The standard procedure for the abrasion of the pavement 
markers was as follows. The specific intensity of the specimen RPM 
is determined in the laboratory. It is then placed in the 
appropriate fixture in the abrasion box. A lead weight is placed 
on the abrading element such that a pressure of 1.25 psi is applied 
to the RPM. Because the retroreflective surfaces of different RPMs 
vary in area, different weights are needed to exert the standard 
1. 25 psi. 

Once in place, the reflector is ready to be abraded. The 
shelf, containing the abrading element, is slid over the RPM. This 
consti tutes one pass. Abraded RPM material collected in the garnet 
cloth is blown out every 5 passes for glass-faced RPMs and every 3 
passes for plastic-faced markers. New garnet cloth is used for 
each test specimen. 

After each pass for plastic and every 5 passes for glass RPMs, 
the reflector is removed, brushed lightly with a clean cloth, and 
then measured again to determine its SI. Typically, the procedure 
is repeated until the RPM's specific intensity is less than 5% of 
its original value. 

Typical Results 

Although numerous RPM samples have been abraded in the fixture 
described above, data from a single set of RPMs so abraded will 
serve to illustrate the typical findings. 

Figure 5-9 depicts the change in SI of two glass-faced Model 
911 RPMs and three plastic-faced Model 88s as a function of the 
number of abrader passes to which they were subjected. The SI of 
all three 88s was reduced to less than 0.5 by fewer than 20 abrader 
passes. In contrast, 20 passes produced some, but much less, SI 
decline in the 911s. Additional passes, in one case up to 100, 
resulted in no further decrement. The differences between plastic­
and glass-faced RPMs in the laboratory abrasion test is illustrated 
further by inspection of Figures 5-10 and 5-11. These figures are 
photomicrographs of a Model 88 and Model 911 marker, respectively, 
after 10 abrasion passes. Comparison of the two pictures indicates 
the greater severity of the scratches on the Model 88 and, 
consequently, the greater masking of the cube corner reflective 
elements. In general, reflectors with plastic faces required only 
about 1\10 the number of abrading passes of their glass-faced 
counterparts to produce equivalent SIs. The Ray-o-Lite Mini 
markers, which have a plastic face the manufacturer describes as 
"hardened," proved slightly more resistant to abrasion than the 
other plastic-faced markers. 
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Figure 5-7. Photograph of abrading element of laboratory abrasion 
box. 

Figure 5-8. Photograph of laboratory RPM abrasion box. 
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Figure 5-10. Photomicrograph of a plastic-faced Model 88 RPM 
subjected to 10 abrader passes. 
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Figure 5-11. Photomicrograph of a glass-faced Model 911 RPM 
subjected to 10 abrader passes. 
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Abrasion study 2: The Effect of Tire Impacts on RPM Photometric 
Performance 

This study was designed to provide information about the 
endurance of RPMs when subjected to physical abuse sustained from 
repeated tire impacts under controlled and repeatable simulated 
highway conditions. 

Method 

Test specimens. A total of 28 RPMs (providing 56 retroreflective 
surfaces) were installed on an asphalt road surface on the runway 
complex at the Texas A&M Riverside Campus. The RPMs were applied 
by Texas SDHPT personnel using the hot-mixed bituminous adhesive 
typically used for RPM installation. Five or six new RPMs of each 
of five models were installed. The number and pertinent 
characteristics of the test specimens are provided in Table 5-8. 
The primary distinctions among the various RPM models tested lies 
in size, 2 x 4 inch low profile vs 4 x 4 inch RPMs, and in the 
exposed material on the marker face, acrylic vs glass. 

Test Procedure. The specific intensity (SI) of each test RPM was 
determined in the laboratory before installation and on the test 
pavement before and after being subjected to tire impacts. 
Photometric measurements obtained after installation were 
accomplished using the Infrared Field Measurement Device (IRFMD), 
described . in Section 3, that was developed as part of the RPM 
project. 

Each test marker face was exposed to a total of 4400 tire 
impacts. Tire impacts were provided by driving a 1979 Pontiac 
Grand Am back and forth over the line of RPMs a total of 1100 round 
trips at approximately 40 mph. The test vehicle was equipped with 
steel belted radial tires maintained at the manufacturer's 
recommended pressure. 

Table 5-8. Tire impact study test RPMs. 

Number* Manufacturer Model Size Surface Material 

6 Ray-O-Lite 28 4x4 in Methyl Methacrylate 
6 Stimsonite 88 4x4 in Methyl Methacrylate 
5 Stimsonite 911 4x4 in Untempered Glass 
5 Ray-o-Lite Mini 2x4 in Methyl Methacrylate 
6 Stimsonite 948 2x4 in Untempered Glass 

*Each RPM has two retroreflective faces. 
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The test pavement and tire treads were kept relatively free, 
compared to actual highway conditions, of dirt, sand and small 
pebbles or other debris that might tend to accelerate RPM wear for 
the first 3600 impacts (900 vehicle passes). After 3600 tire 
impacts, an equal amount of dry blasting sand was poured over each 
RPM after every 50 vehicle passes to intentionally accelerate wear. 
Following a total of 3800 impacts, the sand was dampened, further 
increasing the abrasion introduced by tire impacts. All test RPMs 
were exposed to the same environmental conditions over the 5-month 
duration of the study, i.e., mostly hot, humid, sunny days, with 
occasional but infrequent exposure to rain. 

The specific intensity of each reflective surface was measured 
after 1200, 2400, 3600, 3800, 4200, and 4400 tire impacts. 
Immediately before each SI measurement, the RPMs ' reflective 
surface was cleaned with a commercial glass cleaner and a soft 
cloth to remove accumulated surface dirt. Periodic visual inspec­
tions of the markers were made and photographs were taken in 
addition to the photometric measurements. 

Results 

Photometric Measurements. Comparisons in durability among the RPM 
models were made on two measures: the absolute SI after tire 
impacts and the percent change in SI as a function of impacts. 
RPMs differ substantially in initial specific intensity, due both 
to individual marker differences and, especially, to the different 
retroreflective surface areas provided by standard and low profile 
markers. The percent change measure provides a convenient way to 
directly compare markers with different original characteristics. 
At the same time, analysis of absolute SI provides the opportunity 
to examine marker brightness in relation to threshold levels 
necessary for visibility on the highway. Both independent 
variables were analyzed by means of a series of analyses of 
variance (ANOVAs) to determine the influence of the number of tire 
impacts and type of RPM on marker durability. Although the number 
of tire impacts appears to be a continuous variable (from 0 to 4400 
impacts), it is treated in the analyses as a discrete variable 
because of the intermittent addition of sand to the RPMs. Summary 
tables for all statistical analyses are provided in Appendix B as 
Tables B-4 and B-5. 

The first analysis was conducted to determine the overall 
effect of tire impacts and. RPM type on changes in SI. Originally, 
it was intended that the baseline for defining change in SI would 
be the pre-impact SI of each test RPM. Due to problems encountered 
with the field measurement system, the initial SI measurements were 
neither sufficiently valid nor reliable. The baseline for all 
comparisons, therefore, is RPM SI after 1200 impacts (300 vehicle 
passes). The percent SI change data were subjected to a 5(RPM 
type) x 6 (level of impacts) repeated measures ANOVA using the 
General Linear Models Procedure of SAS (SAS Institute, 1988). The 
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results of this analysis reveal a statistically significant effect 
on the percent change in SI after tire impacts as a function of 
both the number of impacts, F(5,255)= 438.43, p< .0001, and RPM 
type, F(4,51) = 17.82, p<.OOOl. The interaction between number of 
impacts and RPM type is also significant, F(20,255) = 21.82, 
p<.OOOl. This analysis indicates that the effect of tire impacts 
on the change in reflectivity of RPMs is dependent on both the 
number of impacts and RPM type. 

Table 5-9 shows the average percent change in SI following the 
six levels of tire impacts, without regard to RPM type. Several 
points of interest are apparent in this table. First, overall 
reflectivity increased about 6% after 2400 impacts. This increase 
could be real, resulting from an initial polishing effect of the 
tires on the clean, new RPM faces. More likely, this apparent 
increase is an artifact arising from the inherent variability in 
the measurement of SI with the Infrared Field Measurement Device 
which was undergoing design modifications at the time these 
measurements were taken. Second, although statistically 
significant changes were observed through the first 3800 impacts, 
these changes are of little practical significance. Not until 4000 
impacts did the average SI decrease to a point where subjective 
differences in visibility may be observed. It will be recalled 
that this point coincides with the addition of damp sand to the 
roadway to accelerate degradation. 

The differential effect of tire impacts on different RPM types 
is shown in Table 5-10. Averaged over all levels of impacts, the 
RPM models tested all performed significantly different from each 
other. Notable in this table is the distinct difference observed 
between the two glass-faced RPM models and the three acrylic-faced 
markers. Also notable is the comparison within like-faced RPMs. 
Of the two glass-faced RPMs, the low profile 948 was less affected 
by tire impacts than the standard sized 911. Similarly, among the 
plastic-faced markers, the smaller "Mini" proved more durable than 
the two standard size markers. 

Table 5-9. Average percent change in SI over all RPM models as a 
function of number of tire impacts (referenced to SI after 1200 
impacts) . 

Impacts: 2400 3800 3600 4000 4200 4400 

Mean % Change: 6.4 -3.7 -4.9 -28.7 -57.7 -61.4 

Means underscored by a common line are not significantly 
different, p>.05. 
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Table 5-10. Average percent change in SI over all tire impacts as 
a function of RPM model. 

(Glass face) (Plastic face) 
Model: 948 911 Mini 28 88 

Mean % Chanqe: -6.6 -13.2 -29.9 -33.4 -40.6 

The differences in marker durability discussed to this point 
have been all been relative to the markers' initial SI (to be 
precise, relative to SI after 1200 impacts). In order to assess 
the influence of tire impacts on the absolute SI of each marker 
type, an additional ANOVA was performed. In this analysis, the 
measure of RPM performance was absolute SI rather than change in 
SI. The results of this analysis again reveal significant 
differences due to the number of impacts, RPM type, and the 
interaction between these two variables. 

The overall influence of the number of tire impacts on 
absolute SI is essentially the same as that for the percent change 
measure. That is, statistically significant, but small, reductions 
in SI are observed through the first 3800 impacts. Larger effects 
are evident after 4000 impacts (and the introduction of damp sand 
to the roadway). SUbstantial decrements in brightness are seen by 
4200 impacts. Comparisons among the impact levels are shown in 
Table 5-11. 

Averaged over all levels of impact, the mean SI of the 
standard size markers is greater than that of the low profile RPMs. 
For both standard (4 x 4 in) and low profile (2 x 4 in) markers, 
the glass-faced markers exhibit higher specific intensities than 
the plastic markers when exposed to tire impacts. These 
comparisons are evident in Table 5-12. 

Table 5-11. Average SI over all RPM models as a function of number 
of tire impacts. 

Impacts: 

Mean SI: 

2400 1200 3800 3600 4000 4200 4400 

2.31 2.22 2.10 2.10 1. 51 0.85 0.76 

Means underscored by a common line are not significantly 
different, p>.05. 
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Table 5-12. Average SI over all tire impacts as a function of RPM 
model. 

(4x4 in RPMs) (2x4 in RPMs) 
Model: 911 88 28 948 Mini 

Mean SI: 2.37 1.95 1.80 1.24 1.12 

Both analyses reported thus far reveal significant 
interactions between RPM type and number of impacts. These 
interactions are depicted graphically in Figures 5-12 and 5-13 for 
percent change and absolute SI, respectively. Evident in these 
figures is the differential effect of the level of tire impacts 
depending on RPM type. 

Inspection of Figure 5-12 suggests that when RPMs are exposed 
to a relatively small number of tire impacts under clean roadway 
condi tions, none of the RPM types tested changed very much. As the 
number of impacts increased, and the road conditions were made more 
conducive to abrasion by the introduction of sand, distinct 
differences are apparent as a function of RPM type. Specifically, 
performance of the glass-faced RPMs deteriorated at a much slower 
rate than the performance of the plastic-faced markers. 

Figure 5-13 shows the effect of tire impacts on absolute SI as 
a function of RPM type. Initially, all of the 4 x 4 inch markers 
are brighter than the low profile 2 x 4 inch RPMs, irrespective of 
surface material. As the number of tire impacts and abrasiveness 
of the environment increase, however, the absolute brightness of 
the plastic markers decreases to a significantly lower level than 
that of the glass markers, regardless of size. This effect is most 
notable in the performance of the plastic Model 88 and the glass 
Model 948 markers. Early in the testing process, the 88s averaged 
the highest SI. At the end of testing, the 88s exhibited the 
poorest performance. This is contrasted with the 948s which were 
initially the least bright RPMs. Because they deteriorated less 
than any other RPM type, the average absolute SI of the 948s was 
second only to the Model 911s at the end of testing. 

Visual and Photographic Inspection. In addition to the photometric 
measurements discussed above, the test RPMs were inspected and 
photographed periodically throughout the test period. Photo­
micrographs (40X) taken after testing was completed provided for 
closer examination of the RPM reflective surfaces. 

Differences in the deterioration of the test RPMs resulting 
from repeated tire impacts was visually apparent for the various 
RPM types. In general, the plastic-faced RPMs evidenced a more 
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uniform wear pattern than the glass markers. Under close 
examination with the unaided eye, this wear took on the appearance 
of a slight haze over the reflective surface. As illustrated in 
Figure 5-14, however, most of the plastic markers did not appear to 
be damaged to a great extent after 4400 impacts. Examination of 
the 40 power photomicrographs of the plastic RPMs reveals 
innumerable small scratches in an essentially random pattern. This 
abrasion pattern is evident in Figure 5-15. It is this abundance 
of scratches which result in the generally poor photometric 
performance of the plastic RPMs after repeated tire impacts. 

Unlike the plastic RPMs, the glass markers reveal more obvious 
physical damage to the naked eye. Typically, pitting, chipping or 
cracking of the glass superstrate is evident along the top margin 
of the glass. This phenomenon, shown in Figure 5-16, is much more 
pronounced on the 4 x 4 inch Model 911 markers than on the low 
profile 948s. In addition, on a few of the larger glass markers, 
small pieces of the glass face were completely missing after 
testing. Viewed under 40 power magnification, the glass markers 
showed some evidence of the small scratches typical of the plastic­
faced RPMs, but at a clearly much lower frequency. A typical 
photomicrograph of a glass RPM is provided as Figure 5-17. Whereas 
the scratches on the plastic faces were often sufficient to obscure 
the cube corner substrate, this was not the case with the glass 
markers. 

CONCLUSIONS 

Although glass markers evidenced more easily visible damage 
from tire impacts, the SI of these markers was shown to be better 
maintained under the accelerated wear conditions of the present 
endurance tests than that of plastic-faced RPMs. Larger RPMs, 
regardless of surface material, are initially brighter than smaller 
markers. Among the plastic RPMs tested, the superiority of the 4x4 
RPMs was no longer evident at the conclusion of testing. Of the 
two glass-faced models, the larger markers remained significantly 
brighter than the low profile RPMs throughout testing. The average 
SI of the smaller markers, however, remained at an acceptable level 
throughout testing. In addition, these markers maintained a larger 
proportion of their new SI than did the larger markers. 

The Standard Specifications (SDHPT, 1982) refer to 
specification D-9-4200 for RPMs, which in turn invokes Test Method 
Tex-430-A "Method for Testing the Impact Resistance of Pavement 
Markers," as the sole test of durability of these devices. This is 
a test in which a 200 lb steel ball is dropped on a rubber-padded 
RPM from a height of 5 feet. All markers currently bought by SDHPT 
meet this specification. Based on the impact tests (using a motor 
vehicle) conducted in this research, no changes to Tex-430-A are 
indicated. The Department might consider an abrasion test 
patterned on the laboratory method described above to evaluate the 
other aspect of durability, wear and tear. The abrasion box is very 
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Figure 5-14. Photograph of plastic-faced Model 88 RPM (1D# 28) 
after 4400 tire impacts. 

Figure 5-15. Photomicrograph of plastic-faced Model 88 RPM (1D# 
28) after 4400 tire impacts. 
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Figure 5-16. Photograph of glass-faced Model 911 RPM (1D# 37) 
after 4400 tire impacts. 

Figure 5-17. Photomicrograph of glass-faced Model 911 RPM (1D# 37) 
after 4400 tire impacts. 
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simple to make. Alternatively, the actual run-over test protocol 
could be adopted for a durability test. The latter test, however, 
is labor-intensive, and probably not practicable on a continuing 
inspection basis. 

Based on the results of the present testing, it is reasonable 
to expect that under actual highway conditions, glass-faced RPMs 
will experience less change in photometric performance and 
subsequently less subj ecti ve loss of brightness over extended 
exposure to tire impacts than like-sized plastic markers. 
Differences will be especially pronounced where the environment is 
particularly dusty or sandy and at RPM installations especially 
prone to tire impact. These likely include installations on high 
volume roadway segments with horizontal curves, passing zones, and 
narrow lane width highways. 
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-- - - -- - - -------

6. FEASIBILITY OF RPM RESTORATION 

It has been shown that cleaning the accumulated dirt and road 
grime from the reflective surfaces of RPMs significantly improves 
their specific intensity. It has been further demonstrated that 
abraded RPMs, particularly plastic-faced markers, exhibit higher 
SIs when they are wet than when they are dry (see, for example, 
Figure 5-2). Presumably, water serves to fill the myriad small 
scratches and, at least partially and temporarily, restore the 
integrity of the surface. Discussions of this phenomenon among 
proj ect staff led to attempts to more permanently restore the 
surface of damaged RPMs. 

To this end, selected abraded RPMs that were used in the study 
of the effects of tire impacts on RPM photometric performance 
(reported in section 5) were treated with a clear acrylic spray. 
Both plastic- and glass-faced markers were treated. The initial 
results of the informal experimentation with the degraded markers 
were sufficiently promising to warrant additional, more controlled, 
study of the feasibility of restoring the reflectivity of plastic­
faced RPMs. 

Method 

Eight Model 88 RPMs were selected at random from our stock of 
pavement markers to serve as test specimens. The specific 
intensity of both reflective faces of each marker was measured 
using the standard method described elsewhere. One face was 
selected at random from each marker to be the test specimen. The 
selected face was abraded using garnet cloth until the SI was less 
than 10% of its original value. At this point, the markers were 
divided into two treatment groups. One group was treated by 
spraying the abraded face with a clear acrylic (Krylon, No.1303, 
Crystal Clear). The other group was treated by coating the face 
with a clear epoxy (Hardman, Double/Bubble, No. 04001). 

Treatment of the "acrylic" group was accomplished by spraying 
the abraded face from a distance of 3 to 5 inches until the surface 
was completely coated and the coating just began to puddle. The 
epoxy used on the second group was a two-part epoxy. After 
thoroughly mixing the resin and hardener, the mixture was applied 
to the surface of the test RPMs with a 3 x 5 inch index card until 
smooth. 

A discussion with a technical representative of Borden, Inc., 
manufacturer of Krylon brand spray coatings, suggested that the 
acrylic spray coating would deteriorate rapidly in the face of 
moisture. If RPM restoration is to be practical, it is necessary 
that any improvements in SI realized from the treatments can be 
maintained in the operational environment. Therefore, two brief 
tests of the durability of the restored RPMs were undertaken. 
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Following restoration, all test specimens were subjected to 14 days 
of weather and then to a series of tire impacts. 

During the weathering period, conducted in December, RPMs were 
subjected to both freezing temperatures and rain. Air temperature 
ranged from a low of 2 degrees F to a high of 73 degrees. 
Measurable rainfall occurred on 5 days of the 14-day test. 

For the tire impact test, the RPMs were installed on the same 
pavement surface used in the previously reported impact test. This 
test comprised 400 impacts under the same conditions as the "clean" 
impacts of the earlier test. 

The SI of each marker was determined in the laboratory when 
new and after each experimental treatment, providing a total of 
five SI evaluations of each RPM as follows: 

1. New 
2. After abrasion 
3. After restoration treatment (acrylic or epoxy) 
4. After weathering 
5. After tire impacts 

Results and Discussion 

The average SI of the "acrylic" and "epoxy" RPM groups for 
each evaluation period are provided in Table 6-1. Also indicated 
in the table is the average percent of the new SI value obtained at 
each measurement. The average SI of the abraded faces is on the 
order of 5% of the original value. After restoration, both the 
acrylic and epoxy treated RPMs showed improvement in SI. The small 
difference between the two restoration materials is not 
statistically significant (t =.702, df=6, P >.51). Restoration, by 
either method, more than doubled the SI of the markers. On a 
percentage basis, this is an impressive improvement. In absolute 
terms, however, the average SI of all restored markers was only 
0.296. Figure 6-1 depicts the average change in SI from new-to-

Table 6-1. Mean specific intensity of restoration test RPMs. 

Measurement Period 

New 
After abrasion 
After restoration 
After weathering 
After tire impacts 

"Acrylic" 
Mean SI % Of New 

2.020 
0.102 5.0 
0.266 13.2 
0.248 12.3 
0.282 14.0 

88 

"Epoxy" 
Mean SI % Of New 

2.036 
0.141 6.9 
0.326 16.0 
0.280 13.8 
0.278 13.7 

Page 276 of 330



Mean Specific Intensity 

2.500 
_ New 

2.020 2.036 1·';;:'··;;:;;'1 Abraded 

2.000 

1.500 

1.000 

0.500 

0.000 -"---".m 

Acrylic-Treated RPMs Epoxy-Treated RPMs 

Figure 6-1. SI of new, abraded, and restored Model 88 RPMs. 

abraded-to-restored. As is evident in Figure 6-1, although both 
restoration methods resulted in greater than 100% improvement in 
the 81 of severely degraded markers, the restored RPMs exhibited 
specific intensities of only about 15 percent of their original new 
values. 

The limited weathering and tire impact tests conducted with 
the restored RPMs produced little change in marker brightness. The 
minor differences, apparent in Table 6-1 and Figure 6-2, between 
the restored 81 values and those values after weathering and tire 
impacts, suggests restored RPMs could withstand at least short-term 
exposure to operating conditions. 

The present restoration study was not exhaustive in either the 
materials used or application techniques. Nor did this effort 
consider the cost-effectiveness of restoration. It is conceivable 
that other coating materials or application methods might provide 
a higher degree of rejuvenation. Any additional efforts in that 
regard should consider methods that can be adapted to mass 
application of the restorative to in-service RPMs. If an effective 
material is found that can be applied practically, a cost­
effectiveness study must be undertaken to assure that the costs 
associated with restoration do not exceed the costs of purchasing 
and installing replacement markers. 

89 

Page 277 of 330



0.400 

0.300 

0 .200 

0.100 

- - ------------------, 

Mean Specific Intensity 

_ Restored [TIJ Weathered 0 Impacted 1--
0.326 

0.282 ·-
0.266 

0.000 -'<---

Acrylic-Treated RPMs Epoxy-Treated RPMs 

Figure 6-2. 81 of weathered and tire impacted restored RPMs 

90 

Page 278 of 330



----------

7. RAISED RETROREFLECTIVE PAVEMENT MARKER 
PURCHASING TRENDS IN OTHER STATES 

In response to a query from the project technical monitor, an 
informal telephone survey of other state practices and experience 
with retroreflective raised pavement markers was conducted. After 
some preliminary study, three states with similar climates to Texas 
and with flexibility in purchasing practices were contacted. These 
states were California, Florida, and Georgia. 

California 

The contact in California was Mr. Earl Shirley, chief of the 
Division of New Technology and Research for CaIDOT. Except for the 
High Sierras and other locations in which snow clearance is a big 
factor, all parts of California use glass-faced stimsonite RPMs. 
In the past these have been Model 911 units, but practice in recent 
years has been to purchase nothing but the low profile Model 948. 
California has had problems with RPM adhesives in the past, but not 
since moving to bituminous compounds. TTl research (Tielking and 
Noel, 1988) was instrumental in making the switch to these 
adhesives. The 948s have performed very well for CaIDOT, according 
to Mr. Shirley. 

Florida 

Mr. Charles Peoples and Dr. Raymer of the Materials and 
Research Engineer Office in Gainesville were the contacts. Florida 
is very eclectic in their purchase of retroreflective RPMs. They 
buy stimsonite Model 88 plastic-faced units for "temporary" use on 
surfaces that will soon be resurfaced. They also buy Ray-o-Lite 
Model 28 RPMs for similar usage. Florida refers to such devices as 
Class A. The preference is to use the more expensive but much more 
long-lived glass-faced Stimsonite Model 911 and 948, which Florida 
designates Class B. Florida experienced some problems in 1988 with 
911 markers breaking up or cracking after a short period of use, 
due, apparently, to a quality control problem in Stimsonite, but 
have had no trouble recently. Model 911 predominates in 
installations in Florida, with 948s a close second. Some Ca1iguide 
octagonal units are also used in certain applications with good 
results. Like California, the change to bituminous adhesives 
(especially for 948s) has alleviated the marker loss problem. 

Georgia 

Mr. Gerry Gossett of the Materials and Research Division of 
Georgia Highways reported that his state uses stimsonite Model 948 
exclusively. In 1989 Georgia will have over 2 million in service, 
with an annual replacement ratio of 1:4 (500,000 per year). 
Georgia has tested a number of other devices and settled on the 
Model 948, which they consider to have an average life of 2 years. 
Georgia uses a method of measuring 81 which was devised by 
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Stimsoni te. The method invol ves a 10-foot tube and 0 degree 
entrance angle. The measure thus made mayor may not be equivalent 
to the ASTM or SAE method. Using their method, Georgia considers 
an RPM to be below an acceptable range when its SI is less than 0.5 
candela per incident foot-candle, a very conservative criterion. 
They have had no problems with the 948s since turning to bituminous 
adhesives for installation, with 98 percent retention on asphalt 
and 95 percent on concrete road surfaces. 
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8. CONCLUSIONS AND RECOMMENDATIONS 

CONCLUSIONS 

Measurement Technologies 

1. Established procedures for measurement of the specific 
intensity of small, effectively point source, retroreflectors found 
in both Society of Automotive Engineers and American Society for 
Testing and Materials recommended practices yield measurements that 
are at variance with state Department of Highways and Public 
Transportation Test Method Tex 842-B by a factor of pi (3.1416). 
Other states have different measurement procedures, derived from 
manufacturer recommendations, which also yield different results. 
Al though states use different methods for measuring the retro­
reflectivity of raised pavement markers, two national standards 
exist: ASTM E 809-81 Standard Practice for Measuring Photometric 
Characteristics of Retroreflectors and SAE Standard J594f - Reflex 
Reflectors. 

2 . A method for measuring raised pavement marker retro­
reflectivity in place, i.e., installed on the highway, was 
developed. This vehicle-installed system uses an externally 
mounted infrared source and receiver, wi th an in-vehicle logic 
circuit, display and recorder. The system can be used at highway 
speeds, but as currently configured requires running the vehicle 
tires over the RPMs measured to assure accurate aiming. Multiple 
passes over a string of markers are necessary to assure accuracy of 
measurement. The system records directly in specific intensity. 

Driver Visual Thresholds 

1. There is no one value for m1n1mum specific intensity that 
can be specified independent of required sight distance, roadway 
geometrics and traffic conditions. A marker which may be perfectly 
visible on a dark night on a highway without opposing traffic 
headlamps may become completely invisible to even the youngest, 
keenest-sighted driver under urban conditions with a lot of glare. 
Older drivers may have great difficulty seeing even brand new RPMs 
under seeing conditions they routinely encounter in city traffic. 
Sight distances also differ for amber, red, and crystal 
retroreflectors. Threshold detection of amber RPMs (as a point of 
light, not necessarily identifiable as amber per se) requires lower 
specific intensity than either red or crystal. Tabled values of 
threshold SI for various conditions of weather, sight distance, and 
opposing traffic provide RPM SI levels at which replacement should 
be considered. 

2. From a driver perception standpoint, it makes no 
difference whether an RPM is damaged, but the remaining part is 
still retroreflective, or an RPM is intact, but its surface 
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degraded, if the light delivered to the eyes is the same. Just 
because an RPM face is damaged, it does not necessarily have to be 
replaced. The SI may still be within acceptable limits. However, 
if breakage extends through the plastic prism layer to the aluminum 
coating, moisture will probably detach or corrode the coating. 
Such an RPM will soon lose all retroreflectivity and should be 
replaced. 

Raised Pavement Marker Durability 

1. Studies of otherwise comparable glass- and plastic-faced 
RPMs removed from service after known amounts of exposure to 
highway conditions show a significant superiority in remaining SI 
for glass-faced RPMs. 

2. Although abraded plastic-faced RPMs improve in SI when 
they are wet, they only do so if they are reasonably clean. 
Abraded RPMs improve much less under wet conditions if they are 
dirty. 

3. Although heat/cold thermal cycling such as that 
encountered in many Districts on highways affects the retro­
reflectivity of both glass-faced and plastic only RPMs, glass-faced 
RPMs tend to improve by a significant margin, as much as 34% after 
being subjected to elevated temperatures, while plastic-faced RPMs 
decline somewhat under temperature stress. No explanation for this 
behavior was provided by RPM manufacturers, who have also noted 
this phenomenon. The thermal shock that each RPM is subjected to 
on being installed using 340 to 370 degree F bituminous mastic was 
not found to have significant detrimental effects on any of the 
RPMs that the Texas SDHPT is currently installing on Texas 
highways. 

4. In both laboratory tests and in controlled access field 
tests in which all the different RPMs currently purchased by SDHPT 
were subjected to run-over by a test vehicle, glass-faced RPMs were 
far superior to plastic-faced RPMs. Whereas 10 passes of a 
weighted garnet cloth abrader would effectively eliminate the 
retroreflective performance of any plastic-faced RPM, as many. as 
100 passes on glass-faced RPMs produced very little degradation. 
These results were replicated with an actual vehicle in the run­
over tests. The tests conducted indicate the most durable RPM now 
being purchased by SDHPT is the Model 948 stimsonite RPM. 

5. On plastic-faced RPMs subjected to abrasion, myriads of 
scratches in the outer surface scatter light rather than transmit 
it directly to the reflective cube-corner prism array immediately 
underneath. The greatly reduced light that does get to the 
reflective surfaces is scattered yet again as it leaves the 
retroreflector through the scratched outer surface. Glass-faced 
reflectors are far more abrasion-resistant. If the thin glass 
layer is shattered, then scatter is greater than with an abraded 
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plastic-faced RPM. Plastic-faced RPMs degrade rather quickly after 
they are installed to some low asymptotic level, and then unless 
they are broken, decline rather slowly thereafter. Glass-faced 
RPMs stay bright unless they are damaged in such a way that the 
glass face shatters allover the reflective surface but stays in 
place. Under those conditions, they "go out" abruptly. If the 
glass face cracks away, then the plastic face directly underneath 
acts just like an originally all-plastic RPM. A glass-faced RPM 
may have several broken or chipped areas on it and in day-light 
look much more damaged than a plastic-faced RPM installed near it, 
but may well perform much better as a retroreflective device. 

Feasibility of RPM Restoration 

1. since clean but abraded plastic-faced RPMs can be 
temporarily restored to some of their original retroreflecti ve 
performance by wetting the surface and thus filling in the 
scratches, a preliminary study was done to see if a clear coating 
of some kind would produce more lasting results. In such a way, 
degraded RPMs could be restored to some conc;!i tion of use and 
replacement postponed under certain conditions. Restoration, using 
an acrylic and an epoxy coating, more than doubled the effective SI 
of a group of abraded plastic-faced RPMs. Tire abrasion tests and 
brief exposure to harsh December temperature extremes on the roof 
of a Texas A&M University building were encouraging. 

Experience of Other states with Retroreflective RPMs 

1. Three states with similar weather conditions to Texas were 
contacted: Florida, Georgia, and California. All reported adhesion 
problems which have much improved since adopting a bituminous 
mastic. Although some quality control problems have occurred in 
the past with glass-faced RPMs, all three states use them 
extensively if not exclusively because of their superior durability 
with regard to retroreflectivity. 

RECOMMENDATIONS 

1. The Infrared Field Measurement System developed by TTl 
under this project is in prototype form. A brief informational 
videotape on this system has been prepared and forms part of this 
final report. The system should be further developed into final 
production form and tested in at least one SDHPT district. 

2. The tabled threshold information contained in section 4 
should be considered for use as a tool by the districts in deciding 
when to replace RPMs. until such time as the on-road RPM 
measurement system is fully developed and made available, samples 
of RPMs suspected to be performing below an acceptable level would 
need to be removed from the roadway for laboratory measurement. 
Alternatively, a procedure could be developed in which reference 
RPMs with specific intensities matching the predetermined minimum 
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acceptable SI for particular applications are prepared. The 
reference RPM could then be temporarily installed adjacent to in­
service RPMs which are suspected of being below acceptable SI 
values, thereby providing a point of reference for subjective 
visual comparisons. Preparation of the reference samples could be 
accomplished by obscuring a portion of the reflective surface of a 
new RPM with tape, as discussed in section 4, pages 31 and 35. 
Both logistic and worker-safety concerns mitigate against routine 
use of such a procedure or its implementation for verifying the 
retroreflective performance of large numbers of individual RPMs. 
Rather, this approach should be considered in cases where a 
sUbstantial number of RPMs appear, upon visual inspection, to be of 
questionable utility. Visual comparisons, using the appropriate 
reference RPM can then be made to verify or refute that replacement 
is advisable. 

To simplify its use, the information tabled in section 4 could 
be synthesized into a simple algorithm suitable for personal 
computers readily available in district offices. 

3. Maintenance supervisors should be advised that just 
because part of an RPM face is cracked or broken, it does not 
necessarily mean the RPM is no longer usable. The threshold and 
durability studies indicated that even if more than half the 
surface is badly damaged, the specific intensity of the remaining 
portion may be sufficient to provide adequate reflectivity. This 
is especially true for glass-faced units. 

4. Plastic-faced RPMs will work well in protected areas or 
for short-term installations, but otherwise will degrade rather 
rapidly to unacceptable levels of performance, as compared to 
glass-faced RPMs. For most applications, we recommend that SDHPT 
consider the use of glass-faced RPMs. 

5. Further study of clear coatings suitable for application 
by maintenance crews in maintenance zones is warranted from the 
results obtained in this study, if SDHPT decides to continue to 
install large numbers of plastic-faced RPMs. Methods of 
application (which includes cleaning the RPMs) would also have to 
be developed. The cost/benefit of such an approach, and when it 
would be used, also needs to be studied. 

6. The SDHPT has all the necessary equipment in its D-9 
Laboratory to . adopt the ASTM E 809-81· Standard Practice for 
Measuring Photometric Characteristics· of Retroreflectors for 
measuring the retroreflecti vi ty of raised pavement markers and 
other similar small devices. Tex-842-B should be updated to this 
procedure, or modified to reference this procedure. This will 
place Texas in conformance with a national standard. 
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APPENDIX A 

TTl Photometric Laboratory 
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Basic Photometric Equipment 

The Photometric Laboratory at the Riverside Campus of Texas 
A&M University 1S furnished with a Tektronix J16 Digital 
Photometer. The J16 Digital Photometer/Radiometer is a compact, 
battery- or AC-operated instrument primarily intended for 
calibrated measurements of the intensity of radiation over the 250 
to 1200 nanometer (nm) wave-length range. This instrument is 
equipped with a 1 degree luminance probe, an 8 degree luminance 
probe, and both cosine-corrected and uncorrected illuminance 
probes. The illuminance and luminance probes each have a 
photodiode sensor with a filter to match its response to that of 
the C. I. E Photopic Curve. The AC power supply is used in the 
laboratory but the battery pack is available for portable 
operation. The bottom of all probes and the J16 case have a 
standard 1/4 - 20 mounting socket for use on optical benches or 
tripods. The range of measurement for the illuminance probes is 
0.001 to 1,999 Foot Candles. The range of measurement for the 
luminance probes is 0.1 to 199,900 Foot Lamberts. The 8 degree 
luminance probe is usable from infinite focus to 18 inches from the 
front of the lens. 

Test Procedure for Evaluating Raised Pavement Markers 

The following procedure is used for determining the specific 
intensity of new retroreflective raised pavement markers. Slight 
modifications to this procedure are necessary to accommodate 
evaluation of dirty or wet RPMs. 

1. The test specimens are selected from the stock of markers 
stored in the laboratory located at the Texas A & M University 
Riverside Campus. The markers are washed in warm water and mild 
detergent and allowed to air dry. 

2. Immediately prior to testing, the faces of the RPMs are cleaned 
with commercial glass cleaner and a soft cloth. 

3. The alignment of the measurement apparatus is checked and, if 
necessary, corrected prior to each session. The arrangement of the 
apparatus is such that the incident light beam strikes the RPM 
perpendicular to, and at the level of, the base of the reflecting 
face. 

4. The Illuminance Probe (Tektronix Model J6501) of the Tektronix 
Photometer (Model J16) is located adjacent to, and approximately 11 
inches in front of, the light source. It is positioned 3/4 inch 
above a line from the filament of the light source and the leading 
edge of the base of the test specimen. This arrangement allows an 
entrance angle of 0 degrees and an angle of 0.2 degrees from the 
RPM to the illuminance probe. 

5. At this point, the lab is darkened and the J16 is calibrated. 
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A 180 degree Illuminance Probe (Tektronix Model J6511) is connected 
via the 25-foot attached cable to the main body and the probe is 
covered. In this condition, the calibration· adjustment is 
manipulated such that the instrument reads zero on the lowest 
scale. 

6. The light source is turned on. The light source is a Q-Beam 
Spotlight (Brinkman Model 800-1600-0) which has an intensity of 
approximately 300,000 Candles. The power supply for this source is 
a 12 Volt battery charger connected to line voltage. Illuminance 
at the front of the goniometer is measured by removing the cover of 
the J6511 probe and holding it in the position of the test specimen 
at the front of the goniometer. This value is recorded, in foot­
candles, as Incident Illuminance (E i ). This measurement is 
repeated at the end of each test session and, if a large number of 
specimens are to be exami~ed, approximately every 30 minutes. 

7. The Illuminance Probe (Tektronix Model J6501), is now connected 
to the main body via an Interconnecting Cable (Tektronix Part No. 
012-0414-02) and the illuminance of the empty goniometer is 
recorded, in foot-candles, as Ambient Illuminance (E). This 

• a • 
measurement 1S also repeated at the end of each test seSS10n and, 
if a large number of specimens are to be examined, approximately 
every 30 minutes. 

8. The goniometer has been modified to allow the placement of a 
moveable back plate to be placed in positions to ensure that all 
RPMs of each type are in exactly the same place in relation to the 
light source and measurement probe. The back plate is positioned 
for the RPM type under test and the clean, dry specimen is placed 
on the stage and the illuminance is measured and recorded, in foot­
candles, as Probe Illuminance (Ep). 

9. The values recorded, along with the dimension of the test 
apparatus, are used to calculate the specific intensity of the 
specimen RPM as follows: 

where 
SI = specific intensity 

Er = 1j, -Ea = Reflected Illuminance (foot-candI8es) 
D = uistance (ft) from the RPM to Illuminance 

Probe (Model J6501) 
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Appendix B 

statistical Summary Tables 

This Appendix contains summary tables for the analyses of variance 
conducted for several of the empirical studies reported in Section 
5 of this report. Tables are provided for the following studies:. 

Tables B-1 and B-2. 
Thermal Stress Study 1: The Effect of Thermal Stress on the Photo­

metric Performance of Retroreflective 
Raised Pavement Markers 

Table B-3 
Thermal Stress Study 2: Thermal Shock from RPM Adhesive 

Table B-4 and B-5 
Abrasion Study 2: The Effect of Tire Impacts on RPM Photometric 

Performance 
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Table a-1. Heat stress ANOVA summary tables. 
(Section 5: Thermal Stress Study 1) 

Class Levels 

TYPE 

CYCLE 

General Linear Models Procedure 
Class Level Information 

Values 

88 911 948 MINI 

1 234 5 678 

RPM 

4 

8 

40 26A 26B 27A 27B 28A 28B 29A 29B 30A 30B 31A 31B 32A 32B 
33A 33B 34A 34B 35A 35B 36A 36B 37A 37B 38A 38B 39A 39B 
40A 40B 44A 44B 45A 45B 46A 46B 47A 478 48A 48B 

Number of observations in data set = 320 

General Linear Models Procedure 

Dependent Variable: % DELTA SI 
Sum of Mean 

Source DF Squares Square F Value Pr > F 

Model 67 177047.6415 2642.5021 164.13 0.0001 

Error 252 4057.2323 16.1001 

Corrected Total 319 181104.8738 

R-Square C.V. Root MSE %DELTA SI Mean 

0.977597 84.96692 4.012496 4.72242188 

General Linear Models Procedure 

Dependent Variable: % DELTA SI 

Source DF Type I SS Mean Square F Value Pr > F 

TYPE 3 135218.7284 45072.9095 2799.54 0.0001 
RPM(TYPE) 36 14124.1489 392.3375 24.37 0.0001 
CYCLE 7 15177.4145 2168.2021 134.67 0.0001 
TYPE*CYCLE 21 12527.3496 596.5405 37.05 0.0001 

Source DF Type III SS Mean Square F Value Pr > F 

TYPE 3 135218.7284 45072.9095 2799.54 0.0001 
RPM(TYPE) 36 14124.1489 392.3375 24.37 0.0001 
CYCLE 7 15177.4145 2168.2021 134.67 0.0001 
TYPE*CYCLE 21 12527.3496 596.5405 37.05 0.0001 

General Linear Models Procedure 

Dependent Variable: % DELTA SI 

Tests of Hypotheses using the Type III MS for RPM(TYPE) as an error term 

Source 

TYPE 

DF 

3 

Type III SS 

135218.7284 

Mean Square F Value Pr > F 

45072.9095 114.88 0.0001 
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Table B-2. Cold stress ANOVA summary tables. 
(Section 5: Thermal Stress Study 1) 

Class Levels 

TYPE 

CYCLE 

General Linear Models Procedure 
Class Level Information 

Values 

88 911 948 MINI 

123 

RPM 

4 

3 

39 50A 50B 51A 51B 52A 52B 53A 53B 54A 54B 55B 56A 56B 57A 
57B 58A 58B 59A 59B 60A 60B 61A 61B 62A 62B 63A 63B 64A 
64B 65A 65B 66A 66B 67A 67B 68A 68B 69A 69B 

Number of observations in data set = 117 

NOTE: Due to missing values, only 114 observations can be used in this 
analysis. 

Dependent Variable: %DELTA SI 
Sum of Mean 

Source OF Squares Square F Value 

Model 45 25927.55363 576.16786 7.48 

Error 68 5240.53856 77.06674 

Corrected Total 113 31168.09219 

Pr > F 

0.0001 

R-Square C.V. Root MSE %DELTA SI Mean 

0.831862 172.7358 8.778767 5.08219298 

Dependent Variable: %DELTA SI 

Source OF Type I SS Mean Square F Value Pr > F 

TYPE 3 2069.01122 689.67041 8.95 0.0001 
RPM(TYPE) 34 18994.08028 558.64942 7.25 0.0001 
CYCLE 2 2158.15368 1079.07684 14.00 0.0001 
TYPE*CYCLE 6 2706.30844 451.05141 5.85 0.0001 

Source OF Type II I SS Mean Square F Value Pr > F 

TYPE 3 2069.01122 689.67041 8.95 0.0001 
RPM(TYPE) 34 18994.08028 558.64942 7.25 0.0001 
CYCLE 2 2211.02433 1105.51217 14.34 0.0001 
TYPE*CYCLE 6 2706.30844 451.05141 5.85 0.0001 

Dependent Variable: %DELTA SI 

Tests of Hypotheses using the Type III MS for RPM(TYPE) as an error term 

Source 

TYPE 

OF 

3 

Type I II SS 

2069.011225 

Mean Square F Value Pr > F 

689.670408 1.23 0.3123 
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Table B-3. Summary ANOVA tables. 
(Section 5: Thermal Stress Study 2) 

Class Level Information 

Class Levels 

TYPE 4 
PERIOD 2 

Values 

88 911 948 mini 
post pre 

ID 32 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 
20 21 22 23 24 25 26 27 28 29 30 31 32 

Number of observations in data set = 64 

Dependent Variable: SI 
Sum of Mean 

Source DF Squares Square F Value Pr > F 

Model 35 19.76548131 0.56472804 310.76 0.0001 
Error 28 0.05088363 0.00181727 
Corrected Total 63 19.81636494 

R-Square C.V. Root MSE SI Mean 

0.997432 2.740950 0.042629 1.55528125 

Source DF Type III SS Mean Square F Value Pr > F 

TYPE [RPM type] 3 14.71922156 4.90640719 2699.87 0.0001 
PERIOD [pre or post] 1 0.23985506 0.23985506 131.99 0.0001 
TYPE*PERIOD 3 0.02381131 0.00793710 4.37 0.0121 
IDCTYPE) 28 4.78259338 0.17080691 93.99 0.0001 

Tests of Hypotheses using the Type III MS for ID(TYPE) as an error term 

Source 

TYPE 

DF 

3 

Type III SS 

14.71922156 

Mean Square F Value 

4.90640719 28.72 

Tukey's Studentized Range (HSD) Test for variable: SI 

Pr > F 

0.0001 

NOTE: This test controls the type I experimentwise error rate, but 
generally has a higher type II error rate than REGWQ. 

Alpha= 0.05 df= 28 MSE= 0.001817 
Critical Value of Studentized Range= 3.861 

Minimum Significant Difference= 0.0412 

Means with the same letter are not significantly different. 

Tukey Grouping Mean N TYPE 

A 2.1012 16 88 
B 1.8455 16 911 
C 1.4438 16 948 
D 0.8306 16 mini 
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Table B-4. Summary ANOVA tables: Percent change. 
(Section 5: Abrasion study 2) 

General Linear Models Procedure 

Dependent Variable: %CHANGE 
SlJIl of Mean 

Source OF Squares Square F Value 

Model 80 380974.4363 4762.1805 44.93 

Error 255 27029.9532 105.9998 

Corrected Total 335 408004.3895 

Pr > F 

0.0001 

R-Square C.V. Root MSE %CHANGE Mean 

Source 

TYPE 
IDCTYPE) 
IMPACTS 
TYPE*IMPACTS 

0.933751 

OF 

4 
51 

5 
20 

41.16680 

Type III SS 

56343.1913 
40309.5783 

232365.9056 
46250.9769 

10.29562 

Mean Square 

14085.7978 
790.3839 

46473.1811 
2312.5488 

F Value 

132.89 
7.46 

438.43 
21.82 

-25.009524 

Pr > F 

0.0001 
0.0001 
0.0001 
0.0001 

Tests of Hypotheses using the Type III MS for ID(TYPE) as an error term 

Source 

TYPE 

OF 

4 

Type III SS 

56343.19127 

Mean Square F Value 

14085.79782 17.82 

Duncan's Multiple Range Test for variable: %CHANGE 

Alpha= 0.05 df= 255 MSE= 105.9998 

Number of Means 2 3 4 5 
Critical Range 3.543 3.725 3.843 3.931 

Means with the same letter are not significantly different. 

Duncan Grouping Mean N TYPE 

A -6.751 72 948 
B -13.238 60 911 
C -29.863 60 MINI 
0 -33.447 72 28 
E -40.594 72 88 

Duncan's Multiple Range Test for variable: %CHANGE 

Alpha= 0.05 df= 255 MSE= 105.9998 

Number of Means 2 3 4 5 6 
Critical Range 3.865 4.064 4.193 4.289 4.370 

Means with the same letter are not significantly different. 

Duncan Grouping 

A 
B 
B 
C 
o 
o 

Mean 

6.389 
-3.691 
-4.916 

-28.732 
-57.721 
-61.386 

106 

N IMPACTS 

56 2400 
56 3800 
56 3600 
56 4000 
56 4200 
56 4400 

Pr > F 

0.0001 
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Table B-5. Summary ANOVA tables: SI. 
(Section 5: Abrasion study 2) 

General Linear Models Procedure 

Dependent Variable: SI 
SI.III of Mean 

Source OF Squares Square F Value Pr > F 

Model 85 339.1615941 3.9901364 47.38 0.0001 

Error 306 25.n18424 0.0842217 

Corrected Total 391 364.9334365 

R-Square C.V. Root MSE SI Mean 
0.929379 17.13364 0.290210 1.69380102 

Source OF Type III SS Mean Square F Value Pr > F 

TYPE 4 78.3296424 19.5824106 232.51 0.0001 
ID(TYPE) 51 59.6160226 1.1689416 13.88 0.0001 
IMPACTS 6 139.1668197 23.1944699 275.40 0.0001 
TYPE*IMPACTS 24 55.0855229 2.2952301 27.25 0.0001 

Tests of Hypotheses using the Type III MS for ID(TVPE) as an error term 

Source 

TYPE 

OF Type III SS 

78.32964243 

Mean Square F Value 

4 19.58241061 16.75 

Duncan's Multiple Range Test for variable: SI 

Alpha= 0.05 df= 306 MSE= 0.084222 

Number of Means 2 3 4 5 
Critical Range 0.092 0.0970.100 0.103 

Means with the same letter are not significantly different. 

Duncan Grouping Mean N TYPE 

A 2.3714 70 911 
B 1.9505 84 88 
C 1.7975 84 28 
0 1.2433 84 948 
E 1.1243 70 MINI 

Duncan's Multiple Range Test for variable: SI 

Alpha= 0.05 df= 306 MSE= 0.084222 

Number of Means 2 3 4 5 6 7 
Critical Range 0.1090.115 0.1180.121 0.123 0.125 

Means with the same letter are not significantly different. 

Duncan Grouping Mean N IMPACTS 

A 2.3107 56 2400 
A 2.2220 56 1200 
B 2.1025 56 3800 
B 2.0986 56 3600 
C 1.5148 56 4000 
0 0.8464 56 4200 
0 0.7616 56 4400 

107 

Pr > F 

0.0001 
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Format: Government Document, Book
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marker reflectivity / 
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others]. 
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Transportation Institute,
Texas A&M University
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Va. :  |b Available
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Technical Information
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300 |a xii, 107 pages : 
|b illustrations ;  |c 28
cm. 

6/17/24, 1:32 PM Holdings: Raised pavement marker reflectivity /

https://catalog.library.tamu.edu/Record/in00001038161#details 2/5

Page 330 of 330


