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APPENDIX |

Procedure to Quantify Consequences of
Delayed Maintenance of Highway Signs
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(McGee 2010)Signscan be categorized baken their function as regulatory, warnirand guide signsTheir
good condition igrucialfor traffic safety.Signs that are not properly maintained have reduced retroreflectivity,
visibility and do not perform properlgnd compromis¢he safety of road usersSigurel-1 shows the procedure

to quantify the consequences of delayed maintenanuiglofvaysigns.
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Figure I-1. Procedure to quantify the consequences of delayed maintenance of signs.
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.1 Step 1: Definethe Highway Sign System Preservation P  olicy

The preservation policy for theighway sign system is usually formulated by a central office that provides
policies for maintenance, specifications for materials, and criteria to allocate fuSajngetroreflectivity must
correspond to the Manual on Uniform Traffic Control Devices (MUTCRhdards. In addition, condition of
sheeting and support, and percent of signs lasting as per manufacturer specifications are monitored over time.
(Markow 2007).
1.1.1 Identify the Types of Maintenance Activities

Majority of DOTs use a combination ofational standards and their own guidelines fon sigaintenance
practicesASTM standards differentiate between Type |, Il, I, IV, VIII, IX, or Xl depending on the sheeting
surface. Sign backing is usuallgadefrom aluminum however it can be alsamadefrom wood or plastic.
Frequent types of poestounted signs include wood post;cdbdannel steel post, square or round tube steel post,
and tbeam steel post (McGee 2010). Sign standards, warrants and design criteria are describedTCthe M
(FHWA 2009 and ASTM D4956. Tablé-1 shows the sign sheeting types and applications defined by the
ASTM standards.

Table I-1. ASTM sign sheeting types.

Typical

Type Description Suggested Use Typical Applications

Construction

Permanent highway signing.

Medium . . :
I ed u. Enclosed lens None provided Construction zone device, and
Intensity .
delineators.
. . Permanent highway signing.
Medium high- . i 9 Y .g 9
Il intensity Enclosed lens None provided Construction zone device, and

delineators.

High-Intensity

Encapsulated glass
beads

None provided

Permanent highway signing.
Construction zone device, and
delineators.

Permanent highway signing

A High-Intensity Microprismatic None provided Construction zone device, and
delineators
. . Metalliz . .
Vv High-Intensity . eta' ed . None provided Delineators
microprismatic
. Orange temporary roll-up warnin
Elastomeric . . . . . . g ) porary P g
Vi o . Vinyl microprismatic None provided signs traffic cone collars, and post
high-intensity
bands
: . Permanent highway signing
Super-high- _ . . Medium and long . .
Vi . Microprismatic . Construction zone device, and
Intensity road distances .
delineators
. . Permanent highw ignin
Super-high- : . . Medium and long erma ? thig ay;g g
VI . Microprismatic . Construction zone device, and
Intensity road distances

delineators
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Table I-1. ASTM sign sheeting types. (Continued)

Typical

Type Description Construction

Suggested Use Typical Applications

Permanent highway signing.

Very-high- . . . Short road . .
IX y g Microprismatic . Construction zone device, and
Intensity distances .
delineators.
. . Permanent highway signing.
Super-high- . . . Medium road i 9 Y .g 9
X . Microprismatic . Construction zone device, and
Intensity distances

delineators.

Source: Carlson and Lupes 2007

A sign inventory database includes additional information to support the development of preservation
programs including (ODOT 2015):
1 Location: roadway ID, highwaglirection, milepost, GPS coordinates, side of road, distance from the edge of
pavement.
9 Sign properties: sign number, recycle count, sign width and height, substrate, sheeting, install date, facing
direction, nighttime retroreflectivity and inspectionealat
1 Sign support: number of posts, their type, size, and installation date.

Tablel-2 shows an example of sign inventory and condition elements.

Table I-2. Example of sign inventory and condition elements.

Data Element Description

Sign IdentificatiorNumber  Unique number identifying sign

Route name, distance, etc. depending on locati

Location reference system; could also be GPS
latitude/longitude

Sign Code Usually MUTCD designation

Sign Position Location of sign to road (left, right, Overhead)

Offset Distance from edge of pavement

Height Height of sign above road level

Sign Size Width and height of sign

Sheeting Type Grade of retroreflective material

Installation Date Date when sign installed

Post/Support Type Type of sign support (e.gvood, tube)
Inspection Items Description

Sign Condition Quality of sign based on visual inspection

Retroreflectivity Measured valued or visual assessment conditic

Maintenance Activity Type of maintenance last performed

Inspection/Maintenance Dal Date when sign was last inspected or maintaine

Name or initials of person who inspected or

Inspector L .
maintained sign

Comments Supplementary notes about the sign

Source: McGee 2010
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FHWA (2009) provides the following guidance on maintenance of signs:

fAMai ntenance activities should consider proper po
visibility (see Section 2A.09). Damaged or deteriorated signs, gates, or object markers should be replaced.

1 To assure adequate maintenance, a séddduinspecting (both day and night), cleaning, and replacing signs,
gates, and object markers should be established. Employees of highway, law enforcement, and other public
agencies whose duties require that they travel on the roadways should begattnr@port any damaged,
deteriorated, or obscured signs, gates, or object markers at the first opportunity.

9 Steps should be taken to see that weeds, trees, shrubbery, and construction, maintenance, and utility materials
and equipment do not obscure thee of any sign or object marker.

TA regul ar schedule of replacement of | i gh(FHWAg el el
2009)

The type of maintenance fonighwaysignscan be classified gweventive and corrdefe activities(Markow
2007). The Maintenance of Signs and Sign Supports: A Guide for Local Highway and Street Maintenance
Personnel (FHWASA-09-025) provides specific examples of sign maintenance activities as follslw&ee
2010)

Preventive maintenance involves sign cleaning, vegetation control, afhieft measures and sign support
adjustmentgMcGee 2010).

Corrective (immediate) maintenance activities applied tosigns that needto be epaied or replacd
immediately. It isdue to events such as vandalism, vehad#ision, damage by natural forces, or once it
reachests service life Poor conditi on or absence of regulatory
crasho, theymeereeldf otroe be HArepl aced or repai otieedof themt hi n
mi ssing, down, or damagedo (McGee 2010) .

For example Missouri DOT ypically considerssign maintenancescorrective in nature. Work is identified
either through nighttime inspection sign logs, drive by visual inspecto customer cal Work includes
replacement of signs, plumbing the post, replacing the posrimming vegetation thatlocks the visibility of
the sign. There is no replacement cycle and signs are replaced as needed since there are a variety of ages
amongst signs in given area. The nighttime sign logs conducted etryyeas is the primarymethodfor
identifying signs thatequire maintenancé&ign replacement can be also decided on retroreflectivity measures
from field inspection, or scloelled based on thedxpected servickfe (FHWA 2009).

.1.2 Establish Performance O bjectives forthe Highway Sign System

In this step the agency should select the set of performance measures thaugell be showthe effects of
delaying maintenancén selecting sigmperformance measures, it is important to consider the different causes of
failure, such as (Markow 2007):

1 decrease in retroreflectivity
1 color fading

1 daytime/nightime legibility
1 structural condition

corrosion

dirt accumulation

vandalism (e.ggraffiti, bullet holes)
age

=A =4 =4 =9

Highway sgn performance categoriesciimportant contributindactorsare shown in Table 3.
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Table I-3. Highway sign performance categories and contributing factors.

Category Important Data or Factor Source

Overall Percent of the system functioning as intended NCHRP 632

Performance (Cambridge Systematics et al. 2009)
Retroreflectivity (Markow 2007)
Condition Color fading / legibility (Markow 2007)
Structural condition (Markow 2007)

Individual performance measures can also be tieddition statesising a simplified scalas thefive-tier
scale developely Florida DOT for overhead sign structuesshown in Tabld-4.

Table 1-4. Example of condition states for signs used by Florida DOT.

487 1 Overlane sign structure horizontal member 4881 Overlane sign structure vertical member

1. There is no evidence of active corrosion and the 1. There is no evidence of active corrosion and the
coating system is sound and functioning as coating system is sound and functioning as intended
intended to protect the metal surface. to protect the metal surface.

2. There is little or no active corrosion. Surface 2. There is little or no active corrosion. Surface
corrosion had formed or is forming. The coating corrosion had formed or is forming. The coating
system may be chalking, peeling, curling or system may be chalking, peeling, curling or showing
showing other early evidence of paint system other early evidence of paint system distress but
distress but there is no exposure of metal. there is no exposure of metal.

3. Surface corrosion is prevalent. There may be 3. Surface corrosion is prevalent. There may be
exposed metal but there is no active corrosion exposed metal but there is no active corrosion which
which is causing loss of section. is causing loss of section.

4. Corrosion may be present but any section loss due 4. Corrosion may be present but any section loss due to
to active corrosion does not yet warrant structural active corrosion does not yet warrant structural
review of the element. review of the element.

5. Corrosion has caused section loss and is sufficient
to warrant structural review to ascertain the impact
on the ultimate strength and/or service ability of the
unit.

5. Corrosion has caused section loss and is sufficient to
warrant structural review to ascertain the impact on
the ultimate strength and/or service ability of the unit.

Source: NCHRP 713, Thompson et al. 2012

Several DOTs focus only whether a sign is deficient or not. Deficiency can beddbfimetroreflectivity.
MUTCD requiresminimum retroreflectivity levels dependingon the sheeting type and symbol sign type, as
Figurel-2 shows. CDOT uses three condition indicators for signs; percent of signs faded, percent of signs that
are not straight or have damaged posts or breakaway devices not working, and percent of signs not readable at
night. The rating for the first two indicators (j.esigns faded, and damaged posts or nonworking breakaway
devices) ranges from (0 percentof damaged signdo 0 (greater than 1percentof damaged signs). There is
also a condition indicator rating for retroreflectivity readimcdix/m?), which rangsfrom 4, greater than 200
mcdix/mz, to 0, 49 mcdt/m2 or less. Annual inspections adsoperformed on 700 random locations statewide
in 3 out of 10 sample set. These ratings are used to compute a letter grade from A to F for the Maintenance
Level of Service (MLOS).
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Sheeting Type (ASTM D4956-04)
. . . Additional
Sign Color Beaded Sheeting Prismatic Sheeting Criteria
I Il I 1 T, 1V, VI, VI, VL, X, X
WiGz7| wiGz1s [wiGzas | W= 250,G = 25 Overhead
White on Graen
WGz7 Wz120:G =15 Post-mountad
Black on Yellow ar o ¥=50,0z50 :
Black on Orange ¥ 0 Y275 0275 3
White on Red Wz35RzT *
Black on White W =50 -
! The minimum maintained refroreflectivity levels shown in this table are in units of cd/lx'm® measured at an
obsarvation angle of 0.2° and an entrance angle of -4.0°.
# For text and fine symbal signs measuring at least 48 inches and for all sizes of bold symbol signs
3 For text and fine symbaol signs measuring less than 48 inchas
4 Minimum sign contrast rafio = 3:1 (white retroreflactivity = red retroraflectivity)
® This sheeting type shall not be used for this color for this application.
Bold Symbol Signs
=W1-1,2 = Turn and Curve =W3-1 - Stop Ahead = W11-2 — Pedestrian Crossing
=W1-3 4 = Rewarsa Turn and = W3-2 = Yiald Ahead = W11-3,4,16-22 — Large Animals
Curve =W3-3 - Signal Ahead = W11-5 — Farm Equipmeant
=W1-5 = Winding Road =W4-1 = Marga = W11-6 — Snowmobile Crossing
=W1-8,7 — Large Amow =W4-2 — Lane Ends = W11-7 — Equestrian Crossing
=W1-8 -~ Chevron =W4-3 - Added Lane = 'W11-8 — Fira Station
=W1-10 = Intersection in Curve = W4-5 — Entering Roadway Merge | = W11-10 = Truck Crossing
=W1-11 = Hairpin Curvea = W4-6 — Entering Roadway = W12-1 = Doubla Arrow
=W1-15 - 270 Degree Loop Added Lans * W1G-5F,6F TP — Pointing Armow
= W32-1 = Cross Road = WE-1,2 = Divided Highway Plagues
= W2-2 3 - Sida Road Bagins and Ends = W20-7 — Flagger
= W2-4 5 -Tand Y Intersection = WE-3 — Two-Way Traffic = W21-1 —Warker
= W2-6 - Circular Intarsection =W10-1,2,3,4,11,12 = Grade
= W2-7.8 - Double Sida Roads Crossing Advance Warning
Fine Symbol Signs (symbol signs not listed as bold symbol signs)
Special Cases
= W3-1 - Stop Ahead: Red retroreflectivity = 7
=W3-2 - Yield Ahead: Red retrorsflectivity = 7; White retroreflectivity z 35
»W3-3 - Signal Ahead: Red retroreflectivity = 7, Green retroreflectivity = 7
= W3-5 — Speed Reduction: White retroreflectivity = 50
= For non-diamond shaped signs, such as W14-3 (No Passing Zong), W4-4P (Cross Traffic Does Not Stop), or
W13-1P2,3,8,7 (Speed Advisory Plagues), use the largest sign dimension lo determine the proper minimum
retroraflectivity level.

Source: FHWA 2009
Figure I-2. Minimum maintained retroreflectivity levels.

In this study, lhe sign modeldefinesconditioncategoriegA, B, C, D, F)based orthe percentage afeficient
signsin a sectarSign deficiency means that theraigroblem with a sign face or paghich can be fixed either
by maintenance or replacemenablel-5 shows the sign condition categories defined in the maded in this
study.

Table I-5. Sign condition categories based on percentage of deficient signs.

Percent of deficient signs in a group

Condition category

Lower limit Upper limit
A 0.00 5.00
B 5.01 10.00
C 10.01 14.99
D 15.00 19.99
F 20.00 100.00
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1.1.3 Formulate D ecis ion C riteriafor Highway Sign Maintenance  Activities

This step involves determininge decision criteria to triggsignsmaintenance activitie®ased ontte Asset
Management Data Collection Guide (AASHIABC-ARTBA 2006) as a reference, tHellowing maintenance
activities are considered preventive maintenance only due good condition (signs comply withMUTCD
standards and local standards@edsrepair (missing bolts, leaning, damaged posts, in need of cleaamm),
needgeplacenent(damaged or illegible).

Field inspectios are used to determine the signs conditions to be compared to the requirements established by
the agency. For exampl®] or i dads MR P spacdicnddsirenl ankintehamce conditions for signs.
During inspections, each sign is evaluated per the MBRRdatd to determine if maintenance is nee@aghs
do not meet the MRP standaidghefollowing cases

Sign installations including panels and posts leaning more than 1 inch per foot.
There is missing connecting hardware, natsl bolts.
Sign panelare attached to columns below a fuse cut.
Bottom of sign panel is installed more than 2 inches above or below the fuse cut.
Al umi num ACO clamps are used to attach a sign pan
Cantilever signs arneot installed according to the desigargdards.
Brackets are installed improperly.
A cantilever sign wider than 4 feeteknot meet current design standard 11861.
Sign rotation causes the sign message to become u
may be otated 30° to 40° toward triad).
. Signs fail to convey the intended message due to lack of reflectivity, fading or surface accumulations. (Note:
All signs shall be reflectorized or illuminated to show the same shape and color in day and night conditions).
11. Height and offset of mile mkers are not installed according to the Design Standards. (Note: For MRP
purposes, a height tolerance of up to 3 inches and an offset tolerance of up to 12 inches are permitted).
12. Aluminum posts greater thanl132 inches in diameter are not installed aslipbase or breakaway support
and are not shielded by barrier wall or guardrail.
13. A slip base or breakaway support is covered with soil.
14. A slip base or breakaway support more than 4 inches above the finished ground as measured at the center.
15. A single posinstallation is prohibited by the Design Standards.
16. Single post installations of a sign or sign cluster wider than 60 inches unless specifically allowed by the
Design Standard Index 11860, or District Design Office.
17. A sign on a slip base is installed witlia concrete footing.
18. The edge of a sign panel is installed less than 2 feet from the face of guardrail.
19. The height and lateral offset of a sign panel is not installed according to the Design Standards.
20. Damage to a sign column that compromises its functio
21. U-channel steel posts heavier than 3 pounds per foot have no breakaway support.
22. Steel post support stubs protrude more than 4 inches above the ground.

CoNorLWNE

[EnY
o

The main objective of the preservation activitissto maintain the retroreflectivity of signs aleothe
minimum threshold using thmethods shown in Table6 (Carlsonand Lupeg007).
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Table I-6. Methods for maintaining minimum retroreflectivity of signs.

Method

Description

Advantages

Disadvantages

Combination of
methods or other
method

Agency blends
different methods or
adopts customized
method (based on
engineering study)

Customized method
to achieve
effectiveness and
efficiency

Potentially labor and
time intensive
depending on level
of engineering
study.

Night time visual
inspection

Assessment
conducted by a trained
inspector following
procedures

Overall condition is
evaluated

Subjective and
overtime pay for
late-evening labor.

Measured sign
retroreflectivity

Signs are measured
with an instrument
following procedures

Direct measurement.
No subjectivity factor
in the evaluation

Time consuming

and unable to
evaluate other
factors effecting
signbdés app

Expected sign life

Signs replaced based
on age, warranty, or
degradation of sign
sheeting

Adapted to local
conditions that
influence the
expected service life

Sign sheeting type
and expected life
needs to be known
as well as the
installation date of
the sign.

Blanket
replacement

Replacement of all
signs at specified time
intervals based on the
shortest life of material
used

Proactive approach

Replaces all signs at
once to minimize the
probability of failure.

Potential waste of
relatively new signs.

Control signs

Replacement of signs
based on a sample set
of control signs

Less labor intensive

Control sign sample
set must be
representative and
monitored over time.

Source: Carlson and Lupes 2007

Most DOTSs primarily rely omighttime inspectionand follow the expded sgn life, control signor blanket
replacement methotb determinemaintenance activitie§Re and Carlson 2012 For example Utah DOT
identifies the percent of assets which are deficient within a station (section of highway). Based o
percentage, the stationgssen a letter gradfor the level of maintenanaequired(i.e., A, B, C, D, andF).

In this study the decision criteria for maintenaneetivities arebased ora letter grade system. Signs in
category A, with less than percentdeficiency, do not receive any actidéign groups in category B, 100
percentof deficient signsrequire maintenance to return to a ramficient stateFor ggn groups in category C,
60 percentof deficient signs require maintenane@d 40percentreplacement to return to a ndeficient state.
For sign groups in category D, p@rcentof deficientsigns require maintenance and@fcentreplacement to
return to a nofdeficient state. Lastlysign groups ircategory F requirthereplacement of all deficient signs.
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.2 Step 2: Determine Maintenance and Budget N eeds forthe Highway Sign
System

.2.1 Assess the Sign System Condition and Service Life

The MUTCD provides general guidelines on the condition assessmexgrfigrhowever i does notnention
thesurveysrequency(Re and Carlson 2012)

The MUTCD mentions the following conditiomssessment metho@hd maintenance activitiggEHWA
2009)

AVi sual Ni g ht d Then eetroreflectivitye @f tan existing sign is assessed by a trained sign
inspector conducting a visual inspection from a moving vehicle during nighttime conditionstiigare
visually identified by the inspector to have retroreflectivity below the minimum levels sheulkeblaced
(FHWA 2009)

AfMeasur ed Si gn 0mRSigrretroreflectivitydsarteaswed usyng a retroreflectometer. Sighs
retroreflectivitybelow the miimum levels should be replage@HWA 2009).

AExpect edd \Bhergsigns lare ihstalled, the installation date is labeled or recorded so thge thie
a sign is known. The age of the sign is compared to the expected sign life. Thedkesggcide is based
on the experience of sign retroreflectivity degradation in a geographic area compared to the minimum
|l evel s. Signs ol der than (FHMA2Ypected | i fe shoul d

ABl anket Rce Adl Isigns i areanet/corridor, or @f given type, should be replaced at specified
intervals. This eliminates the need to assess retroreflectivity or track the life of individual signs. The
replacement interval is based on the expected sign life, compared to the minimum levels, for tee shorte
|l i fe materi al us ¢FHWA2009). he affected signso

i Cont r odlRegmceqensof signs in the field is based on the performance of a sample ofsigngol

The control signs might be a small sample located in a maintenance yard or a sampig ioftisegfield.
The control signs are monitored to determine the end of retroreflective life for the asseigatedAll
field signs represented by the control sample should be replaced before the retroreflecgistyf the
control @mple reach thminimum level® (FHWA 2009).

Ot her ©Bothdar mathseds developed based ngieeering studies can be us¢dBHWA 2009).

These methodare classified into two main categoriesassessmeninethods and management methods
(Carlson and Lupes2007) Assessment methodare nighttime visual inspections and retroreflectivity
measurementdlanagement methodseexpected sign life, blanket replacement, and control sign.

A survey conducted by Markoim 2007 found thatmost DOTs evaluates thsign conditionperiodially,
while others repair or replace signs once they failcomparehe current age witha predefined service life.

Sign service life is determined basedtbeagency experience, professional judgmentand manuf act ur
Life expectancy for sigsheetingranges betweenr and 20 years, and for sign pobttweenlO to 40 years
(Markow 2007), as Table7 shows.

Most DOTs do not have sign life information in their databases. Therefore, it is a common management
practice to idatify the percentage of deficient signs in a sector without recording details of the individual signs
condition.
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Table I-7. Signs life expectancy.

Component and Material No. of Minimum  Maximum Mean Median Mode
Responses  (Years) (Years) (Years) (Years) (Years)

Sign Sheeting
All Sheeting 17 7 20 11 10 15
Aluminum 3 7 40 19.8 11 -
Vinyl sheeting 2 5 7 6 6 6
Sign Posts
Steel U-channel 10 10 40 18.0 15 10
Steel square tube 10 10 40 16 15 10
Steel round tube 3 15 40 23.3 15 15
Aluminum tube 1 - - 10 - -
Wood 3 15 20 16.7 15 15
Structural steel beam supports 2 25 30 27.5 27.5 -
Overhead sign bridges and support
Steel sign bridge 12 10 50 30.8 30 30
Aluminum sign bridge 8 10 45 26.9 30 30
Overpass/bridge mounting 1 - - 50 - -

Notes: Values is undefined for the particular distribution. When distribution is based on data point. Its value is shown in the
Mean column.
Source: NCHRP Synthesis 3711 Markow 2007

.2.2 Select Performance Models to F orecast the Sign System Condition

Age, weatherconditions light exposure, antype of materiahll affect the deteriorationf signrs. To model
the probability of failure, aVeibull distribution @n beadopted to estimate the sign remainliig. Another
alternativeis to use astraight Ine deteriorationmodel In the literature, thdéollowing peformance modelare
described for signs
1 Linear or quadratimmathematical equatiorsseusal to estimatesign retroreflectivity basedn age, colorand
sheeting typeas Tablel-8 shows.The development of these equations from condition data is described by
Immaneni et al. (2009)

Table I-8. Examples of linear and quadratic performance models for predicting sign retroreflectivity.

E fi Linear Quadrati
Si Si Dat q‘lﬂqm" Regression Age u; ratic Regressio Year at Rz
'gn 'gn a'a e Rz  Standard  Coefficie ge nModel =NCDOT
Color Type . X: Sign age Error nt P- Coefficient P-value minimum
[year(s)] value P-value
| FHWA 1103085 .5 19.1 <0.0001 - <0.0001 15
. 5 451x 2
. Y=304.089— 1
i FHWA i q 327 <0.0001 - <0.0001 59
| FHWA Y=18.794— 3 17.0 <0.0001 _ <0.0001 15
3.906x 3
Yeliow Y=0562%2+ 2
i Pudue g taooat 2 336 00033  <0.0001 <0.0001 24
| NCSU Y=13085- .3 30 <0.0001 _ <0.0001 14
Red 0 635x 7
Y=59632— 3
i NCSU o E 9.7 <0.0001 - <0.0001 21
| FHWA Y=15.990- .3 34 <0.0001 - <0.0001 19
oo 0637x i
Y=53386— 4
i FHWA vt A 77 <0.0001 - <0.0001 37

Source: Immaneni et al. 2009

[-10
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9 Weibull survival probabilitymodel NCHRP Report713 (Thompson et al. 2012jescribedhe development

of a Weibull survival probabilitymodel from traffic sgn inspection datarable [-9 showsthe parameters
used in this model

Table 1-9. Weibull survival probability parameters.

Road Year of Age Ac‘tu_al F'red_ic‘t Mark_ov ngfﬁfe ngfﬂfe Log _CDEﬁ: Yale

Segment Inspection S.Of Fract_lon Frac‘l_lon Frac‘l_lon Deviation Deviation Likelihood Median Years 988
igns Passing Passing Passing .
actpred _actmean Shaping param 1.87

RS00001 1994 0 1.00 1.000 1.000 0.0000 0.0976 1.584 Std. deviation 00819
RS00001 1996 2 1.00 0.966 0.569 0.0012 0.0976 1.496 -
RS00001 1993 4 0.99 0.880 0.755 0.0121 0.0914 0.682 Sum Loglike 49.852
RS00001 2000 6 0.95 0.761 0.657 0.0356 0.0688 -1.071
RS00001 2002 8 0.89 0.627 0.571 0.0692 0.0410 -3.577 Scaling param  12.025
RS00001 2004 10 0.62 0.492 0.496 0.0163 0.0046 0.369 Markovscaling 14259
RS00001 2006 12 0.43 0.369 0.431 0.0037 0.0664 1.309
RS00001 2008 14 0.31 0.265 0.375 0.0020 0.1426 1.431 .
RS00001 2010 16 0.19 0.182 0.326 0.0001 0.2476 1,579 Meanpassing 06876
RS00002 1998 0 1.00 1.000 1.000 0.0000 0.0976 1.584 S8E 0.3083
RS00002 2000 2 0.96 0.966 0.869 0.0000 0.0742 1.581 88T 3.2848
RS00002 2002 4 0.88 0.880 0.755 0.0000 0.0370 1.584 R-squared 09061
RS00002 2004 6 0.73 0.761 0.657 0.0010 0.0018 1.510
RS00002 2006 8 0.64 0.627 0.571 0.0002 0.0023 1,571
RS00002 2008 10 0.51 0.492 0.496 0.0003 0.0315 1.561
RS00002 2010 12 0.42 0.369 0.431 0.0026 0.0716 1.392
RS00003 1996 0 1.00 1.000 1.000 0.0000 0.0976 1.584
RS00003 1998 2 0.97 0.966 0.869 0.0000 0.0797 1.582
RS00003 2000 4 0.9 0.880 0.755 0.0009 0.0495 1.517
RS00003 2002 6 0.71 0.761 0.657 0.0026 0.0005 1.387
RS00003 2004 8 0.58 0.627 0.571 0.0022 0.0116 1.419
RS00003 2006 10 0.41 0.492 0.496 0.0068 0.0771 1.077
RS00003 2008 12 0.34 0.369 0.431 0.0009 0.1208 1.520
RS00003 2010 14 0.21 0.265 0.375 0.0030 0.2281 1.360

SourceThompson et aR012

Transition condition matricesan also beised to model the deterioration or improvement in the signs

condition over time. A description on how to develop these matrices from condition data follows.

Deterioration and improvement matrices from condition data

The performancef the highwaysign system ignodeledin the examplaisingtransitionmatrices to simulate

deterioration or improvemein the signscondition Condition categories (A, B, C, @ndF) are based on the
percentage of deficient signs in a sector as defined previously in [Fablehe parameterfor the transition
matrices are lmained from statistical analgsf historical data.The stepby-step process to develop the
transition matiies from condition data is described in this section.

a.

Extract data from the sign inventory to analyze deterioration and improvement trends for all the sign groups
in the inventory A sign group includesertain number ofignsthat are located along a haay segmentAs
areference, n t he AWork Zone Road User Cost s, Cpoowide® pt s
guidelines about data for sign inventory. For the model described id\pipisthe minimum data include:
number of signs in a groupn@ defective signs in a group. This step is done for all the years in the inventory

For two consecutive years and n+1), th@ercentagef defective signsre compare for each sign group and

split into two categoriesdeteriorated and improved grouf@gn groups with a higher defective percentage

in year n were compared to year n + 1 for the condition deterioration transition matrix, and sign groups with a
lower defective percentage in year n +1 were compared to year n data for the improvementnconditio
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transition matrix. There are five condition categories (A through F), based on the percentage of signs that are
defective within a group.

c. Transition matrices are defined by the number of groups that move from one condition to another and by the
increaseor decrease of the deficient signs within a group in that category in year n+1. There are 15
deterioration condition transitions and 15 improvement transitions that can be experienced by each of the
sign groups in the model.

d. For the deterioration transition matrix, the number of sign groups that deteriorated between year n and year n
+1 was determined. The number of groups in category A in year n that remains in category A in year n+1,
groups that were in category A in yeaamd deteriorate to condition categories B, C, D or F in year n +1 are
recorded. This process is repeated for each condition category. The percent deterioration condition from each
category to another is then determined. The average of deterioration aomdi@s for the groups for each
condition transition group was used for the model.

In the deterioration transition matrix, the percent of deficient signs increases in the following yeal-Ilable
shows the transition of sign group conditions in thiederation model. For example, if a group of signs at year
nis in condition A, then there is a p2rcentprobability that at yean+1 the condition will remain A, 3gercent
probability that more signs will become deficient and move the group to am@ii8percent probability that
the group condition will become C,@&rcentprobability that the group condition will become D, angeBcent
probability that the group condition will become F.

Table I-10. Sign deterioration condition transition matrix.

% from / to A B C D F
A 52% | 32% 8% 3% 6%

Table 1-11 shows the increase of deficient signs in the deterioration model. For sign groups that are in
condition A at yean and stay in this condition the next year, the increase in deficient signsperteht For
sign groups that are condition A at yeaand in the next year move to condition B, the increase in deficient
signs is 4.2ercent For sign groups that are aondition A at yean and the next year move to condition C, the
increase in deficient signs is ®rcent For sign groups that are in condition A at yeand in the next year
move to condition D, the arease in deficient signs is pércent For sign groups that are in condition A at year
n and the next year move to condition F, the increase in deficient signs {se28etit

Table I-11. Increase of deficient signs in the sign condition deterioration model.
% from / to A B C D F

A +1.3% +4.2% +8.9% +14.0% +26.6%
+1.5% +4.3% +10.1% +15.7%
+2.3% +4.9% +21.6%
+2.7% +11.2%
+10.4%

e. For the improvement transition matrix, the number of sign groups that improve from year n to year n +1 is
determined. The numbef groups in category F in year n that remains in category F in year n+1, groups that
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were in category F in Year n and in year n +1 improve to condition categories D, C, B or A in year n +1 are
recorded. This process is repeated for each condition catéweypercent improvement condition for each
category to another is then determined. The average of improvement condition rates for the groups for each
condition transition group was used for the general model.

In the improvement transition matrix, therpent of deficient signs decreases in the following year due to
maintenance activities. Tablel2 shows the transition of sign group conditions in the improvement model. For
example, if a group of signs is in condition B at yeand maintenance is appdi to treat the deficient signs,
then there is a 6Rercentprobability that the condition group will move to A in the next year, ange88ent
probability that the group will still remain in B.

Table I-12. Sign improvement condition transition model.

% from / to A
A 100%
B 62%
C 29%
D 27%
F 12%

Table 1-13 shows the decrease of deficient signs in the improvement model. For sign groups that are in
condition B at yean and move to condition & the next year, the decrease in deficient signs ip&.€ent For
sign groups that are in condition B at yeaand stay in condition B the next year, the decrease in deficient
signs is 1.4ercent

Table I-13. Decrease of deficient signs in the sign condition improvement model.

% from/to A
A -1.1%
B -3.2% -1.4%
C -9.0% -5.0% -2.1%
D -13.6% -9.4% -4.4%
F -36.3% -23.1% -24.6%

1.2.3 Perform the Needs A nalysis

The needs analysis determing®servation activitiesnd budgetrequired to maintain the sign system
acceptable conditian The model identifies the needs of maintenance and replacement of deficien\sgns
the analysis periadNeeds are identifiedbased on the signs condition and decision criteria as described in
sectionl.1.3 Transition condition matrices are used to model the change in condition over time.

A random function is introduced into the model to incorporate the uncertainty expectesl donttition
transition process from year n to year n+1. The random function is based on the probabilities or likelihood of
the condition transition from one condition to another, which was observed from the data. The deterioration and
improvement matrix epicts the probability of percent increase (deterioration) or decrease (improvement) in
defective signs within a group. Based on the resulting percentage of deficient signs at the end of the year (after
deterioration or improvement), sign groups are assigrondition A, B, C, D, or F. End of the year n condition
is the initial condition for year n+1.

Each condition cagory has associated a treatment Si gn groups in condition
treatment. For sign groups in condition B, the assatitieatment is that 10@ercentof defective signs receive
maintenance. For sign groups in condition C, the associated treatment is pleat&ttdefective signs receive
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maintenance and 4Percentof defective signs are replaced. For sign groups in tondD, the associated
treatment is that 2fercentdefective signs receive maintenance ang&@entof defective signs are replaced.
For sign groups in condition F, the associated treatment is thaiet®6ntof defective signs are replacethe
cost of maintenance amdplacement ibased on UDORverage costs as shownTiablel-14.

Table I-14. Costs of preservation activities for highway signs.

Parameter Value Source
Cost of sign maintenance $121 Average cost to maintain, UDOT data
Cost of sign replacement $249 Average cost to replace, UDOT data

1.3 Step 3: Conduct Dela yed Maintenance Scenarios Analyse s

1.3.1 Formulate Delayed Maintenance S cenarios

Tablel-15 describeghe set oimaintenancacenaris evaluatedor the highwaysignssystem In Scenario 1,
all needsmai nt enance activities are performed with suff
policy. The budgefrom this scenario is considered as the baseline bi&gmario 2i O nothingd evaluates
theimmct of MAno mai n tcendittomandebodgeneedsdf theehighiwayt sigrsystem Scenarios
3 and 4 model delayed maintenance either by polidgydimited budget.Delayed maintenance by policy is
modeled by a delayed time cycle, therefore dign group needs maintenance in yeathen this activity is
deferred by certain number of yeamelayed maintenance by limited budget is modeled by delayed
maintenance until funds becomes available; priorities for funding are basadority maint@ance index
calculated as a multiplication of annual average daily traffic antbeuof signs in thgroup.

Table I-15. Key elements to analyze delayed maintenance scenarios for the highway sign system.

Performance Maintenance Scenarios

Data Models Length of Analysis: 10 years Results
1. All Needs Analytical Tools:
2. Do Nothing.

Signs Transition 3. Del_ayed Maintenance Spreadsh_eet baseq. model to _
Inventory orobability Maintenance treatments are delayed by forecast sign condition categories
Database matrices to a certain number of years: over the period of analysis

with model the E' L-year cyc:ica: ge:ay Reports:

; . 3-year cyclical delay : N
mv:,?éory d'encireefssee ﬁ)f 4. Budget-driven with limited funds for Tlimpact on condition due to
Condition deficient maintenance. delayed maintenance.

Assessment signs a. 80 percent of baseline budget f1Agency costs over time.

1 Changes in the sign system
asset value and sustainability
ratio.

b. 60 percent of baseline budget

Scenario 1 describes the situation of unlimited funding availablelhteatments in the preservation plan
are applied as needed. Scenario 2 is the oppositallaneatments are deferrechile the sign systeroondition
deteriorates over timé&cenarid3 showsthe impact of delaying maintenance activitigsl or 3 years. Scenario
4 shows the impact of a budget limited topgg@centor 80percentof thebaseline budget

In the budgetriven scenario (Scenario 4), sign groups are ranked by a MainteRaadty Index, which
is based on traffic volume and location. The Dynamic Buhle(DBU) method is used to allocate fiand
beginning with thesigngroup with the highest MPI until funds are exhaug@dang 2007) Highway agencies
may use different critéa and/or method to prioritize funding allocation. Sign groups in need of a maintenance

[-14



NCHRPProjectl4-20A FinalReport
or replacement, but delayed due to limited budget, are moved to a lower condition caf€gerfransition
matricesbased on probabilitiemre used fodeterioratioror improvement.

1.3.2 Perform the Delayed Maintenance Scenarios A nalyse s

Tablel-16 showsthe results of the scenariagalyssincludingthetotal agency costi 10 yearsbacklogat
the endof analysis, adthe percentage ofgn groups that have more than gércentdeficient signs

Table I-16. Summary of the scenario analyses results for signs.

Percentage of Sign

Total Agency Backlog Groups with More
Scenario Description Cost? Cost? than 20 percent
Signs Deficient
(Condition F)*

1 All Needs $7.8 M $0 1
2 Do Nothing $0 M $97.2 M 100
Delayed maintenance
3 a. 1-year cyclical delay $135M $7.8 M 18
b. 3- year cyclical delay $17.3 M $42.1 M 92
Budget-driven with limited funds
4 a. 80 percent of baseline budget $6.2 M $17.1 M 19
b. 60 percent of baseline budget $4.6 M $30.4 M 40

At the end ofyear 10

At the beginning of the analysida percentage ajroupsin condition F, withmore than 2(percentsigns
deficient is 15 percentIn Scenario 1the percentage of deficient signs reduceg fmercentwith an investment
of $7.8 million over & 0-yearperiod

In Scenario 2fi B nothingod no funding is availablandthe backlog cost increases t®7% million and 100
percentof thesystenreaches condibh Fatthe end of thgearlO.

In scenarios 3a and 3b, the agency costs increase due todletaygenance in comparison toe®ario 1.
In Scenario 3amaintenance activities delayed by 1 yemgency costs ar$13.5 million and .8 million is
backlogged, theld 8 percentof the systemis in condition Fatthe end of yeal 0. In Scenario 3b, maintenance
activities delayed by 3 yearmsgency costs ai®l7.3million and $12.1million is backlogged, the@2 percentof
thesystemis in condition Fatthe end of year 10

In Scenario 4a, maintenance activities are delayed due to limited budgper(@htof baseline budgigt
agency costs ai®6.2 million and #.7.1million is backlogged, thet9 percentof the systemis in condition Fat
the end of year 10In Scenario 4b, maintenance activities are delayed due to limited b&@geercentof
baseline budggtagency costs a®4.6 million and $0.4million is backlogged, theA0 percentof thesystemin
condition F athe end of year 10

1.3.3 Determine the Impact of Delayed Maintenance and Report the
Consequences

To quantify the consequences of delayed maintenance, the results of delayed maintenance scenarios are
compared to the bagee scenario from the needs analysis.
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Consequences on the Sign System Condition
At the beginning of the analysié2 percentof the highway system in category A, anddgcentin category

F as Figurd-3 shows

Sign System Current Condition

F.15%

C. 1%

B, 24%

Figure I-3. Sign system current condition.
Figurel-4 shows thedistribution of sign categories at the end of year 1(Bdanario 1all needs, there are
only 1 percentsign groups in condition.AFn Scenario 2fi B nothingd 100 percentof the sign groups fall into
category F. In scenarios @ and 3, the sign group in category Hncreases td8 percentand 92 percent
respectively Scenario 4a80 percentof baseline budgeshows asimilar condition as Scenario Jaut it results
in less the sign groups condition A. Scenaridb, 60 percentof baseline budgeend upwith 40 percentof the

sign groupsn conditioncategoryr, and28 percentin condition categonA.

Scenario 1 Scenario 2
All Needs Do Nothing
F, 1%

c.5%_ D 1%

[ M A, 52%
F, 100%

Figure I-4. Sign condition categories at the end of the analysis period, 10 years.
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Scenario 3.a
1-Year Cyclical Delay

A, 17%

Scenario 3.b
3-Year Cyclical Delay

A 1% g o0

c, 3%

D, 3%

D, 10%.

c, 1%

B, 43%

F.92%

Scenario 4.a Scenario 4.b
80% of Baseline Budget 60’ % of Baseline Budget

F,19%

A, 33%

B, 41%

Figure I-4. Sign condition categories at the end of the analysis period, 10 years. (Continued)

Figurel-5 shows the changes in condition categooesr timeunder the different scenarioSnly in Scenario
1 the percentage of sign groups in condition A improves during the analysis per@enario 2ther are no
signs in conditiorcategoryA atthe end of year,&andall groups are in conditiotategoryf at the end of year.7
Scenario 3adelayed maintenance activities lyyear has a negative impact dime percentage of sign groups in
conditioncategoryA, while the number of groups iotherconditioncategories increaseln scenario 3b, the 3
years delayed of maintenanaetivitieshas a significanimpacton the condition of the sign systerwith the
majoiity of sign groups in conditionategoryr after year 2Scenarios 4a and 4fesult withthe majority of sign
groups in conditiortategoryA or B, butthe number o§roups inconditioncategoryr alsoincreass.
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Scenario 1 Scenario 2
100% All Needs 100% Do Nothing
S ERRRRRRER
80% 80%
0% 70%
60% 60%
50% [ L 50%
woe | ISRl | % [
30% | 30%
20% 20%
10% 10%
0% 0%
Year0 Year1 Year2 Year3 Yeard Year5 YearG Year7 Year8 Year9 Year 10 Year 0 Year1 Year2 Year3 Year4 Year5 Year6 Year7 Year8 Year9 Year 10

CA OB uC @D mF OA OB BC mD mF

Scenario 3.a Scenario 3.b
100% 1-Year Cyclical Delay -Year Cyclical Delay

100% 3

90% 90%
80% 80%
70% 70%
60% 60%
50% 50%
40% 40% N
30% | 30%
20% A = 20%
10% 10%

0%

0%

Year0 Year1 Year2 Year3 Year4 Year5 Year6 Year7 Year 8 Year 9 Year 10 Year 0 Year 1 Year2 Year3 Yeard Year5 Year Year7 Year 8 Year9 Year 10
OA OB mC mD mF OA OB mC mD ®F
Scenario 4.a Scenario 4.b
80% of Baseline Budget 60% Baseline Budget
100% 100%
90% 90%
80% 80%
70% 70%
60% 60%
50% 50%
40% | L | H 40% L
30% = H N [ 30% H L
o
20% 20%
10%
10%
0%

Year0 Year 1 Year2 Year3 Year4 Year5 Year8 Year 7 Year8 Year9 Year 10
YearQ Year1 Year2 Year3 Yeard Year5 Year Year7 Year8 Year 9 Year 10

OA OB BC @D uF
OA OB uC mD mF

Figure I-5. Sign condition categories over time, 10 years.
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Consequences on Future Budget Needs

If maintenance activities are delayed, not only the sign system condition deteriorasystena/alue goes
down, but also unfunded backlog accumulafégures 1-6 andl-7 show the unfunded backlaryer timewhich
is $0 for Scenario ,lall needs,and increaseto $18.73 million for Scenario 2fi © nothingd Scenario B,
i Blayed maintenance by yearsd hasthe second highest backlog, reaching $7.6 milibyear 10followed
by Scenario 4060 percentof baseline budggi in which the backlogeaches $6.0 millionThe backlogcosts
under Scenario 3#& Blayed maintenance by yearp ranges betwee$0.3and$1.6 million, while Scenario 4a
80 percentof baseline budggiincreases fror$0.3 million to $3.3 milliorin 10 years

$20,000,000
Unfunded Backlog
$18,000,000
$16,000,000
$14,000,000
$12,000,000
$10,000,000
$8,000,000
$6,000,000
$4,000,000
$2,000,000
Year 1 Year 2 Year 3 Year 4 Year 5
O Scenario 1 - All Needs (baseline) 30 30 $0 50 50
u Scenario 2 - Do Nothing $1,567,917 $3,028,745 $4.615,466 $6,493,304 $8,453,345
DOScenario 3.a - 1-Year Cyclical Delay $1,600,000 $300,000 $1,300,000 $400,000 $1,000,000
o Scenario 3.b - 3-Year Cyclical Delay $1,600,000 $2,900,000 $4,400,000 $1,500,000 $3,900,000
@ Scenario 4.a - B0% of Baseline Budget $318,080 $548,248 $800,092 $1,142 625 $1,536,079
® Scenario 4.b - 60% of Baseline Budget $600,000 $1,000,000 $1,500,000 $2,000,000 $2,700,000

Figure I-6. Unfunded backlog for maintenance scenarios, years 1 through 5.

Unfunded Backlog

$20,000,000
$18,000,000
$16,000,000
$14,000,000
$12,000,000
$10,000,000
$8,000,000
$6,000,000
$4,000,000
$2,000,000
$0
Year 6 Year 7 Year 8 Year 9 Year 10
oScenario 1 - All Needs (baseline) $0 $0 30 $0 $0
m Scenario 2 - Do Nothing $10,502,079 $12,542,235 $14,630,163 $16,682,640 $18,732,107
0 Scenario 3.a - 1-Year Cyclical Delay $400,000 $900,000 $600,000 $800,000 $600,000
= Scenario 3.b - 3-Year Cyclical Delay $5,000.000 $6.800.000 $2,500.000 $6,000,000 $7,600,000
m Scenario 4.a - 80% of Baseline Budget $1,839,074 $2,197,346 $2,512,336 $2,955,887 $3,294,697
m Scenario 4.b - 60% of Baseline Budget $3,200,000 $3,800,000 $4,400,000 $5,100.000 $6,000,000

Figure I-7. Unfunded backlog for maintenance scenarios, years 6 through 10.
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Figurel-8 shows changes of the sign system value together with the sign sustainability ratio (SSR) over the
analysis period ol0 years. SR indicates on a scale 0 to 1 the percentage of asset needs that are funded each

year

In Scenario 1, where all neededaintenanceactivities are funded, the SSR is Qn the other hand, in
Scenario 2fi B nothingp where notreatments are performethe SSR is 0 during the analysis perigdr
delayedmaintenancescenarios3a and B, the SSRdecreasesignificantly in thoseyears whermaintenances
delayed In the budgetdriven scenariosda and #, the SR is continuously declining as a result of limited
funding. The largest decrease ihe sign systenvalueis observedn Scenario 2fi D nothingo followed by
Scenario 3bfiDelayed maintenance 3yyearg and Scenario 4560 percentof baseline budgei

Scenario 1
All Needs
$20,000,000 \ 2 ¢ & ¢ 4 ¢ g +- 4 . 1.0
$18,000,000 - - - 1 1 —— —— 1 09
$16,000,000 — — — — — — — — — — — 08
$14,000,000 — — — - — — - — — — 07
$12,000,000 — —— —— — — — — —— — —— —+ 086
o
$10,000,000 — — — — — — — — — — —1 050
(]
$8,000,000 — — e o] — — — o A 04
$6,000,000 — — —1 —1 —1 — —1 — — —1 —+ 03
$4,000,000 e — — — — _— e R e —1 02
$2,000000 — @o— @ —  — i
$0 0.0
Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 Year 7 Year 8 Year 9 Year 10
\ System Value (US $ million)| $17,365,4 | $17,927,1 | $18,206,2 | $18,263,4 | $18,220,5 | $18,162,0 | $18,159,5 | $18,212,7 | $18,312,7 | $18,318,2
‘—O—Sustainability Ratio 10 10 10 1.0 1.0 10 10 10 1.0 1.0
Scenario 2
Do Nothing
$20,000,000 1.0
$18,000,000 0.9
$16,000,000 |— 0.8
$14,000,000 | — —1 0.7
$12,000,000 | — —1 —1 0.6
$10,000,000 |— — — — — 05 ;:'F'),
$8,000,000 |— —— ——1 ——1 ——1 ——1 04
$6,000,000 | — —1 —1 —1 —1 — 0.3
$4,000,000 | — | | E— I I || 0.2
$2,000,000 | — — — — — — — — 01
¥ 1 H ¥ 1 z ¢ 7 g g T
System Value (US $ million)|$17,365,4($15,974,1/$14,463,0 $12,674,5 $10,807,8 $8,856,70|$6,913,69($4,925,19/$2,970,45 $1,018,58
=—4— Sustainability Ratio 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Figure I-8. Sign system value and sustainability ratio.
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Figure I-8. Sign system value and sustainability ratio. (Continued)
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