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How Pavement and Bridge Conditions Affect Transportation System Performance

EXECUTIVE SUMMARY

State Departments of Transportation (DOTS) strive to balance multiple objectives. With limited
resources, they try to keep pavements and bridges in good repair, reduce crashes, alleviate
congestion, improve travel-time reliability, increase resilience, protect the environment, and
contribute to livable communities.

This report examines how those objectives do not occur independent of one another. As State
DOTs maintain bridges and pavements in good repair, they also can contribute to crash
reduction, increased resilience, improved travel-time reliability, and many other performance
objectives. These performance areas may have separate metrics, but they have common linkages.
For example, a pavement in good repair may have adequate friction and shoulders that can
reduce crashes. Well-maintained bridges can contribute to the efficient movement of freight by
allowing permitted super-loads to traverse a region. Robust bridges, culverts, and drainage
structures contribute to resilience during extreme weather events so that roadway pavements are
not washed out during storms.

This report notes that when asset condition gaps are closed, system performance gaps often are
reduced. It describes linkages between pavements and bridges in a state of good repair (SOGR)
and achievement of other transportation performance objectives. It summarizes issues such as
how:

e The SOGR of pavements and bridges supports transportation system performance
objectives, primarily safety, freight reliability, resilience, and other transportation system
performance objectives.

e The transportation asset management plan (TAMP) requirements developed under 23
Code of Federal Regulations (CFR) Part 515 support multiple performance plan areas and
do not only focus upon achieving National Highway System (NHS) pavement and bridge
objectives.

e Each TAMP section can reference its contribution to other performance plans, such as the
Strategic Highway Safety Plan (SHSP)?! or the State Freight Plan?.

Increasingly relevant in today’s performance environment is the specificity about how pavement
and bridge conditions support multiple transportation system performance objectives. Research
indicates what thresholds of pavement and bridge conditions influence safety, mobility,
reliability, sustainability, resilience, and other performance objectives. For example, research:

¢ Quantifies the correlation between pavement rutting and crash rates

¢ Indicates how International Roughness Index (IRI) levels influence crashes

e Explains the links between pavement friction and safety or condition and noise levels

e Links the condition of shoulders to crash rates and the condition of roadway drainage to
water quality

e Shows how bridge conditions can influence freight mobility and transportation system
resilience

TAMP updates provide opportunities to consider how investments in the SOGR support multiple
performance objectives. Updates of TAMPs and other performance plans and programs provide

1
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State DOTSs opportunities to evaluate tradeoffs and identify synergies between condition and
performance. These plans and programs include the TAMP, the SHSP, the Highway Safety
Improvement Program (HSIP), and the State Freight Plan. Also, the long-range statewide
transportation plan (LRSTP) and the Metropolitan Transportation Plans (MTPSs) provide
additional opportunities for coordination.

How to balance investments to enhance condition and multiple transportation objectives is not
always clear. For example, a DOT may apply a pavement preservation treatment to extend a
pavement’s life. However, research indicated that in some cases, pavement preservation
treatments decreased pavement friction, which could increase the probability of crashes.
Research shows that mixes that can make a pavement quiet may not always make it long lasting.
The most economical urban pavement treatment may not support Active Transportation or
Complete Streets.>*As plans are developed, stakeholders can be consulted, data can be reviewed,
objectives can be evaluated, and trade-offs can be made. The risk-based TAMP development
process can assess threats to condition and performance and opportunities to enhance both.
Coordination between performance plans and programs could identify opportunities to pool
resources, combine projects, or identify shared objectives. The links between condition
objectives and performance objectives could be better reflected in projects and investment
strategies. By capitalizing on today’s unparalleled access to data and research, State DOTSs can
simultaneously enhance asset conditions and system performance.

What This Document Includes

This document includes 10 chapters that examine issues, such as how TAMPs can:

e Link to other performance plans, such as the SHSP

e Support safety through comprehensive pavement management processes

e Manage bridges to achieve multiple performance objectives

e Increase transportation system resilience through sound bridge and pavement
management

e Enhance drainage assets to withstand extreme storm events

e Document the lack of research on how the SOGR supports mobility, operations, or travel-
time reliability

e Consider pavement and bridge contributions to Complete Streets and Active
Transportation

e View performance plan updates as opportunities for cross-asset and cross-program
collaboration

e Summarize how assets in good repair support comprehensive performance management
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CHAPTER 1. LINKING THE TAMP TO SYSTEM PERFORMANCE OBJECTIVES

As States’ asset management processes further mature, they are likely to strengthen the linkages
between asset conditions and system performance. TAMPs are likely to increasingly emphasize
the connection between the SOGR and safety, mobility, and reliability. Some linkages between

asset conditions and performance include:

e Safety improves when pavement friction is good, ruts are minimal, and shoulders reflect
a section’s safety needs.

e Quiet pavements can reduce noise and improve a neighborhood’s quality of life, which
allows pavement strategies to support community objectives stated in the MTP or
LRSTP.

e Smooth pavements can reduce fuel consumption and vehicle operating costs.

e Freight movement improves when bridges are not load limited.

e Roads can be more resilient when bridges, pavements, and other assets can withstand
increased storm events, increased precipitation, pavement flooding, and rising sea levels.

e Bridges, roads, and streets can be managed to support Active Transportation? if the State
DOT wants its TAMP to explicitly support such objectives.

e Roadways and their drainage assets can support improved water quality if the state DOT
wants to link its investment strategies directly to environmental objectives.

Although the asset management rule in 23 CFR Part 515 requires TAMPs to only include NHS
pavements and bridges,® many State DOTs are extending asset management efforts beyond those
minimums. Twenty-two States included all State-managed routes in the 2019 TAMPs. Also,
several States included other assets such as intelligent transportation systems (ITSs), culverts,
drainage assets, signs and signals, and even buildings.*

The emphasis on NHS performance, as well as on asset conditions, is emphasized in the TAMP
requirements stated in 23 CFR Part 515. It states, in part, “A State shall develop a risk-based
asset management plan that describes how the NHS will be managed to achieve system
performance effectiveness and State DOT targets for asset condition, while managing the risks,
in a financially responsible manner, at a minimum practicable cost over the life cycle of its
assets.”

Also included in 23 CFR Part 515 is, “A State DOT shall develop and implement an asset
management plan to improve or preserve the condition of the assets and improve the
performance of the NHS.”®

Definitions in 23 CFR Part 515 also emphasize performance, as well as condition. Performance
of the NHS is defined as, “the effectiveness of the NHS in providing for the safe and efficient
movement of people and goods where that performance can be affected by physical assets. This
term does not include the performance measures established for performance of the Interstate
System and performance of the NHS (excluding the Interstate System) under 23 U.S.C. 150
(©)(3)(ii)(A)(IV)-(V).”" The Federal Highway Administration (FHWA) defines performance
gaps as “the gaps between the current asset condition and State DOT targets for asset condition,
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and the gaps in system performance effectiveness that are best addressed by improving the
physical assets.”®

Another reason for State TAMPs to strengthen linkages between asset condition and
performance comes as State DOTS use their TAMP to support their agency’s mission. TAMPs
must include objectives that “should align with the State DOT’s mission.”® Improving the
“quality of life” is a common element in many State DOTs’ mission statements.*%112 One
typical example is from the Illinois Department of Transportation, whose mission statement
includes, “It is our mission to provide safe, cost-effective transportation for Illinois in ways that
enhance the quality of life, promote economic prosperity, and demonstrate respect for our
environment.”**Another is from the Connecticut Department of Transportation, which states,
“The mission of the Connecticut Department of Transportation is to provide a safe and efficient
intermodal transportation network that improves the quality of life and promotes economic
vitality for the State and the region.”*

If a State DOT chooses, it can expand its TAMP’s focus to include more than the minimum
requirements of only including NHS pavement and bridge assets. *°In addition to NHS bridge
and pavement assets, “State DOTs are encouraged, but not required, to include all other NHS
infrastructure assets within the right-of-way corridor and assets on other public roads. Examples
of other NHS infrastructure assets include tunnels, ancillary structures, and signs. Examples of
other public roads include non-NHS Federal-aid highways.”*°

Source: iStock.

Figure 1. Photo. The SOGR can include both pavement condition and the roadway’s ability
to support multiple modes of transportation.
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TAMPs may consider not only the physical condition of assets, but also how assets support
performance of multiple transportation objectives, such as Active Transportation. As seen in
Figure 1, the definition of the SOGR for a roadway could include whether it supports Active
Transportation objectives, as well as bridge and pavement condition targets. States have the
option of defining asset performance to include more than only achieving a bridge or pavement
condition target.

TAMPs also “shall discuss how the plan’s investment strategies collectively would make or
support progress toward. ... achieving the national goals identified in 23 U.S.C. 150(b).”*” Those
goals include safety, infrastructure condition, congestion reduction, system reliability, freight
movement and economic vitality, environmental sustainability, and reduced project-delivery
delays.®

If a State DOT’s TAMP includes more than NHS bridges and pavements, then linkages between
assets’ condition and performance can expand. Examples include:

e Maintaining sidewalks and bike lanes, as well as roadways, can improve safety and
environmental sustainability, and support State and metropolitan Active Transportation
objectives.

e Drainage assets in good condition complement environmental sustainability and
reliability goals.

e Well-maintained safety barriers, signage, lighting, and pavement markings improve
safety performance.

Measures and targets can focus attention on how the condition of assets affects performance in
multiple areas. One example could be how the age and condition of ITS assets affect travel time
reliability. Another could be whether urban bridges accommodate bicycling and walking. A third
could be if urban pavement sections include sidewalks and curb ramps.

Another avenue for expanding consideration of how condition affects performance relates to the
TAMP’s definition of SOGR. Each State DOT defines its SOGR.® A State DOT could adopt a
definition of SOGR to include more than achieving an asset condition target. Good repair could
include the asset’s ability to support multiple objectives. Those could include safety, reliability,
environmental sustainability, freight mobility, livable communities, or supporting active
transportation.

Further reasons for linking TAMPs to system performance comes from the TAMP’s linkage to
the statewide and metropolitan planning processes.?®?1:22 As cited later in this report,
metropolitan plans often include objectives such as reducing pedestrian crashes and promoting
Active Transportation. TAMPs and asset management efforts can contribute to these objectives
when pavement and bridge programs are linked to them.

State DOTSs could use every TAMP section to strengthen the emphasis of how asset conditions
affect system performance. For example, State DOTSs could if they chose to:

e Include TAMP objectives stating that bridge and pavement assets will be managed to
support safety, resilience, reliability, environmental sustainability, and other priorities




How Pavement and Bridge Conditions Affect Transportation System Performance

e Assess through measures and targets the extent to which bridge and pavement assets
support those other objectives

e Analyze how gaps in conditions such as pavement friction could contribute to safety
performance gaps

e Mitigate risks in other performance areas by improving bridge and pavement assets; an
example could be including Safety Edges®™ on rural pavements to help mitigate roadway
departure crashes

e Lifecycle-based strategies for bridges and pavements could include consideration of
whether the assets need widened to support Active Transportation, or long-term mobility.

e Financial plans and investment strategies could include more than only funding to
achieve bridge and pavement condition targets. They also could include funds to
contribute to broader system performance objectives.

State bridge and pavement programs face additional costs when they consider more than just
asset condition targets. However, achieving a SOGR could require considerations beyond the
pavement or bridge condition targets. A broader definition of SOGR could strengthen the
linkages between asset conditions and system performance.
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CHAPTER 2. LINKAGES BETWEEN PAVEMENT CONDITIONS AND SAFETY

This document now turns to more detailed examples of how pavement in good repair contributes
to good performance. Research documents the pavement-performance linkage. This is
understandable given pavement’s link to safety, fuel consumption, and noise, but also
pavements’ contribution to resilience, environmental justice, mobility, and sustainability.

How Pavements in Good Repair Affect Safety

Research findings on the connection between highway safety and pavement conditions are not
always conclusive. The effect of pavement friction and shoulders on crashes is well-documented.
However, other pavement-surface effects on safety are less certain. In some research, better
surface conditions led to higher speeds and more crashes. In other cases, pavement treatments
that increased friction and reduced rutting and hydroplaning lowered crash rates.

To effectively link pavement management and safety, collaboration between TAMP staff,
pavement managers, and safety experts may be needed. The TAMP can be one vehicle for such
collaboration. The TAMP can help state DOT staff:

e Collaborate across programs to link pavement conditions and safety

e Coordinate funding between safety and pavement programs to maximize each program’s
results

e Document the State DOT’s holistic approach ensuring pavement conditions support
safety objectives

Collaboration between the TAMP stakeholders, pavement managers, and safety experts could be
valuable. Together they could identify the specific pavement distresses at specific locations that
can reduce crashes and improve pavements.

This document now examines specific pavement conditions and how they link to safety. The
document starts first by discussing the pavement friction-safety linkage that could be considered
in the TAMP.

The Connection Between Pavement Friction and Safety

By at least the 1950s, engineers found correlations between low friction values and highway
crashes.?3 “Double the skid resistance and halve the accidents,” is a quote from one British
recommendation for treating wet-weather crashes which reflects researchers’ finding of
correlation between crashes and skid resistance®.

Although that British study and other research indicates a correlation between crashes and skid
values, the crash reduction depends upon treating specific pavements with the proper treatment.
The role of friction and crash reduction can vary by site and by weather condition.

A TAMP program manager is likely to focus on IRI values, rutting, cracking, and faulting
because those relate to the measures and targets the TAMP must address.> However, research
indicates that in many cases, it is friction and not those metrics that drive pavement-related crash
reduction.® Also, research into how those measures influence safety has been more limited than
other types of safety research.’
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One study compared the Pavement Serviceability Index (PSI) to IRI and to rutting depth (RD).®
It found the PSI to be a better measure of pavement-crash correlation than IR1 or RD. The New
Zealand Transportation Authority (NZTA) has extensively studied pavement conditions and
crash rates. It also found a weak correlation between IRI, rut depth (RD), and crash rates.®
Another study compared a composite pavement-condition index and pavement marking
conditions to individual measures, such as RD.'° The composite measure more closely correlated
to crash rates than did IR1 or RD. A Florida study produced nuanced findings correlating
pavement conditions to crash rates. It concluded that poor pavement conditions, as defined by the
State, were associated with less-severe single-vehicle collisions on low-speed roads.!! The study
found that vehicle speeds decreased when road conditions were poor. However, the effect was
reversed on high-speed roads. Multiple-vehicle crash severity increased with pavement condition
degradation on all road types. The authors of that study concluded that a pavement-safety
measure is urgently needed.'?

These nuanced findings suggest close
collaboration during TAMP development between
State DOT asset managers, safety staff, and
pavement managers. The relationship between
pavement condition and crashes could influence
how to effectively allocate limited pavement and
safety funds. Several studies found that a high
benefit-cost ratio for friction treatments depends
on applying them at the proper locations.
Applying them where not needed increases costs
and creates more rolling resistance that lowers tire
life and fuel economy.*® An additional complexity
is that a site’s skid resistance changes over time.
Sites that were treated can within five years lose
some of their friction.** Even changes in seasons,
temperature, and monthly precipitation can
influence the skid values of a location.® In
addition, data from Continuous Pavement Friction
Measurement (CPFM), combined with crash data
and road characteristics, provide significant
insight regarding whether friction improvements
Source: iStock may reduce crashes. 16
Figure 2. Photo. Heavy rain seen through
a windshield.

FHWA’s report Evaluation of Pavement Safety
Performance notes that as little as 0.002 inches of
water reduces pavement friction by 20 to 30 percent.}” Wet conditions as seen in Figure 2
increase the importance of pavement friction to achieving safety objectives.

A Texas Department of Transportation (TxDOT) friction research project found clear benefit-
cost thresholds.® When a location’s skid number (SN) was as low as 14, treatment provided a
40-1 benefit-cost ratio. Treating a location with a SN of 28 produced a 20-1 benefit-cost ratio.
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When the SN was 73, the treatment’s benefit-cost ratio dropped to 1-1. The study documented
the significant benefits of maintaining critical SN thresholds. When skid values were above the
critical threshold, treatment benefits fell. The critical threshold varies by location.

NZTA supplements its pavement management process with annual system-wide skid
measurement.® It found that wet weather crashes were occurring primarily on curves that it
termed “out of context.” Those were ones with high approach speeds or radii that were difficult
for a driver to anticipate. A comprehensive approach to addressing SNs produced benefit-cost
ratios above 20-1. Those high benefits, however, only occurred on targeted, high-risk sites.

Reducing skid-related crashes depends upon understanding friction’s effects?® (Figure 3).
Friction characteristics include a pavement’s micro-texture and macro-texture. Micro-texture is
the degree of roughness imparted by individual aggregate particles. Macro-texture is the degree
of roughness imparted by deviations among particles.?* Micro-texture and macro-texture are
different than roughness. Roughness is measured by IRI. IRI’s role in safety will be discussed
later.

Decades of research agrees that micro- and macro-texture influence crash rates. However,
researchers do not agree upon a minimum skid-resistance threshold, such as the SN, to reduce
crashes.?? FHWA notes that

Microtexture each pavement section’s
| friction demand differs.?®
w Macrotexture Friction demand is affected by
. grade, superelevation, radius of
oy curvature, terrain, and traffic.

Travel speed and vehicle mix
are also influences. Because
these factors can change, no
one friction value fits all needs.

NCHRP Web-Only Document
108: Guide for Pavement
Friction? recommends that an

Source: Federal Highway Administration. appropriate level of pavement

Figure 3. Diagram. Microtexture and macrotexture. friction be maintained across
all pavement sections. NCHRP

Document 108 indicated, however, the appropriate level of friction can vary by site. The
document stated that signalized intersections, tight curves, railroad crossings, and pedestrian
crossings can be among the locations benefiting from pavement friction treatments.2s

Intersections accounted for about 28 percent of all fatalities in 2019,26 making them a prime
location for safety improvements. Intersection friction is particularly important to control
stopping and turning movements. Those same movements can polish aggregates leading to a loss
of pavement friction more quickly than in mid-block roadway sections.

Improved pavement friction at intersections provides numerous benefits including:27
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e Improved driver control

e Reduced wet and dry stopping distances

e Reduced skidding

e A 20-percent reduction in total intersection crashes?®

FHWA has noted the critical connection between pavement friction and safety in recommending
strategies such as high friction surface treatments.?® FHWA notes that high friction treatments at
curves, ramps, intersections and pedestrian crossings can be applied as a systematic approach to
preventive safety using risk factors based on roadway, intersection, or pavement characteristics.
One study of high-crash, wet-weather sites reported a 71 percent reduction in wet-weather
intersection crashes after friction treatments.30 Dry-weather crashes were reduced on average

21 percent after friction treatment. Figure 4 illustrates that locations such as crosswalks,
intersections, steep grades approaching intersections, or railroad crossings all could benefit from
enhanced friction monitoring.

Source: Federal Highway Administration.
Figure 4. Diagram. Locations where friction is particularly important.

Some agencies strategically target skid investigation and treatment on high-risk areas®! such as
crosswalks. Australian state transportation agencies and the NZTA set more stringent friction
requirements for pedestrian and school crossings, railway crossings, roundabout approaches, and
steep grades.?

The City of London mandated high-friction surfacing on pedestrian crossing approaches.® It
found that the pedestrian crossing accident rate was highest among all low-friction sites assessed
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using the Sideways-Force Coefficient Routine Investigation Machine technology. Those sites
also produced the highest potential casualty-reduction benefits.

One study found different skid values between tunnels and approaches.3* Precipitation outside
the tunnel can lead to water entering the tunnel. The moisture can dry at different rates between
the tunnel and approaches leading to differing friction levels.

State DOT TAMPs could address opportunities to both enhance pavement condition and
pedestrian safety. The safety and pavement program could share data, pool resources, and look
for opportunities to enhance pavement condition and safety performance.

Improving Pavement Friction and Shoulders at Horizontal Curves

The TAMP-development process also could facilitate collaboration between safety and pavement
programs to reduce horizontal curve crashes.

FHWA’s guide, Low-Cost Treatments for Horizontal Curve Safety, states that adequate
pavement friction and proper shoulder designs can reduce horizontal-curve crashes. On two-lane
roads, horizontal curve crashes can exceed by three times those at tangents. Severity of curve-
related roadway departure crashes also was higher.

The guide recommends considering pavement-related horizontal curve treatments of high-
friction surfaces, pavement grooving, shoulder improvements, and rumble strips. All are low cost
and can be added to paving projects, both at individual sites and system-wide. The guide noted
one study indicated that the Safety Edge contributed to a 6 percent two-lane road crash reduction.

The Safety Edge is a simple but effective solution that can help save lives by allowing drivers
who drift off highways to return to the road safely.*® As seen in Figure 5, instead of a vertical
drop-off, the Safety Edge shapes the edge of the pavement to 30 degrees. Research has shown
this is the optimal angle to allow drivers to re-enter the roadway safely. The asphalt Safety Edge
provides a strong, durable transition for all vehicles. Even at higher speeds, vehicles can return to
the paved road.

New graded
shoulder

> e——— 0ld graded
shoulder

30 degree
angle

Source: Federal Highway Administration.
Figure 5. Diagram. The safety edge.
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Other horizontal curve strategies involve increasing friction and adding rumble strips. Pavement
grooving was reported in at least one case to reduce wet-pavement curve crashes by 55 percent,
and dry-road crashes by 23 percent. The FHWA horizontal curve safety guide noted that
different studies produced different rumble-strip crash-reduction benefits. One of the more recent
studies was from Minnesota.®’ It found on rural two-lane, undivided roads centerline and
shoulder rumble strips combined reduced crashes 27 percent. The study found crash-reduction
values differed slightly by crash type. The study also found, however, that on two-lane roads,
rumble strips reduced all crash types.

Pavement Conditions and Safety Improvements on High-Risk Rural Roads
The collaboration between safety and
ot gﬂﬂ"f'“ff'"“"lfﬂ""if pavement funding can also be extended to
BN another area of the TAMP. The TAMP
could link pavement condition and safety
performance to High-Risk Rural Road
(HRRR) efforts. An HRRR is defined as,
“any roadway functionally classified as a
MANUAL FOR SELECTING rural major or minor collector or a rural
local road with significant safety risks, as
defined by a State in accordance with an
updated State strategic highway safety
e ————— — SR plan."*® % FHWA suggests that improving
s ‘ SR8 88 pavement friction, enhancing shoulder
@ treatments, and adding rumble strips can
increase a pavement’s contribution to rural
safety.*

The FHWA Manual for Selecting Safety
Improvements on High-Risk Rural Roads
(Figure 6) recommends each State should
implement policies and procedures to
incorporate the Safety Edge. It recommends
Source: Federal Highway Administration. the Safety Edge where pavement and non-

US. Department of Transportation
Federal Highway Administration

Safety Improvements
on High Risk Rural Roads

Figure 6. Photo. Manual for Selecting Safety  pavement surfaces differ by 2.5 inches or
Improvements on High-Risk Rural Roads. more. The Manual also recommends

evaluating earthen, graded, or paved
shoulders to enhance vehicle recovery and reduce run-off-the-road crashes.

As has been mentioned about intersections, crosswalks, and other high-risk locations, friction
monitoring and treatments at high-risk rural sites may promote safety.

The Connection Between Rutting and Highway Safety

Another pavement distress that influences the overall system performance is rutting. Although
many researchers have studied the causes of pavement rutting, research on rutting’s safety effect
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is less common. The primary safety risk associated with excess rutting is hydroplaning or water
accumulated in the wheel path.**mph).

One study*? suggested that at speeds less than 37 mph, rut-induced hydroplaning was not a safety
concern. However, at speeds greater than 50 mph, RD and length were wet-weather crash
factors. This study, and others,* noted that rut length is a crash factor and not just RD. This
study concluded that the roadway speed should be an important rutting remediation factor.

At least two reports found that a rutting depth greater than .2 inches raised hydroplaning risks.**
5 A study of Tennessee freeways found that RD was a good predictor of nighttime wet-weather
crashes.*® It concluded that mitigating RDs could be an effective safety strategy if night-time,
wet-weather crashes are elevated.

IRl and Highway Safety

Achieving acceptable IRI targets is frequently discussed as a TAMP’s pavement objectives.
However, research into the linkage between IRI and safety is contradictory. Some studies found
that high IRI values led to increased crash rates and others found they correlated to lower crash
rates. Some of the studies found IRI’s relationship to crash rates varied by roadway classification
and speed limits. Other
studies found that composite
indicators, such as the PSI
that capture multiple
distresses, such as seen in
Figure 7, are better
indicators for crash potential
then are individual
measures, such as IRI.

The variation among
research findings further
justifies the need for cross-
discipline collaboration.
TAMP managers, safety
staff, and pavement
managers may need to
analyze their roadways’ correlation between IRl and crashes. The research indicates that no
simple relationship exists between IRI and crashes that universally can be assumed.

Source: iStock. o
Figure 7. Photo. Severe pavement distresses.

Researchers for one Tennessee study*’ developed 21 regression models of pavement distresses,
environmental conditions, and crashes. In studying IRI’s link to crashes, they concluded as IRI
increased so did its correlation to night-time and wet-weather crashes. Crashes during the peak
hour were also slightly elevated over non-peak hours as IR increased. The researchers found a
much higher correlation between PSI and crashes. PSI incorporates several distresses and can

include more detail on the type of cracking and distresses, such as aggregate polishing.*® The

Tennessee study found that if PSI deteriorated by one unit, accident frequency increased by 41
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percent. PSI is determined on a 0-5 scale, with 5 being the highest. It concluded that PSI should
be considered in a comprehensive approach to integrate safety factors into pavement
management. The Tennessee study further reinforced the role of pavement condition on the
overall system performance.

A study from Jordan examined the relationship between road surface conditions and crash
rates.*® It used regression modeling and a data set of 1,300 road kilometers. It found a significant
influence on single-vehicle and multiple-vehicle crashes but noted a contrast in the direction of
the influence. Increasing roughness reduced the single-vehicle crash rate while increasing the
multiple-vehicle crash rate. The study could not identify a distinct relationship between road
roughness and total crash rate.

A Texas study associated lower mean crash severity with poor IRI scores, or values of more than
171 inches per mile.>® The researchers concluded that poor pavement IRI leads to lower speed
and reduces crash severity. Their analysis also showed that crash severity is higher on smoother
pavements. However, the researchers reported that crash severity differences could be minor.
The crash rate difference between road segments with poor conditions compared to fair/good
conditions was only 3 percent.

Another study examined the correlation between IRI, RDs, and crash rates in Arizona, North
Carolina, and Maryland.®! In all cases, the crash rates did not show substantial increases until IRI
exceeded 210 inches per mile, or the RD exceeded 0.4 inches. When the IRI or the RD rose
above those values, the crash rate increased. The study also found that each State’s key threshold
values differed. It attributed those State differences to measuring equipment, data processing
methods, or sampling methods.

Although the effect of IRI by itself on crash rates may vary, research indicates that pavement
condition overall is important. One study found that on two-lane roads, pavement condition was
the third most significant crash predictor after average daily traffic and lane width.>?

Research by the Institute for Transportation of lowa State University developed a weighted
condition index that combines multiple condition indicators into an Asset Condition Index
(ACI).%2 This method allows linking condition indicators to safety while minimizing the
variation caused by different individual indices. In this study, multiple individual asset condition
measures were scored, given weights, and summed up into a single ACI for each road segment.
The sub-index measures were:

IRI

Faulting

Friction

Rutting

White pavement marking retro-reflectivity
6. Yellow marking retro-reflectivity

agrwhE

This approach avoids the complications of multiple condition measures and their different,
sometimes contrasting, safety effects. To obtain each section’s ACI, the individual condition
measures were scored. ACI values range from 1, which is poor, to 3, which is good. A higher
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ACI reflected better conditions. Measures’ safety effects were weighted. Statistical analysis
concluded that crash numbers decreased as the ACI increased, or as the six sub-indices
improved. It also found correlation between low ACI values and crash frequency.

Using benefit-cost analysis, the study recommended minor rehabilitation and durable pavement
marking materials as the most cost-effective treatments. Those are most cost effective in the
short term for all ACI values and over the long term for ACI values above 2.0 When ACI values
were low, then major rehabilitation and use of tape marking were recommended as cost-effective
treatments.

As seen in Figure 8, a number of factors, including high pavement friction and adequate
shoulders, combine to improve roadway safety, particularly under wet conditions.

Source: iStock.
Figure 8. Photo. A wet, winding rural road.

Pavement Conditions and Crash Modification Factors

While the initial TAMPs have typically focused on IRI, rutting, cracking, and faulting, research
has not advanced to the point that robust crash modification factors (CMFs) exist for those
distresses. To date, pavement CMFs primarily focus on friction. Fewer studies produced CMFs
for IR, rutting, cracking, or faulting. The lack of simple correlation between those pavement
distresses and safety could require close collaboration between State DOTs’ safety and pavement
staffs. Each State may need to see if correlations exist on their roads for those distresses and
elevated crash rates. A CMF is a multiplicative factor that indicates the proportion of crashes that
would be expected after implementing a counter measure.®* The lower the CMF, the more crash
reduction. For example, a CMF of 0.5 would reflect an estimated 50 percent crash reduction
when applied to the base crash numbers. A CMF above 1 predicts crash increases after treatment.
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The Crash Modification Clearinghouse does not indicate that many highly ranked CMFs exist for
measures, such as improving IR, rutting, or cracking. The quality of a CMF is ranked on a
1-to-5-star rating. Highly ranked CMFs exist for friction, but fewer exist for other pavement-
surface-related measures.

CMFs do exist for friction treatments, pavement safety edge, shoulders, and many preventive
maintenance treatments.

For example, the CMF identification number (ID) 194 is for treating intersection approaches
with high friction surfaces. It has an overall CMF of 0.76, which equates to an expected
24-percent crash decrease if the measure was applied. The 24-percent decrease is for all
conditions. The wet-road CMF is higher at 0.43, or a 57-percent crash reduction. The CMF for
high-friction treatments for rear-end crashes predicts a 42-percent crash reduction.

The above CMFs for high friction surfaces have a 5-star rating.>® At least one set of CMFs were
included in the Clearinghouse for IRI and crash severity. They received a no-star rating because
of insufficient available data.

Although CMFs for treatments other than friction treatments are few, CMFs exist for roadway
shoulders and pavement edges.

CMF ID 6202 is for the safety effects of shoulder paving for rural and urban Interstates,
multilane, and two-lane highways. It shows a CMF of 0.57 for widening an Interstate highway
shoulder from 0 to 6 feet and of 0.38 for adding an 8-foot Interstate shoulder. At the lower range
of effectiveness were re-paving deteriorated 2-foot shoulders. For non-Interstates, the CMF for
reducing fatal crashes was 0.81 when a 2-foot shoulder was added. For other types of crashes,
CMFs for paving a deteriorated 2-foot shoulder ranged from 0.99 to 0.85.

Pavement Preservation and Its Nexus with Highway Safety

Another nexus of asset management and safety the TAMP could consider occurs with pavement
preservation. Low-cost pavement treatments often drive a lifecycle-based pavement preservation
investment strategy. The same treatments that can extend pavement life also can influence
pavement friction. Understanding how low-cost preservation treatments influence safety can
improve both pavement and safety performance and contribute to the overall system
performance.

The FHWA report on Evaluation of Pavement Safety Performance examined how low-cost
pavement treatments affect safety.>® The study examined multiple pavement treatments:

e Chip seals, both single and double layer (Figure 9)

e Diamond grinding concrete pavements

e Grooved concrete pavements

e Microsurfacing of both asphalt and concrete pavements

e Open-graded friction course (OGFC), both asphalt and concrete

e Asphalt slurry seals, cape seals, scrub seals, and micro-milling

e Thin hot-mixed asphalt (HMA) on both asphalt and concrete

e Ultra-thin bonded wearing courses (UTBWC) on both asphalt and concrete
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e Shotblasting and Abrading on both asphalt and concrete
e High Friction Surfacing (HFS) on both asphalt and concrete

The study reinforced other research that indicates that the safety effects of pavement-surface
treatments can vary. In some cases, in some States, the data indicated improved safety
performance. In other cases, crashes increased after some treatment types, or on some types of
roads. The research further reinforced that pavement effects vary by traffic volumes, functional
classes, weather, and other factors.

Source: Washington State Department of Transportation.
Figure 9. Photo. A chip sealed road.

The study compiled data from 17 States. Researchers studied the before-and-after crash histories
of sites receiving one of the low-cost treatments. However, no friction testing was conducted as
part of this study. For wet-weather crashes, the research concluded that the combined study
results for all treatment types suggest benefits for reducing crashes. Exceptions were for thin
HMA treatments in California and North Carolina. Those two States’ datasets were large enough
for definitive results. The OGFC for two-lane and multi-lane roads produced negligible wet-
weather benefits.

For dry-roads, crashes increased for microsurfacing on two lane roads, except in North Carolina.
Also increasing were crashes on roads treated with thin HMA and OGFC on two-lane roads, and
chip seals on multilane roads. The study produced indications of benefits for the ultra-thin
bonded wearing course, chip seals, and slurry seals on two-lane roads. Also, diamond grinding
on freeways produced crash-reduction benefits.

Despite a rigorous regression analysis, the study concluded that the research’s CMFs were not
robust enough for recommended use. The results suggested, however, that there are relationships
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between the CMFs and Annual Average Daily Traffic, and sometimes precipitation,
urban-versus-rural settings, and expected crash frequency.

The study results examined only safety benefits, and not pavement lifecycle benefits. Also,
intersections were not studied, so any effects there would not be included.

The study concluded that benefit-cost ratios larger than 2.0 were found for selected applications
in certain States including:

e Chip seals on two-lane roads

e Freeway diamond grinding

e Thin HMA on North Carolina multilane roads
e OGFCs on freeways

e Slurry seals on two-lane roads

e UTBWCs on two-lane roads

Another recommendation the study reinforced was the need for each State’s pavement and safety
experts to consider their State’s unique results. The broad national study concluded that more
specific information was needed to reach further conclusions. Data needed were more specific
information about sites’ friction, texture, and pavement condition. The study suggests, but did
not definitively conclude, that some of the non-intuitive crash increases may be caused by:

e Smoother, quieter pavement leads to higher speeds, particularly for local drivers who are
accustomed to the roadway and perceive it to be safer after treatment.

e Elimination of cracking, rutting, and other distresses could lead to higher speeds.

e Porous surfaces reduce splash and spray and may improve wet-weather visibility that
may reduce crashes.

Although the study does not recommend using its CMFs, its estimated CMFs illustrate the
variability the study found. In California, the study produced an estimated CMF for chip sealed
roads overall of 0.908. That would indicate a more than 8 percent crash reduction. In Minnesota,
the overall estimated CMF for chip seals on all roads and all conditions was 1.25. That indicates
a 25-percent crash increase.

For wet weather crashes, the California results for multi-lane chip seals in wet weather produced
a very strong CMF of 0.423. Conversely, the overall wet-road chip seal CMF in Minnesota was
1.604.

In general, however, the CMF for all two-lane chip sealed roads studied was 0.939, indicating
more than a 6-percent crash reduction. For wet-road crashes, the chip seal CMFs indicated crash
reductions in all cases, except in Minnesota. The study concluded that the chip seal benefits
overall were positive for crashes on two-lane roads.

The other results found included:

e For diamond grinding concrete pavements, the study found benefits for both wet and
dry-road crashes. The CMF for all wet-road freeways was 0.869 and for all freeways it
was 0.943.
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e Thin HMA treatments produced wet-road benefits on multilane routes and freeways. No
effect was found for overall dry-road crashes.

e OGFC produced mixed benefits. Benefits were negligible for wet-road two-lane and
multilane crashes, but substantial on freeways. North Carolina showed benefits in all
categories from OGFC, particularly on wet road run off the road (ROR) crashes.
However, the California CMF for dry road two-lane crashes was 1.12.

e Grooving results were limited to California. It showed a CMF of 0.776 for all crashes.
Wet road crashes increased, but data were too limited for statistically valid results.

e For microsurfacing, wet-road crashes decreased and dry-road crashes increased overall,
resulting in a net crash increase. For all two-lane roads, the overall CMF for
microsurfacing was 1.09. For all two-lane wet-roads it was 0.867.

e For slurry seals, data were largely available for California. There were wet-road benefits
and weak apparent dry-road benefits. The overall California slurry seal CMF was 0.936,
and 0.621 for wet-road ROR crashes.

e UTBWCs produced substantial benefits for wet-road, two-lane crashes with a wet-road
CMF of 0.694. The two-lane, wet-road ROR CMF was 0.550.

The study’s overall results showed safety benefits to most low-cost pavement treatments. The
study benefits were limited to crash reduction. The study stated if the pavement lifecycle savings
were included, the overall benefits could have been higher.

The study results reinforce that pavement preservation and safety concerns should be jointly
evaluated. The study results also indicate that in many cases, but not all cases, both safety and
pavement performance can be accomplished by appropriate pavement treatment selections. The
TAMP analysis could be a vehicle for conducting the pavement-safety analysis and documenting
the state DOT’s strategy to improve overall system performance.

How Pavement Programs Can Support Pedestrian Safety and Mobility

Another TAMP opportunity to achieve overall improved system performance is to link pavement
programs with safety programs’ efforts to reduce pedestrian and bicycle crashes. Between 2010
and 2019, pedestrian fatalities grew from 4,301 to 6,205, a 44-percent increase.®’ Traffic crashes
injured another 76,000 pedestrians and 49,000 pedalcyclist in 2019. Combined pedestrian and
pedalcyclist fatalities represent 19.5 percent of 2019 traffic fatalities.>® That is up from

14.9 percent in 2010.

About 10.4 percent of the NHS centerline miles are under local control, with 62 percent of those
miles owned by municipalities.>® Those NHS miles are likely to pass through urban and
suburban neighborhoods with pedestrians, bicyclists, and other vulnerable road users. Also,
many non-NHS State routes included in TAMPSs pass through urban areas with high pedestrian
and cyclist numbers. When State DOTs coordinate their TAMPs with regional transportation
plans, they may find a nexus between their pavement programs, pedestrian safety, and
environmental justice. For example, the Atlanta Regional Commission’s (ARC’s) Safe Streets
for Walking & Bicycling plan notes the region’s increase in pedestrian and bicycle crashes, and
how they are disproportionately in communities of color.®° It reported that in Georgia, Black
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pedestrians were 1.68 times more likely to be killed than white pedestrians. ARC adopted
policies prioritizing pedestrian safety programs in high-crash areas, such as Black and Hispanic
neighborhoods.

In the Twin Cities of Minnesota, the Metropolitan Council’s Regional Pedestrian Safety Action
Plan also found that Black and Native communities are disproportionately harmed by pedestrian
crashes.®! It found that 14 percent of pedestrian deaths were among Blacks, whereas they were
9.6 percent of the region’s population. The study led to a prioritization measure for funding
pedestrian safety projects.

The Indianapolis Metropolitan Planning Organization Regional Pedestrian Plan also notes the
disproportionate need for improved sidewalks and pedestrian facilities in low-income and
minority neighborhoods.®? It notes that investments are part of a larger strategy to both reduce
pedestrian crashes and increase equity in transportation investments.

National research concludes that people of color are more vulnerable to pedestrian crashes.536465
Reasons include much affordable housing is near high-speed roads. Also, communities with
affordable housing may not have the resources to pay for roadway improvements that include
pedestrian safety enhancements or even sidewalks. People with low incomes are also less likely
to own cars and are twice as likely to walk compared to people with higher incomes. %667

Low-income urban areas that experience elevated pedestrian crashes often have similar roadway
characteristics.%® Many low-income neighborhoods are divided by high-speed/high-volume
arterials. Other characteristics include a density of traffic signals and bus stops, as well as higher
posted speed limits. An injury-severity model indicated a correlation with a lack of street
lighting, as well.

Several studies concluded®° that areas with a greater density of pedestrian-oriented roadways
were associated with fewer pedestrian crashes. Those findings indicate that wealthier areas
experience fewer pedestrian crashes.

States’ pavement program managers can collaborate with safety staff, local stakeholders, and
active transportation advocates to link pavement-treatment strategies to pedestrian safety and
mobility. Such collaboration could occur at the program level with safety staff and pavement
staff developing policies to ensure that urban pavement reconstruction projects are developed
with pedestrian safety as an objective. That policy could result in project-level coordination
between a community, the project designer, and the State DOT’s safety and pavement staff to
incorporate pedestrian safety features in pavement reconstruction projects.

One pavement-safety linkage discussed earlier in this document involves pavement friction.
Ensuring adequate pavement friction at intersection and mid-block crosswalks (Figure 10) could
be one technique to link pavement-treatment strategies with safety.
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Source: iStock.
Figure 10. Photo. Children crossing a street via a crosswalk.

Other efforts could be TAMP policies to consider the safety needs of streets when pavement
rehabilitation projects are planned. A State DOT’s limited pavement budget probably is not
adequate to afford the safety enhancements urban NHS or State highways may need. However,
the process of developing TAMP investment strategies could provide a venue for coordinating
efforts. The pavement program, the safety program, active transportation programs, and even
metropolitan planning organizations (MPOs) could coordinate. Pooling funds from several
programs could provide more pedestrian safety benefits than funding from only the pavement
program.

The need to coordinate pavement strategies with urban safety efforts could influence the TAMP
investment strategies. Pavement investment strategy allocations could include amounts for
additional safety-related costs. Without reliable pavement funding sources, pavement program
managers may lack funds to address safety enhancements.

Some treatments that could be associated with pavement rehabilitation projects could include
several proven countermeasures FHWA recommends such as:

e Median and pedestrian refuge islands—A Maryland study identified a 14-percent
reduction in pedestrian or bicycle crashes when median treatments with pedestrian
islands were installed.” A crash reduction factor (CRF) of 56 percent was reported in
one source for installing pedestrian refuge islands.”?

o Sidewalks—Installing a sidewalk to avoid walking on roadways is associated with high
CFRs of up to 74 percent.”
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e Crosswalk Visibility Enhancements—Three main crosswalk visibility enhancements
help make crosswalks and their users more visible. These include high-visibility
crosswalks, lighting, and enhanced signing combined with pavement markings.’

O

FHWA reports high-visibility crosswalk improvements can reduce pedestrian
injury crashes by 40 percent.

Intersection lighting can reduce pedestrian crashes by up to 42 percent.
Advance yield or stop signs combined with pavement markings can reduce
pedestrian crashes by 25 percent.
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CHAPTER 3. PAVEMENT CONDITIONS OPERATING COSTS AND NOISE

Although TAMPs do not address user costs, pavement conditions (Figure 11) affect user costs.
Reducing user costs could be an agency objective that indirectly affects the TAMP.

Researchers! include the following as condition-related vehicle operating costs:

o Fuel
e Repair and maintenance
e Tire wear

e Capital cost and depreciation
e Oil consumption
e Licensing and insurance

Some costs are not condition-related and occur whether the vehicle travels or not. These include
depreciation, insurance, licensing, and parking. Other costs directly relate to roadway conditions.
These include fuel consumption, repair and maintenance, and tire wear. A societal or
environmental cost also could be the greater emissions that occur when rough pavement
increases fuel use. This report will consider emissions and environmental costs later.

The World Bank developed the most commonly used Highway Development and Management
System vehicle operating cost model with updates between 1971 and 2019.2 A version of the
model was updated by National Cooperative Highway Research Program (NCHRP) researchers
in 2012. The 2012 NCHRP research determined that the widely used World Bank model
underestimated how pavement roughness increased fuel consumption. The 2012 research
indicated that pavement roughness often had twice the effect on fuel consumption as previously
thought.

Sur:iStock.
Figure 11. Photos. A severely cracked compared to a smooth pavement.

Tripling IRI from a smooth 63 inches per mile to 190 inches per mile increased passenger car
fuel consumption by 4.8 percent compared to the World Bank’s model predicted 2.8 percent. The
NCHRP research showed that for sport utility vehicles (SUVs), fuel consumption increased

23



Fictional TAMP Risk Management Analysis

4.1 percent; for vans it increased 1.8 percent, for light trucks it increased 1.6 percent, and for
tractor-trailers it increased 2.9 percent. All the predicted fuel-consumption increases were more
than double that predicted by the World Bank model. In some cases, the new findings tripled the
predicted pavement roughness effect on fuel consumption.

To put the research findings into context, 23 CFR 490.313 considers IRI less than 95 to be good;
between 95 and 170 is fair, and more than 170 is poor.®

Effects on tire wear and repair and maintenance were also found. No increase in passenger car
repair and maintenance costs were found for IR increases below 190 inches per mile. IRI values
between 190 and 253 increased repair and maintenance costs by 10 percent. IRI values above
317 increased repair and maintenance costs of passenger cars by 40 percent, and 50 percent for
heavy trucks.

For tire wear, each increase in IRI of 63 increased wear by 1 percent for both passenger cars and
trucks.

The nationwide estimated savings from smoother pavements were significant. A decrease in IRI
of 63 inches would result in a 3 percent passenger car fuel consumption reduction. The 2012
study equated such a reduction to a national savings of 6 billion gallons annually. Tire wear
savings were estimated as $340 million annually. Vehicle operating costs varied by vehicle class
and other factors. However, improving IRI by 63 inches produced an estimated annual vehicle
repair savings of between $24.5 billion and $73.5 billion in 2012 dollars.

Pavement Condition and Noise

As State DOTSs consider how to both manage pavements and enhance the quality of life, reducing
roadway noise could support the agency’s mission. Reducing noise also could address a
provision in the asset management rule in 23 CFR 515.9(d)(1). The asset regulation notes that
TAMPs must include objectives that should align with the State DOT’s mission.* An element of
both achieving the agency’s mission and managing pavements could include consideration of the
noise impacts influenced by pavement conditions.

If an agency’s TAMP includes “quality of life” objectives that support the agency’s mission,
then pavement noise also could be a consideration. Pavement surfaces can be a significant
influence on the noise that affects human health, property values, and the overall quality of life.
The World Health Organization (WHO)? attributes excessive noise to cardiovascular disease,
children’s cognitive impairment, sleep disturbance, tinnitus, and annoyance. A WHO noise
policy indicated highway traffic noise was the largest source of sleep disturbance and annoyance.
Sleep disturbance and annoyance were noise’s largest health impacts. One study indicated traffic
noise was equal to second-hand tobacco smoke as an environmental health risk.

Researchers also found that excess highway noise lowers property values. Researchers in the
Memphis, TN, area studied residential properties exposed to noise levels above 45 decibels.
They concluded such properties suffered from an “environmental noise discount on housing
values.”” The price discount increased linearly as noise levels rose. That study confirmed at least
two European studies that found excess highway noise decreased home values by up to

30 percent.®*®
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FHWA s Little Book of Quieter Pavements'® noted that noise barriers can be expensive and are
not always effective. They are of questionable effectiveness in rolling terrain or where arterial
streets create barrier gaps. FHWA’s publication noted that more densely populated European and
Asian countries pioneered quieter pavements to lower highway noise. Increasingly urbanized
U.S. residents are now also demanding quieter highways.

FHWA notes three factors that contribute to highway noise: propulsion, tire-pavement
interaction, and aerodynamics. At low speeds, vehicle propulsion noise dominates. At higher
speeds, tire-pavement noise dominates with heavy trucks being 10 times louder than passenger
cars. It is louder, higher speed noise that quiet pavements can improve.

FHWA’s The Little Book of Quieter Pavements recommends the following strategies:

e Small surface texture of less than 5 millimeters (mm)

e Porosity that can absorb road noise and reduce contact area, balanced with
pavement-durability needs

e Stiffness reduced but without compromising pavement quality. This is the most difficult
of the three strategies to achieve

FHWA Technical Advisory 5040.36 addresses the texture requirement for noise reduction.
Minimizing the tire noise can be achieved through a friction management plan that aims to
maintain the macro-texture and micro-texture at an optimized level. The linkage between friction
and noise illustrates another of the cross-cutting linkages between asset condition and asset
performance.
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CHAPTER 4. HOW BRIDGES IN GOOD REPAIR CONTRIBUTE TO
PERFORMANCE

Less research exists for bridges’ linkage to performance than for pavements. Nonetheless,
good-condition bridges are essential to a high-performing transportation system. This section
examines the linkage between bridge conditions and performance including:

e Structures can contribute to freight mobility when they can accommodate super loads or
are not load limited.

e Bridges can support mobility when they have the width to accommodate needs for transit
services, Active Transportation, or sufficient travel lanes.

e Bridges can enhance communities when they incorporate aesthetic or historic elements
reflecting their surroundings if the TAMP includes “quality of life” objectives.

Bridges and Active Transportation

The condition of a bridge is based upon the criteria
set in 23 CFR 490.409. Those criteria determine if a
bridge is rated in good, fair, or poor condition.
Minimum levels for the condition of bridges are set
in 23 CFR 490.411. Penalties for not maintaining
bridge conditions are set in 23 CFR 490.413.

In addition to those criteria about bridges’ condition,
TAMPs could include additional factors for their

. bridge performance objectives. Objectives, in

4 A addition to achieving a condition level, could include
W‘ i ' factors such as:

N\ e Supporting active transportation, where
appropriate, by providing pedestrian or bike
} lanes, such as in Figure 12

D e Providing lanes or grade separations for bus

rapid transit or other transit alternatives

e Alleviating passenger or freight bottlenecks
Source: iStock. o Integrating_into community _pla_ns for Complete

Figure 12. Photo. A multiuse path on Streets or livable communities if the TAMP

a bridge. includes objectives to support those efforts

States have the latitude to adopt policies that
consider how a bridge meets multiple performance objectives, in addition to its condition targets.
A bridge could meet condition targets but not achieve the State’s performance objectives.

For example, urban bridges may not accommodate Active Transportation and impede the State’s
mobility objectives. A long-term objective for urban structures could be to consider adding bike
and pedestrian lanes when bridges are scheduled for rehabilitation or replacement.
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Planning to add Active Transportation lanes to bridges could take many years and exceed the
TAMP horizon. The long bridge planning horizon provides an opportunity to link the TAMP
with the LRSTP. The LRSTP and the TAMP could both incorporate policies that bridge planning
will incorporate active transportation considerations. Not every bridge may need to
accommodate Active Transportation, but for those that do, adequate width could allow the
structure to support additional system performance objectives.

Bridges and Mobility

If the bridge appears on the State’s list of high-congestion locations, its width may be a mobility
performance impediment relevant to both the TAMP and the congestion programs. Each year,
FHWA publishes a list of the top 100 Interstate System congestion bottlenecks.! Most of them
are at major interchanges that include bridges. An opportunity for considering both bridge
condition and bridge performance occurs if the State DOT coordinates its congestion strategies
with its bridge lifecycle strategies. How well a bridge performs could factor into the long-term,
lifecycle strategy to rehabilitate or replace a structure. As seen in Figure 13, the Minnesota
Department of Transportation (MnDOT) modified freeway bridges to complement a new bus
rapid transit and light rail in the Twin Cities.

Source: MnDOT.

Figure 13. Photo. A bridge modified to accommodate transit.

Although the term of “functionally obsolete” is no longer tracked by FHWA for performance
measurement,? the concept may have relevance to State DOTS as they link planning for asset
management, mobility, and freight movement. Functionally obsolete is defined in 23 CFR 661.5
as “the state in which the deck geometry, load carrying capacity (comparison of the original
design load to the State legal load), clearance, or approach roadway alignment no longer meeting
the usual criteria for the system of which it is an integral part.”® Urban bridges that do not
accommodate Active Transportation or that cause congestion could be considered functionally
obsolete if a State or MPO chose to identify them as such.
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Bridges and Freight

Similar to mobility considerations are bridge performance and freight considerations important
to both the TAMP and the Freight Plan. Two trends overlap with bridge lifecycle planning (LCP)
and freight planning. First, bridges on the National Highway Freight Network (NHFN) are aging.
In a report to Congress,* FHWA noted that nearly 31.5 percent of bridges on the NHFN are 51
years old or older. More than 53 percent are between 26 and 50 years old (see Figure 14).

Second, freight volumes continue to grow. FHWA'’s Freight Analysis Framework (FAF4)
predicts that domestic U.S. truck tonnage will increase from 12.4 billion tons in 2020 to

16.4 billion tons by 2045.° This tonnage moves primarily on the NHS and its bridges. FHWA
statistics indicate the NHS is only 8.7 percent of all public lane miles but carries 55 percent of all
vehicle miles travelled.® The truck freight comprises 10.4 percent of all vehicle miles traveled in
2020.7

Age of Bridges on the NHFN
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Figure 14. Graph. Age of bridges on the National Highway Freight Network.

The National Freight Strategic Plan (NFSP) emphasized that addressing the Nation’s highway
freight needs will involve complex transportation planning issues, particularly in urbanized
areas.® Among those issues is how to maintain bridge conditions while supporting mobility,
safety, and community livability.

As State DOTSs develop lifecycle plans for these important NHS structures, they have the
opportunity to link the State Freight Plan and TAMP. As bridges enter the 26 to 50 age range,
State DOTs often plan to rehabilitate them to extend their service life. That project-level
planning could be done in conjunction with long-term system planning for how to manage the
freight system.

FHWA Guidance on State Freight Plans and State Freight Advisory Committees notes that
freight plans are only required to have an 8-year horizon, (49 U.S.C. 70202 (d)). However,
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FHWA suggests State DOTSs should consider extending that horizon to provide additional
opportunities for linking asset management and freight-congestion strategies.® FHWA has stated
that a 8-year horizon may not enable States to do more than list current problems and projects
already in the pipeline. A horizon of 20 years allows increased linkage with asset management
lifecycle strategies for pavements and bridges, as well as with the LRSTP and the MTPs.

Bridges Enhancing Their Surroundings

A frequent way in which State DOTSs are using structures to enhance communities is through
aesthetic designs. As new bridges, retaining walls, and noise barriers are constructed, State
DOTs are frequently incorporating aesthetic treatments. The result can be long-lasting structures
that harmonize with their surroundings.

Aesthetics are not a requirement in the asset management, planning,’® or performance
management rules.'! However, TAMPs could note that bridge program funding amounts help
pay for aesthetic treatments where structures are designed to support “quality of life” objectives.
Aesthetics, or the loss of them, are considered an Environmental Justice factor.!? Linking
aesthetics to bridge programs could be another way to tie TAMPs to additional performance
objectives.

FHWA'’s Guidelines for the Visual Impact
Assessment of Highway Projects'® notes that the
public is concerned about projects’ visual
appearance. FHWA’s guidelines state that
highways are more than functional. They also are
extensions of a community’s values and aesthetic
preferences.'* FHWA guidelines state that
strategies to address visual impacts should be
technically possible and practical. They also need
to be politically and financially feasible to the
community and organization that will pay for
their construction and maintenance.

Bridges and other structures are not the only
elements that can be enhanced. FHWA’s visual
impact guidelines note that use of native plants,
burying utilities, minimizing tree removal, and
- E contouring to mimic the natural landform can be
Source: Ohio Department of Transportation. other types of visual impact mitigation.

Figure 15. Photo. A bridge embossed

with aviation images.

However, structures such as bridges and noise
walls are among the prominent highway features.
Integrating them into their surroundings is one way in which assets in good condition can
enhance the attractiveness and livability of their communities. The Ohio Department of
Transportation included flight motifs into a series of projects on Interstate 75 and Interstate 70 in
and near Dayton, OH (Figure 15). Those commemorate the region’s association with the Wright
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Brothers, astronaut Neil Armstrong from nearby Wapakoneta, and with Wright Patterson Air
Force Base.

The MnDOT Aesthetic Guidelines for Bridge Design® states that bridges are legacies of an
individual, a program, or an era. The legacy a bridge leaves reflects the values that initiated the
design. The Utah Department of Transportation (UDOT) echoes a similar sentiment.® It notes
that highways are among a community’s most visible components. Once built, they remain
visible for generations. Because of their significance and permanence, they should integrate
sound design principles and complement their surroundings.

Maryland Department of Transportation State Highway Administration (MOT SHA) guidelines
emphasize that aesthetics are often linked to design efficiency.” Some of the most iconic bridges
are also some of the most economical. Both the Maryland and the North Carolina Department of
Transportation!® emphasize that shape and proportions are among the most important elements.
The same considerations that can make a bridge attractive can also make it economical.
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CHAPTER 5. PAVEMENTS AND BRIDGES IN A CHANGING CLIMATE

This section will discuss the links between asset conditions, asset resilience and performance. In
some cases, asset conditions, per se, may not affect resilience. For example, a pavement’s IRI or
a bridge’s deck condition may have little influence on a roadway’s flood resilience. In other
cases, condition and resilience may be closely linked. Asset management’s LCP process provides
regular milestones for assessing assets’ condition and considering their resilience.

Connections between the SOGR and resilience occur in at least two ways. First, some assets in
good condition may be more resilient. An example could be a culvert. If its components are clean
and functioning as designed, it is more likely to perform as intended.

Second, asset rehabilitation and replacement cycles provide State DOTs opportunities to
incorporate resilient design elements. LCP involves the timely application of preservation,
maintenance, rehabilitation, and reconstruction to extend asset life. Each phase allows State
DOTs to consider if treatment could enhance the asset’s resilience.

In an increasingly unpredictable climate, assets face many threats to their resilience. Storm
surges and flooding can wash out roads and slopes, while hurricanes can damage signs, signals,
and other traffic control devices. Bridges and culverts can be vulnerable to flooding, scour, wave
action, or storm surges. Other threats include seismic events or debris flow from steep,
fire-denuded slopes.

Each State faces unique resilience threats and opportunities. Some of the more recent studies of
asset condition and resilience concluded that there are few uniformly appropriate
system-resilience metrics.}? Too much diversity exists between States’ climate, geology,
geography, and asset conditions to identify uniform, national resilience measures. Dozens of
FHWA-sponsored pilot projects reveal States’ diverse resilience needs. FHWA sponsored

11 pilots about Resilience and Durability to Extreme Weather. Another six pilots addressed
Asset Management, Extreme Weather, and Proxy Indicators. Five pilots examined Nature-Based
Resilience for Coastal Highways, and 19 pilot teams partnered on Vulnerability Assessments and
Adaptation Options. Five pilots participated in the earliest efforts which were Vulnerability
Assessments. Details on these pilots can be found at the FHWA Resilience Pilots website.®

Without “off the shelf” resilience metrics available, each State may need to assess which assets
are most vulnerable to which threats. The TAMP-development process could be the forum for
diverse stakeholders to identify resilience threats. The TAMP’s risk management section could
document the State’s unique resilience threats. Then, the TAMP lifecycle plans and investment
strategies could describe how the State DOT plans to both sustain a SOGR and mitigate
resilience threats.

Structures and Resilience

The history of bridge inspection, repair, and retrofitting reflects the long-standing link between
bridge condition and performance. The National Bridge Inventory (NBI) established in the 1960s
includes several resilience-related items. In 1991, FHWA issued a technical advisory on
evaluating scour at bridges.* In 1992, FHWA initiated a comprehensive bridge seismic research
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effort.> As discussed earlier in this report, in the 2000s, FHWA began a series of resilience pilot
projects to help states identify resilience strategies for bridges and other assets.® FHWA in 2016
produced a report titled Highways in the River Environment — Floodplains, Extreme Events, Risk
and Resilience.” These are just a few milestones that reflect a long-standing focus on structures’
resilience. Although resilience concerns are not new, they are now more intense. Increased storm
intensity and weather variability create new threats that can affect assets’ long-term condition
and performance (Figure 16). The following brief summaries illustrate, in chronological order,
some of the sources mentioned in this paragraph and how the sources link the condition of
highway assets to their resilience.

National Bridge Inventory Data

Among the oldest sources of resilience data are the 116 items recorded for the NBI,® several of
which directly relate to a structure’s resilience. These include vertical and horizontal clearances
that are relevant to potential truck or barge strikes. Other items include scour criticality, channel
adequacy and protection, fracture criticality, and waterway adequacy. Even the rating of
structures’ components can be considered as a form of measuring resilience. A bridge with a
good superstructure and substructure may be more resilient than one with poor components.
Other NBI items relate to how critical a structure is to the transportation system. These items
include traffic and truck volumes, functional classification, and detour length.

Source: iSck. v

Figure 16. Photo. Flood damage to a road.

These NBI items could provide State DOTs with data to develop bridge-resilience measures that
relate bridge conditions to their ability to withstand storm events. However, as mentioned below,
no group of these NBI items alone appear to be predictors of bridge failure during major
hydrological events.
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Bridge Scour Criticality Data

FHWA'’s Guidance on Applying Risk-Based, Data Driven Decision-Making Process to the
FHWA Scour Program explains how NBI items and related data can be used for a data-driven,
risk-based scour-prevention program.® The FHWA direction says characteristics for prioritization
may include, but not be limited to, the following:

e Functional classification

e Average daily traffic

e Emergency service needs

e Community connectivity or evacuation and recovery needs

e The cost of scour countermeasures compared to replacement cost
e The structure’s remaining service life

e Funded replacement schedules

Seismic Vulnerability and Retrofit Data

FHWA'’s seismic retrofitting manual notes that ground motions large enough to cause damage
have a 10-percent chance of occurring within the next 50 years in 37 of the 50 States.*® The
manual describes the type of risk-based analysis and decision-making that leads to investment
strategies to make structures resilient. These include:

e ldentifying bridges at risk
e Evaluating their vulnerability
e Initiating a program to reduce the risk

The type of decisions FHWA’s retrofit manual recommends are similar to other decisions a
TAMP includes. The FHWA manual recommends classifying structures as “essential” or
“standard.” Essential structures provide access to emergency services, have major economic
impacts, are formally identified in an emergency plan, or serve a critical security link. The
manual recommends risk analysis to evaluate threats and vulnerabilities. It also recommends
prioritizing investments to maximize results with limited dollars.

Resilience Pilot Studies Related to Structures

Examples of the diversity of resilience threats to structures and other assets are evident in the
many FHWA-sponsored resilience pilot projects. Just a few examples of how State DOTSs are
considering bridge conditions and characteristics to increase resilience include:

e The Massachusetts DOT developed a method for assessing vulnerable stream crossings.!
It also conducted, with FHWA, support an analysis of the vulnerability of the 1-93
Central Artery/Tunnel to sea level rise and extreme storm events.

e MnDOT assessed and ranked the vulnerability of bridges and other assets to flash
floods.?

e Using NBI and hydrologic data, the Kentucky Transportation Cabinet (KYTC) developed
a Bridge Culvert Sensitivity Index score for each bridge and culvert.'® The analysis
combined NBI condition data with data on each structure’s geomorphic sensitivity, and
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its criticality to the highway network. The rating of each structure can factor into
KYTC’s bridge investment prioritization.

Highways in the River Environment

The 2016 FHWA publication titled, “Highways in the River Environment- Floodplains, Extreme
Events, Risk and Resilience,” provides technical information and methods for assessing the
nexus of riverine environments and transportation facilities as it relates to floods, floodplain
policies, extreme events, climate change, risks, and resilience.* It focuses on quantifying
exposure to extreme flood events considering climate change and other sources of
nonstationarity. There are multiple uses for this publication, including risk and vulnerability
assessments, planning activities, and design procedure development.

In discussing how to reduce the vulnerability of assets in a river environment, the publication
states that planners and designers can reduce vulnerability by either reducing the sensitivity of
assets to extreme events or by enhancing their adaptive capacity.'® Among its recommendations
relevant to TAMPSs are to identify and prioritize critical assets based on their size, vulnerability,
and how hydrological conditions have changed since the assets were designed.

The Need for Individual State Bridge Analysis

Few studies exist that comprehensively summarized all U.S. bridge failures and documented
their cause other than for seismic events. A frequently cited study is from 2003 and examined
500 bridge failures between 1989 and 2000.1® Although bridge failures are rare, the data illustrate
how closely linked failures are to extreme hydrological events. For example, the study found that
1993 experienced above-average failures with a total of 112 bridge failures. Flooding caused 75
of the 112 illustrating the effect of extreme hydrological events.

Despite the seriousness of any bridge collapse, the 500 that failed resulted in 76 fatalities over
12 years. That compares to 36,096 total highway fatalities in 2019 alone.*’

If a study of bridge failure were updated, it is likely to document many more failures since 2000
because of the number of extreme weather events. Hurricane Maria on September 6, 2017,
damaged 388 Puerto Rico bridges.'® In 2011, Tropical Storm Irene damaged more than

300 Vermont bridges.'® A 2013 Colorado flood damaged 120 bridges, although most did not
result in failure.?

A study of 44 bridges damaged by 2005’s Hurricane Katrina found that storm surge elevation
was a primary cause of bridge damage.?* Much of the damage was to the superstructures.
Primary causes were the unseating or drifting of decks and failure of bridge parapets due to
storm surge (Figure 17). Bridge inspections showed that the superstructure damage largely
depended upon the connection type between decks and bents. Features associated with tropical
storm Irene’s bridge failures included stream power, watershed soil types, channel rating, and
waterway adequacy.??
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A review of the literature and of the many
FHWA resilience pilots do not reveal a
few key condition measures that can be
monitored to ensure bridges are resilient.
One of the few studies on bridge failures
found that even a one-year-old bridge
failed during one storm event. 2 Bridge
scour vulnerability is an obvious
storm-related consideration. However,
none of the recent research concluded that
poor scour conditions alone were a
primary pre-existing condition to bridge
failures. Instead, factors such as stream
flow, soils, storm intensity, and
geomorphology were more common
factors.

An NCHRP domestic scan documented
how States use many measures to assess
and then reduce scour risk.?* The study
did not indicate that a few performance
measures or criteria were common to the
17 States studied. The study concluded
that prioritizing scour efforts require a
Source: iStock. _ multi-disciplinary effort. It recommended
Figure 1,7' Photo. A b';'dge dama?led by States form interdisciplinary scour

Hurricane Katrina’s wave action. committees to develop risk-based scour

investment strategies.

Pavement Condition, Performance, and Resilience in a Changing Climate

In an earlier section, this document summarized the importance of good pavement conditions to
performance. Good pavements contribute to safety, noise reduction, and reduced operating costs.
A growing body of research examines the link between a changing climate and pavement
performance. The research findings did not indicate that pavements in good condition enhance
resilience. The research indicated that resilience may be enhanced by elevated roadbeds,
enhanced embankments, drainage structures, improved pavement designs, and other roadway
features.?® However, the research did not indicate that the pavement surface itself enhances
resilience.

Instead, the research identified ways in which climate change could deteriorate pavements.
Research also examined ways in which pavement strategies may need to change to sustain an
SOGR.

U.S. and international research?27:2829 jdentified many ways in which the temperature and
precipitation extremes of climate change can affect pavements, including:
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e Soil instability, ground movement, and slope instability leading to road damage
e In colder climates, higher temperatures could lead to more spring-like conditions that

lengthen the season for frost heave and thaw-weakening.

e In warmer climates, higher temperatures could increase flexible pavement rutting and
shoving and require new binders. Rigid pavements could experience more
temperature-related curling and warping, greater thermal expansion and shrinkage, and

more “blow ups.”
e Flooding can block roads but also weaken pavements.

e Increased freeze-thaw cycles in some locations will increase thermal fatigue.

Recent research has shown how important climate assumptions are to pavement design success.
The Long-Term Pavement Performance Program (LTPP) research found that 36 percent of the
damage to flexible pavements was related to subgrade and climate variables.® For rigid
pavements, 24 percent of total damage was related to subgrade and climate variables.

Source: iStock.
Figure 18. Photo. Roadway flooding.

Complicating
pavement-resilience
efforts is the highly
variable environmental
effects (Figure 18).
Environmental impacts
to pavements varied by
type of pavement,
thickness, soil types,
and pavement designs.
Changes in climate that
increased some damage
may have decreased
other types of damage,
or been insignificant.
Just one of many
examples cited was that
higher temperatures
were associated with

increased transverse fatigue cracking on jointed portland concrete pavement. However, increased
temperatures and a warmer climate were associated with less transverse joint spalling. An
increase in precipitation increased fatigue cracking on thin asphalt pavements, but not on thicker

ones.

One FHWA-sponsored extreme weather pilot study by the Texas DOT demonstrated the
complexity of determining how hurricanes and flooding affect pavements.3! The Texas study
found differing flooding effects depending on pavement design. Asphalt pavements of 2 inches
or less without treated subgrades were vulnerable to damage, particularly if there is heavy traffic,
as was experienced in Texas during flood response. Sections with 4 inches of asphalt showed no
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immediate flooding effect. However, if the pavement was older than 10 years, it experienced a
1-year shorter service life. A simulation also showed that when floods occur in 3 consecutive
years, the service life of the 4-inch pavement is reduced from 24 years to 21 years.

New Hampshire researchers found that climate change is impacting pavements in unexpected
ways. For example, sea level rise and storm surges were obvious pavement-condition threats.
Additionally, researchers in New Hampshire found that sea level-driven groundwater rise will
occur three to four times farther inland than surface-water flooding.®2 The research concluded
that rising ground water levels threaten pavements’ unbound underlying layers. Unmitigated, a
two-lane road could experience a pavement-life reduction of 90 percent by 2030. While a 4-lane
road could experience a 45-percent pavement-life reduction by 2060. However, relatively simple
structural modifications to the pavement base and asphalt layers could eliminate 80 percent to
90 percent of the service life reduction projected with a 1-foot sea level rise.

Researchers frequently cited the difficulty pavement designers will have in identifying realistic
future environmental assumptions.33343%3¢ For decades, pavement engineers based designs on
past climatic data. As weather patterns change at an increasing rate, more uncertainty enters
pavement-design decisions. One group of researchers examined 799 locations where pavements
were designed using historic temperature data.®” The researchers found that current temperature
extremes were greater than assumed in the historic record. As a result, they estimated that

35 percent of the observed asphalt pavements were built with binders insufficient to perform in
current temperature extremes. They estimated those pavements designed to last 20 years will
require rehabilitation after 16 years when the pavement binder grade needed is wrong by

6 degrees Celsius.

Designers will need to update assumptions about temperature and precipitation extremes,
flooding, fires, and other climate-induced changes. The MOT SHA plans to capture
pavement-inundation data to better calibrate its pavement management system.* The additional
data should allow its Office of Materials Technology to systematically factor flood risk into the
LCP decisions.

Some changes could be project-specific or addressed through material specifications, such as
improved binders.3%4% While costs may rise, at least one study found that a change in binders to
offset higher temperatures could improve pavement performance.*! The binder change was
forecast to reduce IRI by up to 5 percent and rutting up to 14 percent. Such a change would
represent a project-level design decision that could have system-wide impacts important to the
TAMP.

Other climate-mitigation strategies could be more expensive and require program-wide funding
that could influence TAMP investment strategies. Examples of these could include elevating or
otherwise “hardening” coastal roads subject to frequent inundation. The Texas study
recommended adopting for flood-prone areas a more robust pavement structure. The more robust
pavement could increase costs and influence the amount needed for the pavement investment
strategies.
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Further complicating decisions on how to increase pavement performance in the face of a
changing climate is the question of timing.*2434* Some research indicates most climate change
impacts will occur gradually over 40 years or more. The short-term impacts may not be
significant enough to influence a pavement designed for 20 or 30 years. One study using the
Mechanistic-Empirical Pavement Design Guide determined that adaptive pavement strategies
will be needed after 2050.%°

Other research infers more rapid impacts. One study suggests that incremental warming will
gradually shorten the winter and increase spring and late-summer conditions for some New
Hampshire coastal pavements.*® Changing season duration increases the spring-like months
when pavements are most vulnerable to rutting. The study indicated the incremental impacts will
steadily increase and shorten pavement life well before 2050. Short-term mitigation strategies
include a 7 percent increase in pavement thickness in the early 21st century, increasing to
32-percent thickness increases by late mid-century.

One way to better understand how the future climate will affect pavements is through
multidisciplinary teams.**8 Team members can bring updated climate data and share it with
pavement designers, pavement management staff, maintenance staff, and staff who develop
TAMPs. FHWA’s many resilience pilots include multiple examples of how teams of
stakeholders developed extreme weather response strategies.

Those reports are available at:
https://www.fhwa.dot.gov/environment/sustainability/resilience/pilots/.

The climate-response strategies can be included in each TAMP update. The TAMP could include
discussion of:

e Pavements that are most vulnerable to climate threats

e Pavement lifecycle strategies that incorporate climate changes

e Risks to good pavement performance presented by extreme weather events
e Pavement investment strategies that accommodate resilience efforts
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CHAPTER 6. THE LINKAGE BETWEEN DRAINAGE STATE OF GOOD REPAIR
AND PERFORMANCE

The critical path to long-term performance for pavements, safety, and environmental
enhancement may well include good drainage performance. The control, or lack of control, of
water affects long-term pavement performance (Figure 19). Excess amounts of water can
contribute to hydroplaning and even sweeping vehicles off roadways. Water quality is affected
by how, and how slowly, water drains from roadways.

A AT £

Managing drainage assets is not
required under the performance
management regulation of 23 CFR
Part 490 or the asset management
regulation in 23 CFR Part 515.
However, the importance of good
drainage to highway performance is
increasingly recognized. It is likely
that more and more State DOTs will
increase the sophistication of their
drainage management to enhance
highway performance.

In 2002, an NCHRP synthesis study
indicated that no State that responded
to a survey reported it had a
comprehensive culvert-management
system.! By 2007, however, an
FHWA survey indicated that at least
29 States had some form of culvert
management system.? In 2019, at
least three States included culverts in
their TAMPs; those were California, Minnesota, and Ohio. An Internet search finds State DOTs
in Wisconsin, Vermont, Maine, and others enhancing their drainage inventories.

Source: iStock.
Figure 19. Photo. A pothole full of water.

Drainage and Pavement Performance

The linkage between good drainage and transportation performance has been long understood.
Early pavement designer John L. McAdam emphasized the importance of good drainage to
roadway performance in a series of reports he produced between 1816 and 18204
Eighteen-hundred years before McAdam, the Romans included drainage ditches and pavement
slopes to prevent water from weakening their roads.> An old cliché is that three things matter to
pavement performance, “drainage, drainage, and drainage.”®

Recent research confirmed these long-recognized benefits and enhanced them with new insights.
One recent study confirmed anew the understanding that the strength of a pavement base
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measured by the resilient modulus dropped significantly with base saturation.” The deterioration
was negligible in dry-freeze conditions but substantial in wet-freeze ones.

Pavement designers incorporate estimated amounts of moisture into their pavement design.
Several of the researchers, however, state the problem is that many States lack a “follow
through” drainage maintenance process. The lack of a maintenance process based upon the
pavement designer’s assumptions can lead to early pavement failure. Researchers documented
many studies such as the early AASHTO Road Test that confirmed moisture’s role in pavement
deterioration.®

A Minnesota DOT subsurface drainage manual states subsurface drainage maintenance is
essential to protecting pavement investments and performance.® It states that not only is the
capital cost of the drainage structures at risk from poor maintenance, but the pavement is, as
well. It states that moisture damage to pavement can be several times more costly than drainage
maintenance.

The Minnesota subsurface drainage manual alludes to a point made several times in FHWA asset
management publications—that multidisciplinary, cross-cutting coordination is needed to
preserve assets. The Minnesota manual notes when describing drainage maintenance needs that
both pavement designers and maintenance staff must coordinate. The manual states that
pavement designers well understand the importance of drainage maintenance. However, they do
not direct the maintenance staff who are needed to annually inspect and clear drainage
structures.©

As early as 1997, an NCHRP drainage maintenance synthesis report recommended a team
approach. Otherwise, drainage failures can compromise pavement performance.!! It noted that
pavement designers, construction staff, and maintenance staff need to coordinate for pavements
to not fail prematurely from poor drainage. Examples of needed cross-coordination include:

e The designer must know if, or if not, drainage maintenance will occur and to what
degree. The amount of pavement base moisture is an important design consideration. If
the designer assumes frequent drainage maintenance occurs, and it does not, the design
could be flawed.

e Construction crews must understand the details of the permeable base, edge drains, and
other features to ensure they are constructed to perform as intended.

e The maintenance staff must understand how and when drainage maintenance needs to
occur.

e A “feedback loop” from maintenance to design could include advice on how to construct
and mark outlets so maintenance staff can easily find them.

Further evidence of the benefits of cross-cutting, interagency coordination was included in the
drainage research.'? Not only does drainage maintenance extend pavement life by controlling
base moisture, so does pavement preventive maintenance. Crack sealing and various seal coats
reduce surface moisture reaching pavement bases. >4 Researchers noted that long-term
pavement performance can be enhanced by preventive maintenance that reduces surface water
infiltration. Those efforts are complemented by regular sub-surface drainage maintenance.
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Several studies note that water reaches pavement structures through pavement cracks, side
ditches, melting ice layers during spring thaws, from the water table, and from water vapor.t>16

Recent New Zealand research confirmed that enhanced drainage maintenance could be a
cost-effective means to extend pavement life.!” The project modeled different degrees of
drainage obstruction, such as the effect of a 20-percent blockage or a 100-percent blockage. It
determined that weeks could pass after rainfall before the base returns to equilibrium condition
when drainage is even partially blocked. In the meantime, significant pavement damage can
occur. The study recommended prioritizing drainage maintenance as a cost-effective pavement
strategy. Emphasis can be in areas with high water tables or other hydrologic risks.

Research continues into the effect of climate-induced moisture changes and pavement
performance. One study noted a sharp divide in the way climatologists and pavement designers
face climate forecasts.'® Climatologists emphasize probabilities. Pavement designers rely on
“known” and “best available” data. That study recommended more recognition of the
hydrological uncertainty that factors into long-term pavement designs. Changes in precipitation
rates, freeze-thaw cycles, and subsurface moisture could affect how drainage and pavement
performance are addressed.

Another study made similar points. It recommended consideration for how climate-induced
precipitation changes may require additional drainage strategies to ensure flexible pavement
performance.® It noted that when flooding becomes more frequent, unbound layers and subgrade
stiffness is reduced. Higher roadways, enhanced drainage, and reduced use of fine materials in
unbound layers may be needed.

NCHRP Synthesis 239%° summarizes decades of research on the linkage between good drainage
design and maintenance and pavement performance:

“Subsurface drainage is a key element in the design of pavement systems. Indiscriminate
exclusion of this element will assuredly lead to the premature failure of pavement
systems, thereby resulting in high lifecycle costs. Faulting and associated pumping in
rigid pavement systems, extensive cracking from loss of subgrade support in flexible
pavement systems, and distress from significant frost heave are clear signs of inadequate
drainage. After years of unsuccessful sealing attempts, we have learned that we cannot
prevent water from entering a pavement and that the removal of that water is essential
for the pavement elements to perform as predicted. ”

Drainage and Safety Performance

The effects of pavement friction and rutting on highway safety has been discussed in earlier
sections of this report. The degree to which friction and rutting influence safety is, in part,
influenced by drainage. Well-functioning drainage removes water from roadway surfaces more
quickly and can contribute to highway safety.?

FHWA'’s guide, Maintenance of Drainage Features for Safety, identifies several ways in which
good drainage contributes to safe roadways.
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Over time, traffic and resurfacings can affect the original cross slope of roadways. The lack of
adequate cross slope can exacerbate ponding in ruts and other pavement depressions. The
ponding decreases pavement friction and can cause motorists and bicyclists to swerve to avoid
the water. Ponding also can increase when storm drains are blocked or nonexistent.

The degree to which water collects in
ruts also can be influenced by the
effectiveness of drainage. Water is less
likely to remain in ruts if adequate
drainage is designed and drainage
features are functioning.

In sections of the travel way where
runoff flows directly onto the shoulders
(where there are no curb and/or
gutters), water may collect along the
edge of the travel way. Water on a
portion of roadway can result in drivers
losing control of their motor vehicle,

. L. Source: iStock.
particularly when braking in an Figure 20. Photo. Tire splash.
emergency. This can happen when the

inside tires are in contact with roadway surface while the braking ability of the outside tires is
hindered by the water (Figure 20).

Water ponding on the edge of the pavement contributes to the deterioration of the pavement edge
and the rutting of stabilized soil supporting the pavement edge. That can result in additional
safety hazards. Edge drop-offs and shoulder scour are often caused when water is trapped at the
pavement edge by the build-up of debris and vegetation growth. Traversable, well-maintained
roadside ditches both reduce the chance of roll over crashes and reduce water on the roadway.

Drainage maintenance is not only important for pavement performance but also safety
performance. Drain inlets or outlets clogged with vegetation or litter can cause roadway ponding.

Grates and drop inlets can be safe for motorists but can be hazardous for bicyclists. The amount
of bicycle and pedestrian traffic should influence drainage structure design.

Drainage and Water Quality

Well-maintained drainage may not only enhance safety, condition, and pavement performance, it
can also enhance the environment when best management practices (BMPs) are applied.??
TAMPs could acknowledge that their investment strategies support good drainage for several
reasons. First, it helps minimize deterioration of pavements. Second, investment strategies that
improve water quality support progress toward the national goals. One of the seven national
transportation goals is environmental sustainability, “[t]o enhance the performance of the
transportation system while protecting and enhancing the natural environment.”23 Supporting
water quality could also support the agency’s mission or vision, which often includes enhancing
the environment. TAMP objectives should align with the State DOT’s mission.?* The MOT SHA
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vision statement says, “To provide a safe, well-maintained, reliable highway system that enables
mobility choices for all customers and supports Maryland’s communities, economy, and
environment.”?® The Florida Department of Transportation mission is as follows: “The
department will provide a safe transportation system that ensures the mobility of people and
goods, enhances economic prosperity, and preserves the quality of our environment and
communities.”?® The Colorado Department of Transportation vision is, “To enhance the quality
of life and the environment of the citizens of Colorado by creating an integrated transportation
system that focuses on safely moving people and goods by offering convenient linkages among
modal choices.” 2" Additionally, drainage investments can extend pavement life and reduce
crashes while reducing highways environmental impacts. Poorly maintained culverts (Figure 21)
can lead to flooding and collapse during storm events.

The U.S. Environmental Protection Agency notes that heavy metals, oils, and other pollutants
can exist in highway runoff. Drainage BMPs can prevent erosion that carries these materials and
also can trap pollutants before they can be discharged.?® Additionally, controlling the speed and
flow of highway runoff can reduce harmful stream erosion.

Source: iStock.

Figure 21. Photo. A deteriorated culvert.

The FHWA Hydraulic Engineering Circular 22 notes that storm water BMPs are usually based
on three types. One type reduces erosion, another prevents mixing of pollutants from
construction sites with storm water, and a third traps pollutants before they are discharged. Many
strategies are used in these BMPs. Just a few include roadside swales, detention/retention
facilities, infiltration basins, sand filters, and vegetated areas. Even wetlands can be part of a
BMP.

As with drainage overall, ongoing maintenance is essential for the long-term contribution of the
highway BMPs to water quality.?® The FHWA circular states that even in a properly designed
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and constructed storm drainage system, a comprehensive program for storm drain maintenance is
essential. Regular in-pipe inspection will detail long-term changes and will point out needed
maintenance. The program should include periodic inspections with supplemental inspections
following storm events.

46



Fictional TAMP Risk Management Analysis

CHAPTER 7. STATE OF GOOD REPAIR AND COMPLETE STREETS

When using lifecycle plans, State DOTSs periodically rehabilitate or reconstruct urban pavements
and bridges. When urban pavements are reconstructed, projects often replace pavement bases,
update underground utilities, and rebuild drainage, including curbs and gutters. For an individual
roadway segment, these types of projects may occur only every 30 to 50 years. However, with
thousands of urban lane miles, State DOTs may be involved in several such projects annually.

These urban reconstruction projects
provide opportunities for coordinating
Complete Street projects with pavement
and bridge LCP (Figure 22). Complete
Street projects support multiple
performance objectives including
enhancing bicyclists and pedestrian safety,
supporting Active Transportation,
supporting transit, and complementing
MPO objectives. These projects may
provide the least-cost opportunities for
adding sidewalks, bike lanes, streetscaping,
and related attributes. The pavement
reconstruction project already includes
costs for contractor mobilization,
maintenance of traffic, and drainage
repairs. Opportunities exist to cost share
with transit, safety, and other programs to implement Complete Street concepts with such
reconstruction projects.

Source: iStock.
Figure 22. Photo. A pedestrian crossing.

FHWA defines Complete Streets as being designed and operated to enable safe use and support
mobility for all users.® A Complete Street could include many elements, including sidewalks,
bike lanes, bus lanes, public transportation stops, crossing opportunities, medians, curb
extensions, and landscaping.

When considering how long-term pavement conditions affect overall system performance, a
State DOT could evaluate the following opportunities to achieve the agency’s mission, support
the national goals, and deliver needed pavement-reconstruction projects:

e Do urban pavement rehabilitation and reconstruction projects provide opportunities to
reduce bicyclist and pedestrian crashes by including medians, pedestrian islands, and
other features?

e Can transit and Active Transportation opportunities be enhanced with project elements?

e Can the urban environment be enhanced by the appearance, color, textures, and features
included in the reconstruction project which supports the agency’s “quality of life”
objectives?
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The ARC identified three priorities for safer walking and bicycling.? First, too many people are
killed walking and cycling. Second, roadway design is the foundation of traffic safety, but safe
design is unevenly distributed, particularly for underserved communities. Third, the fear of being
struck is a major barrier to increased walking, biking, and use of transit. Its plan calls for a Safe
System approach to urban and suburban roadways and the long-term integration of Complete
Streets into transportation projects. ARC describes Safe Streets as a holistic, systems-based
strategy that: accounts for all roadway users; anticipates that humans will make mistakes; and
shares responsibility for safety between individual road users and system designers. ARC
identified a reconstruction project as a potential opportunity to improve system performance in
this capacity.

The ARC Safe Streets for Walking and Bicycling plan states in part:

“Each year, hundreds of roadway projects in the 20-county region rebuild existing roads
or build new ones. New urban and suburban development continues in one of the fastest
growing regions in the country. Every one of these projects is an opportunity to
implement proven safety countermeasures or change communities to those that support
complete streets and eliminate fatal and serious injury crashes among all road users.

Urban reconstruction projec