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ABSTRACT
AN INVESTIGATION OF PAVEMENT DISTRESS VARIABLES ON CRASH
OUTCOMES USING HIERARCHICAL GENERALIZED LINEAR REGRESSION
MODELING

Robert Alan Morgan, P.E.
Old Dominion University, 2013
Chair: Dr. Asad J. Khattak

Previous macro-level studies show that the condition of the pavement is associated with
roadway safety. However, this premise has not been examined on a micro-level using
detailed pavement distress variables (PDVs). The main focus of this research will be to
expand the use of the PDV data to further understand the safety risks associated with the
type of pavement and each individual PDV by analyzing the likelihood of having a rear-

end and/or injurious crash, given that a crash occurs.

Sample crash data and PDV data from the Commonwealth of Virginia for the years 2007
and 2008 were used to produce a dataset that provides crash and pavement condition,
type and ride quality data at the crash site and specific intervals upstream for three types
of pavement. Binary logistic regression statistical modeling was used to determine if
PDVs have an association with rear-end crashes and crashes with injuries. By
investigating this relationship at the crash site and specific intervals upstream of the
crash, this study provides valuable insights into the spatial component of pavement

safety.
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Additionally, there is an a priori reason that the morphology of the built-up environment
could influence the severity of an accident. By including social/economic factors and
applying hierarchical generalized linear modeling this study will use the hierarchical
nature of crash data to examine socio-economic characteristics of the locality where the

crash occurs.

The analysis of rear-end and injurious crashes resulted in PDVs that are associated with
an increased risk of these types of crashes on each of the three pavement types. While
this association is weak for injurious crashes, the results indicate the critical location to
be upstream of the crash; for rear-end crashes, the critical location was at the crash site. It
was determined the type of pavement is not significant for crashes with injuries, but it is

for rear-end crashes.

The results indicate there is little benefit to using HGLM to model crashes with injuries,
but the variability in rear-end crashes can be explained by the nested structure. The two
socio-economic factors that reduce the odds of a rear-end crash are the average age of the

driver and unemployment percentage.
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CHAPTER ONE

1.0 INTRODUCTION

1.1 Background

Safety is an important quality of life issue and drivers expect roadways to be safe, but
they also want them to be smooth, energy efficient, well drained and quiet. Because there
is no absolute safety, modern studies speak in terms of acceptable risks and, more
recently, available resources. Finding countermeasures to reduce traffic crashes has
always been a primary focus in transportation research and the recent release of the
Department of Transportation’s Strategic Plan once again puts improving safety as its top

priority.

However, second on the list is maintaining and modernizing our current critical
infrastructure. With limited transportation funding, states across the nation are struggling
to set spending priorities on maintenance projects that primarily deal with pavement
preservation and rehabilitation. Collecting data and providing quality information on the
condition of our nation’s highways is becoming more and more critical to the
transportation agency’s decision-makers at all levels so that money can be wisely spent.

When and how to spend the limited capital investment is becoming the critical question.

In 1965, Congress mandated that the condition of the nation’s highways be reported

every two years. The Federal Highway Administration’s (FHWA) Highway Performance

Monitoring System (HPMS) was developed in 1978 as a national highway transportation
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system database to replace the uncoordinated annual state data condition assessment
reports. Its primary mission is to provide a database and analysis process for assessing
and reporting the extent, condition and performance of the nation’s highway system
(FHWA, 2008). It provided its first report to Congress in 1981. HPMS Reassessment
2010+ program designates improvements to the pavement condition assessment data

collection process one of its top priorities.

Along with the pavement condition assessment data, the HPMS provides national-level
highway inventory information to national, state, and metropolitan planning
organizations and regional agencies. In addition, this program provides information on
traffic operations, performance and highway safety statistics. These data are used by
transportation agencies to calculate performance measures with two of the most common
ones being fatality rates and pavement smoothness. From these various performance
measures highway investment needs can be forecasted and the limited capital resources
put towards the most efficient projects. It is clear from the emphasis placed on the need
to collect quality robust pavement conditions and safety data that these two highway
attributes are important in the decision-making process, but there exists very little

research that correlates the two.
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1.2

Contributing Theory

Roadway crashes are considered unique random events caused by multiple factors many

times preceded by a person(s) not being able to properly cope with the environment

(Noyce, etal, 2007). While there are numerous factors affecting general road safety,

research in roadway safety is categorized into three main categories; vehicle, driver and

environment, each with their own set of sub-variables. The complexity of this has been

traditionally explained with the Haddon matrix that was developed by Dr. William

Haddon in 1970 (See Figure 1).

Human Vehicle Environment | Socio/Economic
Poor vision or | Bad brakes, car
L e Narrow lanes or | Cultural norms
reaction time, lighting or .
. . shoulders, poor permitting
Pre-Crash speeding or warning .
pavement speeding, age of
alcohol systems " .
condition driver
Seat belt no No vehicle
No seat belt working Substandard design
Crash . . .
worn properly, no air guardrails regulations for
bag safety
ngh. . Poorly designed Poor Poor local
Post-Crash susceptibility, emergency .
fuel tanks hospitals
alcohol response
Figure 1. Haddon’s Road Safety Matrix

Pavement surface texture properties contribute to skid resistance which is the friction

force developed at the tire-pavement contact point. It is the force that resists skidding

and sliding on pavement surfaces, and it is an essential component of traffic safety

because it provides the grip that a rubber tire needs to maintain vehicle control and for

stopping in the proper distance in case of emergency. Skid resistance has two major
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components (adhesion and hysteresis) and is related to the two key properties of asphaltic
pavement surfaces, that is microtexture and macrotexture. (Noyce, etal, 2007). These key

properties of asphalt can also be related to similar properties of concrete pavements.

In addition, there are two other pavement characteristics that may be less significant to
skid resistance but are still key components of the overall quality of the roadway surface;
megatexture and roughness (Noyce, etal, 2007). Megatexture is larger irregularities that
can result from rutting, potholes, patching, alligator cracking, spalling and other major
cracking of asphalt and concrete pavements. These are some of the PDVs that will be
explored in this research, and it is the primary hypothesis based on this contributing
theory that individual PDVs have an association with crash risk, given that a crash

OcCcurs.

Well documented in the literature, surface irregularities have a direct effect on the
environmental aspects of roadway safety. This study focused on the safety aspect of the
roadway performance, its relationship to the environment in which the roadway crashes
can occur and, in particular, the condition and roughness of the riding surface (i.e.
pavement). It specifically adresses the performance of the pavement as expressed by a
complex set of predictor pavement distress variables (PDVs) and its roughness computed

in the International Roughness Index (IRI) from collected wheel path profile data.

The driver’s ability to collect information and carry out intended maneuvers is greatly

compromised due to the vibrations encountered on rough roadways (TRB, 2009). Studies
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have shown that roughness affects safety in many ways, particularly the ability of the
driver to steer and brake (Burns, 1981). It is widely understood that severe wash-
boarding surfaces and repeated cycling undulations of the surface can potentially shake a
loaded truck so much that it looses part, or all, of its load, causing catastrophic multi-
vehicle crashes. It has been shown that only seven to ten percent of roadway crashes can
be attributed to the road and its environment, but when combined with human error, more

than twenty percent of crashes can be ascribed to this combination (TRB, 2009).

Additionally, in a face-to-face interview study, Vanlaar and Yannis asked active licensed
car drivers to rate 15 causes of road crashes and concluded drivers expect road surfaces to
be in good condition (i.e. taken for granted). Respondents interviewed placed “poorly
maintained roads” in the lower left quadrant ranking them low in prevalence and a low
risk (Vanlaar and Yannis, 2006). So when the condition or roughness of the roadway
violates this driver expectancy, particularly when transitioning from a smooth surface to a

rough one, crashes are likely to occur (TRB, 2009).

Therefore, based on the underlying premise that road conditions affect critical reaction
times for drivers, it is important to explore where within the footprint of the crash is the
condition of the pavement critical. This lead to the second hypothesis for this study: the
condition and/or ride quality of the pavement may not be critical at the crash site but a
certain distance upstream. By examiﬁing individual PDVs at the crash site and specific

intervals upstream, this research explores the spatial aspect of this relationship to evaluate
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where within the footprint of the crash is the most critical location with respect to

pavement condition and/or ride quality.

The theories behind the causal mechanisms of highway crashes have morphed from being
strictly random events to the modern principles entrenched in the study of human
behavior. Nonetheless, no matter which theory is subscribed to, road planners and
designers should design roads in such a way that the highest possible level of safety is
inherently built into them and ensure no easily preventable traffic hazards exist before a
roadway is open to the public (Elvik and Vaa, 2004). It is incumbent on transportation
officials to ensure that highway infrastructure minimizes all the risks of
predictable/simple mistakes, and if a crash occurs, the highway should be maintained in
such a forgiving condition that serious injuries or death does not occur. Every causal
relationship, no matter how insignificant, should be thoroughly examined to ensure the

proper, and in these times, most cost effective solutions are pursued.

1.3 Problem Statement

According to the auto insurance industry, 1.2 million people die worldwide each year in
automobile crashes. In the United States (U.S.) 33,963 people died last year in car
crashes. That is 25% of all accidental deaths per year. Almost 2.7 million injuries were
related to the 6.1 million highway crashes reported (Noyce, et al., 2007). While this has
décreased substantially in recent years due to the strong emphasis on road safety at the
state and federal level, 94 people still die every day in the United States due to car

crashes. That alarming indicator equates to 1 person every 15 minutes. Because these

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



statistics remain at an unacceptable level, traffic safety research must continue searching

for ways to improve the safety of our highways.

As mentioned, the link between crashes and pavement performance (condition and ride
quality) is rarely considered a primary contributing factor when planning pavement
maintenance. However, a recent study found poor road conditions contribute to over half
-52.7 percent- of those deaths (Miller and Zaloshnja, 2009). This is greater than
speeding, non-use of seat belts or alcohol related vehicle deaths, and in terms of severity,
“it is the single most lethal contributing factor” (Miller and Zaloshnja, 2009). With these
staggering statistics one can certainly see that poor road conditions are placing a huge
burden on society and the quality of life for many individuals. These poor road
conditions across the nation are not going unnoticed by the public. A recent poll
conducted by the AAA Foundation for Traffic Safety found that while the death rate
caused by highway crashes has decline substantially across the Country, many Americans
feel less safe driving today than they did five years ago (AAA, 2009). When asked if
they think driving feels safer only 12% said yes, and when asked why, approximately 13
% indicated road safety issues. In order to make the nation’s highways safe,
transportation officials in a position to make critical decisions must be able to identify all
the safety risks including those associated with the condition of the pavement at each

stage of its life cycle so meaningful and cost effective remedies can be implemented.

It is well documented in the literature that various pavement surface characteristics can

influence the risk of crashes occurring. However, most studies to date have been on the
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macro-level and focused on specific crash types related to pavement surface
characteristics such as texture, skid resistance, rutting, wet and icy conditions, luminance
and reflectivity. While most states now spend significant resources (time and money) to
collect an enormous amount of pavement condition data in the form of PDVs, this
researcher found no studies where it is used for pavement/traffic safety. States use
International Roughness Index (IRI) to determine a pavement’s ride quality along with a
complex set of PDVs to assess the severity of distresses (i.e. condition) in their pavement
assets solely for pavement maintenance programming. No examples were found where
states use this data to help them better understand the relationship between the
condition/ride quality profiles and roadway safety was found in the literature. For
example, while road roughness (IRI) was the first surface condition measure to be
collected on a routine basis, it was used primarily to model its impact on constant speed
and fuel consumption (McLean and Foley, 1998). The sole purpose of establishing this
relationship was so highway agencies could translate percent increase in car fuel
consumption to a unit increase in IRI. The pavement condition assessment is focused
primarily on the smoothness of the ride and the noise level of the pavement for fuel
economy and drive quality, but this is only one small part of the driver’s expectation
equation. Safety is assumed to be only inherent in a certain pavement condition rating.
There is no direct consideration given to safety. Attention is needed to better understand
the link between these pavement distress elements (PDVs) and safety of the
pavement/roadway so transportation offiéials can use this detailed knowledge for
developing better road designs, pavement management strategies and in detecting safety

related hot spots.
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1.4  Motivation

The poor state of our nation’s pavement infrastructure and the current funding limitations
state DOTSs are witnessing coupled with the federal mandates to develop programs to
maintain the safety of the nations rapidly deteriorating roadways motivate this research
and adds to the timeliness attribute. It was found in a recent study conduct by the Pew
Center on the States and the Rockefeller Foundation that in fiscal year 2010 $131 billion
of taxpayer money was spent on transportation without knowing the outcomes/results of
this enormous investment. Over the past 15 years, an increasing number of states have
dedicated the resources to gather information on the benefits but only 13 states (Virginia
being one) have set goals and have the data/tools to measure their performance so the
right decisions are made to ensure safety and mobility, but the rest, while they recognize
the need to evaluate the return on investment, still do not have the data to make informed

decisions on allocated the limited/ prized ever decreasing transportation funds.

Additionally, the PEW study listed safety as fundamental and the first policy goal in
measuring performance for the states and infrastructure preservation as the last policy
goal. It also recognizes the federal government’s mandate for safer roads. The Centers
for Disease Control and Prevention reports that motor vehicle-related injuries are the
leading cause of death for people ages one to 44, and automobile accidents sent more
than two million people to emergency rooms in 2009.103 Transportation-related
acci(ients also generate high economic costs in lost wages, medical bills and traffic delays
(PEW, 2011). It is also important to note the substantial improvement in road safety due

to the emphasis it has received at both the state and federal level, but there is still a lot of
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work that remains particularly in reducing the number of severe injuries and property

damage.

With respect to infrastructure preservation, while the majority of the nation’s roads are in
good or fair condition, almost 25% of the interstates and principal arterials have
pavement in poor condition. The study considers this a safety hazard, but as a result puts
more emphasis on the costs associated with vehicle operation costs rather than driving on
bad roads. There is no link between the data gathered for assessing pavement

condition/ride quality and the data gathered for evaluating the safety of roads.

In these times of limited available resources, there is an underlying need for “strategic
and data-driven deliberation” (PEW, 2011). The number one policy option listed in the
study is the development of processes that make the best use of available data. To ensure
they meet this safety mandate while efficiently allocating the limited infrastructure
improvement funds, there is a need to arm state transportation agencies with the best
available information so they can make critical pavement maintenance programming

decisions.

The results found in a survey of the literature are varied and inconclusive. Far more
ambiguity than agreement exists when determining the relationship between pavement
condition (assessed in a set of distress variables) and ride quality (IRI) and the cfash
outcomes. We do not know if the condition of the pavement as assessed by states alone,

or in combination with other specific variables (e.g. IRI), increases the odds of certain
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consequences resulting from a crash. Unfortunately, very little is known about this
association and what impacts certain pavement attributes have on crash characteristics
(FHWA, 2006). There is no agreement on whether these variables increase or reduce

these crash characteristics.

Therefore, the relationship between safety and pavement condition, type and ride quality
remains unclear. Exacerbating the issue is the dynamic nature of pavement construction
materials and mixture design properties, construction methods and standards, vehicle and
tire characteristics, traffic volumes and speeds, etc. (AASHTO, 2007-2008). Lastly, the
need for more comprehensive research is suggested in a majority of the previous studies.
This research is aimed at completing the driver’s expectation equation by determining if
the pavement condition and/or ride quality are contributing risk factors in the severity of
roadway crashes (i.e., safety). A commensurate objective is to quantify this risk so
transportation agencies can determine if countermeasures are worthy of the limited

available resources.

1.5  Research Objectives

In spite of their limitations, statistical models have been proven invaluable in estimating
the significance of the relationship between the various casual factors mentioned above
and vehicle crashes. This research will focus on crash types/severity and measure their

significance to determine if these potentially safety critical parameters are substantial.
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The primary objective of this study is to expand the use of already collected detailed
pavement performance data by linking it to pavement/roadway safety to assist
transportation officials in developing strategies for pavement maintenance that focus on
reducing the number of pavement-related crashes. To this end, the main focus of this
research will be to expand the use of the PDV data to further understand the safety risks
associated with the type of pavement and each individual PDV by analyzing the

likelihood of having a rear-end and/or injurious crash, given a crash occurs.

This study shall increase the body of knowledge of the spatial and causal mechanism of
pavement-related roadway crashes for use by highway agencies in developing pavement
management strategies to improve traveler safety. In essence, by conducting this in-

depth study to better understand this important relationship, the consequences of crashes

may be reduced by changes in how roads are maintained.

With the addition of a spatial component, this research will explore in more detail the
affects of the condition of pavement and location of the crash by including
socioeconomic factors. This will provide unique and valuable insights so effective site-

specific countermeasures may be identified.

As suggested by the Haddon matrix, there is an a-priori reason that the morphology of the
built-up environment could affect accident occurrence and wanting to provide additional
insights into the nature of the spatial and casual mechanism of various crash

characteristics. This study will use multilevel modeling techniques to analyze the
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hierarchical nature of crash data and examine the socio-economic characteristics that may

influence crash outcomes.

To fully exploit the clustering nature of road crash data and develop a comprehensive
predictive model, unique datasets will be developed by combining pavement condition
and ride quality (IRI roughness index) along with roadway environmental and local
socioeconomic data. This data will be aggregated with available crash data to determine

which of these parameters are important in explaining the outcomes of vehicle crashes.

The following are the three main hypotheses for this study along with the objectives to

support them:

1. Hypothesis: the condition, type and ride quality of the pavement has an association
with rear-end crashes and crashes with injuries.
Objective: Given a crash occurs, evaluate the relationship between pavement
condition, type of pavement and ride quality on crash outcomes by estimating the
strength and significance of various pavement condition distress parameters along

with the type of pavement and ride quality as expressed by IRL

2. Hypothesis: The condition and/or ride quality of the pavement may not be critical at
the crash site but upstream.
Objective: To explore the spatial aspect of this relationship, models will be developed

to evaluate crash outcomes at the crash site and specific intervals upstream. These
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models will be used to evaluate where within the footprint of the crash is the most

critical location with respect to pavement condition and/or ride quality.

3. Hypothesis: The socio-economic characteristics of the county where the crash
occurrs have a relationship to rear-end crashes and crashes with injuries.
Objective: In conjunction with goals one and two, uniquely model the hierarchical
nature of a crash to determine which regional socio-economic factors are related to

traffic safety.

Determining the direct associations of crash risk is very complicated. Many engineering,
environmental, and human behavior factors may directly or indirectly impact the outcome
of a crash. Therefore, to minimize the impacts of these other factors, the analysis is
limited to interstate routes where accurate data are available in Virginia and the roadways
have similar/common features. Additionally, crash and pavement condition data for this

study was captured from the higher volume roadways where the benefits may be greater.

The three pavement types considered are asphalt concrete (ACP), continuously reinforced
concrete (CRCP) and jointed reinforced concrete (JRCP). ACP includes bituminous
concrete over jointed reinforced concrete (BOJ) and bituminous concrete over
continuously reinforced concrete (BOC). With concrete and asphalt pavement materials
varying only slightly across the Mid-Atlantic, thvis study can be generalized for other

Departments of Transportation in this region and the methodology applicable for similar
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studies across the country. In order to account for the randomness of the occurrence of

vehicle crashes, stochastic regression models were used to determine these relationships.

By providing information on the safety benefits of asphalt and concrete pavements the
results of this study should enhance the decision-making process and help Departments of
Transportation meet their goals for safer highways. Additionally, as the pavements age
and safety decreases appropriate countermeasures could be employed in a timely manner

to optimize the safety of the roadways throughout the pavement’s life cycle.
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CHAPTER TWO

20 LITERATURE REVIEW

2.1 Review of Pertinent Literature

A synthesis of the conclusions from previous studies within my interest area was
performed to determine the gaps in understanding the relationship pavement condition
and ride quality have on roadway safety. The literature review is summarized in five
categories: various roadway surface distress characteristics (road condition) as factor,
pavement ride quality as a factor, previous research on pavement type and safety,
programming safety into pavement maintenance, and use of Hierarchical Linear

Modeling in roadway safety studies.

2.1a Previous Research on Pavement Condition and Safety

There is a vast amount of literature analyzing the relationship and quantifying the
importance of various roadway surface discontinuities on road safety. In particular, skid
friction related to the texture for different types and its relationship to crashes on wet
pavement has received much attention throughout the national and international safety
research community since transportation officials first recognized this link back in the
1920s. The current perspective on pavement surface characteristics and their impact on
safety focus on pavement texture as it relates to surface friction. Research indicates that
approximately 14 percent of all crashes occur in wet weather, and 70 percent of these
crashes can be attributed to the pavement texture/friction (ACPA, 2007). Roughness as

measured in IRI is used solely for construction acceptance and system monitoring. From
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a study conducted on mostly rural interstates and parkway roads in Kentucky (AASHTO,
2008-2007) wet crash rates decreased with increase in pavement skid/friction number

(SN).

The Transportation Research Board Circular Number E-C134 reviewed and summarized
the literature on this subject and placed the issues into four categories: tire-pavement
available friction, potholes and roughness, wet pavement, and influence of pavement
edge drop-offs. They, too, recognized there are limited construction and/or maintenance
funds which precipitates the need to prioritize treatment projects for these conditions
since they can never be completely eliminated on all roadways all of the time. In the
chapter written by Council, et al., they make a direct point that it is “wishful thinking” to
assume traffic collisions can be accurately predicted on the basis of one antecedent
condition (TRB, 2009). For example, one cannot conclude that crashes that occur due to
the lack of surface friction are solely attributed to the skid number assigned to the
pavement. Rather, the tacit assumption uses wet surface crashes as the surrogate for
inadequate surface friction because it is rare that crash reports list this poor surface
friction as the primary cause, but the literature is quick to point out it is very difficult to
use skid resistance as the sole predictor for wet condition crashes. Other factors, such as
road geometry, traffic operations (volume and speed), weather conditions, and
driver/vehicle characteristics must also be considered together with friction data when
evaluating the safety of a particular segment of roadway (AASHTO, 2007-2008). The
Circular concluded the consensus among transportation officials is that discontinuities in

the roadway surface may precipitate or aggravate crashes the importance of this
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relationship (i.e. quantifying the effect) is not clear for many of the discontinuities and

warrants further investigation.

Similar to the NCHRP Circular, a report prepared by the transportation research arm of
Australia the ARRB Transport Research (McLean and Foley, 1998) reviewed the effects
of road surface type and condition on safety, vehicle operation costs, operating costs and
noise. With respect to pavement type, the report focused primarily on noise generation,
effect on speed and vehicle operation costs. The analysis of road surface condition used
skid resistance as the parameter to measure the effect on accident rates and confirmed the
instinctive conclusion that wet weather crash rates increase with the decreasing skid
resistance. Road roughness measured by the IRI was considered the common
measurement for overall surface ride quality but was only used to assess the impact on

fuel consumption, tire wear and other vehicle operation costs.

A similar report conducted by the Swedish National Road and Transport Research
Institute reviewed the influence of road surface texture on various traffic characteristics,
safety being one of them. It states that friction is the primary safety characteristic of the
pavement surface. Although it does not statistically validate this claim, this relationship
is implied throughout the manual. It even lists as one of its “Vision for the Future” the
importance of an international index to quantify the safety standard represented by

friction (Sandberg, 1998).
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The reports listed above recognize that there is extensive literature on skid resistance and

its impact on crashes/crash rates dating back to late 1920s. The following table is a

synopsis of some of the pertinent literature on this subject:

Table 1. Previous Research on Surface Distress Characteristics and Safety

Year | Country | Authors Data Study/Method | Results/Conclusions
1999-2002
SCRIM at Based on the large data,
100m intervals .
no correlation between
. and 1994-1998 . .
. L. Seiler- . Data was collected | skid resistance and
2004 | Switzerland accident data . .
Scherer and classified accident frequency was
for freeway and
. found. It was able to
main road identify hot spots
segments and y pots.
accident
Pavement friction number
. . found to be significant in
. Mixed logit o
Milton, Crash segment estimation for the possible injury
Shankar, data 1990-1994 . function. Decrease
2007 | U.S. . annual accident- o . .
and (Washington . likelihood of possible
. severity on road .. .
Mannering | State) injury and increase
segments oy
probability of property
damage.
Sites were
categorized by
junction Results varied for each
. Road segments | classification, site category and
Viner, . h .
2005 | UK Sinhal. and skid resistance values of mean therefore, Investigatory
o Parr ’ data and crash and 95 percentile Level thresholds for each
y data 1994-2000 | accident risk were | site category were
calculated for determined.
different band of
skid resistance
Shankar 61 km section Estimation of Wet-pavement rear-end
Manneri’n of I-90 and 5 overall nested accident indicator found
1995 | US. and & year accident logit model greater probability of
data from 1988- | accident severity possible injury relative to
Barfield re
1993 probabilities property damage only
Continuous Risk g(r)lhsipﬁt;;erz\llgf:;?ed
400 miles of Profile (CRP) e pavem
. collisions to be vertical
Oh, Chung, | freeways in approach to sags with high vegetation
2008 | U.S. Ragland California and | indentify high sags With ingh vegetation.
. . Collision rates at the sites
and Chan collision data collision .
. did not exceed 99.5
2000-2003 concentration . .
. percentile for dry, but did
locations (HCCL) ..
for wet conditions
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Table 1 (cont.). Research on Surface Distress Characteristics and Safety

Year | Country | Authors Data Study/Method | Results/Conclusions
533 crashes on | Pearson’s Freeway characteristics
Attica Tollway | correlation (roughness included) and
in 2004 and analysis for each environmental conditions
Kopelias, 2005. independent (wet-dry conditions)
Papdimitriou, | Geometric and | variable, ANOVA | explain 5% to 10% of
2007 Greece Papandreou, | operational and linear crash number. 80%
and features were | regression with attributed to driver
Prevedouros | added for each | three forms of behavior
crash location. | crash severity as
dependent
variables
Before and Before and after: Risk of fatal and injury
after crash on Effect of crash increase
Leden main roads in | resurfacing on immediately after
Hama],ainen Finland from safety based on resurfacing by somewhat
1998 Finland > | April 1 to (Hauer) less than 7%. Friction
and . .
Manninen September 30 obser\{anona_l was highly dependgnt on
for years 1989, | study involving a | the type of resurfacing
1990, 1992 treated and a treatment.
and 1993 comparison group
Before and Before —and-After | After resurfacing with
after data comparisons of open-graded AC
crash data experimental significantly decreased
avement types in | the number of wet-related
2010 uU.s. Oh, Ragland, Ealifornia P collisions. No significant
and Chan X
conclusions drawn for
grooved pavement and
rubberized open-graded
AC.
Three years of | Before and After Analysis did not show a
crash data comparison reduction in total crashes
before and after resurfacing, but there
Agent after years was a reduction in crashes
2004 US Pi ’ d 1998 and 1999 on wet pavement after
S. gman an .
Green when su'xdy resurfacing.
resurfacing
projects were
completed.
120 locations

Although studies have confirmed the link between skid resistance/surface friction and

wet crash rates, the research has not been able to exactly quantify the importance of this

relationship nor have specific thresholds for friction values and substantial decrease in

crash rates been determined. This is attributed to the dynamic nature of the pavement

skid resistance characteristics, traffic operations, and driver/vehicle variables, and similar
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to the nature of overall pavement conditions. That is why, like all other pavement
characteristics, control of crash rates due to inadequate skid resistance must be based on

regular assessments of the friction at the roadway segment level (AASHTO, 2007-2008).

2.1b  Previous Research on Pavement Ride Quality and Safety

“Smoothness matters” (APA, 2009) is the title of an asphalt industry article promoting
the fuel conservation benefits of asphalt pavement, and “to most people, a smooth road is
a good road”, starts the executive summary for the State of Virginia’s 2004 Interstate
Annual Report (Reid and Clark, 2004). This report goes on to say that ride quality is the
primary attribute measured by the traveling public, and this sentiment is reflected in a
number of national studies. Accordingly, roughness thresholds for the national highway
system are established by the FHWA. Furthermore, a study conducted by Shafizadeh and
Mannering to determine the acceptability of pavement roughness on the urban driving
public in the state of Washington, pavement condition came in a close second to safety
(21 % versus 26%, respectively) (Shafizadeh and Mannering). To determine an
acceptable IRI threshold, real-world driving scenarios were used, and the drivers were
asked their opinion on the condition/roughness of the pavement. The findings of the
report validated the FHW A guidelines, and the conclusion was to keep that threshold in

place.
“Rough Roads Ahead: Fix Them Now or Pay for Them Later” is the title of a 2009

publication from the American Association of State Highway Officials (AASHTO) that

paints a grim picture of the present condition of the nation’s roads and punctuates the
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urgency of taking immediate action (AASHTO, 2009). While safety is implied, the
primary focus is on the tangible costs to the motorist of this contagious condition that has
impacted the majority of the states in this country. Some interesting statistics on the

current condition of our roads as reported by the states using the IRI rating index follow.

13 percent of the 47,000 miles of interstate in the U.S. are in poor condition, and only
50% of America’s main roads are in good condition. Rural roads are in much better
condition than urban roads, and major urban centers have the worse roads — more than
60%. On the top of the list of strategies for saving America’s highways in this report is
using the best materials throughout the life span of the highway and matching these
materials to the ambient environmental and traffic conditions. In addition, the authors
stress the importance of new materials research and constant pavement condition

monitoring to achieve longevity and make the best use of the limited maintenance funds.
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Table 2. Previous Research on Ride Quality and Safety

Year | Country | Authors Data Study/Method | Results/Conclusions
Improving unevenness
increased crashes by

Elvik and 10%. Drivers may

2004 | Norway Vaa n/a n/a compensate for
unevenness by slowing
down
Upgrading the state of

1983 Israel Livneil pavement accident crash accident thes Road
' . | condition rating rates obtained Co
and Ishai (PR) by regression safety should be viewed
! yreg not generally, but by
identifying hot spots
Before and after Roug-hn.e ss and ride
) . quality improvement
Accident analysis of a after srinding reduced
history/data, ADT, | road segment . g g N
1981 us. Burns . in total wet-pavement
ride concrete .
uality/roughness | pavement and lost-load accidents
1 o by 40% and 51%,
grinding .
respectively.
Segment, terrain Correlation Bad riding quality can
: " ' | matrix, direct lead to an increase in
2002 | S.Africa | Bester :;g?ﬁiuaarigy (PSI), comparison, and | the accident rate
accident data regression especially in more
analysis rugged terrain
Single-vehicle and
multiple-vehicle
accident rate found to
Pavement have high correlation
condition (IRl and . with P ?vement .
Al- PSR), ADT Correlation condition. S-V accident
1997 Jordan . ! ’ matrix and rate reduced with
Masaeid | geometry, . . .
accident data regression increase in roughness
rural roads (possibly due to
decrease speeds) and
M-V accident rate
increased with increase
in roughness.
Accident data, rut
Ihs, Velin, depth, and Linear Both meth(')dologles
2003 | Sweden | and unevenness (IRI) regression and show the higher the IR],
Wiklund all state roads for variance analvsis the higher the accident
1992-1998 and Y | risk,
2000
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Table 2 (cont.). Previous Research on Ride Quality and Safety

Year | Country Authors Data Study/Method | Results/Conclusions
2006
Accident,
highway Negative RD model did not
segment . -
and Bmoml:fl perform well gxcept for
Chan, Huang pavement comparing rut accidents at night and
’ ’ o depth (RD), [RI in wet conditions. IRI
2008 uU.S. Yan, and condition
Richards on 4 urban and PSI apd .PSI always -
divided pavement 51grjuﬁcant prediction
. distress variables in all types of
median :
parameters. accident models.
asphalt
roads in
Tennessee
Louisiana Conducted to assess
pavement Regression possibility of getting
condition in | analysis to reliable prediction of
US Titi, and profile evaluate IRI from PI ratings.
o Rasoulian index (PI). correlation From PI ratings IRI
23 sections | between IRIand | smoothness criteria for
of asphalt Pl asphalt pavement was
pavement developed.
337
roadway Factors relating to
pnasasopouls, | 287" pavementcondien
2007 us. Tarko, zimd 1995-1999 Tobit analyses IRI were found to
Mannering . L .
accident significantly influence
datain vehicle accident rates.
Indiana
Relationship between
Pivot tables used | roughness and crashes
Two-way to analyze followed a polynomial
undivided distribution of function and the fit was
rural roads | crashes related excellent. The extreme
Cairney and with speed | torutting, roughness condition
2008 | Australia Bennett limitof 100 | roughness and resulted in noticeably
km/h. texture. Results | higher crash rates but
Roughness, | graphed and only over a small
traffic and correlation co- portion of the network.
crash data efficient This relationship
calculated requires confirmation
from other studies.
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2.1c  Previous Research on Pavement Type and Safety

This section highlights the originality of this study because despite the many variables
considered in analyzing safety, pavement type has not been largely explored. To date,
the effects of weather on roadway surface condition as a risk factor have been the
primary focus for traffic safety studies. These conditions (i.e., visibility and road surface
friction) and their influence on the distribution of accident severity has been studied but

not the relationship between type of roadway surface and crash characteristics.

Additionally, state and local governments do not consider safety as a part of the selection
criteria. Instead, smoothness, fuel economy, cost and longevity are the primary
determinants (APA, 2009). Only recently has there been a study on the safety

performance of experimental types of pavement in California (Oh, et al., 2010).

In a study Khattak, Khattak, Hummer and Sickling used California Highway Safety
Information System (HSIS) examined crash rates and modeled crash and injury
frequency on urban and rural principal arterials and minor arterials to determine if there is
a relationship between pavement type (concrete vs. asphalt) and roadway safety (Khattak,
et al., 2007). Regarding the crash rate analysis, the researchers found few clear trends on
whether or not concrete pavement had lower rates over asphalt. However, much more
conclusive and defensible findings were realized upon completion of the Negative
Binomial models for crash frequency and injury severity. The modeling results showed
concrete pavements are associated with lower crash frequency in California, but the

frequency was marginally stronger in the relationship between crashes with injuries in
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some of the roadway functional classes. Asphalt pavements showed conclusively a
stronger association with higher total crash frequencies, as well as injury and non-injury
crash counts. For future research, the authors suggest enhancing the thoroughness of the
study and establishing a stronger causal link by correlating pavement type with pavement

roughness information over a longer timeframe.

Three other studies of interest used pavement type and/or condition as an indicator
variable(s) for assessing the effect on crash rate/frequency. Karlaftis and Golias revisited
the question of whether road geometry and traffic volumes have a relationship to the
crash rates on rural roadways (Karlaftis and Golias, 2002). They developed a model to
assist in the prediction of crash rates for a given rural highway road segment. In this
analysis, they used pavement, friction and pavement serviceability index (PSI) as binary,
continuous and qualitative independent variables, respectively. Using a non-parametric
statistical methodology they concluded the PSI, friction and pavement type variables had
relative importance with respect to crash rates on rural two-lane road segments of 59, 32
and 30 percent, respectively and for rural multilane segments friction, PSI and pavement
type showed relative importance of 25, 21 and 11 percent respectively. Das, Abdel-Aty
and Pande used skid resistance, surface type and generic pavement condition (defects vs.
non-defects) rating as continuous and binary predictor variables to model crash frequency
on high-speed urban multilane arterials in Florida and provide conclusions for each crash
type: rear-end, angle and head-on (Das, et al., 2010). Crashes were di-vided into separate
models developed for three roadway segment groups: midblock, signalized, and access

point. Intuition prevailed in the conclusions with respect to the significance of average
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daily traffic (ADT), and wet conditions (less friction) for all three roadway segment
models. In daylight conditions, these two variables were found to be significant in their
relationship to the frequency of rear-end crashes. Of interest is a particular interaction
that reflects roadways with no defects have fewer rear-end crashes near access points at
higher posted speed limits. Additionally, the study showed dry surface conditions on
asphalt pavement lead to fewer angle crashes at signalized intersections, and good road
conditions coupled with dry conditions decrease the instances of head-on crashes for the

segments near access points.

In a study conducted by Park and Saccomanno the authors reviewed the relationship
various factors, one of which is paved and non-paved roadways, have on the frequency of
crashes at highway-railroad at-grade crossings in Canada (Park and Saccomanno, 2005).
They developed non-parametric models to try and establish statistical relationships
between vehicle wrecks and various countermeasures. Considering the improvement in
the percentage of expected collision reduction at railroad crossings they concluded that
while a reduction in crashes after paving a roadway surface cannot be estimated at Class

1 and Class 4 crossings, one can speculate that a 32% reduction will be realized at all

types of crossings after the roadway is paved.

In one study using Kansas work zone crash data, Li and Bai used the concept of crash
severity index (CSI) to evaluate the safety risk factors associated with work zones on
injurious and fatal crashes (Li and Bai, 2008). By examining 29 work-zone crash

variables, a select group of risk factors were identified using Chi-squared and Cochran-
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Mantel-Haenszel statistics. Based on these risk factors, CSI models were developed
using logistic regression. Surface type (concrete and blacktop) as identified as a potential
risk factor and was included in the more comprehensive models, but it was excluded
from the simplified model due to the large p-value. Both concrete and blacktop were
found to be potential risk factors in example conditions with high CSIs. The authors
suggest future research using larger datasets to improve the accuracy of using CSIs to

predict fatal crashes.

Lastly, in a Federal Highway Administration (FHWA) report FHWA-SA-96-068 the
authors Hibbs and Larson investigated tire pavement noise and safety performance of
various portland cement concrete (PCC) surface textures. In that study they state the
purpose of surface texture is to reduce the number of severity of wet weather accidents
and ask the question “Is there a safety advantage to either asphalt concrete (AC) and PCC
pavements?” To answer the question they review the advantage of the skid resistance
and longevity for various AC and PCC pavements but only analyze/compare crash data
(wet weather accidents) for various concrete surface textures and do not compare this
data to AC pavement types. Conversely, the asphalt industry through the Asphalt
Institute has a publication Highway Safety with Asphalt Pavement, 1996 promoting the
safety aspect of asphalt concrete. Advantages included are better visibility of pavement
markings against the dark background of asphalt pavement, asphalt shoulders constructed
with a lighter colored and coarser cover provides a distinct safety feature, ease of

construction, no joints to distract drivers and snow and ice melt faster on asphalt (Hibbs

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



29

and Larson, 1996). Again, no real comparison between asphalt and concrete pavements

using accepted statistical analyses methodology is provided.

This study will attempt to bring pavement type into the realm of traffic safety and fill a
gap in the body of knowledge in this area. Given a crash occurs this research will
evaluate the distribution of accidents that result in specific crash outcomes. Determining
a relationship between pavement type and crash characteristics is important because it
plays a critical role in the physics of a crash especially rear-end type collisions. Planners
and engineers will be able to incorporate this newly found knowledge into developing
more effective transportation management plans specifically for construction and

maintenance work zones but with the potential to expand outside these zones.

2.1d. Previous Research on Safety and Pavement Maintenance

As highlighted above, in this literature review the studies suggest there are relationships
between the pavement condition and roadway crashes. The studies have shown that skid
resistance, roughness and distress, properties of the pavement mix, pavement markings
and visibility can attribute to an increase in the probability of various types of crashes.
As stated in a recent dissertation, pavement maintenance and rehabilitation is one of the
most critical and costly forms of infrastructure asset management. Preserving the
pavements in an appropriate manner extends their service life and, most importantly,
improves motorists’ safety and satisfaction and saves public tax dollars (Kim, etal,

2006).
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Most state highway agencies now have wet accident reduction programs and believe the
key factor to success is the willingness of the state to give improving pavement
conditions top priority (Mahone and Sherwood, 1996). Even when studies have shown
the positive safety effect of preventive maintenance, in some cases reduction factors as
high as 54 % (Erwin and Tighe, 2008) and long-term improvement in pavement
performance (Smith and Tighe, 2004), still 21 out of 48 state highway departments do not
have specific design guidelines that address pavement skid behavior. Instead, they
choose a passive approach by monitoring pavement conditions and reacting when needed

(Jayawickrama, et al.).

In an effort to incorporate road safety into pavement management, one study conducted
by Noyce, et al explored the relationship between asphalt mix designs, skid friction and
roadway safety (Noyce, et al, 2007). Crash and pavement friction collected over a 10-
year period was used to find a relationship between pavement skid resistance (friction)
and crash frequency, particularly in wet weather conditions at six study sites in
Wisconsin. By evaluating the trends over the 10-year period and conducting and
regression analyses, the study concluded there was very little evidence of a relationship
between crash frequency and skid resistance, but some results indicate that the number of
wet pavement crashes over the life of the pavement. However, these results were not
statistically supported. Nonetheless, the authors concluded the relationship appeared to
behave inversely proportional meaning more crashes occurred at low friction numbers
(FNs) which is an important indication that skid resistance may indeed be a factor

affecting we weather crashes.
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Additionally, while it was not possible to determine a critical skid friction threshold for
triggering pavement maintenance, it was clear that the pavement surfaces with friction
values less than 35 are less safe. An annual testing program to monitor the skid friction
was recommended as part of an effective asphalt pavement asset management program,
and friction values less than 35 should be reviewed for future rehabilitation or

reconstruction.

Although the FHWA requires states to provide annual condition assessment reports with
safety implied as one of the reasons, few have integrated safety directly into their
pavement management and maintenance programs. This fact was identified in a study
conducted by Tighe, Li, Falls and Hass (Tighe, et al). After reviewing pertinent
literature, the authors conclude that while pavement conditions may only account for low
percentage of roadway accidents, in absolute terms it does represent a substantial number
of crashes and therefore should be considered in determining pavement surface treatment
strategies. Road safety should not be considered a separate area; rather, it should be
incorporated into pavement management programs simultaneously. The functional
improvements in safety should be directly linked to the alternative maintenance treatment

proposed.

Having said this, is it due to the current lack of funding, and is this a long-term trend?
The report prepared by AASHTO reference above indicates this to be true. Before
“Planners said this is what we want it to look like. Now let’s figure out how to pay for it”,

today “Now we work in the reverse. We say here is how much money we have, and let
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us decide what we want to do with that. That approach doesn’t produce the best
decision” (AASHTO, 2009). Additionally, a study conducted in the state of Washington
noted that there is a discrepancy between the pavement preservation funding for both
asphalt and concrete with the aging concrete pavement lagging significantly (Mahoney, et
al, 2010). The authors suggest developing economic pavement performance indicators to

monitor how efficiently the maintenance dollars are being spent.

It is clear the focus is on the dollars, or lack of, and safety is not an integral part of
pavement management strategies. Encouraging, though, is the current emphasis on
pavement preservation in the U.S. what we can learn from the international community,
particularly the United Kingdom and Australia. In a recent report, Larson states the need
for an integrated database that links crash data to detailed geometrics and to pavement
condition databases that include pavement surface characteristics (Larson). Work zone
approaches are identified as a critical hot spot when comparing the friction demand over
the service life of the pavement. It lists the implementation of Road Safety Audits as one
of the nation’s most promising proactive techniques for including safety into pavement

management preservation programs.

2.1e  Previous Research on HLM and Roadway Safety Studies

In the literature, multilevel models (MLLM) are also referred to as hierarchical linear
models (HLM) and HLM is what will be used throughout this dissertation. Iﬂ highway
safety, arguably the crash data have a nested or hierarchical structure with several levels

of hierarchy. Additionally, there is a strong correlation that exists between crashes that
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occur under the same kind of human, environment/roadway, and traffic conditions.

HLM is a type of regression model formulated to account for variation between crashes
within each “nest” or “cluster” where the pattern of clustering is known. It is specifically
design to capture correlations among these groups of data leading to better and unbiased

parameter coefficient estimates and standard errors.

This methodology is relatively new to the field of transportation safety research and up
until now has been limited to the clustered nature of educational and social sciences
studies. It has only been used in a small number of studies to analyze the apparent nested
relationships in traffic safety. One of these studies conducted by Eckhardt and Thomas
(Eckhardt and Thomas, 2005) used HLLM to explain the spatial occurrence of road
accidents on the southern periphery of Brussels (Belgium). In the paper thier goal was to
show that multilevel analysis can be used to better understand the spatial aspects of traffic
safety. Specifically, they wanted to show how much influence the characteristics of the
environment and roadway geometry (space) have on the location of where accidents

occur in an urban setting.

Focusing on the spatial aspects of accidents (i.e., the location) this study developed a two
level model with the first level being the hectometer. The explanatory variables at this
level described the roadway segment’s physical nature. Not related to the roadway itself,
but part of the global environment of the.accident, the municipality was chosen as the
second level of analysis. At this level, the independent variables pertained to the socio-

economic characteristics of the area where the accident occurred. The dependent
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variables were (1) accident location (i.e., is it located in a black zone), (2) total number of
accidents at each location, and (3) total number of accidents divided by the average daily
traffic volume (adding an exposure variable to measure the risk). This study concluded
HLM has potential when used to model roadway crashes but in spatial data analyses it is
not easy to define the hierarchical levels. Additionally, the study found the road
accidents are significantly influenced by the road geometry and the characteristics of the
environment which lead to the conclusion that drivers are unable to adapt to changes in

the road conditions to avoid accidents.

Aguero-Valverde and Jovanis conducted another spatial analysis of roadway safety using
Hierarchical models. Estimates of county-level crash frequency using injury and fatal
crash data for Pennsylvania for 1996-2000 were determined to compare Full Bayes
Hierarchical and traditional Negative Binomial analysis methods. The independent
variables included socio-economics, weather conditions, roadway geometrics and traffic
volume (exposure). This study concluded that the Full Bayes models were effective in
measuring the existence of spatial correlation in crash data and provides a mechanism to
quantify, and reduce the effect of, this correlation (Aguero-Valverde and Jovannis, 2006).
They also concluded that spatial correlation may be more important in road segment and

intersection-level crash models where this correlation is even more predominant.

Severity of crashes was analyzed in two studies using multilevel models. In one study
conducted by Lenguerrand, Martin and Laumon’s application of the Monte-Carlo method

on observed and simulated French road crash data between 1996 and 2000 was used to
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compare multilevel logistic model (MLM), Generalized Estimating Equation models
(GEE) and logistic models (LM) (Lenguerrand and Laumon, 2006). Severity is a
discrete, non-normally distributed binary variable and requires a non-liner model. A
three-level hierarchical structure MLM3 using crash level, car level and occupant level

and a two-level structure MLM?2 along with GEE and LM were compared.

In a study conducted by Jones and Jorgensen, the authors analyzed predictors of severity
outcome amongst over 16,000 fatally and seriously injured casualties involved in
accidents between 1985 and 1996 in Norway. The data were analyzed using a three-level
hierarchical structure considering the characteristic of the casualties at level 1, accidents
information at level 2 and within which municipalities as level 3. Again, the aim was to
model the odds of survival for each casualty so logistic regression models were fitted due

to the binary nature of the dependent variables (Jones and Jergensen, 2003).

Benefits of modeling the hierarchical nature of accident data were found in both studies

and concluded that it is possible to formulate multilevel models that are both technically
viable and highly relevant (Lenguerrand and Laumon, 2006). When compared to GEE

and LM, MLM was found to be the most efficient model while both the GEE and LM

underestimated parameters and confidence intervals.

Finally, a study reviewed applying a hierarchical binomial logistic model-to-model crash
type outcome probability at rural intersections. Kim, et al. documented a small study of

548 vehicle crashes collected from 91 two-lane rural intersections in the state of Georgia
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in a paper (Kim, et al., 2007). The data came from 38 counties in the state for a period of
2 years and are postulated as hierarchical and analyzed using two levels: crash-level
characteristics and intersection-level characteristics. The dependent variables are
dichotomous and captured each type of accident; angle, head-on, rear-end, side-swipe
same direction and side-swipe opposite direction. To determine if multi-level modeling
techniques have advantages over traditional methods, all of the crash models were fitted

using non-multilevel models as well.

The findings of this study clearly recognize the hierarchical structure of crashes at rural
intersections in Georgia and the limitations of traditional modeling techniques with
respect to the correlation of crash data characteristics within the nested clusters can be

overcome through the use of multilevel modeling.
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CHAPTER THREE

3.0. DATA SOURCES AND AGGREGATION

3.1.  Overview

The Commonwealth of Virginia manages the nation’s third largest road network with
approximately 57,900 miles of roadways. Given a crash occurs, this study will measure
the risk/probability of an individual being in a crash with a certain outcome due to the
perceived hazardous pavement conditions and ride quality within an empirical setting
using historical crash and roadway condition data from Virginia. This chapter describes
the data sources, collection and aggregation, the empirical setting, the pertinent variables

studied and the selected methodologies applied to this research.

There are a number of various driving and environmental conditions inherent in the
different functional class of roadways and many contribute to the safety of the roadway
(e.g. average speed, lane width, access points, etc.). This study elected to limit the data to
interstate routes to increase the control of a number of potentially correlated predictor
variables. In addition, this study will be aggregating pavement condition data with crash
information for these two roadway classifications for each of the three main pavement
types: asphalt concrete (ACP), continuously reinforced concrete (CRCP), and jointed

reinforcged concrete (JRCP).

VDOT has nine Districts and pavement condition/ride quality data are collected for each

District. There are 1,945 miles of interstate in Virginia; the ones included in this study are
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1-81, I-95, 1-64, 1-264, and I-395. The study’s routes are shown in Figure 2 (VDOT,
2009). 1-81 is a south to north route that traverses the western part of the state, I-95 is a
south to north route traversing the central part, I-64 is an east to west route through
central Virginia, [-264 travels through the cities of Portsmouth, Norfolk and Virginia

Beach in the Hampton Roads area, and [-395 is an extension of I-95 in Northern Virginia.

INTERSTATE PAVEMENT CONDITION - 2008

1AV EMENT CONDITION CULRATING [COLOR SCHEME S
Lo LA
e LLEN ol 2 180, >/

Figure 2. Virginia’s major interstate routes

Crash data are collected at the crash site (i.e. point location). For ease of computation
and analysis and to increase control of the independent variables, it is important to
determine the best method for aggregating/segmenting the data. The method for
compiling/aggregating the data for this study is further explained in the methodology

section below.
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3.2.  Data Sources

Various unique databases will be developed for this study by combining roadway

inventory, pavement performance, historical crash, environmental, and socio-economic

information on roadway segments. The following lists the sources used to collect data

for this research:

¢ The Maintenance Division of VDOT collects pavement condition data such as
distress, rutting, faulting and pavement ride quality data roughness (IRI) for the
interstate highway network on annual basis and non-interstate bi-annually. VDOT
collects this data using digital imagery and automated crack detection methodology as
part of the Inventory and Condition Assessment Survey (ICAS). Included in this
dataset is roadway profile data: IRI left wheel path, right wheel path and average, the
severity of transverse and longitudinal cracking, traverse and longitudinal reflective
cracking, alligator cracking, and bleeding, along with pothole count, area of
delamination and patching, average rut depth, pavement type, and critical condition
index. VDOT first began collecting this data in 2007 in addition to the pavement
performance data collected; various pertinent roadway inventory data are collected.

¢ Accident-level crash data was generated from the Virginia’s crash database which is a
collection of data for actual police crash reports. In order to aggregate this data with
the pavement condition information, the raw crash data file consisted of statewide
crash information from the VDOT’s Traffic Engineering Division. It provides
detailed information on each individual crash but is limited to only those crashes
responded to and reported by a State Police officer. This database also includes

roadway inventory, environmental and travel exposure data at the time and scene of
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the crash. Across the country, similar databases are used to perform problem
identifications and to support the development and evaluation of potential
countermeasures.

¢ Roadway inventory, environmental and travel exposure data (i.e., traffic volumes) are
collected from both the pavement performance maintenance and the crash databases.

¢ Socio-economic data was collected from the American Community Survey (ACS). The
ACS is a household survey conducted by the U.S. Census Bureau that currently has
an annual sample size of about 3.5 million addresses. ACS estimates provide
communities with the current information they need to plan investments and services.
Information from the survey generates estimates that help determine how more than
$400 billion in federal and state funds are distributed annually. Each year the survey
produces data that cover the periods of 1-year, 3-year, and 5-year estimates for
geographic areas in the United States and Puerto Rico, ranging from neighborhoods

to Congressional districts to the entire nation.

3.2a. Pavement Condition Data: Roadway Inventory Evaluated

The surveys were conducted in the rightmost traffic lane, usually designated lane one (1)
in the VDOT pavement inventory, while the tabulations, graphs, and discussions below
were extended to a lane mile basis. For example, a one-mile long pavement section with
three lanes in the direction of rating would be reported as three lane miles. Using the
method described above, approximately 5,250 lane miles on interstates are accounted for
in 2007 and 2008 surveys. This inventory is broken down into VDOT districts and then

counties within the districts.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



41

3.2b. Pavement Condition Evaluation Criteria

Table 3 provides a scale for evaluation for the pavement surface distress condition. This
index, developed by VDOT, is the result of experience with previous windshield surveys
and reflects earlier action of the VDOT Pavement Management Engineering Team
(PMET). The PMET action was a decision that pavements with a condition index of less
than 60, referred to as the deficient pavements, would be evaluated further for possible

higher types of maintenance and rehabilitation.

In order to make informed pavement management decisions in Virginia, pavement
distress data are used to determine pavement condition indices. For flexible/asphalt
surfaced pavements the load related distress index (LDR) and non-load related distress
index (NDR) are deduct based indices. For pavements with no discernible load related
distresses, the LDR and NDR are 100. From this value, points are deducted for each
distress that is load related based on severity and/or frequency. These factors are
weighted to those distresses that are more detrimental to the performance of the

pavement. The critical condition index (CCI) is defined as the lower of the two values of

the LDR and NDR.

For rigid pavement, similar deduct values are used to determine the pavement condition
index. The slab distress rating (SDR) is used instead for JCP pavements and the Concrete
Punchout Rating (CPR) and the Concrete Distress Rating (CDR) are used for CRCP |
pavements. However, the same concept of CCI and the same scale in Table 3 apply to the

latter two pavement types as well: SDR is directly equivalent to CCI for JCP pavements,
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and the lower of CDR and CPR is equivalent to CCI for CRCP pavements. In general,
VDOT determined pavements rating less than 60 by either index are considered deficient,
i.e., they need some kind of attention, more specifically, some heavier type of

maintenance/rehabilitation actions.

Table 3. Pavement Condition Definition

Pavement Condition Index Scale (CCI)
Excellent 90 and above
Good 70-89
Fair 60-69
Poor 50-59
Very Poor 49 and below

3.2c. Pavement Condition Data Collection Overview

There are different guidelines in determining the severity of pavement distresses. The
VDOT classifies surface distresses for Asphalt (ACP), Continuously Reinforced Concrete
(CRCP), and Jointed Reinforced Concrete Pavement (JRCP) distresses, as shown in
Table 4. Asphalt is classified as flexible/composite pavement and includes
asphalt/bituminous overlays over jointed concrete (BOJ) and asphalt/bituminous overlays

over continuously reinforced concrete (BOC).
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Distress Category

Composite/Flexible Pavement

Concrete Pavements

Distress Type

Distress Type

Cracking

Alligator Cracks

Transverse Cracks
Longitudinal Cracks
Longitudinal Lane Joint Cracks
Reflective Transverse Cracks
Longitudinal Reflective Cracks

Clustering Cracks
Punchout/Spalled Cracks
Transverse Cracks
Longitudinal Cracks

Patching and Potholes gztg:;;% PCC Patch
Asphalt Patch
Delamination
Surface Defects Bleeding

Surface Deformation

Average Deeper Rutting

Joint Deficiencies

Transverse Joint Spalling
Longitudinal Jt. Spalling
Joint Fault Severity

Miscellaneous

Corner Breaks
Blowups

As mentioned, VDOT maintains the third largest public road network in this country,

covering a total of about 57,900 miles consisting of around 1,945 miles of interstate

highways, 10,405 miles of primary highways and 45,550 miles of secondary roads. The

surface distress data are collected and analyzed on a lane mile basis on all of the

Interstate and Primary pavements (VDOT, 2009).

Vehicles equipped with continuous digital imaging cameras and automated crack

detection technology are used to collect, reduce and process the pavement condition data
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digitally captured for each road segment. These special cameras shoot downward to
digitally capture pavement images for crack detection. Additionally, a camera is used for
a forward perspective view, and two cameras (one left and one right) are used for the
collection of sideward or right-of-way images. This specialized equipment is attached
to vans which allows the data to be collected at highway speeds as they drive along the
pavement. As these vans move along the roadway, specialized automated distress
detection software reduces the downward and sideways digital images and quantifies the
visual pavement distresses. Roughness and rutting data are also captured simultaneously
with the sensors mounted on the vehicles (VDOT, 2009). This automated system uses
route and milepost points for identifying pavement condition locations and summarized
in one-tenth (0.10) mile roadway segments. The four figures below show the size and

location of the wheel paths of the tracing vehicle (VDOT, 2007).
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Figure 4. Lane width greater than or equal to 8 ft. but less than 11.5 ft.
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For evaluating distresses in the pavement prism, the digital imagines are required to
produce a full 14-foot wide view of the pavement surface and have sufficient resolution
to identify cracking of 1/8" inch wide in the downward perspective and 1/4"™ inch wide in
the forward perspective. Using these detailed images, 100% of the pavement segment
between the pavement stripes is evaluated for each applicable distress type. Distress
types are rated/ranked by severity level which are clearly defined as levels 1, 2 and 3 and

quantified in terms of linear feet, square feet or other quantity as applicable.

3.2d. PDVs Collected for Pavement Condition (VDOT, 2007)

The data elements collected are listed in Table 4 (above) for the three main pavement
types: asphalt concrete pavement (ACP), continuously reinforced concrete pavement
(CRCP), and jointed concrete pavement (JRCP). Detailed distress data in terms of
extents and severities are collected and summarized for each 0.1 mile as well as for each

homogeneous section.

As listed above in Table 4, the following are the six types of cracking used to rate asphalt
or flexible/composite pavement which includes asphalt concrete overlays: transverse,
longitudinal, longitudinal lane joint, reflective transverse and longitudinal, and alligator.
Reflective transverse and longitudinal cracks are used only in rating asphalt concrete
overlays. In general, cracks are rated as “open” if they are greater than Y4 inch wide and
deemed “close” if less than or equal to ¥4 inch wide. Transverse cracks run perpendicular
to the roadway centerline are random, and the presence of these cracks reduces the NDR

index value. Transverse cracks are rated at two severity levels with Severity Level 1
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being cracks that are sealed and the sealant is in good condition and Severity Level 2,
unsealed cracks. Longitudinal cracks run predominately parallel to the roadway
centerline and for rating purposes; only those cracks outside the limits of the wheel paths
are counted as longitudinal. The ones found in the wheel path are counted as alligator
cracks as explained below. Longitudinal cracks reduce the NDR index value and are
classified in two severity levels similar to transverse cracks. Longitudinal lane joint
cracks are those typically found near the edges of the lanes but is only classified as a
distress crack when the crack is severe enough to hold water. The presence of this type

of crack reduces the NDR index value.

Reflective cracks, both transverse and longitudinal, are used to rate BOJ and BOC
pavements occur in asphalt overlays over jointed concrete pavements primarily at the
location of the joints. Transverse reflective cracks are rated over bituminous overlays
where the underlying concrete pavement is jointed perpendicular to the centerline of the
roadway. Longitudinal reflective cracks are rated for asphalt overlays (BOC) over
continuously reinforced concrete pavement (CRCP) primarily located along the straight
longitudinal joints parallel to the centerline of the roadway that break through the asphalt.
Both types of reflective cracks have three levels of severity. Level one is a closed but
unsealed crack with a width less than Y4-inch. Level two cracks are open with a width
equal to or greater than Y4-inch but less than 34-inches or if level one or level two cracks
are within one foot spacing. And level three cracks have aAwidth greater than or equal to
%-inch or have width more than Y4-inch and are deteriorated for a width greater than six

inches or two adjacent level two and/or level three are within one foot of each other.
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Fatigue, alligator cracks, occur in areas that are subjected to repetitive heavy wheel loads
and consequently are found only in wheel paths. They usually begin as longitudinal
cracks and over time under heavy loads start to branch out into groups of cracks that
connect forming a pattern that resembles the skin of an alligator. They are ranked in

three severity levels with the two highest levels showing signs of the asphalt spalling.

Patching, potholes, delamination, bleeding and rutting are the other pavement distresses
that VDOT captures in order to evaluate bituminous concrete pavement. Patching is
areas where the pavement overlay has been repaired by removing and replacing small
sections or where asphalt material has been placed to repair a crack. There are no
severity levels and the presence of patching will reduce the NDR if it occurs outside the
wheel path and reduces the LDR if they are found in the wheel path. Potholes are holes
in the pavement usually extending into more than one layer. There are no severity levels,
and their presence reduces the LDR index. Delamination reduces the LDR index, has no
severity levels and occurs primarily in the wheel path where there is a loss of adhesion
between the surface and underlying layers. Bleeding has two levels of severity and can
occur randomly throughout the pavement width but primarily in the wheel path. The
surface appears shiny or reflective, and it is due to excessive liquid asphalt in the
bituminous concrete mix. Under warm temperatures, the surface can feel tacky. The
presence of bleeding reduces the NDR index. The presence of rutting reduces the LDR
index and is primarily found in the wheel path where the pavement is subjected to heavy
loads. Rut depths are collected using laser sensors where a minimum of twelve points are

required to calculate the depth. These calculations are made using two methods as
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defined in ASTM — “straight edge” and “wire”. Table 5 summarizes the pavement

condition distress variable for ACP.

Table 5. PDVs for Asphalt Pavement

Distress Variable (ACP) Pa{,‘;'l‘::“‘ Severity V“‘Tryi;"ef'e
Transverse Cracking Severity BIT/BOJ/BOC | 1,2 Categorical
Longitudinal Cracking Severity BIT/BOJ/BOC | 1,2 Categorical
Longitudinal Lane Joint Severity BIT/BOJ/BOC | 1,2 Categorical
Reflective Transverse Cracking Severity BOJ/BOC 1,23 Categorical
Reflective Longitudinal Cracking Severity | BOJ/BOC 1,23 Categorical
Alligator Cracking Severity BIT/BOJ/BOC | 1,23 Categorical
Patching Area - wheel path BIT/BOJ/BOC | S.F. Continuous
Potholes Count BIT/BOJ/BOC | Count Continuous
Delamination Area BIT/BOJ/BOC | S'F. Continuous
Bleeding Severity BIT/BOJ/BOC | 1,2 Categorical
Average Depth Rut BIT/BOJ/BOC | Inch Continuous
Critical Condition Index (CCI) ALL Index Continuous

For this study, the PDVs for jointed concrete pavement (JRCP) are corner breaks,

spalling of transverse and longitudinal joints, transverse and longitudinal cracking, PCC

and asphalt patching, blowups and joint fault severity. Corner-breaks have two severity

levels and are characterized by a cracked portion of the slab where the transverse joint

intersects the longitudinal joint which makes approximately 45-degree angle with the

direction of travel. Spalling at the joints is not ranked in severity; rather, these areas are

counted. They are defined as breaking or chipping at the edge or within one foot of the

joint and the count is number per slab. Transverse and Longitudinal cracks are defined

on concrete pavements similar to those found on bituminous concrete pavements.
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Patching is also defined and rated similar to asphalt pavement where a portion greater
than one square foot has been removed and replaced with like material or with hot mix
asphalt. Concrete patches have three levels of severity, and asphalt patches are counted
per slab. Localized upward movement of the concrete surface at transverse joints, or at
random cracks, are called blowups. They are not ranked by severity but may greatly
impair the ride quality of the pavement. They are counted by number-per-slab and often
cause shattering of the concrete in, or near, the area. The joint fault severity distress
variable is defined by the condition of the joint seal. It is considered to be damaged when
the seal allows water and other incompressible substances to infiltrate the joint. They are

rated by either being fully sealed or unsealed. Table 6 summarizes the PDVs for JRCP.

Table 6. PDVs for Jointed Reinforced Concrete Pavements

Distress Variable (JRCP) Pavement Severity/ Variable
Type Units Type

Transverse Cracking Severity JRCP 1,2 Categorical
Longitudinal Cracking Severity JRCP 1,2 Categorical
PCC Patch Severity JRCP 1,23 Categorical
Asphalt Patch JRCP # of Slabs | Continuous
Number of Transverse Joints JRCP Count Continuous
Transverse Joint Spalled JRCP # of Slabs | Continuous
Longitudinal Joint Spalled JRCP #of Slabs | Continuous
Corner Breaks Severity JRCP 1,2 Categorical
Blowups JRCP # of Slabs | Continuous
Joint Fault Severity JRCP 1,23 Categorical
Index Value Slab Distress Rating (SDR) JRCP Index Continuous
Index Value Slab Faulting Index (SFI) JRCP Index Continuous
Critical Condition Index (CCI) ALL Index Continuous
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Continuously reinforced concrete pavement (CRCP) is rated by VDOT using the
following PDVs: traverse, longitudinal, clustering, punchouts and spalled “Y” cracks,
patches and longitudinal joint spalling. Traverse and longitudinal cracks are ranked in
three levels of severity and are collected and defined similar to asphalt and jointed
concrete pavement. Clustered cracking has two levels of severity and is defined as a
group of transverse (3 or more) with an average spacing of two feet or less. Punchout
and spalled cracks are counted in number of occurrences and square feet. A punchout is
a section of the concrete slab that has broken into two or more pieces and is often
comprised of two closely spaced transverse cracks, one short longitudinal located at the
edge of the pavement or a longitudinal joint. When one transverse crack begins within
another transverse crack and radiates to the edge of the pavement it forms a *“Y” crack.
They are counted and not rated by severity. Concrete and Asphalt Patching of CRCP is
defined and rated similar to JCP. Spalling of longitudinal joints is defined as the
breaking or chipping at the slab edges and within one foot of a longitudinal joint. These
areas may be filled temporarily with hot mix asphalt concrete. There are no levels of
severity for longitudinal joint spalling and they are recorded/counted in linear feet. Table

7 summarizes the PDVs for CRCP.
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Table 7. PDVs for Continuously Reinforced Concrete Pavement

Distress Variable (CRCP) PType | S¢Verity/ | Variable
Units Type
Transverse Cracking Severity CRCP 1,2,3 | Continuous
Longitudinal Cracking Severity CRCP 1,2,3 | Categorical
Clustered Cracking Severity CRCP 1,2 Categorical
Longitudinal Joint Spalling CRCP Feet Continuous
Punchouts and Spalled Ycracks CRCP Count | Continuous
PCC Patch Severity CRCP 1,2,3 | Categorical
Asphalt Patching CRCP S.F. Continuous
Index Values Concrete Distress Rating (CDR) CRCP Index Continuous
Index Values Concrete Punchout Rating (CPR) CRCP Index Continuous
Critical Condition Index (CCI) ALL Index Continuous

3.2e. Roughness Data Collected for Ride Quality

As mentioned above, along with the pavement condition data roughness and rutting data
are simultaneously using sensors mounted on the data collection vehicle. From this data,
ride quality information is determined and reported in IRI format for the left and right
wheel path and from this information the average IRI is calculated all three types of

pavement.

3.2f. Ride Quality Evaluation Criteria

Ride quality is defined by the public as a road that has minimal bumps/roughness and
provides a smooth ride for an extended length. Pavement roughness is an expression of
roadway irregularities that adversely affect the ride quality of a vehicle and thus the user.
Ride quality is expressed in terms of International Roughness Index (IRI), measured in

inches/mile.
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Table 8 (VDOT, 2009) contains two IRI scales used for evaluation of the pavement ride

quality survey: one set for Interstate and Primary highways, and the other for Secondary

roads. It needs to be pointed out that ranges of IRI values corresponding to qualitative

descriptors of ride quality were built upon similar categories promulgated by FHWA and

incorporated consensuses from VDOT pavement experts regarding what thresholds were

considered appropriate to represent acceptable roughness levels on Virginia highways.

Pavements with poor and very poor ride quality are said to have deficient ride quality.

Table 8. Pavement Ride Quality Definition

Pavement Quality
Category IRI Rating (inch/mile)
Interstate and Primary Secondary

Excellent <60 <95
Good 60 to 99 95to 169
Fair 100 to 139 170 to 219
Poor 140 to 199 220to 279

Very Poor > 200 2280

On interstate and primaries, the data are collected on the entire network, but on the

secondary pavements the data are collected on a 20 to 25% sampling basis. (VDOT,

2009)
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3.2g. Pavement Data Collection Quality Assurance

To ensure the final pavement condition data are meaningful, VDOT conducts an
independent QA process. For data collection, the QA process began with evaluation of
control sections comprised of ACP, CRCP and JCP for interstate, primary and secondary
systems. Field evaluations are conducted on three control sections, and image
evaluations were completed on 19 control sections distributed over the system and
pavement types. The control sections were used to calibrate the pavement distress rating
process and to establish the precision and bias values for the roughness and rutting

measurements (VDOT, 2009).

The precision term as specified in ASTM E177 is used for QA checks for the rutting and
roughness comparison, and the data-collection vehicle is considered acceptable if it is

capable of collecting rutting and roughness data within a specific precision range.

For the production ratings, nineteen batches of data including interstate, primary and
secondary system ACP, JCP and CRCP pavements, are delivered to and reviewed by the
independent data verification and validation (IV&V) contractor. Five percent of the data
delivered in each batch were randomly chosen for QA and rated independently by the
IV&YV contractor. A batch is considered to have passed the QA checks when the CCI
index values from the production data lies within 10 points of the CCI values from the
IV&V ratings for 90% of the i)avcment length. In addition to the random 5% QA checks,
a “high-level” data review consisted of reasonableness, and a completeness check was

conducted for each delivery table (VDOT, 2009).
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33 Data Processing and Aggregation

To create the unique study specific datasets that combine crash data with pavement ride

quality and condition data (PDVs) at the site/point of the crash and intervals upstream of

the crash, the following steps were conducted:

Crash data:

¢ VDOT compiles crash data by year. For this study, the baseline data was collected
for the years 2007 and 2008.

¢ Querying both crash data sets determined the number of crashes on each interstate
route.

® A table was created showing the number of crash cases for each interstate to
determine how crashes were distributed throughout the routes. From this
information, specific interstate routes were selected for the study.

¢ As mentioned above, five (5) of the major interstate routes were selected for this
study, and they are: 1-64, 1-264, 1-95, I-81 and 1-395.

* Once the routes were selected, crash data for each interstate route was queried from
the baseline data set for the years 2007 and 2008 and sorted by direction and
milepost.

¢ Ten (10) crash datasets were created for each of the study’s five (5) interstate routes
for each year in both directions. This was done for years 2007 and 2008 for 20

datasets.
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Table 9. List of crash datasets

Direction/Route(Total Crashes)

East West North South
1-64 (9342) 1-64 (9063)
I-264 (1480) 1-264 (1844)

1-95 (3560) 1-95 (4219)
1-81 (2037) I-81 (2111)
1-395 (366) 1-395 (347)

Pavement Condition Data:

¢ VDOT is broken into nine (9) districts with District 9 being Northern Virginia
(NOVA). Each District is responsible for the condition of the pavement within its
geographical boundaries and therefore the pavement condition data are provided by
District.

¢ Annual pavement condition data are collected for each of the nine Districts by type of
pavement (ACP, JRCP, and CRCP) and facility classification (interstate, primaries
and secondaries).

e VDOT creates Excel spreadsheets for each type of pavement, facility classification by
district. This serves as the baseline pavement condition data for this study.

* As mentioned above, this study is limited to five of the major interstates in the state.
From the beginning to the end of each route, the counties that the routes traveled
through each district were determined by direction. A list of these counties was

developed along the direction of each route (i.e. east, west, or north, south).
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¢ From the district-wide baseline pavement condition dataset, pavement condition data
was queried for the counties listed in the step above for each of the study’s routes.
This provided pavement condition data by route for each county along the route.

¢ This county data was compiled to provide complete pavement condition data per
direction per type of pavement (ACP, CRCP, and JRCP) for each of the study’s
interstate highways.

* Route I-64 contains all three pavement types; ACP, CRCP and JRCP. Route 1-264
contains ACP and JRCP, and the remaining routes, 1-95, I-81 and I-395, have only
ACP. For the two routes, I-264 and I-64, that have different types of pavement two
and three separate pavement type datasets were compiled, respectively.

e The result was 16 pavement condition datasets for each year, 2007 and 2008, for 32
datasets. There is one final pavement condition dataset per direction for each of the

study’s interstate roadways.

Table 10. List of pavement condition datasets

Pavement Direction / Routes (Total Crashes)
Type
East West North South
ACP 1-64 (3759) | 1-64 (3786)
1-264 (773) | 1-264 (757)
1-95 (3560) | 1-95 (4219)
I-81 (2037) | I-81 (2111)
1-395 (366) | 1-395 (347)
JRCP I-64 (2730) | 1-64 (2903)
1-264 (707) | 1-264 (1087)
CRCP I-64 (2853) | 1-64 (2374)
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Determining the pavement condition at the point of the crash:

e Pavement condition is collected directionally along the route based on the direction of
the route for each county in the district. If collecting from a north/south route the
data are collected starting south and moving north. Data are collected every 1/10" of
a mile. For this example, I-81N data was collected starting at the south end at the
Virginia state line in Washington County.

® The milepost of the route where the crash occurred is collected in the crash data.

¢ However, pavement condition data are collected and start at 0.0 mile for each county
in each district. For this example in Washington County, the pavement condition data
for I-8 1N start at the southern end of the county, and the data point is 0.0. This is also
the beginning milepost for I-81N in Virginia. When crossing into the next county to
the north, the pavement condition data point goes back to 0.0. This is not the
milepost for the route. However, knowing the milepost at the southern point of I-81N
in this county, the pavement condition location data point can be translated to a
milepost.

®  Once this calculation is completed, both the crash data and the pavement condition
data have mileposts as a spatial reference.

* As mentioned above, there are 10 crash data sets and 16 pavement condition datasets
for each year. Therefore, 6 additional crash datasets had to be created for the JRCP
and CRCP pavement types of 1-64 and 1-264.

¢ Using the milepost as a common reference the crash data was correlated for the JRCP
and CRCP pavement types of I-264 and CRCP of I-64. Three additional crash data

sets were created for these pavement types for each direction resulting in 6 additional
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crash datasets. These were 16 total crash datasets for both study years totaling 32
crash datasets.

The crash dataset was combined with the pavement condition dataset with crash data
in one sub-worksheet and pavement condition data in another sub-worksheet. This
resulted in 32 datasets, 16 for each study year.

Using the VLOOKUP command in the Excel software the milepost for the crash was
used as the lookup value. This was correlated to the same milepost for the pavement
condition dataset, and the pavement condition data for this specific milepost (crash
scene) was extracted from the appropriate pavement condition dataset and inserted
into the crash data set. This is an automated process, and it was repeated for each
route.

In order to meet objective two of this research and evaluate in more detail the spatial
component of the pavement condition the condition, of the pavement at specific
intervals upstream of the crash was determined. The intervals upstream of the crash
used were 0.10, 0.15 and 0.20 miles and the following process was used.

The process is similar to that described above but before using the VLOOKUP
command a point of interest location upstream of the crash was calculated using one
of the specified intervals (0.10, 0.15, or 0.20). This was done by simple subtracting
one of the upstream intervals from the crash site milepost.

For example, an additional column was added, and using a simple fomula, values
were calculated by subtracting 0.1 from the values in the actual milepost of the crash

site column.
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® These newly calculated values (0.1miles upstream of crash) were used as the lookup
value, and the pavement condition data for a specific milepost upstream of the crash
were extracted from the appropriate pavement condition dataset and inserted into the
crash data set.

® The process was repeated for each interval and each route and then combined into one
dataset which included crash and pavement condition information at each interval
upstream of the crash.

e At this point, there remained 32 datasets, each containing five (5) sub-worksheets for

pavement condition data, and crash data combined with pavement condition data for

locations at the site of the crash and 0.10, 0.15 and 0.20 miles upstream of the crash
site.

¢ Final data aggregation and compiling for modeling occurred.

* To ensure the integrity of both the crash and pavement condition data during the
aggregation process the datasets remained close to their original form with the routes
broken out by directions and study year.

* However, to serve the objectives of the study and for modeling purposes, these
individual datasets were combined by year and direction to create one dataset for each
route for both direction and both study years.

® The final step was to turn the pavement condition predictor variables into binary
variables. Using the IF statement in Excel, if the predictor variable was zero the
number O was entered; if not, the number 1 was entered. Therefore, if the distress

variable was present a 1 was entered and if not 0.
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years by route.

* These datasets were further combined for type of pavement, and Table 11 lists the

final datasets and the number of crashes by pavement types. This resulted in a total
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of three (3) primary datasets, one for each type of pavement ACP, CRCP and JRCP.

¢ To evaluate the effects of pavement type on crash outcomes common, pavement
distress variables were determined, and datasets with these predictor variables were

created for each pavement type ACP, CRCP and JRCP.

Table 11. Total number of Crashes by route

Total Number of Crashes

Route

ACP (63%) CRCP (15%) JRCP (22%)
I-64 7472 5190 5577
[-264 1517 1772
I-81 4122
I-95 7740
I-395 704

On road-use level, five roadway physical characteristic, three environmental are used
along with the PDVs are used for each of the three pavement types; ACP, JRCP and

CRCP. For ACP there are twenty-one pavement distress variables for each of the four

critical locations for a total of ninety-six predictor variables. For JRCP there are nineteen

PDVs for a total of seventy-six predictor variables, and for CRCP there are eighteen

PDVs for a total of seventy-two predictors. Descriptions of the common dependent and

explanatory variables used in the analysis and the explanatory PDVs used in the
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evaluation of the influence of PDVs on the outcomes of crashes, given a crash occurs, are

provided in the four tables below.

Table 12. Common explanatory variables used in the analysis

Variable Description
Dependent Variables
INJURY Crash had an injury Lif injury, 0if no
injuries
REAREND Crash type was rear-end 1 if rear-end, O if other
Explanatory Variables
Road Use SPEEDLIMIT | Posted speed limit of route Mph
Physical Characteristics | | s\ NECOUNT Number of lanes Count
of the Road
ALIGN Alignment of the road 1= Straight, 0= all
other
WZ Work zone present 1= Yes, 0= No
SURFWIDTH Width of roadway Feet
SHLDRWIDTH Width of shoulder Feet
Environmental WEATHER Weather C(Zr::;gons during 1= Clear, 0= Not clear
SURFCOND Condition of the riding I= Dry, 0= Not dry
surface
LIGHTING Light condition 1= Day, 0= Night

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 13. Explanatory variables used in the analysis for ACP

64

Variables Description

IRI Internal Roughness Index Average Value

TC1 Transverse Cracking Severity 1 Presence=1, absence=0
TC2 Transverse Cracking Severity 2 Presence=1, absence=0
LCl Longitudinal Cracking Severity | Presence=1, absence=0
LC2 Longitudinal Cracking Severity 2 Presence=1, absence=0
LLJ1 Longitudinal Lane Joint Severity 1 Presence=1, absence=0
LLJ2 Longitudinal Lane Joint Severity 2 Presence=1, absence=0
RTCI Reflective Transverse Cracking Severity 1 Presence=1, absence=0
RTC2 Reflective Transverse Cracking Severity 2 Presence=1, absence=0
RTC3 Reflective Transverse Cracking Severity 3 Presence=1, absence=0
RLC1 Reflective Longitudinal Cracking Severity 1 Presence=1, absence=0
RLC2 Reflective Longitudinal Cracking Severity 2 Presence=1, absence=0
RLC3 Reflective Longitudinal Cracking Severity 3 Presence=1, absence=0
ACI Alligator Cracking Severity | Presence=1, absence=0
AC2 Alligator Cracking Severity 2 Presence=1, absence=0
AC3 Alligator Cracking Severity 3 Presence=1, absence=0
PATCH Patching Area - wheel path Presence=1, absence=0
POT Potholes Count Presence=1, absence=0
DELAM Delaminations Area Presence=1, absence=0
BLEED!I Bleeding Severity 1 Presence=1, absence=0
BLEED?2 Bleeding Severity 2 Presence=1, absence=0
RUT SE Average Deeper Rut (Straight-edge) Value

RUT WM Average Deeper Rut (Wire method) Value

CC1 Critical Condition Index Value
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Variables Description

IRI Internal Roughness Index Average Value

TCS1 Transverse Cracking Severity 1 Presence=1, absence=0
TCS2 Transverse Cracking Severity 2 Presence=1, absence=0
TCS3 Transverse Cracking Severity 3 Presence=1, absence=0
TC TOT Transverse Cracking Total Number Presence=1, absence=0
TC SPACING Transverse Crack Average Spacing Presence=1, absence=0
LC1 Longitudinal Cracking Severity 1 Presence=1, absence=0
LC2 Longitudinal Cracking Severity 2 Presence=1, absence=0
LC3 Longitudinal Cracking Severity 3 Presence=1, absence=0
CCSl1 Clustered Cracking Severity 1 Presence=1, absence=0
CCS2 Clustered Cracking Severity 2 Presence=1, absence=0
LIS Longitudinal Joint Spalling Presence=1, absence=0
PUNCHOUT Punchouts and Spalled Ycracks Presence=1, absence=0
PCCP1 PCC Patch Severity 1 Presence=1, absence=0
PCCP2 PCC Patch Severity 2 Presence=1, absence=0
PCCP3 PCC Patch Severity 3 Presence=1, absence=0
ASP PATCH Asphalt Patching Presence=1, absence=0
CDR Index Values (Concrete Distress Rating) Value

CPR Index Values (Concrete Distress Rating) Value

CC1 Critical Condition Index Value
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Variable Description

IRI Internal Roughness Index Average Value

TCS1 Transverse Cracking Severity 1 Presence=1, absence=0
TCS2 Transverse Cracking Severity 2 Presence=1, absence=0
LCS1 Longitudinal Cracking Severity 1 Presence=1, absence=0
LCS2 Longitudinal Cracking Severity 2 Presence=1, absence=0
PCCP1 PCC Patch Severity 1 Presence=1, absence=0
PCCP2 PCC Patch Severity 2 Presence=1, absence=0
PCCP3 PCC Patch Severity 3 Presence=1, absence=0
ASP PATCH Asphalt Patch Presence=1, absence=0

NUMBER T_JTS

Number of Transverse Joints

Count

TJS Transverse Joint Spalled Presence=1, absence=0
LIS Longitudinal Joint Spalled Presence=1, absence=0
CBSI Corner Breaks Severity 1 Presence=1, absence=0
CBS2 Corner Breaks Severity 2 Presence=1, absence=0
BLOWUPS Blowups Presence=1, absence=0
JFS1 Joint Fault Severity 1 Presence=1, absence=0
JFS2 Joint Fault Severity 2 Presence=1, absence=0
JFS3 Joint Fault Severity 3 Presence=1, absence=0
CCl Critical Condition Index Value
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CHAPTER FOUR

4.0 EMPIRICAL SETTING AND MODELING METHODOLOGY

4.1 Empirical Setting

The modeling process began by reviewing the objectives of the study and the descriptive
statistics to determine trends in the data, so the appropriate models can be used to make
accurate inference from the sample data to the population. The primary purpose of this
research is to determine if pavement condition, type and ride quality based on various
PDVs are related to crash outcomes. As mentioned, this study uses the detailed
pavement condition data collected annually by VDOT to assess overall pavement
condition for each of the nine (9) Districts. Each of these PDVs are described/listed
above in the previous chapter and used in this pavement condition assessment. It was
shown in the literature review of previous transportation safety studies that the condition
of the pavement is associated with both the frequency and severity of crashes. Therefore,
because each of the PDVs listed affects the conditions of the pavement, it is the primary
hypothesis of this study that each of these PDVs could possibly play a role in this

relationship.

In the data aggregation procedure described in the previous chapter the pavement
condition data and the crash data collected at the site of the crash were combined by
correlating a milepost to the pavement condition data collect every 10™ of a mile. By
determing a common milepost the spatial aspects of the data are confirmed. However,

crash data are collected at, or near, the time of the crash, and the pavement condition data
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are collected annually. This annual data is used for future planning purposes as funding
allows for pavement maintenance and not for scheduling immediate or regular
maintenance activities. While there may be some areas that need and receive immediate
attention, the majority of the interstate segments in this research do not fall into this
category. Therefore, this study makes a reasonable assumption that the annual pavement
condition data as tabulated is indicative of the actual pavement condition at the time of
the crash. In addition, only a few PDVs would be critical enough to require immediate
remedial actions (e.g., potholes), thus nullifying this assumption. For those interstate
roadway segments that could possibly require more frequent maintenance, the results and
conclusions may not be as robust. This will be noted when interpreting the results in the

following chapters.

Like most traffic safety problems, this study uses the traditional three-dimensional
approach which includes exposure, crash risk and injury consequence. In this case,
exposure is the condition and ride quality of the pavement along with socio-economic
environment where the crash occurs.  Risk is defined as the relationship between the
crash and exposure. However, in order to be able to compare and rank road safety
problems it is also necessary to find out the magnitude and character of the activities that
generate the problems — the exposure (OECD, 1997). Therefore, the empirical
relationship (magnitude and significance) between the crash consequences and these
exposure elements shall be used to predict an individual’s risk of having a crash with a
certain outcome. This study is limited to the major interstate routes in Virginia where

accurate and robust data are available for the years 2007 and 2008.
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4.2  Modeling Methodology Overview

This section explains and outlines the development of the statistical models used to
obtain the goals of this research. Presented in this chapter, and subsequent chapters, is
general information on traffic safety modeling techniques, brief description/reasons for
applying multilevel models, and a more detailed description of the models developed to
meet the objectives of this research. So that we might discover un-bias associations
between the crash outcome response variables and the many pavement distress predictor
variables included in the datasets, it is important to note that this research makes a

primary hypothesis but is an exploratory test that makes no a-priori assumptions.

As mentioned, traffic safety has promulgated an enormous amount of research. To date,
the factors shown to have a direct relationship to vehicle crashes have been grouped into
three primary categories: human, environmental/roadway and traffic. From a general
quality of life issue it is critical that research focus on ways to better understand the
detailed dynamics of the crash so countermeasures can be identified to reduce the number
and/or severity of accidents. Unfortunately, capturing the amount of data necessary to
comprehensively account for each of these primary categories is extremely time
consuming and costly and, therefore, in most cases, is not available. In fact, only recently
has there been a movement to initiate studies to focus on the fundamental questions
relating to the casualty of crashes — the casual mechanisms — based on naturalistic driving

information.
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As a result, in order to handle the spatial and temporal elements associated with crashes
and ensure adequate data are available for the estimation of statistical models, researchers
have framed their approach to study the casual mechanisms occurring in a specific area
over a specified time frame (Lord and Mannering, 2010). To date, two general types of
models are used: models to predict the frequency/totals of crashes (predictive model) and
ones to estimate the significance of the factors related to the severity or type of crashes
(consequential model i.e., based on the post-crash condition given a crash occurred).
While crash frequency modeling offers many benefits, it only provides weighted average
effects of various factors on crashes (Kim, et al., 2007). It is limited in its ability to
quantify the significance of the relationships between specific crash types/severity and
various roadway characteristics. With this being the primary objective of this study, this
research will use crash-level data to develop statistical models focused on predicting
which pavement condition factors increase/decrease the probability of a certain crash
outcome. Additionally, and because different crash types require different safety
countermeasures (Kim, et al., 2006), this will provide unique information to traffic safety

engineers allowing them to target countermeasures more appropriately.

This research is predicated on the premise that condition, type of pavement and ride
quality of the pavement surface have an effect on the outcome of a crash and uses crash
data combined with pavement condition data. The crash outcomes (dependent variables)
are binary variables that are discrete, non-normally distributed. Therefore, to estimaté the
significance of the independent variables (pavement condition and ride quality) on

discrete binary outcomes, non-linear conditional consequence models shall be applied. In
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these models, a complex matrix of explanatory variables using only information about the
crash are analyzed to determine which factor(s) may influence the probability of having

one type of crash.

The most widely used consequence model used for this application is the logistic
regression model where the odds-ratios are calculated in order to test whether one
phenomenon has an effect on another. In other words, it estimates the probability an
outcome (dependent variable) will occur with certain characteristics (independent
variable(s)). However, it does not make exact predictions, only probabilities within a
specified confidence level. For example, if the speed(s) of the vehicle(s) are known from
the crash report, the model will estimate by what amount the odds of having a rear-end
crash are increased or decreased due to going too fast. However, it cannot predict how
many rear-end crashes will occur from speeding (or other factors), and care has to be
taken to ensure it does not over simplify the complex nature of these events resulting in

conclusions that could be potentially misinterpreted (Jones and Jorgensen, 2001).

Additionally, it is important to thoroughly analyze each crash type in order to identify
specific sites that may be at risk because different crash types at different locations
require different safety precautions. There is a-priori reason to believe that roadway,
environmental and traffic variables are associated with different crash types (Kim, et al.,
2007). This research, for the reasons explained 5elow, will explore in more detail the
effects of the location of the crash by exploiting the hierarchical nature of crash to

analyze the land use/socioeconomic factors that may impact the number and
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consequences of crashes. This will provide unique and valuable insights so that effective
countermeasures can be identified. This objective is a common one to most research in
traffic safety, but seeking to model crashes for various types of outcomes can lead to
potentially serious statistical problems because there is an obvious correlation between
injury severities and collision type (Lord and Mannering, 2010). To account for these
cross-model correlations and accomplish the third objective of this study, multilevel
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