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CHAPTER 1. INTRODUCTION

The overall objective of this research effort is to investigate the volume, characteristics,
costs, and safety implications associated with tire debris (TD) on Texas highways since no
metrics of TD currently exist for the state of Texas.

Chapter 2 includes a literature review of previous research conducted on the topic of TD
and its implications. This chapter includes literature sources that identify and describe the
volume of TD produced on U.S. highways, the costs of removing TD for various jurisdictions in
the United States, TD disposal practices around the country, and the involvement of TD in
crashes.

Chapter 3 summarizes a statewide survey of Texas Department of Transportation
(TxDOT) districts concerning their TD removal practices. The chapter provides an overall view
of the survey design and process followed to contact Texas districts and summarizes the
responses received from the districts interviewed. In addition to the responses to the survey, this
chapter also presents an analysis on the cost of road debris removal in fiscal year (FY) 2013 and
2014. This analysis uncovered key differences between districts regarding debris removal
activities and contactors’ pay in proportion to debris removal work.

Chapter 4 documents the methods and activities required to obtain data from a set of sites
statistically representative of Texas highways. This chapter documents the design and
development of a probability sample, the rationale of the sampling procedure, and the
optimization of the sampling parameters prior to data collection. This chapter also outlines the
work plan developed to collect the field data and general considerations adopted prior to begin
data collection. This chapter also documents the development and fine-tuning of a high-capacity
image acquisition system for collecting a massive photographic database from the district visits.
This chapter provides a brief description of the analytical framework developed for processing
the photographic database. This chapter also describes the collection and processing of samples
of TD obtained from the field visits.

Chapter 5 documents a safety assessment of TD on Texas highways. The researchers
present a description of the mining and analysis of the Texas crash database, including a revision
of 2,247 crash narratives in search of direct evidence of TD crashes. This chapter next presents
various exploratory analyses of the trends of TD crashes in Texas and a formal statistical

assessment of the TD crashes identified.



Chapter 6 provides statewide estimates of TD for Texas. This chapter describes the
methodology to obtain estimates for the following key metrics: amount of observable TD,
frequency of debris removal activities, TD generation rates, and total amount of TD generated
yearly on Texas highways. Additionally, this chapter presents a cost analysis of TD removal,
disposal, and its safety outcomes. Finally, conclusions and recommendations are presented at the
end of this chapter.

In addition to the six chapters described above, this report has a list of references and

three appendices.



CHAPTER 2. LITERATURE REVIEW

This chapter comprises a comprehensive literature review on the topic of TD. The authors
reviewed sources that identify and describe the volume of TD produced on U.S. highways, the
costs to various jurisdictions for removing TD, the procedures for how TD is disposed of around
the country, and previous research that investigated the involvement of TD in crashes. This
literature review also identified knowledge gaps that the researchers remained mindful of during
subsequent tasks.

VOLUME OF TD PRODUCED ON U.S. HIGHWAYS

The U.S. Environmental Protection Agency (EPA, n.d.) estimated that the United States
in 2003 generated 290 million scrap tires. EPA reported that about 80 percent of this quantity
was absorbed by various markets for scrap tires, including fuel generation and recycling for
construction projects or rubber products. Another 5.7 percent of the scrap tires were retreaded.
Approximately 27 million of these tires (or 9.3 percent) were disposed of in landfills or
monofills. These percentages were a significant improvement from previous years. In another
document, EPA (1999) reported that the total estimate of scrap tires in the United States for 1996
was 266 million (only 9 percent less than in 2003), but the number of tires that ended up in
landfills and stockpiles (legal or illegal) was significantly higher—64 million for 1996.

Keep America Beautiful (KAB) is a large nonprofit organization that conducts significant
volunteer-based campaigns to educate communities to take action to keep public spaces clean
(Keep America Beautiful Inc., 2013). In its 2015 annual report (Keep America Beautiful Inc.,
2015), the nonprofit reported that the Great American Cleanup—one of its largest programs—
reached out to 20,000 communities across the United States (including activities in all 50 states,
Puerto Rico, and parts of Canada). During that year, the report highlights picking up
148 million b of litter and debris, among other achievements. Removal activities covered
95,000 mi of roads, streets, highways, and outdoors trails, recovering 918,000 tires for recycling,
compared to 377,000 tires collected the previous year. The efforts from this program, however,

include materials recovered from waterways and parks, not just roadways.



The 2009 National Litter Study

The 2009 National Litter Study (Mid Atlantic Solid Waste Consultants, 2009) was
funded by KAB and conducted by Mid Atlantic Solid Waste Consultants. The final report stated
that 51 billion pieces of litter were left on U.S. roads in 2009, and 4.6 billion pieces were larger
than 4 in. These statistics were based on data obtained from 240 study sites selected from a
national sampling of states that weighted each state by their number of road miles.

The final sample represented 45 states, with a sample stratified by four types of roads
(national highways, state highways, county roads, and municipal roads) and by road character
(urban and rural). In total, eight strata were represented in the sample. Site selection was not
entirely at random but was based on proximity to select metropolitan areas that served as hubs of
operations. All eight types of roads were randomly selected from a 10-mi radius around the
centroids of each of the metropolitan areas using a geographic information systems database. The
radius was extended to 40 mi for larger metropolitan areas.

Consultants from the 2009 national study (Mid Atlantic Solid Waste Consultants, 2009)
calculated rates of litter per mile by type of road found in their sample of U.S. roads. These
consultants estimated the amount of debris per mile is proportional to the hierarchy of functional
class (i.e., more litter per mile at a higher functional class). This trend also implies that debris
frequency should correlate with traffic volume. The same report asserted that TD originated at a
rate of 99 pieces per mile, or 3.02 percent of all accumulated litter found. This document also
made the distinction of fresh litter, of which tire pieces represented 3.00 percent, or 39 pieces per
mile.

A nationwide survey of state departments of transportation (DOTSs) conducted by Andres
(1993) reported that rubber and leather constitute 2.7 percent of municipal solid waste by weight

and 6.1 percent by volume.

Volume of TD in Various Places in the United States

One of the most relevant studies on this matter was conducted in 1999 by Carey and
sponsored by the Arizona Department of Transportation (ADOT). In this study, the author
reported an estimate of 3.3 tons of TD generated weekly in the Phoenix metropolitan area in
1998. In terms of the total amount of debris, the same report stated that the Phoenix Maintenance

District estimated collecting 1,316 tons of debris weekly from state system highways in the



Phoenix metropolitan area (any type of debris). ADOT personnel at the Durango maintenance
yard estimated processing about 364 tons of road debris per day coming from the state highways
under their jurisdiction.

In the ADOT study (Carey, 1999), the author reported that debris volumes vary with
traffic volumes by location and by season. Based on an interview with Arizona district managers
in December 1998, the author reported that about 25.3 tons of TD were collected each week from
seven out of nine ADOT maintenance districts. The yearly projection of that quantity amounts to
1,691 tons (1861 metric tons) of TD generated in Arizona highways in 1998.

The researcher from a 1991 TD study in Pennsylvania (TriLine Associates Inc., 1992)
visited 138 randomly selected highway segments in that state. This study found that TD was the
fifth most prominent type of debris in general, and the most frequent type of accidental debris
found on Pennsylvania roads. In this study, tire shreds represented 6 percent of all litter
(percentage by count of litter items). The author reported that most complaints about litter are in
response to large pieces of debris, typically very prominent and visually unpleasant, such as tire
shreds.

The Department of State Police in 2000 (Department of State Police, Virginia, 2000)
conducted a similar study of TD in Virginia. The Virginia Department of Transportation
collected data for an eight-week period (May 30 to July 30, 1999) at three locations. The
resulting amount of TD was 42,997 Ib collected from 1-95; 42,475 Ib from 1-81; and 42,050 Ib
from 1-81/1-77. In total, 127,522 Ib of TD was found over a distance of 658 mi of interstate
highway during that eight-week period. This finding implies a rate of about 24 Ib per mile per
week.

Lee et al. (2005) reported that California spent about 6 percent of its annual maintenance
budget in 1993 (about $23 million) to remove 218,000 m? (7,698,597 ft) of litter from its
highways and freeways. It is unclear from this statistic, however, what proportion of those
quantities represent TD specifically.

Research by Page and Woodrooffe (2009) reported that a survey of Florida roads in 2006
found TD constituting 14 percent of all visible litter in that state. This same research reported
that 4.4 million tons of solid waste in 1990 (or 2.7 percent) represented rubber and leather
collected by municipalities. The volume-to-weight ratio of these materials, estimated at 2.2, was
the highest among 11 types of debris identified.



Difference between Retread and New Tires

Several researchers have tried to quantify if there is any overrepresentation of retread
tires in roadside TD. Although that question is not the purpose of this project, potential insights
may assist the current research effort.

In the ADOT study (Carey, 1999), the researcher collected and examined TD from the
Phoenix, Arizona, metropolitan area in order to assess its quantity and composition. This study
hypothesized that TD, as well as other types of roadway debris, may represent an important
concern to highway safety when present, but its occurrence is relatively rare. The author
attempted to estimate the expected composition of TD by accounting for exposure (vehicle-miles
traveled [VMTs]) and number of tires in the vehicle fleet. Among other analyses, the author
made a comparison between the expected and observed compositions in the data he collected for
that study. The author prepared a similar comparison between observed and expected proportions
of debris from the data collected by two previous studies funded by the American Trucking
Association. That supplemental comparison strongly suggested truck tires being overrepresented
in the debris he found in Phoenix by a factor of 1.42 (light truck) or 1.43 (medium/heavy truck).
This calculation was based on adjustment factors for federal estimates of vehicle travel and the
average number of tires per vehicle type for 1995.

More recently, in 2007, the University of Michigan Transportation Research Institute
(UMTRI) conducted a debris survey in Florida, California, Indiana, Arizona, and Virginia (Page
and Woodrooffe, 2009). UMTRI collected 85,000 Ib of rubber debris that provided
approximately 1,500 truck tire samples for subsequent failure analysis. UMTRI collected 1,700
tire fragments and 300 casings and classified them as original equipment tread or retreaded tires.
The protocol given to field collection crews specified that “only casings or shreds from large
trucks are required. Tire shreds of a minimum 2 ft (0.6 m) in length and 4 in. (10.16 cm) in
width” (p. 50).

Volume of TD in Texas

The most recent audit report by the Texas Commission on Environmental Quality
(TCEQ, 2010) explains the role of this agency in overseeing the collection, processing, storage,
and recycling or disposal of scrap tires in Texas. This document reported 26 million tires

discarded in Texas in 2009. TCEQ requires of different stakeholders the documentation of scrap



tire volumes, from generation to disposal. The most recent data of scrap tire final use or landfill
disposal in this report correspond to 2009 and are reproduced in Table 1.

Table 1. Texas Scrap Tire Usage and Landfill Disposal in 2009: Table 1 from Tracking the
Fate of Scrap Tires in Texas: An Audit Report (TCEQ, 2010).

Percentage of

Category Pounds Scrap Tire Units* Total
Land Reclamation 100,262,600 5,013,130 19%
Tire-Derived Fuel 166,195,200 8,309,760 32%
Crumb Rubber 29,743,080 1,487,154 6%
Septic/Leachate Drainage 58,413,660 2,920,683 11%
Other End Uses 26,706,060 1,335,303 5%
End Uses Subtotal 381,320,600 19,066,030 73%
Landfill Disposal 140,592,560 7,029,628 27%
Total 521,913,160 26,095,658 100%

*Scrap tire unit (STU). 1 STU = 20 Ib of scrap tire material. This unit is used because scrap tire material can take
many different forms.

Since 1986, Texas has had in place “Don’t Mess with Texas,” an outreach campaign to
keep highways free of litter (Texas Department of Transportation, 2014). The campaign has
financed and published a series of studies on roadway litter in Texas in order to support its
different programs. One of these studies was conducted by NuStats, and published in 2010
(NuStats, 2010). This study collected and characterized litter from four types of roadways
maintained by TxDOT (interstate highways, U.S. highways, state highways, and farm-to-market
roads). The foundation of this study was a probability sample of 129 Texas sites, with each site
constituting 1000 ft of roadway length. Using this sample, the consulting firm developed
statewide projections for various types of litter. This study estimated that 1.1 billion pieces of
litter were left on Texas roads during 2009. Although only a fraction of that grand total, tire parts
represented about 5 percent (or 55 million pieces) of all roadway litter. However, it is not clear if
this category includes tire rubber only, or if other items, such as tire rims, are included as well.

This study states that rubber/leather materials comprised the fourth most common type of
litter left on Texas roads (after cigarette butts, paper pieces, and metals). Compared to results
from a similar study (NuStats, 2005), the 2009 study found a 33 percent increase in the number




of litter pieces since 2005, though the statistical analysis in the 2010 study did not have enough
statistical power to find such an increase statistically significant.

In addition to its statewide characterization of litter, the NuStats study (2010) explored
the correlation of litter frequency to various ancillary variables suspected as influential in the
litter-generation process. This exploratory analysis found a modest but statistically significant
correlation between litter density and average daily traffic counts (r = +0.265, p-value = 0.01

from the null hypothesis of this correlation equals zero).

TD Physical Properties

A set of physical properties of scrap tires is provided by the User Guidelines for Waste
and Byproduct Materials in Pavement Construction, published by the Federal Highway
Administration (FHWA) (2012). The research team deemed some of these properties useful for
developing comparable volume estimates from the literature review, given the variety of metrics
of TD volumes developed by different researchers.

According to this report, a typical scrapped automobile tire is a steel-belted radial tire
(the most common type in the United States), and it weighs 20 Ib. This number is consistent with
the STU defined by TCEQ (2010). Only 12 to 13 Ib of the typical tire consists of recoverable
rubber, most likely composed of 35 percent natural rubber and 65 percent synthetic rubber.
According to the same report, a typical truck tire weighs 40 Ib. According to the Washington
State Department of Ecology (2014), a light truck tire with a rim of 17 in. or less weighs about
35 Ib. In contrast, a large truck tire (i.e., semi-truck tire) weighs between 100 and 110 Ib.

Additionally, the FHWA (2012) guidelines state that the typical tire shred size (from both
passenger cars and trucks) varies from 1 in. to 18 in. The most common particle size ranges from
4 in. to 8 in. These particles are flat pieces of rubber, irregularly shaped with jagged edges that
sometimes contain sharp pieces of metal (which are parts of the steel belt or beads from the tire
that generated the shred). The average loose density of tire shreds ranges from 24 Ib/ft3 to
33 Ib/ft3. Tire chips, in turn, are more uniformly sized pieces of rubber, ranging from 0.5 in. to
3in. in size. Their loose density is slightly smaller because they do not include metal pieces; in
this case, density ranges from 20 to 30 Ib/ft3. Pieces of tread coming from retread tires tend to be

significantly larger, but they are found less frequently.



COSTS OF REMOVING TD

The 2009 National Litter Study estimated that it costs U.S. governments, businesses,
educational institutions, and volunteer organizations around $11.5 million annually to clean road
litter (Mid Atlantic Solid Waste Consultants, 2009). Page and Woodrooffe (2009) articulated that
removing tires and TD often requires additional costs, such as sorting before disposal because
casings and tire shreds are not universally accepted in landfills. The disposal of these materials,
in general, represents a significant cost to jurisdictions. The alternative of leaving this debris on
the roadway carries negative environmental impacts, such as zinc and lead runoff, as well as the
potential for harboring harmful creatures, such as snakes. As mentioned earlier, Lee et al. (2015)
reported that California removed 218,000 m? of litter from its highways and freeways in 1993,
with an associated cost of $23 million. Andres (1993) estimated a cost of $500 million for litter

removal at public areas and roads nationally in the United States.

Manual Removal Procedures

Currently, it is most common for personnel from the agency responsible for these
activities to manually remove highway debris. Strong and Valdes-Vasques (2014) reported that
agency workers are subject to safety risks when engaged in debris removal because these
activities occur in proximity to active travel lanes. Manual collection typically involves leaving
an agency vehicle in the vicinity of large debris and manually removing it (this includes tires,
lumber, cargo loss, rocks, and other types of debris). If the debris was generated by a crash or
erosion of lateral embankments, personnel typically sweep the travel lanes and shoulders before

leaving the scene.

Paid Litter Removal

The ADOT study (Carey, 1999) reported that during 1993, most state DOTs spent
between 3 and 4 percent of their budget on collection and disposal of highway litter. More
specifically, this study investigated the removal procedures and frequency of TD removal in the
Phoenix area. Private contractors picked up most debris in 1999 from the state highway system.
At that time, ADOT had two contractors for sweeping and debris removal on a daily basis
(Saturday through Thursday). One contractor used automated equipment to capture and remove
large debris, such as whole tires and most tire shreds. The second contractor performed sweeping

duties of the median and shoulder areas. Jointly, both contractors dealt with all aspects of



collection and disposal and charged ADOT monthly for those services, including fees at local
landfills. Despite the significant amounts of debris removed by contractors, it is estimated that
ADOT personnel still had to collect about 30 percent of the debris in the Phoenix metropolitan
area. The frequency of these activities varied by season and by the frequency of public requests,
among other factors. It is estimated that the average frequency of removal duties for ADOT
personnel was between once a week and twice a week.

More recently, Conroy-Ben and Christensen (2013) conducted a survey of various state
DOTs about roadside litter collection and disposal. They reported that the Utah Department of
Transportation (UDOT) ceased to use prison crews due to the costs associated with full-time
salaried guards and vehicles required for such crews. Hargadon et al. (2006), reporting on the
costs of various litter and debris removal activities in California in 2006, stated that litter and
debris removal activities are often combined with other maintenance tasks such as landscaping. It
is estimated, however, that labor costs for litter removal account for 25 percent of total labor
costs. In addition to litter pickup, the California Department of Transportation (Caltrans) uses
sweepers to clean the paved roadway. Most often, this equipment is driven in a moving lane
closure with an attenuator attached either to the sweeper or to an additional vehicle. This
equipment can operate between 10 and 14 mph and requires one operator. Typically, a sweeper
can cover 5 to 6 lane-miles in a day. The authors of that study estimated an average hourly labor
rate for Caltrans of $39.15 per worker, which includes a 15 percent overhead rate. Conroy-Ben
and Christensen (2013) pointed out that paid litter removal was one of the most expensive

methods of removal, with a cost of $1.29 per item removed.

Adopt-a-Highway

Conroy-Ben and Christensen (2013) calculated the cost of various methods of debris
removal from their interviews of various DOT personnel. Adopt-a-Highway (AAH) programs
were ranked as one of the most cost-effective methods when compared to other methods to pick
up litter, averaging $0.18 per item removed. However, the authors estimated that the number of
items collected by AAH programs comprise, at the most, only 35 percent of all litter removed.

In his National Cooperative Highway Research Program synthesis, Forbes (2009) cited
an analysis of seven visible litter surveys commissioned by KAB. This analysis estimated the

impact of AAH programs as creating a reduction in highway litter of 13 percent. This synthesis
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also reported that Hawaii and Pennsylvania have seen reductions of nearly 50 percent associated
with AAH.

Cost of Roadside Litter for Various States

Conroy-Ben and Christensen (2013) reported that, on average, litter collection and
disposal cost between $430 and $505 per centerline mile covered (including both sides of the
road) in 2013. For UDOT, these costs amounted to between $1.5 and $1.8 million per year for
2005 through 2012, including litter control, contractual removal, and AAH (which represents

only a small fraction).

Use of Specialized Equipment

Strong and Valdes-Vasques (2014) documented the use of specialized equipment in litter
removal activities by various state DOTSs. Caltrans uses the automated roadway debris vacuum
(ARDVAC) system to collect litter and small debris from roadsides. The system consists of a
large truck with a vacuum and an extendable arm (shown in Figure 1). This equipment, however,
operates at low speeds and is incapable of handling larger pieces of debris. The authors report
that the use of this piece of equipment translates into savings that average $122 per mile with a
fixed lane closure, compared to manual pickup operations without lane closure. The authors also
presented a sensitivity analysis of how the operation of the ARDVAC becomes more efficient
than manual removal when operations with the equipment can cover more than 1 mph. The
savings of $122 per mile were calculated under the assumption of operation at an average rate of
2.0 mph.

Figure 1. Automated Road Debris Vacuum (Left) and Liter Bag/Debris Vehicle (Right)
(Strong and Valdes-Vasques, 2014).

11




Additionally, Strong and Valdes-Vasques (2014) described another piece of equipment
used by Caltrans named the automated litter bag/debris collection vehicle, also shown in Figure
1.

This piece of equipment uses a contractible basket to scoop up debris. It has the capacity
to handle larger debris such as tires, mufflers, litterbags, and more. Caltrans (2015) reports on its
website that this system is able to pick up several tires at one time, or up to eight bags of debris.
This equipment, however, cannot operate at high speeds, a limitation similar to that of the
ARDVAC. The upfront investment for either of these two pieces of equipment, according to
Strong and Valdes-Vasques (2014), is $381,000, with a nominal useful life of 10 years.

Strong and Valdes-Vasques (2014) also reported that Missouri and Ohio DOTSs use the
Gator Getter™, a piece of equipment developed and commercialized by Gator Industries, LLC,
and shown in Figure 2. The product description (Work Safe USA Inc., 2015) states the ability to
pick up debris at speeds of up to 60 mph. In their analysis, Strong and Valdes-Vasques
concluded that this piece of equipment is most effective when operating at average speeds of
45 mph and above. They reported significant decreases in effectiveness at operating speeds
below 45 mph and on rough surfaces. Effectiveness was also limited on mixed debris; these
types of debris have the potential to undermine the safety of using the equipment, especially

when visibility conditions are adverse.

Figure 2. Gator Getter Mounted on a Colorado DOT Truck (Strong and Valdes-Vasques,
2014).
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Strong and Valdes-Vasques (2014) reported the cost of the Gator Getter at $16,000 per
unit. Optionally, the system can be supplemented with a front camera for an additional $600.

TD DISPOSAL AROUND THE COUNTRY

On its website, EPA (n.d.) reports some statistics of landfill disposal around the country:
38 states have banned whole tires from landfills, 35 states allow shredded tires to be placed in
landfills, 11 states have banned any form of tire from landfills, and 17 states allow processed
tires to be placed in monofills. Only eight states have no restrictions on placing scrap tires in
landfills.

TD Disposal in Arizona

An ADOT study (Carey, 1999) reported at the time of the study that it was common
practice for ADOT to accumulate TD in its maintenance yards until the quantity warranted the
expense of hauling it to the landfill. Most yards separate whole tires from tire shreds because of
weight-based fees to dispose of tire shreds at landfills; in contrast, landfills do not charge fees for

whole tires because of their potential for recycling.

TD Disposal in Oregon

Oregon, where recycling is most attractive, is among the states that do not allow disposal
of tires in landfills (Washington County Oregon, 2015). Marion County in Oregon (Salem-
Keizer Recycling and Transfer Station, 2016) stipulates a fee for disposal that ranged from $1.25
for a small tire (less than 20 in.) to $11.75 for a medium tire (a 20- to 26-in. rim) prior to April
2016. These rates were increased after April 2016 to $2.00 for a small tire (less than 20 in.) and
to $20.00 for a medium tire (a 20- to 26-in. rim) respectively. A multi-state regional company
collects and disposes of bigger tires in west Oregon (Tire Disposal and Recycling Inc., 2006). To
dispose of such tires, this company participates in several markets identified previously (EPA,
n.d.).

TD Disposal in Florida

A county in Florida (Miami Dade, 2016) lists its fee per ton of waste tires at $114.18 (or
about $1.01 per tire, which are typically 20 Ib each).
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TD Disposal in Texas

TCEQ (2010) requires documentation of the life cycle of scrap tires from their genesis to

their final use or disposal. Through its regulatory program, TCEQ follows the activities of seven

types of stakeholders:

1.

Generators. This group is comprised of any entity that generates scrap tires, such as

junkyards and fleet operators. Generators are not required to register with TCEQ but must

follow TCEQ rules on storage and record-keeping.

Transporters. Before being authorized to collect scrap tires from other businesses,

entities must first register with TCEQ to operate as transporters.

Processing or recycling facilities. These facilities are where tires are reduced for

recycling or use as fuel. These facilities must register with TCEQ.

Storage sites. Storage facilities must register with TCEQ in either of the following cases:

0 The equivalent of 500 scrap tires or more is stored in the open.

0 The equivalent of 2000 scrap tires is stored in an enclosed space.

0 The safety design of these facilities must be under the charge of a registered
professional engineer.

Transportation facilities. Similar to storage facilities, any facility where the equivalent of

more than 500 scrap tires is stored temporarily (during the transport process) must be

registered with TCEQ. Typically, these types of facilities include marine terminals, rail

yards, or trucking facilities.

Land reclamation projects using tires. These projects use tire scraps in order to stop

erosion and restore original grades of the natural terrain. TCEQ must be notified of such

projects, and the input of local governments and fire departments must also be part of the

project.

Landfills. Landfills are sites to dispose of solid waste in general. TCEQ issues permits to

these sites that regulate their operations. Scrap tires are stored or processed if the permit

issued to a landfill allows these activities.

In its 2010 audit, TCEQ (2010) summarized the volumes of scrap tires tracked during the

previous year. This report asserted that 27 percent of all scrap tires generated in Texas during

2009 ended up in landfills (about 7 million STUs, according to Table 1). This percentage is very
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comparable to the 30 percent reported for the period 2004 to 2014 in Washington (Washington
State Department of Ecology, 2014).

The cost of disposing of the yearly amount of tires that end in landfills in Texas
(7 million STUs) can be estimated preliminarily as follows: if the rates listed by Wise County
Public Dumps on its website (Wise County TX, 2004) can be considered typical, and an average
share of 50 percent truck tires is assumed, then landfill disposal of TD should cost Texas $495
per ton, or $31.5 million a year. However, the proportion of these costs that pertains to TD

cannot be determined from this exercise.

RELATIONSHIP BETWEEN TD AND CRASHES

Forbes (2009) reported that between 650 and 800 crashes related to highway litter on
Utah highways from 2008 to 2012. The author stated that there were three fatalities involved
with these types of crashes in 2008 and no fatalities between 2009 and 2012. Woodrooffe et al.
(2008) offered an interesting insight, arguing that crashes that involve road debris should be
more common at night, given the limited visibility at that time.

Lindquist and Wendt (2009) identified in their synthesis of literature that crashes
involving objects on the roadway are remarkably rare—only 0.16 percent of fatal crashes and
0.53 percent of all crashes. They reported these numbers from another author (University of
Michigan Transportation Research Institute, 2009).

Forbes and Robinson (2014) combined data from two sources (Florida Center for Solid
and Hazardous Waste Management, 1998; Florida Department of Highway Safety and Motor
Vehicles, 1996) to estimate the proportion of crashes attributed to TD in Florida. That estimate
corresponds to 0.4 percent yearly, representing the average of 1993 and 1996. The authors
further estimated a rate of TD crashes per VMT using the data from the Florida Department of
Highway Safety and Motor Vehicles (1996) and arrived at an estimate of 0.6 yearly crashes per
100 million VMT between 1993 and 1996.

Strong and Valdes-Vasques (2014) looked at vehicle/freight-debris crashes as a
percentage of all crashes with fixed and other types of objects in Colorado. The authors found

that metric to vary between 5.7 and 6.4 percent for 2007 through 2011.
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Most research has pointed out that vehicle-related road debris (VRRD) crashes are
extremely rare, which remains the case even when considering the relatively large proportion of
VRRD crashes among crashes involving fixed or other objects.

Similarly, the ADOT study (Carey, 1999) reported an annual average of 79 crashes that
were caused by debris of any kind on Arizona highways in the period from 1991 to 1998. That
number represents 0.07 percent of all yearly Arizona crashes reported for the same period. In
Maricopa County, that rate reduces to 0.02 percent of all accidents, with no fatalities or injuries
reported that had road debris as a leading factor. During that period, only 0.6 percent of crashes
in Maricopa County—or 0.8 percent statewide—were reported having a tire defect as a factor
conducive to the crash.

In their comprehensive review of literature and analysis, Forbes and Robinson (2014)
found that VRRD is involved in less than 1 percent of all crashes. Since TD is a fraction of
VRRD, crashes involving this particular type of debris should represent an even smaller
percentage. From the dataset those researchers assembled, they estimated that over 25,000
crashes per year in the United States and Canada had VRRD as a conductive factor, representing
only 0.4 percent of all crashes for that year. They also estimate 80 to 90 fatalities in 2001
associated with VRRD, which represents only 0.2 percent of all fatal crashes.

Narrative-Based Studies

A study by Forbes and Robinson (2014) and sponsored by the American Automobile
Association (AAA) Safety Foundation in 2004 is perhaps the most comprehensive piece of
literature on road debris and crashes. The researchers obtained data from the National
Automotive Sampling System—Crashworthiness Data Set (NASS-CDS) to investigate the
involvement of VRRD in crashes. This dataset is assembled by field research teams across the
United States. The data for this database are collected yearly, sampling 5,000 tow-away crashes
from across the country. Crash investigators visit the sites of these crashes, locate and examine
the vehicles, and interview persons involved, including reviewing their medical records. The
result is a very detailed account, including comprehensive narratives, for the set of sampled

crashes.
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Crashes Involving Non-fixed Objects

Forbes and Robinson (2014) queried the NASS-CDS databases for 1997 through 2001 to
identify crashes involving a vehicle that struck or was struck by a non-fixed object. Using
appropriate sample weights, they estimated the percentage of tow-away crashes that VRRD
crashes represent. The reported proportions are very steady from year to year before applying the
sampling weights; the weighted estimates appear less stable. Regardless of the set of estimates
used, in no case did the proportion of VRRD crashes exceed 1.0 percent of the total tow-away
crashes. The yearly average estimate of such proportions is 0.31 percent from the unweighted
sample or 0.46 percent from the weighted sample.

Based on the crash narratives and the sampling weights, Forbes and Robinson (2014)
estimated that about 63 percent of the VRRD crashes involved stationary VRRD, and 35 percent
of the crashes involved VRRD still in motion; in about 2 percent of the crashes, it was not
possible to determine the kinematics of the VRRD involved. Of the crashes with VRRD still in
motion, 95 percent involved a collision with the debris; in contrast, only 68 percent of the cases
with static VRRD resulted in collision with the debris, which suggests that in 32 percent of those
cases, the drivers most likely performed a maneuver to avoid the debris (but did not avoid
crashing afterward).

When combining these conditional proportions with the marginal proportions of crashes
by the motion state of VRRD, the authors of this report inferred from Forbes and Robinson
(2014) that about 0.2 percent of all tow-away crashes represent cases with static VRRD that
resulted in collision with the debris; similarly, 0.153 percent of all tow-away crashes should be
VRRD crashes where the vehicle collided with moving debris. In total, 0.35 percent of all tow-
away crashes resulted in collision with VRRD. This amount represents 76.1 percent of all VRRD
crashes (i.e., 0.35/0.46 * 100 percent).

Most informative for this research, Forbes and Robinson (2014) reported that 21 out of
the 66 VRRD crash narratives reviewed in their study had the following descriptive terms
associated with the narratives: spare tire, tire, tire and rim, tire tread, or wheel. In other words,
about 32 percent (unweighted sample) of VRRD crashes are TD crashes. In the scale of the
sampling frame, this number represents just 0.14 percent of all tow-away crashes.

Finally, Forbes and Robinson (2014) presented a table with various proportions of VRRD
crashes obtained from their literature review and from the datasets they analyzed. Although
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variability among studies was present, all estimates were in agreement with a proportion smaller

than 1 percent (except for a study that focused on four bridge locations only).

Crashes Involving TD

Woodrooffe et al. (2008) also queried the NASS-CDS to identify a more specific type of
crash: TD-related cases. For 2001 to 2005, they identified a set of 81 crashes potentially
involving TD, a number moderately larger than the 66 identified by Forbes and Robinson (2014),
who had studied the previous five years. Upon review of the narratives for these 81 crashes,
Woodrooffe et al. verified the involvement of TD. However, they determined that only in 10
cases (or 12.3 percent of the 81 crashes) was TD a potential factor leading to the crash. In most
other cases, the sequence of events shows the separation of tread material from a vehicle’s tire,
which subsequently led to that vehicle losing control. These figures are about one-third of the
estimate of Forbes and Robinson (32 percent of the 66 VRRD tow-away crashes identified).

Most of the 10 crashes identified by Woodrooffe et al. (2008) had narratives indicating
avoidance maneuvers around TD leading to a loss of control and either crashing into another
vehicle or departing the road. In four of the 10 TD crashes, a truck was identified as the origin of
the debris. However, tire blowouts are rare among other types of truck crashes, according to
Bareket et al. (2000). In general, the numbers by Woodrooffe et al. (2008) and Forbes and
Robinson (2014) agree with each other and with earlier works, such as that carried by Carey
(1999).

In their investigation of crashes related to stopping sight distance, Kahl and Fambro
(1995) report that about 50 percent of drivers engage in evasive maneuvers when encountering
an object of height of 6 in, and that most drivers elect to perform evasive maneuvers when facing
an object higher than 8 in.

SUMMARY OF FINDINGS

This literature review contains the following findings:

e Traffic volume has been consistently documented in the literature as an important
covariate of TD, particularly truck traffic. Even though there are different views in the
literature about the share of truck TD (i.e., different views on what overrepresentation of
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this type of debris means), in absolute terms, research shows that a large proportion of
TD comes from truck tires.

e Most studies found that TD represents a small proportion of all road debris. By count,
that proportion varied from 2 percent to 14 percent. Specifically for Texas, this
proportion was estimated at 5 percent in 2009 (NuStats, 2010). By weight, however, that
proportion was higher by a factor ranging from two to three times the proportion
identified by count.

e According to TCEQ (2010), 27 percent of all 26 million scrap tires in 2009 in Texas
ended up in landfills. The recycling categories of land reclamation and tire-derived fuel
accounted for 51 percent of all scrap tires that year.

e The cost to Texas of disposing of the 7 million tires that end up in landfills is estimated at
$495 per ton, or $31.5 million a year. TXDOT’s share of this fiscal burden is
undetermined.

e Most evidence found in the literature about TD and crashes is based on crashes involving
a collision with an object on the pavement. Two studies reviewed crash narratives
specifically searching for vehicle-related debris. These studies found that less than
1 percent of crashes can be identified as triggered by TD (Forbes and Robinson, 2014;
Woodrooffe et al., 2008).

Several elements that are key determinants of the costs of TD have been identified in this
review of literature. Past research documents the economic and safety advantages of using
specialized equipment to collect TD and other types of litter from highways. Because they
require an initial capital investment and associated maintenance costs, there is an economic

decision required prior to using such types of equipment.
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CHAPTER 3. STATEWIDE SURVEY OF TIRE DEBRIS MANAGEMENT

TxDOT is responsible for maintaining numerous centerline miles (i.e., one-way miles
without considering number of lanes) across the state of Texas. In 2013, TXDOT reported that it
maintained 80,268 centerline miles, including FM roads (40,932 centerline miles), state
highways (16,411 centerline miles), U.S. highways (12,062 centerline miles), and interstates
(3,272 centerline miles), in both urban and rural areas. A total of 195,022 lane-miles (i.e., miles
per lane of roadway) in the state of Texas correspond to the 80,268 centerline miles. Although
these miles represent only one-quarter of all roadways in Texas, they carry about three-quarters
of all vehicle travel in the state (measured as VMT) (TxDOT, 2013).

One of the key maintenance tasks TxDOT districts perform is to remove litter and clear
debris, particularly debris that comes from failed tires on vehicles. Tires represent a significant
source of roadway debris, and TD is often found on roadways with higher volumes and a higher
proportion of trucks, per findings in the literature review of this project (Carey, 1999; Andres,
1993; Department of State Police, Virginia, 2000; Forbes, 2009; Lindquist and Wendt, 2009;
Mid Atlantic Solid Waste Consultants, 2009; Page and Woodrooffe, 2009; TriLine Associates
Inc, 1992; Woodrooffe et al., 2008; University of Michigan Transportation Research Institute,
2009).

Debris removal operations represent a significant expense to TXDOT and other agencies.
TxDOT districts and their contractors drive a large number of miles on state-maintained
highways to locate and remove TD and expend additional resources to process and dispose of the
debris. Additionally, debris presence on roadways can present hazards to motorists, particularly
if it is located within travel lanes. In urban areas, debris in travel lanes often causes disruption in
traffic flow.

This chapter documents interviews conducted with TxDOT district practitioners in order
to assess the impacts of TD presence and the state’s practices to remove debris. This chapter also
presents the tabulated and synthesized insights gained from the interviewees’ responses.

Additionally, this chapter documents a preliminary analysis of cost data by district, which
is provided by the TXDOT Maintenance Division.
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INFORMATION NEEDS TO BE ADDRESSED BY SURVEY

In Chapter 2 of this report, the research team identified several key elements of the costs
associated with TD. However, that chapter did not cover specific details about the cost to
TxDOT of collection, storage, and pre-processing of such debris for disposal or reuse. Given
those findings, the costs to different districts of handling TD will vary depending on the number
and types of maintained miles, the stakeholders involved in the process, the type and scope of the
share covered by contractors, and the equipment and other district resources available for direct
removal and handling tasks. Questions specific to that information requirement were
incorporated while designing the survey for this task.

Chapter 2 also identified specialized removal equipment that offers potential economic
and safety advantages in handling TD. However, the associated initial capital investment of
specialized equipment, as well as its operation and maintenance costs, restricts its use to areas
where mileage and associated amount of TD are large enough to justify the investment. It is of
interest to determine the economic feasibility of different removal strategies and equipment use
as a function of the characteristics of a district. Consequently, the research team explicitly
incorporated information about specialized equipment in the survey.

Finally, the investigation in Chapter 2 found that previous research suggests a weak link
between TD and safety, in the sense that TD-related crashes amount to a small proportion of the
total of crashes expected in highway networks: up to 1 percent of all crashes might be triggered
by TD (Forbes and Robinson, 2014; Woodrooffe et al., 2008). However, these statistics do not

necessarily reflect the case of Texas, so questions about safety were included in the survey.

SURVEY DESIGN

The research team designed a survey to be conducted in all 25 TxDOT districts. The
research team underwent multiple revisions of the survey document in order to assure a natural
flow of the questions intended. The main objective of the survey document was to capture
insights about the following issues:

e Written policies and practices regarding debris removal.
e Cost of debris removal operations.

e Record-keeping practices.
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e Debris volume and composition.

e Anecdotal evidence of crash involvement.

The process of designing the survey was rather iterative. An initial draft document was
prepared covering mostly questions related to cost and operations for TD.

The survey document evolved to reflect identified research needs as findings from
Chapter 2 emerged. Questions were gradually incorporated into the survey covering involvement
with the scrap-tires program of TCEQ, anecdotal evidence of safety issues, and inquiries about
the existence of written policies and safety practices.

Once the research team constructed a preliminary document, a copy was emailed to the
TxDOT project team requesting their feedback. The TxDOT project manager replied with a
compilation of comments from the project team. The following points summarize the feedback

received:

e The survey language needed to be reviewed to be more conversational.

e The target respondents should include personnel closely involved with field work;
maintenance engineers alone may not have all required information.

e Tire handling manifests from TxDOT may not offer enough detail to differentiate TD

from the road and used tires discarded by the district.

The survey was modified to incorporate the feedback received from TxDOT. One
particular enhancement at this stage was to adopt a format that could be sent by email to district
engineers prior to the interview. This format was such that it would allow respondents to print
the survey and break it in two parts: one with higher-level questions (e.g., average costs and
written policies) and one with questions at the operations level (e.g., record-keeping, average
volume of tire/rubber and other debris).

The modified draft was sent to the Institutional Review Board (IRB) at Texas A&M
University for approval. After one round of revisions and edits, IRB approved the survey. The

final approved survey is provided in its entirety in Appendix C at the end of this report.
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PROCESS OF SURVEYING TXDOT DISTRICTS

In June 2015, the research team requested a list of district engineers from the TxDOT
project manager. Upon receipt of the requested information, the research team contacted the
persons from the list by email. These initial contacts were either the director of maintenance or
the director of operations in most districts. Interviews were requested from the individuals who
responded to this initial communication. In some cases, these contacts recommended others
within their district. The interviews were scheduled and performed at times and dates that were
convenient to the interviewees. Interviews were performed during the months of June and July
2015.

During the months of July and August, the research team made additional attempts to
follow up by email with contacts who did not initially reply. Although a few additional
representatives from districts responded to the follow-up email, the number of outstanding
districts without a response was large. Finally, the research team contacted a few additional
practitioners within the remaining districts. Ultimately, the research team was able to conduct

interviews with representatives from the following 12 districts:

e Bryan.

e Brownwood.

e Childress.

e Corpus Christi.
e Dallas.

e El Paso.

e Fort Worth.

e Lubbock.

e Odessa.

e Pharr.

e San Angelo.

e Waco.

Although respondents only represent about half of the 25 districts, the represented

districts exhibit a good distribution in terms of state geography and population density.
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SYNTHESIS OF RESPONSES

The survey was organized into the following three topic areas: (a) policies and practices,
(b) cost and record-keeping, and (c) debris volume. Appendix C shows the entire survey. This

chapter provides discussion of the topic areas in the survey.

Debris Removal Policies, Practices, and Records

Four of the 12 interviewed practitioners stated that they had written policies for debris
removal practices, and five acknowledged having written safety practices. Four of the districts
shared their written policy documents with the research team. One of the policy documents is a
10-point best practice plan that applies to debris removal and third-party assistance operations

(not published). The 10 points in that document are as follows:

Turn on overhead lights/light stick as you approach stop.

Park as far to the right on the shoulder as possible.

Turn wheels to the left (right if you are in median or inside shoulder).

Park before the debris if possible.

Use your vehicle as a shield.

Keep an eye on and face oncoming traffic. NEVER, NEVER, NEVER turn your back on

o a0k~ w N oE

traffic.
7. Wait for a clearing before exiting or entering vehicle.
8. Wait for a clearing before moving into roadway to clear debris.
9. Exercise extreme caution if more than one lane of traffic must be crossed.
10. Consider using a moving lane closure with truck-mounted attenuators to remove debris

from the inside lanes of multilane facilities (expressways, freeways, etc.).

These 10 points cover the key safety points that are included in the other three policy
documents that practitioners provided. One of the documents addressed debris and critter
removal, which is removal of debris, including dead animals, from roadways. Another document
addressed illegal dumpsite removal and disposal/litter. The third provided a list of considerations
for personnel to use to determine if they could safely remove debris without assistance based on

site conditions. All four documents addressed safety and injury avoidance practices during
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TxDOT operations. None of the practitioners had written safety practices for debris removal
operations that occur in partnership with other agencies.

The practitioners generally explained that their debris removal practice is straightforward
and involves simply sending one or two people in a pickup truck to the location of the debris for
its removal. Sometimes these activities are conducted as part of scheduled debris removal
operations; sometimes they represent unscheduled operations in response to reports from the
public or other agencies (e.g., law enforcement); last, sometimes these activities are performed in
conjunction with other activities that provided the primary reason for the trip. If the debris to be
removed is located in a travel lane on a high-volume roadway, personnel will often use a work
convoy with a truck-mounted attenuator.

Two practitioners (Odessa and EI Paso) mentioned that their respective districts have a
Gator Getter™. As was documented in Chapter 2 (Strong and Valdes-Vasques, 2014), the Gator
Getter™ is a device that allows TD to be retrieved while the vehicle is in motion.

Across the districts, practice varies in terms of the frequency of debris removal activities.
The practitioners generally agreed that high-volume roads (especially urban freeways) need to be
cleared of debris on a weekly basis, while lower-volume roads can be cleared biweekly, monthly,
or even on an unscheduled, as-needed basis.

Ten districts provided responses when asked about average crew size for debris removal.
The most common crew size is two people, though occasionally it can be as many as three. Six
districts indicated that they sometimes send a single person to remove debris, provided traffic
conditions and debris size do not pose safety concerns.

Five of the 12 practitioners stated that their districts have contractors who handle a
portion of their debris removal activities. The most common practice is to assign urban highways
to a contractor and handle the rural highways with state personnel. Practitioners from two large
urban districts stated that their districts do not conduct any scheduled debris removal operations
because they have hired contractors to conduct all scheduled debris removal activities on both
the urban and the rural portions of their highway networks. However, these districts do conduct
unscheduled debris removal operations with their own personnel when needed. A third
practitioner stated that his district does not conduct any scheduled debris removal activities but

handles all debris removal by state personnel on an unscheduled, as-needed basis.
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When asked if there are certain types of debris that are not removed when found, eight of
the 12 districts stated that their personnel do not remove hazardous materials (hazmat) that are
spilled. In those cases, they call specialty contractors when needed who are trained to handle
hazmat. One practitioner stated that his district does not remove granular material, such as dirt,
when it is spilled on a highway.

When asked about record-keeping, the practitioners generally stated that their districts
simply log the number of miles driven and the amount of time spent on debris removal. They do
not archive detailed data to describe the type of debris found, so they could not determine what
types of tires most frequently fail or what the causes for the failures were. Three of the
practitioners acknowledged that their districts are registered as a tire handler with TCEQ scrap
tire management program.

None of the practitioners were aware of recorded crashes that were attributed to TD, but
one practitioner suggested querying the Crash Records Information System (CRIS) database to
explore the influence of TD on crash frequency (an analysis of the CRIS database is the subject

of a later chapter of this research project).

Debris Composition and Volume

The practitioners were asked to characterize the debris that is typically found on their
districts’ highways. Specifically, they were asked what percentage of the debris falls within the
following categories: TD, vehicle parts (other than tires), garbage/litter, animal debris (i.e., dead
animals), and other. Ten of the practitioners were able to provide answers to this question, and

Figure 3 shows the average of their responses.

H Tire debris

B Vehicle parts
Garbage/litter

H Animal debris

m Other

Figure 3. Debris Composition Distribution.
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Roughly half of the debris was characterized as TD, and another 20 percent was
characterized as animal debris. Debris categorized as “other” included discarded furniture and
appliances, ladders, brush, hay bales, and miscellaneous metal objects or stone material.

When asked specifically how much TD they remove from their roadways in a typical
year, four practitioners were able to provide answers in terms of weight. Their answers ranged
from 103,100 Ib (for a rural district that has a few small cities) to 792,000 Ib (for a district that
has several medium-sized urban areas and a significant amount of state-maintained highway
mileage). One practitioner in a district with a medium-sized city stated that his district finds
about 520 cubic yards of TD in a typical year. One practitioner explained that in some districts,
all maintenance offices send their TD to the district office for processing, and those districts are
the districts that should be able to provide estimates of TD quantity.

When asked if there are any noticeable seasonal trends in the TD generation rate, 11 of
the 12 practitioners stated that they find more TD in the high temperature months. One of these
practitioners also acknowledged an increase in debris during move-in or move-out time periods
for students at a university in his district.

The research team asked which types of roadways tend to have the largest amount of TD
present. Table 2 lists the answers provided by the interviewees to this question. The most
common answers indicate that TD frequency tends to increase on interstates, U.S. highways, or
high-volume roads in general (including interstates and U.S. highways). These answers reflect
the trend that TD presence is correlated with traffic volume, as was found in Chapter 2 (NuStats,
2010; Carey, 1999).

Table 2. Roadway Types Having Large Amounts of TD.

Frequency Response

6 Interstates

High-volume roads

U.S. highways

Urban routes

Freeways

Truck routes

N I e

Entire district, due to energy-sector development

Most of the answers listed in Table 2 correspond to roads that have large numbers of
trucks because the road has generally high truck volume, the road is a truck route, or the road is

near an energy-sector development area.
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COST AND CONTRACT STRUCTURE DIFFERENCES AMONG DISTRICTS

Several interviewees stated that they log and report debris removal efforts in terms of
miles driven, and the efforts are coded as Function Code 523 in TxDOT’s internal records. Per
the practitioners’ suggestions, the research team obtained a statewide query of the number of
miles driven for debris removal for FY 2014 from TxDOT’s Maintenance Division. The research
team then performed an exploratory analysis on the data obtained by TxDOT Maintenance

Division, as described in this section.

Cost of Debris Removal Operations
Figure 4 shows the monthly distribution of debris removal efforts (in terms of miles
driven) for all TXDOT districts.
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Figure 4. Debris Removal Efforts by Month, FY 2014.

Two points should be noted about the data in Figure 4: (a) they reflect only debris
removal operations by TXxDOT personnel, and (b) they include all debris removal efforts (not just
TD). Additionally, this figure shows that the months of October and July were the busiest for
debris removal efforts in 2014.
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Miles driven by state force for debris removal only are shown by district in Figure 5. San
Antonio, Austin, and Odessa logged the largest number of miles driven for debris removal
operations in FY 2014. When totaled across the state, these data show that about 2,106,000 miles
were driven that year by TXDOT employees for the purpose of removing debris from state-
maintained highways. An interesting observation is that, in terms of miles driven, Houston and
Dallas ranked 14th and 17th among all districts, despite these two districts being the largest in

terms of miles they maintain.
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Figure 5. State-Force Work on Debris Removal by District, FY 2014.

For the four largest districts, this plot suggests differences in miles driven between San
Antonio and Austin (shown in green) on one hand, and Houston and Dallas (shown in red) on the
other (the pairs are color-coded for comparison with further figures). Another observation is that
the relatively large district of Fort Worth ranked 23rd in terms of logged miles, despite its
geographic extension and relatively dense roadway network. A more detailed exploration of

these differences is offered later in this report.
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The Maintenance Division also provided cost data corresponding to debris removal
activities. Figure 6 includes both cost and effort data plotted by month. Figure 7 shows the dollar
amount per district. When totaled across the state, about $18.9 million was spent in FY 2014 on

removing debris from state-maintained highways.
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Figure 6. Work and Cost of State-Force Debris Removal by Month, FY 2014.

Figure 6 shows that the trends for work amount and cost of state-force debris removal
track each other very well, but with a few mild differences. Debris removal costs are shown to be
highest in the months of October, May, and July. Figure 7 shows that gross debris removal costs
tend to be highest in districts with large urban areas—specifically, San Antonio, Austin,
Houston, and Dallas. San Angelo, El Paso, and Odessa are also notable in this figure.

The contrast between Figure 5 and Figure 7 suggests that important differences exist
between how the four largest districts manage debris removal alternatives. It is apparent from
this contrast that Houston and Dallas remove a higher share of their debris using external

contractors, compared to San Antonio and Austin. Nevertheless, quantity and cost of debris
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removal are bound to vary by district, primarily as functions of the extension of roadway

network, traffic, and geography, among other factors.
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Figure 7. State-Force Debris Removal Cost by District, FY 2014.

Even after the considerations discussed above, important variations in total costs of
debris removal may still reflect different strategies of balancing work performed by contactors

and by state force.

Differences in Contract Structures
To investigate if the trends observed in Figure 7 also correlate with the number of

external contracts and corresponding dollar amounts, the research team obtained summary
statistics from a report on a recent recapitulation of TxDOT statewide contracts specifying
maintenance as the type of work on the contract. Figure 8 shows the number of 2014 contracts

per district.
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Figure 8. Number of Maintenance Contracts per District, FY 2014.

The Houston District, with 174 current contracts, almost doubles the number of contracts
of the Waco District (97), the second largest according to this metric. Other large districts do not
stand out much based on their number of active maintenance contracts: Dallas is ranked fifth
with 88 contracts, Fort Worth seventh with 86 contracts, Austin ninth with 79 contracts, and San
Antonio 17th with 57 contracts.

Figure 9 shows the dollar amounts that correspond to the contracts of Figure 8. The three
largest districts in terms of joint amount of maintenance contracts are Houston, Dallas, and San
Antonio. These districts also tend to incur high efforts and expenditures in state-force debris
removal operations, per Figure 7. Additionally, Figure 9 shows that the total contracted amounts
in Waco and Austin are very comparable.

Caution is advised when directly interpreting Figure 8 and Figure 9 in the context of this
research. Only a fraction of all maintenance contracts should be specific to debris removal and
road-cleaning activities. As such, because contracts tend not to target any specific types of
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debris, no known percentage of the contract amounts can be attributed to TD removal activities.
Regardless, the value of these figures is to document differences between the four largest

districts in terms of how they handle maintenance activities.
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Figure 9. Total FY 2014 Maintenance Contract Amounts per District.

The four largest districts can be easily recognized by their total dollar amounts of
awarded maintenance contracts (shown as different colored bars in Figure 9). However, Figure 8
suggests differences between the Houston, Dallas, Austin, and San Antonio Districts in terms of
how they let maintenance contracts. Houston tends to award significantly more maintenance
contracts than the other three districts. Although the dollar amounts represented by maintenance
contracts in Houston are also the highest (Figure 9), it is clear from these two figures that Dallas,
Austin, and San Antonio tend to award larger contract amounts to fewer contractors than
Houston.

The research team requested additional cost data specific to debris removal from TxDOT
Maintenance Division in order to look into contracted work specific to debris removal. This
updated data request included work performed by contractors in the same format as state-
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personnel data received previously so that meaningful comparisons could be drawn. The next
subsection documents an exploratory analysis of debris removal cost at all 25 districts.

Unit Cost of State-Force Debris Removal

Figure 5 shows that San Antonio and Austin Districts tend to cover more miles to remove
debris with state personnel than Houston and Dallas. Since Figure 7 shows that cost and mileage
track each other relatively well, comparisons in terms of unit costs (i.e., costs per mile) are
potentially useful. Next, the research team explored the data for differences in unit costs among
districts throughout FY 2014.

Figure 10 shows the trend lines for the five districts that contain the largest cities in the
state. In this figure, Houston, Dallas, and Fort Worth show similar monthly costs per driven mile.
These costs differ from the average costs per mile in San Antonio and Austin, whose trend lines

are very comparable to each other.

S30
S _S$25
o wn
N B
x g
€ £ 520
@ S
3 + ==San Antonio
2 $15
o £ e Houston
5 2
§ = $10 Dallas

(-8

v o = Austin
© 8
o n ——Fort Worth
z - $5

SO T T T T T T T T T T

OO S S« W S W SR WU W
&F F «"'b@’?} WY @
3 9

Figure 10. Monthly Unit Cost of Debris Removal (State Personnel and Contracts), FY 2014.
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It is notable in Figure 10 that the cost per mile seems to vary steadily and smoothly for
the large districts. When the same plot is generated to include data for state-force work only
(Figure 11), the gap between the pair of San Antonio and Austin and the set of the other three
districts in the plot tends to close. This behavior suggests that the proportions of contract work
and state-force work may be an important factor in increasing the gap between unit costs of

debris removal observed in Figure 10.

$30

825

%
N
o

A
\)
/ \ / emmmSan Antonio
Y — e HOUSTON
Dallas

Personnel Only)
W
[NEN
u

Average Cost per Mile in FY 2014 (State

>10 \V4 e AUSTIN
- o = Fort Worth
85 -
SO T T T T T T T T T T T
RN T T TS TS T M S T 2R TR
FPFIT I F LIRS Y
A AP ) S
Q O ~° \4
8 s 9

Figure 11. Monthly Cost per Mile of Debris Removal at Select Districts (State Personnel
Only), FY 2014.

Additionally, Figure 11 shows that unit cost varies very mildly for San Antonio, Austin,
and Houston, but more noticeably for Dallas and Fort Worth. Interestingly, the seasonal variation
for the Dallas and Fort Worth Districts appears to mirror each other (i.e., when unit cost goes
down in Dallas, it goes up in Fort Worth).

Figure 5 and Figure 7 suggest that Fort Worth is a small district in terms of total mileage
and cost incurred by state-force debris removal. This fact is also suggested by Figure 11 since the

unit cost of that district appears more volatile than the unit costs of San Antonio, Houston, and
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Austin. Figure 10 suggests, in contrast, that the unit costs of debris removal for Fort Worth and
Dallas are more similar to Houston when considering work performed by state force and
contractors jointly.

Figure 12 shows a set of 10 districts whose monthly costs per mile resemble the trend
observed for San Antonio in Figure 11. The trends of Houston and San Antonio are provided, in
a heavier line weight and including point nodes for easy comparison. Except for a spike in March
in the San Angelo District, in September in Laredo, in July in Waco, and a drop in July in
Lufkin, all districts in Figure 12 exhibit rather flat lines ranging from $4 to $8 per mile.
Interestingly, except for Waco, these districts tend to be the districts with more driven miles with
state force, as seen in Figure 5 (after San Antonio, Austin, and Odessa).
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Figure 12. FY 2014 Monthly Debris Removal Costs at Districts with Lowest Cost per Mile.

In contrast to the set of districts shown in Figure 12, El Paso and Abilene experienced a
climb in their cost rates during the summer months, as shown in Figure 13. Again, Houston and

San Antonio are shown for reference. A notable feature in Figure 13 is that the monthly costs per
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mile in El Paso were similar to San Antonio until June, when a steady summer-time climb
occurred in this district.

The trend is similar for Abilene, although this district’s baseline cost rates were more
comparable to Houston for most of the year before it experienced a significant spike during the

months of July and August.
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Figure 13. FY 2014 Monthly Debris Removal Costs at Districts with a Summer Cost Spike.

Figure 14 shows a set of six districts whose cost rates vary widely throughout the year.
For the most part, these districts experience costs per mile that range between the two reference
districts in the figure (Houston and San Antonio).

The districts in Figure 14 tend to be closer to the unit cost of San Antonio between
September and January but they tend to be more similar to Houston between February and July.
An interesting observation is that these districts tend to appear toward the right in Figure
5 (indicating fewer miles driven on debris removal activities). The exception to that observation
is Corpus Christi, ranked 11 out of 25 districts in Figure 5. Only two districts exceed the unit

costs of Houston at some point in the year: Bryan and Yoakum.
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Figure 14. FY 2014 Monthly Debris Removal Costs at Districts with Large Variation.

Figure 15 shows the unit cost trends for Atlanta and Tyler, the two smallest districts in
terms of miles driven by state personnel (per Figure 5).

The unit cost of Atlanta is very comparable to Houston during 6 months out of the
11 months of available data, but it significantly increases during September, December, May,
June, and July.

The variability in the unit cost of Tyler is by far the largest among the districts, with unit
costs ranging from about $10/mi to about $45/mi. However, this is the smallest district regarding
the amount spent and miles driven by state personnel to remove debris in comparison to the other
24 districts.
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Figure 15. FY 2014 Monthly Trends at Districts with High Volatility in Debris Removal
Unit Costs.

Given the trends observed in Figure 10 through Figure 15, it appears that districts can be
classified into four distinct groups based on the behavior of their unit cost of removing debris

using state-force work alone.

Cost by Percent of Debris Removal by Contractors

It is desirable to observe how the unit cost behaves when work that is performed by
contractors is also considered. The research team constructed Figure 16 to investigate if the
groups of districts appear to behave differently for varying amounts of work performed by
contractors. This figure shows the average unit cost versus percent of debris removal work done
by contractors for the five districts depicted in Figure 10 and the groups of districts depicted in

Figure 12 through Figure 15.
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Figure 16. Average Unit Work vs. Percentage of Contracted Work, FY 2014.

The grand average trend in Figure 16 (shown in black and with point nodes) indicates
that the unit cost of debris removal increases with increasing share of work done by contractors,
from about $7.6/mi at 5 percent contractor work, up to about $18.0/mi for a share of 80 percent
contractor work. Although this is a general trend, the figure depicts important differences among
large districts and the groups of districts identified previously. San Antonio and Austin only have
one point represented in Figure 16 since these districts let 5 percent or less of debris removal
work to external contractors throughout the year. These are the two districts shown to have the
most miles driven by state personnel in Figure 5, which corresponds to the lowest two average
unit costs of state-force debris removal consistently throughout the year in Figure 11.

In contrast, Figure 16 shows that Houston, Dallas, and Fort Worth have very similar
trends for unit costs versus contractor share of work. In fact, these three districts seem to have a
common trend line, though they each cover a distinct range in the amount of contracted work
they let: contracted debris removal in Houston varied between 5 percent and about 35 percent,
with the corresponding unit cost range of $13.5/mi-$16.9/mi. In contrast, Dallas contracted
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between 30 percent and 75 percent of its debris removal, with a range of costs per mile of
$15.1/mi- $18.6/mi. Fort Worth contracted between 25 percent and 80 percent of its debris
removal, with costs per mile ranging from $16.3/mi to $18.3/mi.

Figure 16 also shows the trends of the groups of districts identified in Figure 12 through
Figure 15. Interestingly, the average amount of contracted work in the 10 districts identified in
Figure 12 does not seem to correlate with the corresponding average unit cost per month. This
average cost remains steady at around $5.0/mi for contracted work ranging from 5 to 80 percent.
In contrast, the two districts identified in Figure 13 only had 5 percent or less of their debris
removal done by contractors, at an average unit cost of $10.12/mi. The districts identified in
Figure 14 seem to have experienced a mild increase in unit cost for up to 40 percent of
contracted debris removal; at that point, the trend drops and continues to increase mildly. The
research team found that the reason for this drop is that all six districts in this group are
represented in the range of 5 to 40 percent contracted work, but only Yoakum had monthly costs
with contracted work larger than 40 percent.
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Figure 17. Monthly Percent of Contract Work, FY 2014.
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Figure 16 also shows the trend for the two districts identified in Figure 15. The joint trend
for the unit cost at these districts also increases with an increasing percent of work performed by
contractors.

Figure 17 shows the trends by the districts identified in Figure 16. The amount of
contracted work varied considerably throughout the year for Dallas, Fort Worth, and the two
districts identified in Figure 15 (Tyler and Atlanta).
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Figure 18. Average Cost per Mile vs. Number of Miles Driven for Debris Removal,
FY 2014.

Except for a significant drop in July, the percent of work contracted in Houston was
relatively steady, perhaps mildly increasing throughout the year. Both groups of districts named
in Figure 12 and Figure 13 had relatively steady shares of contract debris removal work through
the year. The districts in Figure 12 averaged from 10 to 15 percent contractor work for most of

the year. In contrast, districts in Figure 13 maintained a minimal cost per mile, with a monthly
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average that never exceeded 7 percent. San Antonio, Austin, and the group of districts in Figure
13 contracted 5 percent or less of their debris removal work throughout the year.

Finally, Figure 18 shows a general trend of diminishing cost per mile as the number of
driven miles increases, consistent with the concept of economies of scale. Only Dallas, Fort
Worth, and Houston seem to deviate from the general trend just described. Rather, these three

districts seem to have a relatively flat average cost per mile.

KEY FINDINGS

The research team surveyed TxDOT districts about their practices of handing TD.
Responses were obtained from 12 out of 25 TxDOT districts. In general, TD handling varies
significantly by district, as evidenced in the responses of the statewide survey of TXDOT district
practitioners. The research team requested cost and quantity of work data from TxDOT
Maintenance Division to search for further insights about TD handing. Most important, the
requested data should allow the research team to estimate TD generation rates. Such estimation
requires combining records of debris removal frequency and actual volumes of TD found on
Texas roads. That estimation is described in Chapter 5 of this report. The following subsections

summarize the findings of the efforts in this task.

Debris Generation and Removal

Unfortunately, the rate of TD generation cannot be determined directly from the
responses of the statewide survey. The survey found that districts log debris removal in terms of
miles driven rather than quantity of debris removed. A few practitioners did provide estimates of
TD quantities that are removed from their districts’ roadways in a typical year, but these numbers
varied widely based on the types of roadways, volumes, and traffic composition (particularly
truck volume) present in the districts. The practitioners provided more relevant insights into the
composition of debris that their personnel find on state-maintained highways. They generally
stated that TD represents about half of the debris that they remove from roadways (see Figure 3).
They were also able to verify that debris generation is correlated with traffic volume, and their
responses suggested a possible connection with truck volume.

Though the practitioners acknowledged some variability throughout the year, they

generally stated that their personnel or a contractor removes debris from high-volume roadways
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on a weekly basis and from lower-volume roadways less frequently. The scheduling of past
debris removal operations by TxDOT personnel is kept in records and logged in terms of miles
driven. The required scheduling of debris removal operations by contractors is typically stated in
the contract. Hence, it is more feasible to obtain archived data on debris removal than from the
responses in the survey. In terms of total miles driven for debris removal by state personnel,

San Antonio, Austin, and Odessa totaled more miles than the rest of the districts, as shown in
Figure 5. San Antonio, Austin, and Houston are the districts with the highest total cost of state-

force debris removal, per Figure 7.

Differences in Cost and Contract Structure among Districts

The research team performed an exploratory analysis of cost differences between
districts. First, this analysis focused on the four largest districts in terms of debris removal
expenditures and dollar amounts of maintenance contracts. This preliminary analysis found that

Houston and Dallas notably differ from Austin and San Antonio:

e Houston and Dallas spend the largest dollar amounts in maintenance contracts, closely
followed by San Antonio and Austin. Houston is the district with the largest total amount
in maintenance contracts (Figure 9).

e The same rankings prevail among large districts on the number of maintenance contracts
they have in place. However, Houston almost doubles the number of maintenance
contracts of Dallas. Dallas ranked fifth in terms of number of maintenance contracts;
Waco ranked second based on the metric used (Figure 8).

e Austin, San Antonio, and Odessa are the districts that logged the most miles to remove
debris by the state personnel (Figure 5).

e The research team pursued a more detailed analysis of the cost of debris removal using
additional data provided by TxDOT Maintenance Division.

e Austin and San Antonio have consistently lower costs per mile for state-force debris
removal compared to Houston, Dallas, and Fort Worth (Figure 10). Perhaps this finding
relates to the fact that Austin and San Antonio logged more miles driven by state

personnel in debris removal activities.
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Different sets of districts were identified based on how their monthly costs per mile of
state-force debris removal compare with the reference cases of Houston and San Antonio. The

following points summarize those comparisons:

e The Dallas and Fort Worth Districts are similar to Houston in terms of their cost rates of
state-force debris removal, per Figure 10. When also considering debris removal work
done by contractors, these three districts seem to have a common trend in how their cost
per mile varies in response to the proportion of debris removal miles driven by
contractors Figure 16. For these three districts, the cost per mile does not seem to vary
much as a function of the number of monthly miles driven to remove debris, in contrast
to the rest of districts (Figure 18).

e The four districts with more yearly variability in the amount of debris removal work let to
contractors are Dallas, Fort Worth, Tyler, and Atlanta, per Figure 17.

e Tyler is the district with the largest variability in its cost per mile of removing debris
using state force, per Figure 15. However, in absolute terms, this district appears to have
the smallest debris problem since it logged the least miles driven on debris removal
activities (Figure 5) and the smallest total cost of debris removal (Figure 7).

e The set of Amarillo, Beaumont, Brownwood, Childress, Laredo, Lufkin, Odessa, Paris,
San Angelo, and Waco Districts experienced low cost rates of state-force debris removal,
very comparable to San Antonio and Austin, per Figure 12. Although the amount of
debris removal done by contractors varied widely among these districts, their costs per
mile are relatively flat through the range of contract/state-force mix of debris removal
work, per Figure 16.

e The El Paso District has similar costs per mile to San Antonio, except for a spike in cost
during the summer months, as shown in Figure 13.

e The Abilene District has a spike in cost rate during the summer months similar to the
El Paso District. However, Abilene has consistently larger monthly cost rates than
El Paso, per Figure 13.

e The Bryan, Corpus Christi, Lubbock, Pharr, Wichita Falls, and Yoakum Districts
experienced large variability throughout the year in their costs per mile when state
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personnel removed road debris. Typically, their cost per mile tends to oscillate between
the cost rates of San Antonio and Houston throughout the year (Figure 14).

e Figure 18 shows that, except for Houston, Dallas, and Fort Worth, the general trend for
TxDOT districts is that monthly cost per mile relates inversely to the amount of monthly
miles driven to remove debris from roads (including miles driven by both state personnel
and contractors). In contrast, the cost per mile appears relatively flat in this figure for

Houston, Dallas, and Fort Worth.

Answers from several interviewed practitioners suggest that annual average daily traffic
(AADT) and truck percentage may correlate with TD occurrence. Finally, the exploratory
analysis on cost/contract structure suggests considerable differences between districts, mostly in
response to the size of the road networks they serve; however, differences exist between districts

of comparable sizes.
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CHAPTER 4. SAMPLE OF VOLUME AND CHARACTERISTICS OF TIRE
DEBRIS ON TEXAS HIGHWAYS

The overall goal of this research effort is to investigate the volume, characteristics, costs,
and safety implications associated with TD on Texas highways. Conducive to that goal, this
chapter summarizes field visits at a random sample of Texas districts’ sites. The contents of this
chapter include sampling methodology, field data methodology, data collection, and data
reduction.

This chapter describes the efforts of this research intended to characterize TD on
highways in the state of Texas as a whole. A robust dataset of high quality and adequate quantity
are required to produce statewide representative numbers. The research team developed an image
acquisition system to produce a photographic record of the debris found at the visit sites. The
research team developed a protocol, analytical procedures, and programming code to process the
massive photographic record from the field visits.

In addition, this chapter summarizes an analysis of a subset of TD pieces retrieved from
the field visits. These pieces were measured and weighted in order to calibrate and verify the
results from the image analysis of the whole data.

Finally, the main purpose of estimating TD volume from district visits is to combine
those estimates with the corresponding amount of work and frequency of debris removal data
obtained from the maintenance division in order to estimate debris volume generation rates in
Texas roads. These quantities, in turn, will allow for the estimation of statewide costs of TD on

Texas roadways.

DESIGN OF TEXAS ROADS PROBABILITY SAMPLE

The research team developed a probability sample of the state roadways to obtain field
data rather than selecting a sample of sites by convenience. A probability sample allows
researchers to draw inferences about quantities of interest at the sampled population level.
Because the sampled population in this case is all TXDOT-maintained roads in Texas, this
procedure will allow drawing conclusions about debris on roads in the state as a whole, based on
the conditions observed at a subset of roads.

The sample frame for probability sample design can be controlled effectively using the

variables available from state databases, such as the Road-Highway Inventory Network

49



(RHINO). The research team initially proposed a stratified sample based on the following

criteria;

e TxDOT regions (north, west, south, and east).

e Facility character (urban, rural).

e Functional classification (interstate highways, U.S. highways, state highways, farm-to-
market roads).The procedures to determine an appropriate probability sample are
described in more detail in the following sections.

The RHINOo File as Sampling Frame for a Probability Sample Design

The research team used the RHINo database as a sampling frame for the sample design.
The RHINo database contains records for all roadway segments maintained by TXDOT. Such
records include various crucial variables for this sample design: the area character (urban versus
rural), the geo-location of each segment, the length in miles of each segment, the functional

classification, the historic AADT, and the percentage of trucks, among other variables.

Unequal Probabilities Sampling

The research team considered two premises throughout the sample in the design: (a) TD
is found more often on heavily traveled roads, and (b) previous research has found that truck
traffic is expected to correlate with TD frequency. The literature review in Chapter 2 found a
study indicating that the proportion of TD produced by trucks is approximately 50 percent, a
disproportionate representation compared to the proportion of miles traveled (Carey, 1999).

The research team chose to apply unequal probabilities of selection to different road
segments as a function of their length, overall traffic volume, and the truck share of traffic in
order to incorporate the two mentioned premises. The following sections offer more details about

the implementation of this procedure.

Three-Stage Sample Design

The research team developed a multiple-stage strategy for the sample design. The three
criteria for stratification mentioned earlier were incorporated within this multiple-stage sampling

procedure. The first stage of the sample design included additional criteria for clustering the
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population by sub-regions so that miles of travel between data collection sites were minimized
while miles traveled on direct data collection activities were maximized.

The first criterion originally proposed (stratification by Texas region) assured the sample
representativeness of the geographic spread in the state of Texas. Therefore, stratification by
region was determined as the first stage of the design.

Texas districts break down the state in 25 continuous sub-regions of relatively similar
size. The research team used this partition to implement clustering in a second stage in the
proposed design.

Finally, a third stage was implemented as an additional stratification based on the other
two criteria originally proposed (facility character and functional classification). The expected
effect of such stratification was to discount a significant amount of variability between roads of
different functional classification within a district. Overall, the proposed sample design intended
to balance considerations of efficiency, accuracy, and cost of data collection. Figure 19 shows a

schematic of the sample design.
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Figure 19. Three-Stage Sampling Scheme for the State of Texas.

The corresponding procedure can be summarized as follows:

e Determine a total amount of miles to be surveyed in the state of Texas.
e Assign a weight coefficient to districts based on the expected amount of TD, anticipated
variability of TD occurrence, and the cost of collecting data within that district.
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o Stage 1: stratification by Texas region. An appropriate number of districts were
allocated to each Texas region.

o0 Stage 2: clustering by district. A predetermined number of Texas districts were
randomly selected from each region, using the weights mentioned above.

o0 Stage 3: stratification by functional class and road character. For each selected
district, a predetermined number of road segments were randomly selected from each
functional class and road character of interest. This selection was based on the
expected number of miles within functional class and road character, expected

variability of TD for those miles, and the expected cost of data collection.

First Stage in the Sample Design: Stratification by Region

The first stage of the design stratified the Texas roadway network by Texas region. The
simplest way to achieve this goal was to sample each stratum proportionally to the number of
elements it contains. Such a procedure resulted in equal probability of selection for each
sampling element in the population to be sampled. Generally, it made sense to sample more

heavily at strata with more elements.

Second Stage in the Sample Design: Clustering by District

Clustering by district was incorporated in order to minimize travel miles between sites for
data collection. Similar to the first stage, weights were assigned to each district in order to take
advantage of the expected correlations between TD and traffic volumes.

The number of miles, the expected amount of TD, the expected variability of TD, and the
relative cost of data collection at remote sites were all considerations incorporated into this stage

of the sampling.

Third Stage of the Sample Design: Stratification by Functional Class

Similar to the first stage, the third stage of the design stratified the Texas roadway
network by functional class and road character simultaneously. The research team reviewed the
suitability of the variables proposed for defining strata. In the case of functional class, using the
highway system designations was originally considered (i.e., interstate, U.S., state, and FM
classes). However, the research team found that a single route might have sections of different

functional classes within a single district. For example, FM 2818 in the Bryan District has
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15.5 mi designated as urban principal arterial, 0.65 mi as urban minor arterial, and 0.92 mi as
urban local road. Since it is known that the efficiency of a stratified sample design decreases in
proportion to the heterogeneity of the strata (Lohr, 1999), the research team selected a variable
that combines the two criteria for facility character and functional class instead. This variable is
FUNC_SYS ID (Roadway Function) in the RHINOo file. Table 3 shows all the available levels.
For the sample design, the following levels were selected as strata: 1, 2, 6, 11, 12, 14, and 16

(these levels are indicated in bold type).

Table 3. Levels of Roadway Function Variable in RHINo.
FUNC_SYS_ID FUNC_SYS_DESC

1 RURAL INTERSTATE
RURAL PRIN ARTERIAL

6 RURAL MINOR ARTERIAL

7 RURAL MAJOR COLL

8 RURAL MINOR COLL

9 RURAL LOCAL

11 URBAN PRIN ARTERIAL (IH)
12 URB PRIN ART (OTHER FRWY)
14 URBAN PRIN ART (OTHER)
16 URBAN MINOR ARTERIAL
17 URBAN COLLECTOR

19 URBAN LOCAL

Additional Considerations for Sampling

It was expected that some percentage of collected data might not be useful for various
reasons (e.g., equipment failure, unforeseen road features encountered). To compensate for this
anticipated data loss, the research team designed a sample larger than what was expected to be an
appropriate sample size. The research team originally proposed collecting data from 600 miles of
Texas roads. However, important road characteristics such as number of lanes and number of
roadbeds effectively double the chances of TD being generated and the effort required to collect

data. Therefore, the research team initiated this sample design under the assumption of 600 lane-
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miles as a minimum for the sample size. The actual sample was designed to exceed that
minimum when the schedule and budget allowed.

The actual number of miles selected varies from sample to sample when using the
proposed three-stage scheme because of the randomness associated with the sampling
mechanism and the sequential nature of the three stages of the proposed scheme. In order to
better understand this uncertainty and account for it, the following subsections describe general
considerations and mitigation strategies associated with the various elements in the probability

sample.

Length of Segments

An important characteristic of the sampling units in the RHINo file is that the segments
of road have varying lengths. These segments are such that a change in the cross-section of the
road triggers the beginning of a different road segment. As a result, the length of segments
ranges from a few feet to several miles. However, roadway cross-section was not expected to
influence the occurrence of TD, at least as much as other critical variables (i.e., AADT and
segment length itself), so the research team decided to merge adjacent segments whose control
sections were the same. This procedure was such that the maximum length of a merged segment

did not exceed 10 mi.

Speed Limit at Candidate Sites

Speed limit was expected to be among the factors that influence occurrence of TD.
Because of the added stress at higher speeds, it was reasonable to expect that a potentially
defective tire, or a worn out one, be more likely to blow up at higher rather than at lower speeds.
Given this consideration, the sampling frame comprised RHINo segments with speed limits of at
least 45 mph.

Size of Strata

With regard to the strata size in the population of roads, the research team used the exact
number of segments available from the filtered set of merged RHINo segments for both the first
and third stages. Because the variable of interest was TD frequency, each segment was given a
weight in proportion to its length and amount of traffic volume. It was anticipated that these two

characteristics should correlate with TD frequency.
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Developing Weights for the Sampling Procedure

As mentioned earlier, the research team chose to implement unequal probabilities of
selection in the random selection mechanism as a way to incorporate available knowledge about
which roads experience the largest amounts of TD generation. Segment length was a natural
choice to weight the relevance of a segment, so the weighting procedure incorporated the length
of the segment explicitly. Similarly, roads with higher traffic volumes are expected to have
higher frequency of TD and more variability in the occurrence of TD—similar to a Poisson
random variable. Therefore, traffic intensity was incorporated into the individual weights for
road segments along with the length of the segment.

Finally, cost considerations were incorporated into the weighting of road segments to
maximize the amount of miles that could be visited within the time frame and budget of this

research.

Optimal Allocation for Data Collection

Optimal allocation, as defined by Lohr (1999), incorporates stratum size, expected
variance within the stratum, and an estimate of cost of data collection. This type of allocation
should maximize the number of miles to be collected by balancing the necessary logistics and the
need to reduce the uncertainty of the sample estimates.

In simple terms, the objective was to maximize the number of sampling units within a
stratum or cluster while considering the following principles: (a) more data are acquired at
strata/clusters that represent a larger proportion of the population of interest—Texas roads, in the
case of this research; (b) more data are acquired from strata/clusters where the variance of the
variable of interest (TD frequency) is expected to be larger. Sampling heavier at such
strata/clusters offsets the uncertainty created by the increased variability; and (c) more data are

acquired from strata/clusters where the cost of sampling is low, relative to other strata/clusters.

Relative Cost of Data Collection

In order to maximize the amount of miles that can be visited, the research team defined
two qualitative variables designating a relative cost of data collecting. One of the variables
assessed a relative cost for remoteness, and the other assessed the relative cost of collecting data
at different facility types. These two costs guided the research team in weighting the optimal data

allocation at each stage of the sampling. Regardless, the procedure was such that any road in any
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district had a measurable probability of being drawn into the final sample. The relative cost by
remoteness was constructed such that it reflects the distance of a district to Texas A&M

Transportation Institute (TTI) headquarters (within Bryan District). Table 4 shows the relative
cost values assigned to each district. Similarly, Table 5 shows the relative cost values assigned

by facility type and the total number of miles of each facility type by district.

Table 4. Relative Cost of Data Collecting per District.

District 1 2 3 4 5

Abilene X
Amarillo X
Atlanta X
Austin X
Beaumont X
Brownwood X
Bryan X
Childress X
Corpus Christi X
Dallas X
El Paso X
Fort Worth X
Houston X
Laredo X
Lubbock X
Lufkin X
Odessa X
Paris X
Pharr
San Angelo X
San Antonio X
Tyler X
Waco X
Wichita Falls X
Yoakum X

>

Note: The rankings in this table are qualitative assessments of the expected costs of data collection,
given the location of the research team’s headquarters (1 means least expensive and 5 means most
expensive).
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Table 5. Strata Sizes and Relative Costs.

Weighted Average

Region FUNC_SYS Cost Total Miles
RURAL INTERSTATE 1.27 177.6
RURAL MINOR ARTERIAL 1.22 1589.4
RURAL PRIN ARTERIAL 1.21 1171.9
East URBAN MINOR ARTERIAL 1.12 2451.0
URBAN PRIN ARTERIAL (IH) 1.14 261.8
URBAN PRIN ARTERIAL (OTHER FREEWAY) 1.09 412.9
URBAN PRIN ARTERIAL (OTHER) 1.13 1361.2
RURAL INTERSTATE 2.19 519.8
RURAL MINOR ARTERIAL 2.23 3138.6
RURAL PRIN ARTERIAL 2.32 2059.7
North URBAN MINOR ARTERIAL 2.02 2995.8
URBAN PRIN ARTERIAL (IH) 2.01 487.8
URBAN PRIN ARTERIAL (OTHER FREEWAY) 2.04 506.8
URBAN PRIN ARTERIAL (OTHER) 2.06 2045.6
RURAL INTERSTATE 191 432.4
RURAL MINOR ARTERIAL 181 2046.1
RURAL PRIN ARTERIAL 2.03 2042.0
South URBAN MINOR ARTERIAL 1.96 1965.0
URBAN PRIN ARTERIAL (I1H) 1.78 290.1
URBAN PRIN ARTERIAL (OTHER FREEWAY) 1.86 417.2
URBAN PRIN ARTERIAL (OTHER) 2.02 1557.1
RURAL INTERSTATE 4.01 926.7
RURAL MINOR ARTERIAL 3.84 3312.8
RURAL PRIN ARTERIAL 4.08 2406.7
West URBAN MINOR ARTERIAL 4.11 896.1
URBAN PRIN ARTERIAL (IH) 4.25 176.1
URBAN PRIN ARTERIAL (OTHER FREEWAY) 4.17 181.1
URBAN PRIN ARTERIAL (OTHER) 4.33 830.5
TOTAL 36,659.6
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Developing a Surrogate Measure of TD Frequency for Sample Design

Since the variable of interest was the frequency (and quantity) of TD, the research team
constructed a surrogate estimate of TD frequency as a function of quantities known from the
RHINo database.

The surrogate function relied mostly on the relationship with AADT documented in the
literature. Researchers constructed Equation 1 by considering that truck traffic was given almost
twice the weight of non-truck volume. The surrogate was proportional to both AADT counts at
different rates and to the length of the segment.

The calculation of this surrogate for a segment of known AADT and truck AADT was

defined as follows:

td* = Segment_Length x /0.65 - (AADT ryycp5)% + 0.35 - (AADT ¢gy5)?

Equation 1

Where:

td* = Surrogate measure of TD, the sampling design variable.
AADTrrycs = The AADT for trucks given in the RHINo file.
AADT.,-s = The AADT for non-truck vehicles given in the RHINo file.

Segment_Length = The length of the segment in miles.

By using this surrogate measure, the research team was able to evaluate how the
sampling procedure was expected to perform. Additionally, this surrogate measure allowed the

optimization of the parameters involved in the data collection scheme.

Sensitivity Analysis, Parameter Optimization, and Expected Performance

There was always uncertainty about the performance of a sample design, especially
complex designs that incorporate both stratification and clustering, such as the design proposed
in this research. Certainty could be achieved only if the actual distribution of the variable of
interest were known; however, in that case a sampling procedure would not be necessary.

In any case, the expected performance can be assessed based on reasonable assumptions
about the behavior of the variable of interest. The research team performed such an assessment

prior to beginning data collection. An additional motivation for this exercise was that the same
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framework to assess the sample design performance offers the opportunity to perform a
sensitivity analysis and to optimize the sampling parameters.

Sample Segments Selection

The research team developed computer code in R language to implement the sampling
procedure described in this chapter. The procedure was a sequential implementation of the
following steps:

e Randomly select a predetermined number of districts from each Texas region, given the
weights assigned to each district resulting from the optimal allocation definition
discussed earlier.

e Extract the prior probability of each selected district, per the selected sampling
mechanism: systematic sampling with unequal probabilities and without replacement.

e Within each selected district, randomly select a predetermined number of segments of the
functional classes previously mentioned according to the weights assigned to each
functional class, per the discussion of optimal allocation earlier in this chapter.

e Extract the prior probability of each selected segment using systematic sampling with

unequal probabilities and without replacement.

Optimization of Sampling Scheme

The objective of optimizing the sampling scheme was to obtain an estimate for total
amount of TD in Texas that has maximum precision, given all the considerations previously
described in this chapter. Utilizing the R code that implements the three-staged sampling (The R
Development Core Team, 2013; Tillé and Matei, 2015), the research team generated multiple
realizations of the sample. By observing the change in precision from multiple realizations of the
probability sample, it is possible to find optimal values for the initial setup variables such that the
expected performance of the sampling scheme was maximized. This optimization procedure
sought to answer the following three questions, given the available budget: (a) what is the
optimal number of districts to allocate per region? (b) what is the optimal number of segments
(or miles) to allocate per each selected district? and (c) what is the optimal number of segments

(or miles) to be allocated per each functional class in each district?
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In terms of comparative performance, it was important to contrast how the proposed
design procedure compares to a simple random sample (SRS; SRS is a common benchmark
when comparing efficiency of sampling designs). Depending on the appropriateness of the
criteria used for stratification and cluster in the design, the relative precision could be
comparable to or even better than the precision of a SRS design. Poor criteria, however, could
compromise the precision of the estimates obtained from the proposed sampling scheme. The
careful selection of criteria defining the stages for the proposed scheme should yield an improved
precision given a total sample size. These criteria were justified and supported by previous

knowledge about TD, truck volume, passenger-vehicle volume, and facility type.

Optimal Number of Districts

The first parameter for optimization in the sampling scheme corresponds to the number
of districts to be visited. The research team generated sets of 500 realizations (replications) from
the sampling scheme, allowing the number of districts to vary from six to nine. For each set of
500 realizations, a fixed set of values was defined for the rest of parameters in the sampling
scheme. Since the objective was to determine the total amount of debris in Texas roads, the total
of the surrogate variable td* was calculated from each available sample realization. In the case of
variable td*, the actual total can be directly evaluated from Equation 1 for each RHINo segment.
Figure 20 shows box plots for the total estimates obtained from each set of 500 sample
realizations and how they compare to the actual total for variable td*, denoted as a green
horizontal line.

The coding of each boxplot in Figure 20 is as follows: the initial four characters read
“Syst,” indicating that the random mechanism is systematic sampling (without replacement); the
next four digits represent the number of districts per region under that sampling scheme. For
example, for the first boxplot in Figure 20, the four digits 3321 indicate a set of realizations that
sampled three districts from the east region, three from the north region, two from the south
region, and one from the west region. Finally, the number in parentheses indicates the total
number of districts selected. From this figure, the best performing sets can be recognized as
those with narrower boxes, indicating that more precision was achieved by those parameters. The
three boxes to the right in the figure are the ones that would result in less precise estimates;

similarly, the four boxes to the left in the figure are those expected to result in higher precision.
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The expected performance of the leftmost option—which requires collecting data in nine
districts—is comparable to the expected performance of option Syst.2221(7) that requires only
seven districts. Because of its expected performance, the research team adopted Syst.2221(7) for

the sampling scheme.
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Figure 20. Expected Performance by Number of Districts.

Optimal Number of Miles

Using the parameterization of Syst.2221(7), the research team compared performance of
the sampling scheme for varying number of miles to be collected. Figure 21 shows the results of
this comparison. The coding of the groups in this figure include the characters “grn###,” which
indicate how many aggregated RHINo segments are selected. Figure 21 also shows the average
number of miles corresponding to two of the boxplots. It is evident from this figure that once the
number of districts was fixed, increasing the number of miles does not have a significant impact

in the precision of the sample. For the purposes of this research, the research team proposed
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adopting the Syst.2221.grn100 option for the sampling scheme. This option would yield about
400 miles in the final sample. The research team sought advice from TxDOT about adopting this

option, and TXxDOT agreed with this proposed scheme.
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Figure 21. Expected Performance by Total Number of Miles.

Additionally, given that fewer miles than anticipated are expected to provide accurate
results, there was an opportunity to revisit a subset of the selected sites for additional data. Such
additional data could be used to explore for the presence of seasonal variability, as was suggested
in the survey documented in Chapter 3. For this purpose, it was determined that the sites from

the Bryan District would be visited during summer and fall 2015.

Expected Performance of the Optimized Sampling Scheme

After adopting the optimized parameters as described in the previous subsections, the
research team generated estimates for the total of td* (the design variable) from a set of 500
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samples using the optimized parameters of the sampling scheme. The distribution of these
estimates was then compared to the distribution of 500 SRS estimates from the RHINo file.

Figure 22 shows this comparison graphically.
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Figure 22. Comparative Performance of Optimized Three-Stage Sampling Scheme and
Simple Random Sampling.

The dashed horizontal line in this figure indicates the real value of the parameter of
interest (i.e., the total for the TD surrogate variable, td*). As can be seen, both sampling
procedures are expected to perform accurately in estimating the parameter of interest. However,
the precision that was expected from the three-stage scheme was clearly superior to the precision

that a simplistic SRS was expected to yield.

Selection of a Sample for Data Collection

Using the optimized sampling scheme, the research team generated various candidate
sample realizations for consideration for the data collection effort. Figure 23 shows four of those

candidate sample realizations.
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Figure 23. Sample Realizations from the Optimized Three-Stage Sampling Scheme.

Each of the samples in this figure represents one output of running the sampling code

with the optimized parameters. They are different from one another because of the randomness

in selecting a different set of segments each time. Since final probabilities of selection for each

segment are known for all these realizations, any of them can be used for data collection.
The research team selected Sample 2 because this option seemed to minimize required

travel. Other than the El Paso District, the majority of the sites at districts in this alternative are

64



within driving distance of each other. The selected sample consists of 443.3 centerline miles

distributed between functional classes and districts, as shown in Table 6.

Table 6. Number of Centerline Miles in Selected Sample per District and Functional Class.

SAT AUS BRY DAL ELP FTW Hou | &rand
Total
RURAL INTERSTATE 5.4 38 8.3 6.0 9.2 23 6.6 41.6
RURAL MINOR
ARTERIAL 6.4 28 9.1 9.0 3.7 9.1 7.0 47.0
RURAL PRIN
ARTERIAL 05 79 116 24 48 6.7 8.4 42.4
URBAN MINOR
ARTERIAL 21 8.1 1.9 16 72 13 52 27.4
URBAN PRIN
ARTERIAL (IH) 240 196 50 207 59 211 365 132.8
URBAN PRIN
ARTERIAL (OTHER 143 206 57 228 87 45 323 108.7
FREEWAY)
URBAN PRIN
ATER AL (OTHER) 50 126 43 34 59 09 113 43.4
Grand Total 577 752 459 660 453 459 1074 | 4433

Similarly, Table 7 shows the number of lane-miles in the sample selected. In total, the

sample consists of 2289.2 lane-miles. This table should be more representative of the effort

necessary to collect the required data. The research team used this table to plan data collection

activities.

Table 7. Number of Lane-Miles in Selected Sample per District and Functional Class.

Row Labels SAT AUS BRY DAL ELP FTW HOU iﬁ’;ﬁ
RURAL INTERSTATE 216 227 333 238 369 93 265 | 1741
RURAL MINOR
ARTERIAL 164 110 182 181 130 273 140 | 1180
RURAL PRIN
ARTERIAL 21 315 290 98 190 268 338 | 1519
URBAN MINOR
ARTERIAL 42 206 37 94 271 26 116 79.3
URBAN PRIN
ARTERIAL (IH) 1726 1175 19.8 1420 420 149.7 2947 | 9383
URBAN PRIN
ARTERIAL (OTHER 825 1226 226 1097 427 230 2290 | 6321
FREEWAY)
URBAN PRIN
ARTERIAL (OTHER) 199 503 173 173 234 38 632 | 1953
Grand Total 3103 3763 1441 3301 2042 2425 6728 | 22892
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The next section describes the logistics and preparation the research team underwent

prior to beginning data collection.

DATA COLLECTION PLAN

Once a sample of roads was selected, the research team briefed the TXDOT project team
about the procedure followed to obtain a representative sample of Texas roads for data
collection. The next subsection summarizes the details of the data collection activities as they

were incorporated into the data collection plan.

Specific Considerations for Data Collection

The smallest piece of TD of interest for this research was determined to be between 3 and
4 in. wide. One reason for electing that minimal size was because of the expected difficulty of
detecting pieces smaller than 3 in. wide using photographic data, considering the potential range
of distances between the instrumented vehicle and the road debris. Another important
consideration is the unlikely scenario that a smaller piece would be the cause of an unscheduled
trip for debris removal. Assuming the resolution of human vision at 1 arc minute, a 3 in. wide
piece with a thickness of 0.5 in. can be detected at around 75 to 100 ft in front of the vehicle. In
contrast, a person traveling at 60 mph whose perception-reaction time between 0.5 and 1.0 s
would travel 44 to 88 ft while assessing and recognizing such a small piece of debris in front of
the vehicle.

The research team determined to collect data for 443 mi because the precision of the
probability sample was not expected to improve significantly after a sample size of 400 mi (per
Figure 21). A subset of these sites was scheduled for two visits. The data obtained during the
second visit for a subset of sites were intended to investigate seasonal variability of TD (since
seasonality was suggested by many interviewees during the statewide survey).

The research team developed a data collection system using machine vision cameras at
highway speeds to assess the amount of roadway debris. This system was based on an iterative
process of design-trial-redesign. The next section discusses the development process; later in this
document, details are given about the testing procedure on the accuracy of the data acquisition

system, and a section describes the final field data collection procedure.
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Development of an Image Acquisition System

Initially, the researchers evaluated various alternatives for a mobile data collection
system. For example, the research team considered adapting a system developed for a previous

study (shown in Figure 24) that uses an instrumented vehicle to capture images of vehicles in

front, the distance to that vehicle, and the current speed of the instrumented vehicle.

Figure 24. Setup for System Developed in Previdus Study to
Vehicle.

Ty
By

Estimate Distance to a Leding

In the previous study, distance was measured by a researcher manually tracking the lead
vehicle using light detection and ranging (LiDAR). However, the manual tracking of debris
downstream of the instrumented vehicle, as required for the study, could be extremely difficult
depending on the quantity and size of the TD. Due to this limitation, the researchers explored
variations of the image acquisition system, as well as other potentially feasible alternatives.

Another method initially considered uses a pair of machine vision cameras to generate
stereoscopic vision. In general terms, the shift between the images from the pair cameras can be
used to estimate distance. Although the appeal of utilizing a stereoscopic system was that it
combines the information of two simultaneous images, the research team discarded the idea of
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using such a system because it doubles the data storage needs and it potentially increases the
needed efforts to reduce the data.

A final image acquisition system was developed stemming from the first system
described in this section (see Figure 25). Since the objective was estimating the size of various
debris pieces, the new variant of the acquisition system focused on assessing the dimensions of
objects of interest based on the apparent distance recorded in a photograph. Using spatial
information derived from a calibration image and camera optical specifications, the distance to
the object of interest can be derived. A critical spatial parameter for this procedure is the pitch
angle of the camera with respect to the horizontal plane. A range of pitch angles was tested in an
attempt to strike a balance between depth (maximal at zero pitch) and detail (maximum at 90°
pitch).

Figure 25. Final Irhaging System Setup.

Calculations are performed under the assumption that the longitudinal roadway geometry

is relatively flat (at least for a short distance in front of the camera).
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Development of an Analytical Framework for Data Processing

To derive transformation formulas from the two-dimensional image to the three-
dimensional space it represents, the research team started from the abstract case of locating a
piece of debris in the image and then estimating its area. More sophisticated calculations were
developed as field information made evident that additional assumptions were necessary. Figure

26 shows the basic schematic of the data collection system.
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Figure 26. Spatial Location of a Particle in a Flat Piece of Debris.
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For the Cartesian coordinate system located at the focal point in the camera, the
following is the definition of r in the three-dimensional space, once the height of the camera and

both the horizontal and vertical angles can be determined:

T = hegmera * [cotHV “tanfy -1+ cotby - j — E]

Equation 2
Where,
r = Vector in space that locates the debris particle from camera.
hcamera = Height of camera relative to the pavement (i.e., z distance to the pavement).
v = Vertical angle, or angle between y-axis and the projection of r in plane y-z.
&+ = Horizontal angle, or angle between y-axis and the projection of r in plane x-y.

During the calibration process, the height of the camera was measured directly, as were at
least one of two additional pieces of information: (a) the pitch angle or (b) the location of objects

at different (known) distances in front of the camera.

Estimating Distances to an Object Given Its Apparent Position in a Photograph

In order to perform this estimation, it is important to determine how the angular distances
in the grid of pixels in a photograph relate to angular distances in the space of an area
photographed.

As suggested in Figure 26, the camera was generally tilted with respect to the plane of the
road. Therefore, the coordinate system shown in Figure 26 differs from an internal coordinate
system of the camera chip X"Y'Z' that corresponds to the grid of pixels in the resulting

photograph. Figure 27 shows the relationship between these coordinate systems.
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Figure 27. Detail of Position in Reference Grid and on Measurement Space with a Tilted

Camera.
Where,

r = \Vector in space locating a point on the pavement in front of the camera.

fox = Vecto_r in spacfe 'th:alt locates the apparent location in the photograph, in

coordinates X'Y'Z'.

h = Height of camera relative to the pavement (i.e., z distance from the pavement).

Dret = Reference distance, or y distance, between the camera and the imaginary grid.
a = Pitch angle of the camera.

Bv = Vertical angle, or angle between y-axis and the projection of r, in plane y-z.
¢ = Angle between y' axis and the component of rpix in plane y'-z'.

The imaginary grid in Figure 27 rests over a plane perpendicular to the Y" axis such that
each square in that grid maps to one pixel in the camera chip. This relationship exists because of
similar triangles; one formed from the focal point and any pixel on the camera chip and another
formed between the focal point and the corresponding cells in the imaginary grid. Figure 27 also
shows that a point on the pavement behind the imaginary grid has an apparent location on the

imaginary grid in front of the camera, rpix. It can be shown that angular changes in space should
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correspond between the two vectors r and rpix regardless of them being measured on the XYZ
coordinate system or on the X'Y'Z' coordinate system.

The function of correspondence between pixel position and local angular increment can
be derived from the relations above. Figure 28 shows the local A¢ increment as a function of ¢

in its complete range of values.
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Figure 28. Incremental Angle vs. Offset Angle per Pixel.

This figure also shows the maximum offset visible angle for both X' and Z' as vertical

lines.

Developing Discrete Analytical Methods

Depending on an object’s orientation in space, different analytical discrete methods were
developed to calculate the dimensions of a photographed piece of debris. Developing discrete
methods was necessary because the objects of interest were not expected to be regularly shaped.
Therefore, the image analysis was developed at the pixel level. The next example summarizes
one such analytical method.

When considering the squared pixel on the left side of Figure 29, that pixel abcd
corresponds to a flat area of pavement, then the squared-shape is apparent, and it emerges as the

projection of a quadrangle abcd, shown in the right side of Figure 29, laying on a plane
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perpendicular to the camera line of sight. Dually, the projection of an arbitrary pixel abcd over
the plane of the road is an irregular quadrangle because each incremental pixel in either the
horizontal or the vertical direction corresponds to different incremental angles and heights that

are a function of the angular measures at that point, as shown earlier.

Camera View Plan View

Figure 29. Area of Road Represented by a Pixel.

In order to calculate the area of abcd, it is necessary to break the quadrangle down into
two triangles abd and bcd and add the areas, as can be seen in Figure 30.

Vector algebra can be used to compute the areas of interest. The area of a region of
interest on the pavement surface (i.e., an identified piece of debris) can be estimated from a
photograph by adding the calculated areas of each pixel corresponding to the region of interest
(i.e., representing TD). Additionally, similar methods can be developed to estimate width and
depth of debris objects as they appear in a photograph.

The data collection protocol dictates that the camera pitch angle and camera height be
recorded every time data collection takes place. Since these pieces of information are known,

each pixel in the photograph is associated with a known incremental Ag.
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Plan View

Figure 30. Area abcd Shown as the Sum of the Areas of Triangles abd and bcd.

Analytical methods derived from trigonometry and vector algebra were developed to
process the acquired data. Calibration images were collected and stored during data collection in
order to verify calculations per this theoretical framework. The next section summarizes the
general setup developed for object-size calculations from the data acquired with the imaging

system.

Testing of Discrete Analytical Methods

Data were initially collected under static and dynamic conditions at the Texas A&M
University Riverside Campus. This facility is a closed-course testing facility that allows for
greater control over testing conditions to ensure accurate measurements under safe field

conditions. The following are the characteristics of this initial testing:

e Four sizes of debris.
e Speed range: 45, 60, 75 mph.
e Lateral offset from lane range: 0, 12, 24 ft.
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Figure 31 and Figure 32 show sample images acquired using the test runs. Initial analysis
suggested the need for methods to account for lateral offset. These tests also suggested that

accuracy was adequate when the object was 100 ft away or closer.

Start Reference

Figure 31. Testing Setup at Riverside Campus.

\ - -
Tire Sidewall — m
- Whole Tread

Figure 32. Detail of Testing Setup at Riverside Campus.
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The findings of the initial tests were incorporated into updated analytic methods. The
formulas derived initially were adjusted to account for lateral offset of an object. This and other
necessary modifications were tested—and the methods updated—using actual debris pieces

collected from the field and their corresponding field photographs, as described in the following
sections.

Testing with Calibration Images

In the data collection protocols, the research team included the requirement that one
calibration image be acquired for any data collection trip. The purpose for this calibration image
was to verify the post-processing calculations, if such verification seemed necessary at any point
during data reduction and analysis. Figure 33 shows a sample calibration image taken at a
parking lot near TTI’s headquarters. Because the image includes an object at known distance, the
sizes of other objects in the image can be calculated using trigonometry.

Figure 33. Sample Calibration Image.
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The accuracy of the method for flat pieces can be assessed by estimating the area of a flat
object of known area, such as the white board closest to the camera in Figure 33. Using the pixel
coordinates of points a, b, and d—and the camera parameters and system calibration setup—it
was possible to estimate the area inscribed between these points from the photograph. Table 8

shows the intermediate calculations necessary to estimate the area in this example.

Table 8. Sample Area Calculation from Calibration Image.

Point Xpx Ypx thetan thetay

a 743 940 —2.0808 9.1577

b 930 940 —0.2878 9.1577

d 743 882 —2.0808 8.6028
Calculated Area: 313.66 Real Area: 288.0 Error: 9%

Using additional tests as the one just described, the accuracy of analytic methods and

their assumptions were tested and adjusted, as field data became available.

Estimation of the Area of an Arbitrarily Oriented Piece of Debris

Considering the piece closest to the camera in Figure 33, the assumption that this piece
lays completely on the pavement is clearly violated. In this and similar instances, an additional
complication in the estimation procedures emerges: trying to estimate a range of objects
containing three-dimensional protuberances from a two-dimensional image. To mitigate for this
issue, the research team performed an analysis of the geometry of a finite element with arbitrary
orientation in space. This analysis focused on obtaining a closed functional form relating two
projections of the particle (i.e., an area differential of TD), one on the horizontal plane, and one
on the vertical plane. A brief description of the procedure is given next.

Let A be the plane of the particle Sr arbitrarily oriented in space. Figure 34 shows a

profile view of the particle and its projections, Sv and Sw.
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sv2

shl sh2

Figure 34. Spatial Relations for Angled Strip and Its Horizontal and Vertical Projections.

Where,
Sk _ Discrete particle arbitrarily oriented in space.
Sy _ Vertical projection of S.
Sy _ Horizontal projection of Sg.
B _ True angle of orientation of Sy in space.
svl, sv2, shl, and sh2 _ Sub-areas of S, and S (for intermediate calculations).

Previous works in mathematics have shown that the relation between the projection area
to the real area of an object in the three-dimensional space is bound (Slepian, 2012).

More specifically to the problem at hand, it is clear that Sv and Sn covariate negatively as
the pitch angle 6, changes, per their definitions. Equation 3 shows the following relationship

holds independently of the value of 6;:

S = 1
R ™ cosp
SH

sin
Sy

+

Equation 3
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Although the projections Sv and Sn can be reasonably estimated under the assumption of
a locally flat road (making the position of each pixel of debris a function of the distance to the
camera and a fixed height), the only unknown quantity in Equation 3 is 3.

The true area of a piece of debris can be found by integration, over a region where the
differentials of the photograph projection of the piece of debris are defined.

In Figure 35, the real area Ri can be calculated if the variation of 8 is known over the

domain of integration, that is § = f;(x,y), as shown in Equation 4.

Ri= || suGy)-an,
Py

Equation 4
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Figure 35. Sample Debris with Arbitrary Orientation in Space.

In general, § would vary with each piece of debris and with each pixel making out that

piece; thus, more specifically:
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Equation 5

Applying the Mean-Value Theorem to the innermost integral, a value g* exists such that:

f fyzfﬁ1COSﬁ smﬁdﬁ dy - dx—f fyzcosﬁ_sm/g -dy - dx
Sy

V

Equation 6

Because the integration over the unknown domain of § can be avoided, the result above
implies that the double integral remaining must be proportional to the real area R;. The equality
is achieved if the unknown but constant values ;, 5, and 8* can be determined.

Also, since the domain of 8 has not been defined yet, it was convenient to do so in a way
such that 5, — 8, = 1. This definition leaves g* as the only unknown quantity needed to
estimate R;. The research team developed an empirical formulation for 8*, as briefly explained in

the next subsection.

Calibration of Analytic Procedures with Field Data

The research team performed a regression analysis on field images obtained for the
samples of TD retrieved from the field. For that subset of samples, all quantities of interest are
known—namely, Sr, Sk, and Sv. Unfortunately, complete datasets were successfully identified
for only 17 of the pieces that were collected from the field. A value of §* was computed for each
piece such that Equation 3 relates the true area Sr as measured in the laboratory and the
estimates for Sn and Sv (from analyzing images from the field).

To select a model for §* using a relatively independent performance metric, a reduced
functional form selected from a set of potential predictors was implemented based on leave-one-
out cross-validation. The final model included three variables: distance to object, width of the
object, and the flag variable indicating that the object is either angled or vertical to the pavement.
The first two variables were estimated automatically from the procedures described in this

section. The third variable was manually coded as “Standing, Angled?” by inspection during the
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data reduction (details in the next section, see Table 10). The average percent error of the
regression estimator to the computed value of * was found to be —1.16 percent with a standard
error (SE) of +7.45. The research team deemed such expected precision for 8*, the regression
estimate from this procedure, adequate. Given the range for the average percent error, it also
appears that the regression estimate is an unbiased estimator of the true quantity g*. Therefore,
the regression estimate was incorporated as a last step of the image-processing algorithm to be
used in analyzing the reduced photographic database. The following section describes the data

collection activities and summarizes the data reduction and processing procedures.

DATA COLLECTION

Members of the research team collected field data in seven TxDOT districts, randomly
selected through the process described earlier in this document. The distribution of data
collection segment sites is provided in Table 6 and Table 9 and illustrated in Figure 36. The sites

were selected to represent the geographic distribution of the state and a range of roadway types.

Table 9. Distribution of Data Collection Segment Sites by Speed Limit (Miles).

Spe&?gp'a')m't Austin  Bryan Dallas EI Paso V\Ijgrr':h Houston AnSt?)rr]ﬂo Dis?rl:cts
45 0 0 0 0 3 0 0 3
50 8.1 0 10.3 0 0 0 0 18.3
55 10.5 17 0.3 10.3 17.8 31.7 4.7 92.3
60 8.2 1.9 35.9 13.4 35.6 48.4 16.1 159.4
65 19.7 0 20.9 8.4 2.3 32.3 11.8 95.5
70 17.5 9.1 0 0.5 7 0 20.2 54.3
75 11.1 19 4.1 9.2 0 0 5.1 48.7

All Roadways 75.1 47.0 71.7 41.8 65.7 112.4 57.9 443.3

All field data were collected in the months of July—-November 2015. Some of the sites in
the Bryan and Houston Districts were sampled twice (i.e., in July and again in November) to
determine if seasonal variations in debris presence could be observed. The data collection
procedure was implemented by two-person teams and involved collecting high-resolution
photographs of the pavement surface along the selected segments and creating global positioning
system (GPS) logs that contained user-generated codes to flag locations where debris was
present. At the beginning of each day of data collection efforts, the team would mount the

camera and GPS receiver in the vehicle, aim the camera so it would capture the vehicle’s lane
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and the lanes or shoulders to either side of the lane, and calibrate the view by capturing a
photograph of pavement while two boards of known size were placed at distance of 50 ft and
100 ft ahead of the vehicle.
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Figure 36. Segment Site Locations.

Detailed maps were developed for each district prior to data collection in order to provide
the data collection crews with reference points in the field. Figure 37 shows a reduced image of

an example of such a map.
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Figure 37. Detail Map for Urban Sites in Houston District.

Data collection runs were conducted on all segments that were identified in the
previously described site selection process. Multiple runs at each segment were conducted
because of the limited view width of the camera. Runs were always conducted in the rightmost
and leftmost lanes to ensure documentation of debris on each shoulder (right and left shoulders),
and runs were also conducted on interior lanes of urban freeways with more than four lanes if
debris was observed in the interior lanes. On undivided two-lane roadways, runs were conducted
once in both directions unless the team observed that no debris was present during the first data
collection run.

The data collection team conducted their efforts during daytime, dry-weather conditions.
Congested traffic was avoided as much as possible since it was necessary to obtain photographs
of the pavement surface while the pavement was not occupied by queued vehicles.

The team used real-time traffic condition maps to facilitate their route planning and
sequencing and also used aerial photographs to identify appropriate travel paths (i.e., entry, exit,

and turnaround locations) on some of the more complex urban freeway facilities. The data
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collection runs were conducted at the posted speed limit (or the free-flow traffic speed, if lower)
to minimize disruption to traffic flow.

Photographs were saved at a rate of five images per second to ensure that all debris pieces
present would be pictured even at highway speeds. Figure 38 shows an example image that

depicts a TD piece in a travel lane.

Figure 38. Photograph with In-Lane TD Piece.

To facilitate data reduction efforts, GPS data log files were recorded during all data
collection runs using a program that allows the user to document locations of interest by pressing
a key. The research team used the letter “T”” when encountering a TD piece and the letter “O”
when encountering other types of debris.

After concluding their data collection runs at each site, teams collected a few sample
debris pieces from the roadway surface for further analysis. These debris pieces were labeled for
identification. Each collected piece was brought back to College Station for further analysis.

Figure 39 shows one such piece being measured over a grid of known dimensions.
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' Flgure 39 Sample TD Plece Retrleved from Fleld V|S|ts

Debris pieces were retrieved only if they were located on a sufficiently wide shoulder
and the team could identify a safe location to stop. The photographs of the debris pieces were
identified and flagged, such that the size of the debris piece could be both measured in the office
and computed by analyzing the photograph. Hence, the research team was able to verify the

camera calibration and assess the error range in the size computations.

DATA PROCESSING

Data reduction and processing included the following activities: (a) measuring the
samples of debris collected from the field visits in order to estimate density, volume, and
thickness of typical TD; and (b) reducing the database with a photographic record of the visits to
a set of images usable to estimate size of individual pieces of TD.

The following sections summarize the procedures followed during these activities.
Chapter 6 summarizes the results of these procedures, other summaries, and metrics of interest

derived from the field data.

Measuring Density, Volume, and Average Thickness from Field Samples

The volume and density of the debris samples from the field visits were measured using

water displacement. The results of these measurements were incorporated into the estimation of
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the amount of debris in terms of their weight so that they could be included in the cost analysis.
The measurement process involved a container of sufficient volume to completely submerge the

debris sample and a container to collect displaced water. Figure 40 illustrates this setup.

Figure 40. Water Displacement Measurement Setup.

The main container was then filled to a level slightly above the drain tap and allowed to
drain to the level of the tap. A separate container was placed under the tap to collect the water
displaced by a submerged debris sample. This water was weighed, and the volume of the debris
sample computed by dividing the weight of the displaced water by the density of water. The
density of the debris piece was computed by dividing the dry weight of the piece by the volume
of water that it displaced while submerged. The method to measure the TD was modified
depending on the size of the TD. In the case of measuring smaller pieces, they raised the water
level very little when placed in a container large enough to submerge the largest TD pieces. This
limitation was due to the small ratio of the piece’s volume to the surface area of the water in the
container. To increase the accuracy of measurements, two different container sizes were used:

one for larger pieces and one for smaller. To further reduce the surface area, a second smaller
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container was placed in the large container and filled with water to anchor it. The large debris
pieces could then be placed in the reduced space between the two containers. A surfactant was
added to the water to reduce the surface tension and promote consistent drainage of the displaced

water. Figure 41 shows the equipment to perform the weighing operations.

Figure 41. Weight of Displaced Water and TD.

After all of the collected debris pieces were measured, approximately 10 percent of the
larger pieces had a small section of uniform thickness removed and measured as an additional
degree of consistency and for use in determining the average thickness of the larger samples.

Figure 42 shows cut-out pieces.
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Figure 42. Cutouts from Debris for Further Measuremet.

The density and thickness values obtained from these procedures were used later in

combination with the processed field images to perform calculations of size and weight of the

TD. More details are provided in the following section and in Chapter 6.

Reduction of Photographic Database

The raw database of photographs amounted to approximately 1.6 terabytes, including

data from the second visits to some sites in the Bryan and Houston Districts. Figure 43 shows a

map of TD data collected from July to November 2015.
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Figure 43. TD Data Collected by Month.

In the legend of Figure 43, quantities in parentheses represent the number of GPS tags in
the data. Since those tags were typed by the field data collection team to indicate presence of TD,
this set of GPS tags represents a first rough estimate of the number of pieces identified.
However, this estimate deviated with the actual number of pieces as a function of the site
characteristics and the field data collection team. At sites with small amounts of TD, a GPS tag
typically corresponded with a single piece of debris. However, at sites with high frequency of
TD, a GPS tag would sometimes indicate a single piece or many pieces clustered at a single
location. Multiple runs were conducted at each site, depending on the number of lanes and
quantity of TD observed. In total, 303 runs were conducted. Each of those runs corresponded to
one GPS data file and a folder of photographs taken at a rate of 5 Hz.

A team of student workers reviewed the GPS data stream for each run of the field visits.

From each of these runs, the data reduction team reviewed all photographs within one second of
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the time recorded on the GPS tag. Each piece of TD discovered in these photographs was
enclosed in a red square, and a copy of that photograph was saved for later analysis. For each
photograph with TD identified, members of the data reduction team generated codes in an Excel

file containing the variables shown in Table 10.

Table 10. Variables Coded While Reducing the Photographic Database.

Variable Description
# of objects Number of objects identified.
#0of TD Number of TD pieces identified.
Tire on lane Is the tire on the travel lanes?
Is it FLAT? Is the TD piece flat?
. 2
Is it large? Does the TD piece appear Iz_arge. (i.e., larger than
8in x 8in)
Shaded, Obscured, Background? Avre there shadows or contrast issues in the photo?
Visible Edge? Is the edge of the piece visible?
Standing, Angled? Is the piece at an angle with the plane of the road?
Avre there issues that warrant that the size of this piece be
Manual

computed manually?

Any relevant comments about the shape, size, or position of

Comments about shape the TD?

The reduction of the photographic database took place from July 2015 to April 2016. A
grand total of 14,998 images identifying individual TD pieces were identified for analysis.

SUMMARY

The research team developed a probability sampling of roads in the state of Texas in
order to collect data about frequency and characteristics of TD in Texas highways.

Next, the research team implemented the developed methodology in R, a statistical
computer language, and optimized the corresponding parameters in order to obtain maximum

precision estimates of debris frequency on Texas roads. Further, the research team drew a
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probability sample of Texas roads representing 472 centerline miles and prepared to collect field
data at those sites.

In addition, the research team developed an imaging system to acquire data from field
visits and developed an appropriate data collection protocol. Then, the research team developed
analytical methods to process the data from the field visits. The research team visited every site
selected in the probability sample and acquired the image data as planned. Later, the research
team visited a subset of the sites in the sample for a second time in order to assess for the
presence of seasonality in TD occurrence. In addition to image data from the field, the research
team collected actual samples of TD to be measured. These samples provided reliable estimates
of density and volume of typical debris in Texas roads.
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CHAPTER 5. SAFETY ANALYSIS OF TIRE DEBRIS ON TEXAS
HIGHWAYS
This chapter summarizes a safety investigation on TD performed as part of this research
project. Crash records were reviewed and crashes involving TD identified for the period 2012—
2014. This chapter summarizes the data collection, general trends, a formal statistical analysis,

and the interpretation of results.

DATA COLLECTION

In Texas, statewide crashes are coded into CRIS. The records in CRIS provide a level of
detail and flexibility that make it possible to perform most types of safety analyses. However,
since this research intends to investigate the safety implications of a relatively narrow risk factor
(i.e., TD), it was not possible to identify a field (or combination of fields) in the CRIS database
that clearly codes TD involvement, despite an otherwise substantial level of detail available in
the CRIS database.

However, two fields, OB_STRUC_ID and OTHER_FACTR_ID, were found to be of
particular interest since they allow identifying crashes involving foreign objects in the pavement.
Specifically, these fields contain codes that indicate debris on road involvement and whether or
not there were any avoidance maneuvers due to such objects in the road.

In order to identify crashes with particular involvement of TD, the TXDOT project team
recommended reviewing crash narratives of crashes suspected to relate to TD. Reviewing crash
narratives was also essential because it allowed an additional level of filtering: separating crashes
that involved previously existing TD from blowout crashes. Generally, crashes of the latter type
are such that debris generated from one vehicle causes another vehicle to have a crash. Such
crashes are not of interest to this research and can only be identified by reviewing crash
narratives.

As a first step, the research team queried the CRIS databases for crashes with potential
involvement of TD during the three most recent years (2012-2014). Because the process to
retrieve and review the corresponding crash narratives was a relatively slow, time consuming
process, the research team narrowed this query to the types of facilities most likely to have TD

involvement: interstate freeways, non-interstate freeways, and principal arterial highways, each

93



in both rural and urban environments. These facility types correspond to functional class codes
01, 02, 11, 12, and 14 in field FUN_CLS_ID (see Table 3).

Characteristics of Crashes with Road Debris Involvement

An initial set of 2,247 crashes with potential involvement of road debris was identified
for the period of analysis (2012-2014). Figure 44 shows the distribution by severity and facility
type of this initial set of crashes (this figure shows the levels of the variable FUN_SYS_DESC in
the RHiNo and CRIS databases, as shown in Table 3). It is noticeable that non-injury crashes are
most prominent, followed by possible injury. Together, these two severity levels account for

83 percent of all the crashes identified.
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Figure 44. Crashes with Potential Involvement of TD by Severity and Facility Type.

Figure 45 shows the distribution of the five contributing factors most commonly listed in

the subset of crashes involving road debris. In total, this subset contains 1,403 out of the 2,247
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crashes initially identified. The most common contributing factor among crashes involving road
debris was FAULTY EVASIVE ACTION. The second most common contributing factor (shown

in Figure 45) shows that a contributing factor was not identified. It appears that few crashes

could be classified under the three remaining categories of contributing factors.
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Figure 45. Most Common Contributing Factors for Crashes with Debris Involvement by
Facility Type.

The next subsection summarizes a thorough examination of the 2,247 crash narratives by

the research team in an effort to identify crashes specifically indicating TD involvement.

Review of Crash Narratives

From the beginning of the project, a clear distinction between two classes of crashes was

established: (a) crashes that occurred as a result of a tire blowout involving the vehicle with the

tire problem or any other vehicles in the vicinity; and (b) crashes that occurred because some

debris was present in the pavement previously, so that generation of the TD was effectively

unrelated to the crash. This research project focuses on the second of these classes.

The research team investigated if further clearance was necessary from the Texas A&M

IRB to access and examine crash narratives of interest. It was determined that no further IRB
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paperwork was necessary since the extraction and preliminary filtering of the narratives would
be performed by TTI personnel already trained and with adequate clearance. After initial
extraction and filtering, the research team received crash narratives stripped of any sensitive data
(e.g., personal information of individuals, vehicle registration, officer on scene).

Crash narratives include a description of the events by the crash investigator and a
diagram of the crash in some cases. Figure 46 shows a sample of the type of information

available from the crash narratives.

Investigator's Narrative Opinion of What Happened
(Attach Additional Sheets If Necessary)

Unit 1 was traveling S/B on |H-35 in the inside lane when it
ran over a large piece of rubber that was in the roadway.
The vehicle in front of Unit 1 ran over the rubber object,
causing it to lift into the air. Unit 1 struck the rubber with its
FR. Unit 1 came to rest facing S/B on the inside shoulder.
Unit 1 was unable to avoid striking the rubber as there were
other vehicles in the lane beside it.

Figure 46. Sample Narrative of a Crash Involving TD.

Personnel from the safety center in TTI extracted and reviewed all narratives
corresponding to the 2,247 crashes that had potential involvement of TD. In the case shown in
Figure 46, involvement of TD in the crash is clear. However, this figure also illustrates the
degree of ambiguity that was found in some of the narratives. Figure 47 shows the narrative
corresponding to a crash similar to that shown in Figure 46 that was not considered TD related,

per direction given by the TXDOT project team.

UNIT 1, 2 AND 3 WERE TRAVELING EB ON IH-20. UNIT 2 HAD A BLOWOUT, THE TIRE TRED CAME OFF.
UNIT 3 RAN OVER THE TIRE CAUSING DAMAGE TO THE FRONT END OF THE VEHICLE. NO ONE WAS
INJURED. ’

Figure 47. Sample Narrative of Crash Not Involving TD.

Although both crashes in the previous examples involved TD on the pavement, only the
example in Figure 46 was considered TD related for the purposes of this project. In that case, the

piece of rubber involved was at the scene prior to the arrival of any of the involved vehicles. In
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contrast, the example in Figure 47 was not considered TD related because the tire tread came
from a blowout that affected an adjacent vehicle.

Summary Statistics of Crashes Involving Road Debris

After finalizing the review of all 2,247 crash narratives, the research team determined
that only 471 crashes clearly identified the object involved in the crash as a tire, TD, or other
tire-like object.

For the next step in this exploratory analysis, the research team prepared summary
statistics of the crashes whose narratives were reviewed, as indicated earlier in this chapter.
Figure 48 shows the distribution of the 471 crashes involving tires, TD, or other objects that

appear related (i.e., rubber-like, tire-like unknown objects).

N =471 Crashes

Tire Debris
38% = Tire
m Tire Debris
= Other

Figure 48. Distribution of 471 Crashes Involving Tires or TD by Type of Object.

From the narratives, it was possible to determine when crashes resulted from situations
such as Figure 47 and thus were not of interest to this research. Narratives were reviewed to
determine the origin of the TD. Three categories were identified: (a) TD was present before the
crash; (b) TD was generated during the crash; and (c) undetermined origin. Figure 49 shows the

relative frequencies of these cases.
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Figure 49. Distribution of 471 Crashes Involving TD on Roadway.

Only 53 percent of the 471 identified crash narratives clearly indicated that tire or tire-
like objects were present at the crash site before the crash occurred. This percentage corresponds
to 251 crashes. Of these 251 crashes, 160 involved a single vehicle, 75 involved two vehicles,

and 16 crashes involved three or more vehicles.

EXPLORATORY ANALYSIS

This section reviews the data collected in order to gain insights into crash risk of road

debris, and TD specifically, at different facility types and districts.

Crashes Triggered by TD

The subset of 251 crashes was the set of interest to this research, referred to as TD
crashes from this point forward. The narratives corresponding to TD crashes indicate that TD or
tire-like objects were present before the involved vehicle or vehicles arrived at the crash scene
and were the catalyst of the crash. Figure 50 shows the distribution of TD crashes by facility type

and number of vehicles involved.
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Figure 50. Distribution of 251 Crashes Triggered by TD on Roadway.

The majority of these crashes, 178 out of the 251 crashes, occurred on urban or rural
interstates and represent 71 percent of all TD crashes in the three-year period. These frequencies
contrast with the frequencies observed for crashes involving any type of debris. As indicated by
Figure 45, crashes involving any type of debris tend to occur more frequently at urban freeways
(interstate or otherwise).

An interesting feature was the noticeable difference between urban and rural facilities in
Figure 50 regarding their TD crash distribution; urban facilities tend to have a larger proportion
of multivehicle crashes than rural facilities.

For temporal trends, Figure 51 shows a steady decline of TD crashes from 2012 to 2014,
particularly on urban freeways. Without other critical variables, the reasons for that trend remain
unclear. Several factors may potentially contribute to an explanation, including increases in the
frequency of debris collection activities and statewide decreases in the total number of crashes at

these facility types, perhaps due to a reduction in miles traveled. To investigate the second
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possibility, the research team queried the total number of crashes at the facilities of interest for
years 2012-2014.
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Figure 51. Yearly Trend for 251 Crashes Triggered by TD on Roadway.

Figure 52 summarizes the total number of crashes at the facilities of interest for years
2012-2014. As this figure shows, the trend was opposite to that observed in Figure 51. This
contrast suggests that there was a systematic reason for the drop of TD crashes at urban facilities.

When comparing the sheer numbers in Figure 51 and Figure 52, perspective can be
gained on the relatively small magnitude of impact on safety of TD on Texas highways. Namely,
TD crashes represent less than 1 percent of all crashes at the facilities investigated by this

research, as shown in Figure 53.
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Figure 52. Yearly Trend for 536,868 Texas Crashes on Roadway Classes of Interest.
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Whereas Figure 50 shows that TD crashes tend to occur more often on urban freeways,
Figure 53 shows that the proportion of these types of crashes was larger on rural freeways. The
yearly decline in TD crashes appears most accentuated on both urban and rural interstate
freeways.

When considering that the numbers in Figure 49 through Figure 51 represent statewide
totals that occurred in the last three years, the small number of TD crashes was noteworthy. The
very small percentages of TD crashes found suggest that this type of crash was uncommon and
that roadway safety can be better improved by focusing resources on reducing other types of
crashes. In any case, the set of TD crashes established by this research are sufficient to perform

an analysis on the risk factors underlying TD crashes, as presented in the next section.

Frequency and Proportion of Crashes Specific to TD

In general, crashes are relatively rare events. The previous section established that TD
crashes are even rarer than other types of crashes. This section explores trends in the TD crash
data for both their frequency and relative proportions. Looking at proportions was important
because appropriate statistical methods of analysis exist. More details on the statistical methods
will be provided later in this chapter.

In general, more crashes are expected with increasing levels of exposure variables such as
VMT. Since large, urbanized districts tend to record more VMTSs, it was expected that the
frequency of crashes in general—and TD crashes specifically— would be higher at such
districts.

Figure 54 shows debris crash frequencies by district. The three districts with higher
frequencies of debris-related crashes are large, urbanized districts, as expected. However, a high
crash frequency by itself does not necessarily indicate an increased risk since higher exposure to

traffic will typically result in more crashes, all other factors being equal.
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Figure 54. Tire-Debris, Tire-Blowout, and Other-Debris Crash Frequencies by District.

The relative frequency of TD crashes compared to all other debris-related crashes was of
interest, as mentioned above. The mosaic plot in Figure 55 shows the proportion of TD crashes
per district. The height of the bars was drawn to represent proportions of TD and other type of
debris. The width of the bars was drawn proportional to the number of crashes in each district.
Opposite to the absolute frequencies in Figure 54, TD crashes are less likely at the larger urban
districts in relative terms, as shown in Figure 55. These contrasts were also suggested in Figure
53 when comparing urban and rural interstate freeways.

Figure 55 shows that the set of districts with the higher absolute frequency of debris
crashes (i.e., districts with wider bars) has a very comparable proportion of TD crashes among
them. In contrast, districts with fewer debris-related crashes tend to have larger proportions of

TD crashes.
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Figure 55. Proportion of Tire-Debris Crashes among Debris-Related Crashes by District.

Figure 56 shows the frequencies of TD, blowout, and other debris crashes by month in a
similar format to Figure 55. Except for the notably low crash frequencies in February, the
general trend of this plot shows relatively low crash frequencies during the fall months
(September through December) and higher crash frequencies during the rest of the year.

Another notable trend in this plot was that the width of the blue band narrows sensibly
during the fall months. The decrease of blowout crashes during the fall contrasts with the

increase of this type of crash during spring (March through May).
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Figure 56. TD, Tire-Blowout, and Other-Debris Crash Frequencies by Month.

A more relevant trend in Figure 56 was a notable swell of the red strip during the summer
months (June through August). This feature indicates that TD crashes tend to increase during the
summer months in relation to other types of crashes. The summer spike in TD crashes and the

relatively flatter distribution of blowout crashes can be better observed in Figure 57.
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Figure 57. Blowout and TD Crash Frequencies by Month.

This figure shows the frequencies for TD crashes on the right, with blowout crashes on

the left, for comparison.

Figure 58 shows the monthly trend in terms of proportions (similar to Figure 55). It

clearly reflects the trend observed in Figure 57 in terms of proportion of debris crashes. This

figure shows a higher proportion of TD crashes between May and August compared to the rest of

the months.
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Figure 58. Proportion of TD Crashes among Debris-Related Crashes by Month.

Interestingly, the spike in TD crashes during the summer corresponds with the months
with an increase in TD, per the district responses in the statewide survey. Survey respondents
indicated that TD and debris collection activities intensify during the summer months. This
clearly suggests that an increase in the quantity of TD on the roads increases the risk of crashes
caused by TD.

The next section expands the exploratory analysis to variables expected to relate to TD

crashes.

Risk Factors Associated with Crashes Specific to TD

This section explores the relationship between TD crashes and potential risk factors. The
proportion of TD crashes was the focus of this stage of the analysis rather than frequencies, since
statistical methods exist for analyzing proportions in data that were collected retrospectively, that
is, data that were collected based on the outcome (debris-related crash) and not on the

explanatory factors.
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An appropriate statistical analysis of proportions in a retrospective sample allows
inferences about potential risk factors (i.e., explanatory variables) associated with the outcome
(TD crashes). In contrast, a frequency analysis on a retrospective sample was expected to yield
biased results. Such a sample does not represent the typical conditions at locations where TD
crashes have not been observed (Ramsey and Schafer, 2002). Figure 59 shows how the
proportion of TD crashes varies with increasing AADT. No clear trend appears to be present.
This plot also shows that about half of all TD crashes occurred at AADTSs lower than 100,000
vpd. This was indicated by the fact that bars of AADT smaller than 100,000 vpd constitute about
half of the total width of the plot.
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Figure 59. Proportion of TD Crashes by AADT.

In contrast with Figure 59, Figure 60 shows a clear increase in the proportion of TD
crashes with an increase in the percentage of trucks. Most debris-related crashes occurred at road

segments reported to have between 5 and 15 percent trucks (i.e., the 10 percent bin in the figure).
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Figure 60. Proportion of TD Crashes by Truck Percent.

Figure 61 shows a clear increase in the proportion of TD crashes corresponding to
increasing speed limits, similar to the trend in Figure 60.

Although most debris-related crashes occurred on roads with speed limits of 60 or
65 mph (i.e., the two widest bars in the figure), the number of debris-related crashes at roads
posted 70 and 80 mph was noteworthy (though only about half as many as the number of crashes
posted at 60 and 65 mph speed limits). In any case, high speed facilities have clearly an
increased risk of TD crashes. However, additional confounding factors may be potentially in this
trend: (a) the 60 and 65 mph locations are probably located in major urban centers while the
70+ mph sections are most likely in rural areas; (b) urban areas probably have more weaving and
standing; and (c) urban centers may have warmer pavement from higher volumes, smog, and less

wind, compared to rural areas.
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Figure 61. Proportion of TD Crashes by Speed Limit.

Altogether, debris-related crashes that occurred at roads posted between 60 and 75 mph

constitute about three-quarters of all debris-related crashes.

Summary of Exploratory Analysis

This section explored how the proportion of observed TD crashes changes with varying
levels of some variables of interest. This exploratory analysis found that among all debris-related
crashes, the proportion of TD crashes does not seem to vary significantly with traffic volume
(captured by AADT). In contrast, the likelihood of observing TD involvement was found to be
higher at sites with a high truck percentage and at sites with higher speed limits.

Though the findings in the exploratory analysis are telling, it was not clear if such trends
mask each other or any other factor. The next section will focus on a formal statistical analysis.
Such a formal analysis should unveil the trends associated with each variable of interest while

simultaneously controlling for trends associated with the rest of the variables.
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STATISTICAL ANALYSIS

This section briefly describes the theoretical background of the selected methodology,
preparation, analysis, and results of a safety analysis on the retrospective crash data gathered by

this research.

Statistical Method

A logistic regression methodology is applicable to datasets collected retrospectively and
prospectively. This analysis uses the set of all crashes with debris involvement to evaluate
changes in the proportion of those crashes with TD involvement linked to changes in a set of
variables of interest. A requirement for this methodology is that data points in the dataset be
independent of each other. For that reason, the research team aggregated the crashes by control
section prior to analysis.

Estimates, confidence intervals (Cls), and conclusions can be extracted from the
coefficients and SEs from a model that adequately fits the data. The formal specification for the
logistic regression is as follows:

Logit(myp|Debris) = By + X'. B

Equation 7

Where,

Probability of TD involvement, given that a debris-related crash
has occurred.

(mrp|Debris)

Logit() = Log-odds function, defined as Logit () = log (ﬁ)
X = Vector of explanatory variables.
B = Vector of coefficients corresponding to X (estimated).
Bo = Intercept term (estimated).

The vector B and intercept S, are estimated by maximizing the likelihood function of the
model and the data at hand. For a sufficiently large dataset, these estimates are expected to be
unbiased and statistically efficient. It was possible then to estimate the SE for the estimated

vector of coefficients.
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This analysis models the conditional probability of TD involvement given that a debris-
related crash has occurred. The natural measure of such probability is the proportion of TD

crashes among all crashes recording debris involvement.

Interpretation of Coefficients

The statistical specification of the model links the logit transformation of the probability
of TD crashes to a linear combination of independent variables. Because the logit transformation
is the natural logarithm of the odds of (| Debris), inferences about the impact of changing
variables in the vector X to the probability of TD crashes are as follows: a marginal change of an
independent variable represents a multiplicative change in the odds TD involvement on debris-
related crashes. For example, the following relationship exists if there is a variable X; with two

levels A and B whose coefficient in the regression is f;:

in1=A/in1=B = exp(f; X [A — B])

Equation 8

Equation 8 indicates that the odds ratio (i.e., the ratio of odds of TD crashes when X1= A
to the odds of TD crashes when X1 = B) is the exponential function of the difference between

levels A and B multiplied by f,, the regression coefficient corresponding to Xa.

Data Preparation

Prior to the analysis, data must be prepared in the format required by the methodology.
As mentioned earlier, the research team aggregated the crashes by control section. Although it
would be desirable to include in the analysis every crash identified, there were instances of
crashes with at least one piece of data missing (e.g., AADT, speed limit). After removing those
instances, the total number of debris-related crashes reduced to 1,869, and the number of TD
crashes reduced to 224. When aggregating the data by control section, the 1,869 crashes grouped
into 689 control sections (i.e., data points) for analysis. Table 11 shows the summary statistics of
the resulting dataset.

An important observation about Table 11 regards the aggregation of the data. The
shoulder widths were calculated as the average between the fields Shldr_Width_Left and

Shldr_Width_Right in the crash record. Since the modeling effort was performed on the data

112



aggregated in the 3 year period, time of the year was not explicitly considered as a covariate in

the analysis.
Table 11. Filtered Dataset for Analysis (n = 689 Control Sections).

Mean ggi?gg;?\ Min Max Total
Total Debris Crashes 2.7 3.9 1 41 1,869

TD Crashes 0.3 0.7 0 4 224

AADT (vpd) 39,976.5 42,703.2 270 276,632 N.A.

Truck Percent (%) 16.5 12.2 0.9 70.9 N.A.
Number of Lanes 4.5 1.4 2.0 10 N.A.
Speed Limit (mph) 63.1 11.7 22.5 85 N.A.
Shoulder Width (ft) 12.7 6.1 0.0 38.0 N.A.
Median Width (ft) 33.9 39.7 0.0 500.0 N.A.
Presence of Horizontal Curve 0.2 0.4 0.0 1.0 N.A.

Note: N.A. = Not Applicable.

Instances where crashes in the same control section had different values in a variable of
interest were averaged as well. The minimum speed limit value of 22.5 represents the average

between 20 and 25 mph speed limits within a common control section.

Results

Using all the variables in the filtered dataset, the research team fitted a logistic model via
maximum likelihood estimation. All statistical analyses were performed using open source
statistical software (The R Development Core Team, 2013; Venables and Ripley, 2002).

The research team performed stepwise model selection to reduce redundant variables
from the model. This procedure helps minimizing redundant information brought by overlapping
variables. For example, it was expected that the variables “number of lanes” and “AADT”
closely correlate (i.e., more daily vehicles are expected at facilities with more lanes); stepwise
model selection helps to decide if it was meaningful to retain both variables in the model, and if
not, which variable should be excluded. Stepwise model selection also helped avoiding the

inclusion of an excessive number of variables, given the available amount of information in data.
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After model selection, the research team checked the results against the raw data trends
shown in the previous sections. Finally, the research team verified that the model assumptions
were satisfactorily met, so that the significance and magnitude of findings are defendable. Table

12 shows the final model coefficients.

Table 12. Logistic Model Coefficients on Proportion of TD Crashes (n = 689).

Estimate Std. Error z-value  p-value Significance?

(Intercept) —4.206138  0.753757 558  2.40x10™® ot
Speed Limit [Rural Highway] 0.021211  0.010404  2.039  4.15x10™ *
Speed Limit [Urban Highway] 0.013776 0.011147 1.236  2.17x10™
Truck Percent 0.028342  0.008028  3.531  4.15x10°* Hox

Number Of Lanes 0.129505 0.053148 2437  1.48x10% *

Note: ? p-value thresholds for significance symbols: ° p<0.1; * p < 0.05; ** p < 0.01; and *** p < 0.001

As explained earlier, the coefficients in Table 12 represent rates of change in the log-odds
of TD crashes per unit of change of the corresponding explanatory variables. The last column in
this table shows a qualitative measure of the strength of the evidence supporting that a given
explanatory variable associates with changes in the odds of TD crashes. Except for the speed
limit coefficient for urban highways, every coefficient in Table 12 was statistically significant at
the 5 percent significance level. A statistical test on urban and rural speed limit coefficients
indicated that their difference was statistically different from zero (0.0227 p-value on a 0.007735
z-statistic of the difference between coefficients), so both coefficients were retained in the
model.

The coefficients in Table 12 indicate that the odds of TD involvement in crashes increase
with increasing speed limits, truck percentages, and number of lanes. The findings about speed
limits and truck percentages are consistent with the exploratory analyses documented earlier in
this chapter. Regarding the number of lanes, this coefficient was most likely capturing the

variability observed between facility types, per Figure 50.
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Next, the research team investigated the magnitude of the associations implied by the
statistical model. Table 13 shows the magnitudes of the association found between TD crashes
and the variables in the statistical analysis. The interpretation of this table can be summarized in

the following points:

e The odds of TD involvement increase by a factor of 1.15 with every 5 percent increase in

truck percent.

e Similarly, the odds of TD involvement increase by a factor of 1.14 for each additional
lane, other things equal.

e The odds of TD involvement also increase a factor of 1.11 for each increase of 5 mph in
speed limit on rural highways.

e Finally, an increase of 5 mph in speed limit on urban highways corresponds with a
multiplicative increase of 1.07 in the odds of TD involvement.

Except for speed limits on urban highways, Table 13 shows that all the odds ratios

corresponding to variables of interest are larger than 1.00 at a 95 percent CI.

Table 13. TD Crash Odds Ratios for Select Increments of Explanatory Variables.

95% ClI Odds Ratio 95% ClI
Risk Eactor Change in Lower Limit Point Upper Limit
Variable for Odds . for Odds
. Estimate .
Ratio Ratio
Speed Limit
(Rural Highway) +5 mph 1.00 1.11 1.23
Speed Limit
(Urban Highway) +5 mph 0.96 1.07 1.19
Truck Percent +5 percent 1.07 1.15 1.25
Number of Lanes +1 lane 1.03 1.14 1.26

In order to provide a sense of the relationships above, the research team prepared
graphics from the statistical model.

Figure 62 shows how the conditional probability of TD crashes increases with increasing
truck percentage, after controlling for speed limit and road character. This figure also shows that
the conditional expectation of TD crashes was higher at facilities with more lanes in their cross-
sections.
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Figure 62. Probability of TD Given a Crash Occurred Involving Road Debris by Truck
Percent and Number of Lanes.

Similarly, Figure 63 shows an increasing probability of TD involvement in freeway

debris crashes with increasing truck percent, while controlling for rural or urban character.
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Figure 63. Probability of TD Given a Crash Occurred Involving Road Debris by Truck
Percent and Roadway Type.
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Figure 64 illustrates how the gap between rural and urban facilities in TD crash
probability widens with increasing speed limit, after controlling for truck percent and number of

lanes.
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Figure 64. Probability of TD Given a Crash Occurred Involving Road Debris by Speed
Limit and Road Character.

Finally, Figure 65 shows a relatively flat relationship between the probability of TD
crashes with increasing speed limit after controlling for number of lanes and truck percent.
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Figure 65. Probability of TD Given a Crash Occurred Involving Road Debris by Speed
Limit and Truck Percent.
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Interpretation of these plots should consider that the occurrence of a debris-related crash
was an extremely rare event in the first place. The y-axis in Figure 62 through Figure 65
represents the conditional probability of TD involvement given that a debris-related crash has
occurred; this probability was a conditional probability several orders of magnitude larger than
the absolute (total) probability of TD involvement in crashes. If required, the total probability of
TD involvement (given that a crash of any class has occurred) can be obtained by multiplying the
conditional probabilities shown in Figure 62 through Figure 65 by 0.00419, which is the
probability of crashes with road debris involvement among all Texas crashes during the last three
years (this probability was estimated as the ratio of the 2,247 debris-related crashes identified to
536,868 crashes of any type during the same period, 2,247 / 536,868 = 0.00419).

Discussion of Results

This analysis found that the probability of TD involvement in Texas crashes increases
with an increasing percentage of trucks, an increasing number of lanes, and a higher speed limit,
and also increases at rural rather than urban facilities.

In regard to the positive association between TD crashes and percent of trucks, this
finding was consistent with the hypothesis that crashes involving TD are more likely at sites with
higher truck traffic because debris itself tends to appear at higher rates at those sites. This
hypothesis will be revisited in the next chapter, in light of the results from the district visits.

In regard to the finding of an increased proportion of TD crashes on roads with more
lanes, the research team considers one likely explanation was as follows: if TD was generated in
the middle of the cross-section, then it would take longer—and probably more vehicles hits or
near-hits—for that piece of TD to migrate to the shoulder at sites with more lanes compared to
sites with fewer lanes. Another potential explanation is that there was an underlying relationship
to traffic volume. This alternative explanation cannot be completely dismissed since these two
variables (number of lanes and traffic volume) tend to vary together. Finally, this result may
indicate a different weaving response to debris by the crash-involved driver and other drivers. In
the case of rural two-lane roads, a driver may pull to the shoulder, with minimal risk of
sideswiping someone in the process.

This research also found an increased risk of TD involvement in crashes at higher speed

limits. This finding may suggest that higher operating speed may increase the risk of blowouts
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(since speed limit and operating speed should correlate positively). However, as in the previous
finding, this association may be explained as a link to traffic volume because roads with higher
speed limits typically carry more traffic.

Finally, this research found that the correlation between TD crashes and speed limit was
stronger at rural facilities than at urban facilities. This finding suggests that differences between
urban and rural environments, unaccounted for by this analysis, may have an impact on the
likelihood of TD crash occurrence. One potential factor is the different frequencies of debris
removal. The answers in the statewide survey indicated that the frequency of debris removal

tends to be higher at urban facilities.

SUMMARY OF FINDINGS

The research team identified 2,247 crashes that were known to have involved road debris
in Texas during the years 2012-2014. The research team then obtained and reviewed the crash
narratives corresponding to the identified crashes. From this review, the research team identified
crashes that involved TD specifically. About 20 percent of the debris-related crashes were found
to involve tires, tire shreds, or other rubber objects that could be considered TD. However, about
half of this subset of crashes consisted of crashes that involved debris generated during the crash,
so were not considered TD crashes for the purposes of this research. In total, only 251 crashes
were found that were caused by TD being present on the pavement before the occurrence of the
crash. The trends observed for the frequency of TD crashes specifically contrast with those
observed for the frequency of all debris-related crashes. Whereas TD crashes tend to occur more
frequently on interstate freeways (both rural and urban, per Figure 51), crashes involving any
type of debris tend to occur more often at urban freeways (interstate or otherwise, per Figure 45).
In relative terms, tire-debris crashes tend to be overrepresented at rural freeways than on urban
freeways (Figure 53). One potential explanation for this trend is the expected differences in truck
percentage between rural and urban environments.

Overall, the exploratory analysis found that TD crashes are extremely rare among
crashes. As Figure 54 shows, the percentage that this type of crash represented during the period
2012-2014 ranged between 0.01 percent at rural principal arterial roads in 2014 and 0.17 percent
at rural interstates in 2012. This figure and Figure 52 show a decreasing trend during the last
three years in the occurrence of these types of crashes. In contrast, Figure 53 shows that the
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general trend of total crashes in Texas was increasing rather than decreasing. The reasons for this
contrast are unclear and merit further investigation. Two potential explanations could be the
implementation of more aggressive debris removal or incorporation of new technology in debris
removal activities.

The exploratory analysis also found a spike of TD crashes during the summer months,
both in absolute frequency and in the proportion of all debris crashes. This finding was consistent
with the information obtained from the statewide survey of TXxDOT districts.

The research team performed a statistical analysis on the set of road debris crashes to
identify risk factors that are associated with the involvement of TD in crashes. This analysis

found positive associations between TD involvement and the following variables:

e Truck percent.
e Speed limit.
e Number of lanes.

e Rural character (compared to urban).

In general, the statistical analysis found that whenever any of these variables increases,

the chances of TD involvement in roadway crashes tend to increase as well.
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CHAPTER 6. METRICS OF TIRE DEBRIS ON TEXAS HIGHWAYS

This chapter summarizes the findings from all tasks of this project and documents the

development of Texas-wide metrics of TD based on those findings.

ESTIMATION OF TD CHARACTERISTICS FROM FIELD DATA

Upon processing the field data (both actual TD pieces retrieved and the extensive
photographic record of the field visits), the research team developed statewide metrics of the
characteristics of TD on Texas highways. This section presents the basic metrics and required

adjustments to develop statewide estimates.

Basic Quantities of TD

The research team first developed the building blocks for TD metrics by directly using
the field data obtained during district visits. The following basic quantities were computed from

the field images:

e Total _TD, the total number of debris pieces found.

e Total _TDw, the total weight of those TD pieces.

e Total_TD_L, the total number of TD pieces larger than 64 in.2,

e Total TD_Lw, the total number of TD pieces larger than 64 in.2.

The estimates of weight were developed under the assumption that every piece of debris
in the processed photograph database has a thickness density equal to the average metrics
measured from the 62 samples of TD obtained the field. Statewide estimators of the total weight
of TD carried under such assumptions should converge to the truth total by virtue of the law of

large numbers.

Performance Evaluation of the Three-Stage Sampling Scheme and Adjustment of Results

This section presents a comparison of the observed quantities of TD to the sampling
design variable, defined in Eq. 1. Total _TD was used for this evaluation. A plot of these
variables evidenced direct proportionality, as expected, but also some degree of curvature, as
shown in Figure 66. This figure shows a non-parametric trend line (in solid red) and the upper

and lower limits associated with its confidence range (in dashed red). Additional to the flattening
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of the curve, the marginal boxplot distributions of this figure suggest some scaling effect on both
variables. Figure 67 shows the relationship between the natural logarithms of the variables.
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Figure 66. Relationship between Total TD and *td, the Sample Design Variable.
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Figure 67. Relationship between Natural Logarithms of Total TD and *td.
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The research team quantified this relationship using simple linear regression. The
coefficient term for a constant multiplier was found statistically insignificant in the first analysis,
indicating that the relationship between the transformed variables does not warrant an additional
scale adjustment. A reduced model including only an exponent for the dependent variable was
then fitted. Equation 9 shows the functional form of the estimated relationship between the
variables of interest.

TOtalTD = *tdﬁ
Equation 9

Where g is the coefficient estimated by regression. The estimate for g was 0.40658, with a SE of
+0.01685. Leveraging on this newfound relationship, an improved estimate of Total_ TD can be
developed, as defined in Equation 10:

Totalyp = TD; = *tdP

Equation 10

Where T D7 is the improved estimate for Totalyp. The more direct application of Equation 10 is
to improve follow-up studies that require sampling design for TD totals because it achieves a
better approximation of the distribution of Total TD. Notwithstanding, in the context of this
research, a more relevant use of Equation 10 is to perform a post-hoc adjustment of the estimates
from a collected sample so as to mitigate any potential biases introduced by the previously
unknown curvilinear nature of the relationship.

The research team performed 500 simulations of the three-stage sampling procedure
implemented to obtain the field sample using the result in Equation 10 in combination with data
from the RHINOo file (i.e., the sampling frame). Each of these simulations entailed performing the
three staged sampling procedure once on the RHINo. For each simulation, three estimates for the
population value TD; were computed: (a) the Horvitz-Thomson (HT) estimator, which relies
solely on the sample and the probabilities of selection of its elements; (b) the ratio estimator,
which relies on the samples and probabilities of selection as well, but also incorporates an
ancillary variable (segment length in this sensitivity analysis) to increase the accuracy of
estimation; and (c) the adjusted estimator, which was simply the arithmetic mean of the previous

two estimators. Figure 68 shows the results of these simulations (per their Totalyp). This graph
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displays boxplots for each of the estimates and a horizontal green line indicating the true value of

the Total;p quantity.
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Figure 68. Comparison of Total TD Estimators of Interest.

Five observations can be extracted from Figure 68:

e The HT estimator has a negative bias when estimating the population total.

e In contrast, the ratio estimator has a positive bias, roughly equal in magnitude to the bias
of the HT estimator.

e Theratio and HT estimators have very similar spreads otherwise.

e The adjusted estimator has a notably narrower spread than the other two estimators.

e The adjusted estimator appears free of bias.

The reason for the reduced spread of the adjusted estimator was the negative correlation
between its two constituent quantities. That correlation was estimated from the simulations and
found to be —0.230.
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The following sections present tables reporting all three estimators for each variable of
interest. The SEs for the first two estimates were obtained from the sampling weights, and the
SEs for the adjusted estimates were computed by standard mathematical statistical procedures
(Wackerly et al., 2008). For each table with statewide estimates, 95 percent Cls were constructed
for the adjusted estimator. In cases when it was not possible to estimate the SE for the ratio
estimate (urban freeways and rural principal arterials), the Cls were constructed using the SE

from the HT estimate only.

BASIC CHARACTERISTICS OF TD IN TEXAS HIGHWAYS

As documented in Chapter 4, the research team retrieved 62 TD pieces that were
subsequently measured in the laboratory. This section presents the results from those
measurements and an initial set of statewide estimates about size and weight of a typical piece of

TD on Texas highways.

Properties of TD Field Samples

The average density of the measured pieces was found to be 80.2 Ib/ft3, with a standard
deviation of 7.24 1b/ft3, a minimum of 67.4 Ib/ft®, and a maximum of 111.7 Ib/ft3. By
comparison, the density of water is 62.4 lb/ft3. The variability in the tire density measurements
was likely attributed to differences in the ratios of steel to rubber in the debris pieces. The
density of steel is 490 Ib/ft3, and the density of rubber is 70 Ib/ft3. The surface area of each piece
of debris was also measured (as shown in Figure 39). The average thickness of each piece was
calculated as the ratio of the volume to the surface area measurements. The thickness ranged
from 0.20 in. up to 0.67 in., with an average thickness of 0.41 in. and standard deviation of
0.131in.

Size and Weight of Average TD Pieces in Texas Highways

The photographic record of field visits was reduced and analyzed to estimate statewide
metrics of TD. Table 14 shows the number of pieces identified and processed by facility type. It
is clear from this table that the largest quantities of TD were found at urban freeways (interstates
and other types), totaling 11,387 pieces. In contrast, only 1768 TD pieces were found at rural
interstate freeways. Finally, the quantity of TD found at non-freeway highways amounted to 657

pieces.
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Table 14. Number of TD Pieces Identified by Facility Type.

Facility Type Number of TD Pieces

RURAL INTERSTATE 1,768
RURAL MINOR ARTERIAL 283

RURAL PRIN ARTERIAL 1,186
URBAN MINOR ARTERIAL 171

URBAN PRIN ARTERIAL (IH) 8,127

URBAN PRIN ARTERIAL (OTHER FREEWAY) 3,260
URBAN PRIN ARTERIAL (OTHER) 203

ALL HIGHWAYS 14,998

Using the reduced photographic record of field visits, the research team estimated the
four basic quantities on the size of TD particles found during the visits. Table 15 shows estimates
of the average size of TD pieces in squared inches. Researchers estimated that the typical TD
piece in Texas highways is 47.1 in.2, a metric that in reality could be as small as 38.6 in.? or as

big as 55.5 in.2, with 95 percent confidence.

Table 15. Average Size of TD Pieces on Texas Highways (in.?).

HT Ratio Rt Est. | Adjusted  Adj. | 95% CI 95% CI
FUNC CLASS Estim. HTSE Estim. SE Estimate Est. SE Min Max
RURAL
EREEWAY 46.6 150 315 7.0 39.0 15.0 9.6 68.5
RURAL MINOR
pheit 56.7 0.7 353 2.2 46.0 2.2 418 50.2
RURAL PRIN
ARTERIAL 64.3 34 1057 NA. 64.3 3.4 57.7 70.9
URBAN
EREEWAY 48.9 0.4 366  NA. 48.9 0.4 48.1 49.7
URBAN MINOR
ARTERIAL 05 05 28.0 10.1 402 10.0 20.7 59.8
URBAN PRIN
ARTERIAL 54.9 0.2 23.6 47 39.2 46 30.2 483
ALL 56.2 4.0 37.9 274 471 43 386 555
HIGHWAYS : : : . . . . .

Note: N.A. = Not Available; Segment Length was used as the ancillary variable to develop ratio estimates.
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When comparing adjusted estimates and their SEs, it appears that the average TD piece
size was very consistent from facility to facility (i.e., big overlaps between ClIs), with the notable
exception of rural principal arterials, where the ratio estimator would bring the adjusted estimate
significantly higher. Because an SE for such estimate was not possible to compute, the adjusted
estimate is defined as simply the HT estimator.

Table 16 shows the estimates for the average TD piece in Ib. This table indicates that the
average piece of TD in Texas Highways weighs 0.88 Ib, a metric that in reality could be between
0.72 Ib and 1.04 Ib, with 95 percent confidence.

Table 16. Average Weight of TD Pieces on Texas Highways (Ib).

Ratio Rt Est. | Adjusted  Adj. | 95% CI 95% ClI
FUNC CLASS HT Est. HT SE Est. SE Estimate Est. SE Min Max
RURAL
EREEWAY 087 028 059 013 0.73 0.28 0.18 1.28
RURAL MINOR
ATERIAL 106 001 066 004 0.86 0.04 0.78 0.94
RURAL PRIN
ARTERIAL 120 006 198  NA. 1.20 0.06 1.08 1.33
URBAN
EREEWAY 091 00l 069  NA. 0.91 0.01 0.90 0.93
URBAN MINOR
ARTERIAL 098 00l 052 0.9 0.75 0.19 0.39 1.12
URBAN PRIN
NTERIAL 103 000 044 009 0.73 0.09 0.56 0.90
ALL 105 007 071 005 0.88 0.08 0.72 1.04
HIGHWAYS ) : : . . . . .

Note: N.A. = Not Available; Segment Length was used as the ancillary variable to develop ratio estimates.

All Cls for the average weight of TD pieces by facility type in this table tend to overlap.
Similar to Table 15, this table shows that the various facility types had TD pieces of similar
sizes.

Like the previous two tables, the estimates in Table 17 and Table 18 are given in in.2and
Ib, respectively. These tables present the size and weight estimates for the average piece of TD
whose individual sizes were estimated larger than 64 in.2 during the image analysis.

A threshold of 64 in.2 was selected for large pieces as previous research suggests that an
object of 8 in. height or taller is likely to trigger evasive maneuvers from drivers (Kahl and
Fambro, 1995).
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Table 17 indicates that the average size of pieces larger than 64 in.? was estimated to be

129.4 in.2, an average size that could be as small as 113.2 in.2 and as large as 145.6 in.2, with

95 percent confidence.

Table 17. Average Size of Large TD Pieces on Texas Highways (in.?).

Ratio Rt Est. | Adjusted Adj. 95% CI  95% CI
FUNC CLASS HT Est. HT SE Est. SE Estimate Est. SE Min Max
RURAL
CREEWAY 101.8 210 648 3.1 83.3 20.5 432 123.4
RURAL MINOR
A ENIAL 123.3 11 711 1.4 97.2 1.6 94.1 100.3
RURAL PRIN
ARTERIAL 1457 65 2702  NA. 145.7 6.5 1329 1584
URBAN
REEAY 123.1 15 938  NA. 123.1 15 1202 126.0
URBAN MINOR
ARTERIAL 154.9 1.6 836 292 119.3 28.8 62.7 175.8
URBAN PRIN
NTERIAL 1044 02 520 108 78.2 10.8 57.1 99.4
ALL 1294 83 944  NA 129.4 8.3 1132 1456
HIGHWAYS - - . A . . . ,

Note: N.A. = Not Available; Segment Length was used as the ancillary variable to develop ratio estimates.

Some Cls in these tables do include the 64 in.? threshold used to define large TD pieces

(even a negative value for urban minor arterials). This is evidence of a wide SE rather than of

computational issues. Similar to the metrics for all TD pieces, the size of large pieces appears

consistent across facility types.

Finally, Table 18 shows the average weight of pieces of TD in excess of 64 in.2. The

average large TD piece weighs 2.42 Ib, although the true average could be anywhere between

2.12 Iband 2.72 Ib.
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Table 18. Average Weight of Large TD Pieces on Texas Highways (Ib).

Ratio Rt Est. | Adjusted  Adj. | 95% CI 95% ClI
FUNC CLASS HT Est. HT SE Est. SE Estimate Est. SE Min Max
RURAL
EREEWAY 190 039 121 006 1.56 038 081 231
RURAL MINOR
ARTERIAL 231 002 133 003 1.82 0.03 1.76 1.88
RURAL PRIN
ARTERIAL 273 012 506  NA. 273 0.12 2.49 2.96
URBAN
EREEWAY 230 003 175 NA 230 0.03 225 236
URBAN MINOR
T EAL 290 003 157 055 223 0.54 1.17 3.29
URBAN PRIN
ARTERIAL 195 000 097 0.20 1.46 0.20 1.07 1.86
ALL 2.42 015 177 NA 2.42 0.15 2.12 272
HIGHWAYS ) : . Ra . . . .

Note: N.A. = Not Available; Segment Length was used as the ancillary variable to develop ratio estimates.

ESTIMATION OF THE QUANTITY OF OBSERVABLE TD

Similar to the statewide estimates in the previous section, the research team constructed
tables with the most direct metrics of TD that could be developed with the field data.
Constructed from the four basic quantities previously described, these initial metrics represent
the observable amount of TD on Texas highways. In principle, these estimates can be interpreted
as the observable TD expected at any point in time. However, due to expected seasonality in the
cycles of TD generation (an assessment of seasonality is presented later in this chapter), the
representativeness of these numbers should be restricted to only the period when data collection
occurred (July to November 2015).

Quantity of Observable TD

Table 19 shows the sample estimates for the total number of observable TD pieces on
Texas highways at any point during the period of data collection (July to November 2015).
According to this table, at any point between July and November 2015, there were between
178,200 and 663,200 pieces of TD on Texas highways. It is also clear from this table that most
of that TD was located on urban and rural freeways (between 39,100 and 226,000 pieces on rural

freeways and between 74,600 and 174,400 pieces on urban freeways).
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Table 19. Total Observable TD on Texas Highways (Thousands of Pieces).

HT HT  Ratio Rt Est | Adjusted  Adj. | 95% CI 95% Cl
FUNC CLASS Estimate SE  Estimate SE Estimate Est. SE Min Max
RURAL
Ao 1894 463 755 26.2 1325 477 390 2260
RURAL MINOR
AP AL 25 59  56.0 9.4 392 9.9 19.8 58.7
RURAL PRIN
sy 690 152 785 N.A. 69.0 152 39.1 98.9
URBAN
eiioNg 1345 209 1145 20.1 1245 25.4 746 1744
URBAN MINOR
el 3.0 13 411 9.2 22.0 9.0 43 39.8
URBAN PRIN
RN 24 06 392 13.1 20.8 12.9 4.6 46.1
ALL 4207 1237 7172 N.A 4207 1237 | 1782  663.2
HiGhAyS . . . A . . . .

Note: N.A. = Not Available; Segment Length was used as the ancillary variable to develop ratio estimates.

Similarly, Table 20 shows that between 70.4 and 289.7 metric tons of observable TD

were present on Texas highways at any point between July and November 2015.

Table 20. Total Observable TD on Texas Highways (Metric Tons).

. _ | ) _
AN 813 228 327 139 57.0 238 | 104 1037
RURALMINOR 102 20 264 0.3 18.3 2.0 145 222
R Al 263 56 322 N.A. 26.3 5.6 15.3 37.4
eiiNg 507 81 488  NA 59.7 8.1 438 755
URBANMINOR 13 07 165 5.5 8.9 5.3 16 193
AN 12 04 178 5.0 9.5 4.9 0.2 19.2

ALL 1800 560 3044  N.A. | 1800 56.0 704 289.7
HIGHWAYS

Note: N.A. = Not Available; Segment Length was used as the ancillary variable to develop ratio estimates.

Although the number of sampled miles of each facility type is important to determining
the width of the Cls, it is not the only influencing factor. Additionally, a Cl can be wider or
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narrower because of the total number of miles of each facility type in Texas and because of the

variability observed in the data collected from each facility type.
Table 21, indicates that between 36,700 and 124.700 pieces of large TD (i.e., 64 in.2 or

larger) were to be found on Texas highways at any point between July and November 2015.

Table 21. Total Observable Large TD on Texas Highways (Thousands of Pieces).

HT HT Ratio Rt. Est. | Adjusted Adj. 95% CI  959% ClI
FUNC CLASS Estimate SE  Estimate SE Estimate Est. SE Min Max
RURAL
FREEWAY 33.7 8.0 12.9 4.7 23.3 8.3 7.0 39.6
RURAL MINOR
ARTERIAL 5.3 1.0 13.9 0.9 9.6 1.2 7.2 12.0
RURAL PRIN
ARTERIAL 12.0 3.4 13.6 N.A. 12.0 3.4 5.4 18.6
URBAN
FREEWAY 28.8 3.9 22.9 N.A. 28.8 3.9 21.2 36.5
URBAN MINOR
ARTERIAL 0.5 0.2 6.5 1.4 3.5 1.4 0.8 6.2
URBAN PRIN
ARTERIAL 0.4 0.1 8.7 4.6 4.5 4.6 -4.5 13.6
ALL 80.7 224 1401  NA 80.7 24 | 367 1247
HIGHWAYS . . . A . . . .
Note: N.A. = Not Available; Segment Length was used as the ancillary variable to develop ratio estimates.
Table 22. Total Observable Large TD on Texas Highways (Metric Tons).
HT HT Ratio Rt. Est. | Adjusted Adj. 95% ClI  95% ClI
FUNC CLASS Estimate SE Estimate SE Estimate Est. SE Min Max
RURAL
FREEWAY 27.6 5.6 9.9 3.0 18.7 5.7 7.6 29.9
RURAL MINOR
ARTERIAL 55 1.3 14.3 N.A. 55 1.3 2.9 8.0
RURAL PRIN
ARTERIAL 12.0 3.3 15.1 0.6 13.5 3.2 7.3 19.8
URBAN
FREEWAY 30.5 4.2 24.2 N.A. 30.5 4.2 22.2 38.8
URBAN MINOR
ARTERIAL 0.6 0.3 7.9 2.3 4.3 2.2 -0.1 8.6
URBAN PRIN
ARTERIAL 0.4 0.1 7.4 3.9 3.9 3.9 -3.8 11.6
ALL 766 185 1420  N.A 76.6 185 40.3 112.8
HIGHWAYS : . . A . . . .

Note: N.A. = Not Available; Segment Length was used as the ancillary variable to develop ratio estimates.
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Finally, Table 22 indicates that between 40.3 and 112.8 tons of large debris (64 in.2 or
larger) could be found on Texas highways at any point between July and November 2015.

Previous tables clearly indicate that the vast majority of observable TD was generated at
freeway facilities. Surprisingly, rural principal arterials also exhibited significant amounts of
observable TD. Finally, the tables suggest that there was little difference between urban minor
and major arterials in terms of the amount of TD found at those facilities.

Limitations of Estimates of Total Observable TD

Next, this research developed estimates of frequency and weight of TD directly from the
data obtained during field visits. Although this information is valuable, it only represents the
expected amount of observable TD on Texas highways at any point in time (from July to
November 2015). A more important goal of this research project was obtaining estimates of TD
generation rates. Such rates would allow making projections of TD accumulated over time. It
was necessary, then, to quantify the frequency of debris removal activities at the visited sites in
order to estimate TD generation rates. An analysis conducive to estimating debris removal
frequency is presented in the next section. Estimation of TD generation rates is presented at a

later section.

FREQUENCY OF DEBRIS REMOVAL ACTIVITIES IN TEXAS ROADS

In principle, the information about debris removal frequency obtained from the
practitioners in the statewide survey and the cost data obtained from TxDOT Maintenance
Division (documented in Chapter 3) could be combined and used to develop rough estimates of
the frequency of road debris removal. However, such estimates may not accurately reflect the
specific conditions at the sites of data collection. The research team requested additional data on
debris removal activities specific to the sites visited so to increase that the accuracy of TD
generation-rate estimates.

TxDOT Maintenance Division provided the research team with data obtained from
queries of two databases—Maintenance Management System (MMS), which contains records of
maintenance activity conducted by TxDOT personnel, and SiteManager, which contains daily
work reports for activities performed by contractors. Data from the SiteManager database were

not available for FY 2013; however, inspection of debris removal activity trends suggested that
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the overall amount of effort remained roughly constant across the years for which data queries
were available.

The database queries included records for each work order (WO) that occurred on the
field-visit sites and involved function code 523, which is the code for debris removal. This code
includes all debris, not exclusively TD, so it was not possible to obtain a direct estimate of TD
removal rate or cost from the maintenance data. However, based on the interviews in the
statewide survey of districts, TD represents the majority of debris that was removed from state-
maintained highways. Hence, it was likely that much of the debris removal activity was driven

by the presence of TD.

Exploratory Analysis

For this exploratory analysis, the queries of the MMS and SiteManager databases were
combined with a spatial tolerance of 1 mi, and the following variables were retained: district,
highway, beginning and ending reference marker, FY, month, work quantity (in miles), and cost
(total of all cost components, including labor, equipment, etc.). The highway and reference
marker variables were used to assign the maintenance activity records to specific highway
segments. As a first step, the amount of debris removal work was compared for FY 2013-2015,

as shown in Figure 69 and Figure 70.
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Figure 69. Annual Debris Removal Work Trends.

Across the three years, the amount of debris removal effort remained roughly constant,

though the share of effort borne by contractors increased as the years passed. A reduction in
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miles driven by TXDOT personnel is notable. Figure 70 shows that the total cost of debris
removal have increased as the years have progressed. The trends in Figure 69 and Figure 70
suggest that the cost of debris removal increases with increasing share of work by contractors.

This is consistent with the trends found earlier (shown in Figure 16).
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Figure 70. Annual Debris Removal Cost Trends.

Debris removal frequency was examined more closely by plotting monthly trends, as
shown in Figure 71. Monthly fluctuations in frequency are apparent, though efforts remained

roughly constant across the years. There is a notable shift in miles driven in fall and winter.
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Figure 71. Monthly Debris Removal Work Trends.

The annual trends in debris removal frequency are plotted in Figure 72 for the seven
districts represented by the data collection sites. As shown, the average number of miles driven
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exhibits clear differences between districts. At each district, fluctuations from year to year also

appear to amount to notable variation.
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Figure 72. District Debris Removal Work Trends.

The measure of number of debris removal visits (as determined by the number of records
in the merged MMS/SiteManager database) gives an estimate of debris removal frequency.
However, inspection of the debris removal records revealed that some highway segments were
visited multiple times in a single day, though the total mileage for each visit was small. Records
of this type could simply indicate that the highway segment was visited once in a specific day,
but three stops occurred because debris was found in three isolated spots. Hence, an estimate of
debris removal rate based on number of logged visits may be biased high. Researchers
determined that to obtain a more robust estimate of debris removal activity, the removal rate

should be computed in terms of number of days when one or more removal visits occurred.

Site-by-Site Analysis

The research team developed a series of more targeted queries using structured query
language to analyze the removal data by site. The research team put special emphasis on
developing mitigation strategies to handle incomplete data since the estimates are intended to
carry further analyses.

To study the completeness of the dataset at various levels of precision, queries of the
MMS and SiteManager databases were recombined, and the research team varied the precision

of the match based on the highway reference markers.
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The two most recent FYs of data available are FY 2014 and FY 2015. In total, these FY's
represent 11,212 WOs from state personnel and 1,981 from contractors recorded between
September 1, 2013, and August 31, 2015, at the field-visit sites, or in close proximity.

Not all of the WOs could be matched to the sites in the sample. To be considered a
match, the number of successful matches depends on how close the reported location of a WO
was to the confines of a field-visit site. Table 23 and Table 24 show how the number of matched

WOs changes by increasing the maximum thresholds allowed for the spatial matching.

Table 23. State-Force Work Debris Removal Orders.

Maximum Threshold Allowed Number of Work Order Percent of Work Orders
for Spatial Match Matches Matched
1 mi 10,478 93%
5mi 10,789 96%
10 mi 11,126 99%

Most of the state-force WOs are located within a mile of the confines of the sampled
field-visit sites (93 percent). In the case of contractor-based work, the percentage of orders
within a mile of the sites was somewhat reduced (79 percent). For both datasets, the vast
majority of orders could be matched using a maximum threshold of 5 mi (96 percent of the state-

force work and 98 percent of the contractor work).

Table 24. Contractor Work Debris Removal Orders.

Maximum Threshold Allowed Number of Work Order Percent of Work Orders
for Spatial Match Matches Matched
1 mi 1,565 79%
5 mi 1,944 98%

As mentioned in the exploratory analysis, the most promising estimate of debris removal
frequency was probably the number of dates with at least one matched WO. Table 25
summarizes the number of dates that could be matched by allowable thresholds for the spatial

match.
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Table 25. Number of Dates with At Least One Matched Work Order.

Maximum Threshold

Number of Dates with

Number of Dates with

Total Number of

Allowed for Match State-Force WO Contractor WO Dates with WO
1 mi 1,204 8,310 9,514
5mi 1,501 8,314 9,815

Next, the research team matched the dates with WOs to sites on a monthly basis. In total,

1,155 site-months were successfully matched using a threshold of 1 mi, and 1,163 were

successfully matched using a threshold of 5 mi. Table 26 and Table 27 summarize the average

number of monthly visits by type of facility and by the spatial match thresholds under

consideration.

Table 26. Average Number of Visits per Month (1-mi Matches).

Reduced Class AUS BRY DAL ELP FTW HOU SAT
Rural Freeway 14.1 2.7 11.7 6.4 N.A. 3.9 2.0
Rural Other Hwy 6.4 11 1.6 5.6 3.8 N.A. 5.4
Urban Freeway 9.3 6.0 121 9.1 8.0 9.7 13.0
Urban Other Hwy  11.1 12 1.0 7.0 1.6 2.8 15.0

Note: N.A. = Not Available.

For the most part, the estimates in Table 26 and Table 27 are very comparable. An

important difference is that when matching by 1-mi threshold, no data are available for “Rural

Freeways” in Fort Worth and for “Other Rural Highways” in Houston. By increasing the

threshold to 5 miles, it is possible to obtain estimates for Houston but not for Fort Worth.

Table 27. Average Number of Visits per Month (5-mi Matches).

Reduced Class AUS BRY DAL ELP FTW HOU SAT
Rural Freeway 14.1 2.6 11.9 6.4 N.A. 3.9 3.0
Rural Other Hwy 6.4 11 53 5.6 4.0 5.0 5.4
Urban Freeway 11.5 6.0 121 10.0 9.0 9.7 12.3
Urban Other Hwy  11.1 12 1.0 7.0 1.6 2.8 15.0

Note: N.A. = Not Available.
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In total, the research team performed 83 field visits conducted at 74 sampled sites. In
order to preserve the quality and resolution of the WO data, the following four-tier scheme was

developed to assign estimates of monthly visits to each field visit:

1. For sites where abundant WO data were available, the research team computed the
average frequency of monthly removal using a 1-mi threshold and only WO data within
two months of the date of the field visit. Monthly visit estimates were obtained in this
manner for a total of 37 out of the 83 field visits (i.e., including a visit for each of 74 total
sites in the sample and second visits for a subset of nine sites). These estimates are
considered the most robust within the probability sample of sites.

2. For sites where no WO data were available within two months of the field visit but with
sufficient WO data at other time periods, the research team estimated the monthly
removal frequency as the grand average of the number of dates per month that could be
matched to that site using a threshold of 1 mi. In this fashion, estimates of the monthly
removal frequency were obtained for additional 32 field visits, including eight out of the
nine sites with two field visits.

3. For sites where the previous steps could not be implemented due to lack of WO data, the
research team repeated Step 2 after relaxing the spatial match to a 5-mi threshold.
Estimates for the monthly removal frequency were found for only two additional sites in
this fashion.

4. The previous three steps yielded estimates for 71 field visits at 63 sites, out of a total of
83 field visits performed at 74 sites. The research team applied mean imputation to
attempt to obtain estimates for the monthly removal frequency at the remaining 12 field
visits. The imputed values were the average of monthly removal frequency at the closest
facility of the same class. In nine of those 12 cases, the estimate came from similar

facilities within the same district.

A preliminary analysis of the potential bias induced by the imputed values revealed
important shifts in the estimates of various variables and a reduced precision of the test variables.
Similar issues with classic imputation methods have been consistently documented in the
statistical literature (van Buuren, 2012). Therefore, the research team determined to exclude the

sites with imputed values from further analysis.
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Using the sampling weights, the research team computed statewide estimates of the
removal frequency on typical segments of Texas highways, as shown in Table 28.

Table 28. Average Removal Frequency at Texas Highways (Monthly Visits per Site).

Adj.
HT HT  Ratio Rt Est | Adjusted Est. | 95% Cl 95% ClI
FUNC CLASS Estimate SE Estimate SE Estimate SE Min Max
RURAL
EREEWAY 637 100 335 1.62 4.86 1.70 1.53 8.19
RURAL MINOR
ARTERIAL 197 002 133 0.11 1.65 0.11 1.44 1.86
RURAL PRIN
ARTERIAL 326 013  3.35 N.A. 3.26 013 | 3.01 3.52
URBAN
EREEWAY 885 017 7.8 N.A. 8.85 017 | 853 0.18
URBAN MINOR
ARTERIAL 246 002 195 0.38 221 0.38 1.47 2.95
URBAN PRIN
ATERIAL 777 004 420 1.39 5.98 138 | 3.8 8.69
ALL 468 035 277 N.A 4.68 0.35 3.98 5.37
HIGHWAYS . . . A . . . .

Note: N.A. = Not Available; TD; was used as the ancillary variable to develop ratio estimates.

The average debris removal frequency per Texas highway site was estimated to range
between 3.98 and 5.37 visits per month. Interestingly, there was suggestive evidence of a higher
debris removal frequency at urban freeways (average of 8.85 visits per month) than at rural
freeways (average of 4.86 visits per month). This evidence is suggestive because the Cls for both
estimates do not overlap (from 1.53 to 8.19 visits per month for rural freeways and between 8.53
and 9.18 visits per month for urban freeways). In fact, the CI for number of monthly visits at
urban freeways only overlap (very marginally) with the CI for urban principal arterials. The
following section details the calculation of TD generation rates using the estimates described in

this section in conjunction with the data acquired during the field visits.

ESTIMATION OF TD GENERATION RATES

This section provides a theoretical framework to combine and analyze the field data and
the debris removal frequency data to obtain statistical estimates of TD generation rates on Texas
highways. In its simplest form, the TD generation rate has units of quantity of debris per unit of
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time. Generation rates can incorporate multiple measures of exposure (i.e., in the denominator),
such as mileage or AADT. In any case, estimates of TD quantity from the field data provide a
measure of the typical accumulation of TD between debris removal cycles. The next section
describes a theoretical context in which TD generation rates are obtained from the observed
quantity of TD combined with the additional debris removal rates estimates obtained using the
WO data from the TXxDOT Maintenance Division.

Queue Theory Framework

Queue theory is a branch of statistics that deals with stochastic processes where entities
arrive and are processed randomly at a system providing a service. In its more general form, both
the arrival rate and the service time of the entities may follow different probability distributions.
Arrival and service rates may vary in relative independence, and as a result, a queue of entities
waiting for service builds up and discharges cyclically over time. In this context, the observed
quantities of TD from the field visits can be thought of as the queue of TD that is accumulating
on the roads waiting to be served (i.e., to be removed).

Formulas are available for the average queue length as a function of the rates of arrival
and the rate of service for a queue system. Among various alternatives, Little’s Theorem is the
most useful formulation for this research. Little (1961) showed that, regardless of the arrival and
service rates distributions, the queue length relates to the rate of arrivals through the average
waiting time of the entities in the queue. Equation 11 shows this fundamental relationship:

Q=1-W
Equation 11
Where,
Q = Average queue length (number of entities).
A = Rate of arrivals (entities per unit of time).
w = Average waiting time per entity in the queue (time).

It is clear from Equation 11 that if two of the involved quantities are known, the third can
be determined. Site-specific estimates for W, such as the ones obtained in the previous section,
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can be combined with site-specific estimates for Q, obtained from the image analysis of field

photographic data, to produce estimates for 4 for each visited site.

Debris Generation Rates

The average waiting time for TD to be cleaned is simply half the average interval

between visits in a month, assuming that all TD was cleaned from a site after a debris WO

occurred (most likely along with other types of debris present at the time).

Table 29. TD Generation Rates on Texas Highways (Weekly TD Pieces per Mile).

HT HT  Ratio Rt Est | Adjusted Adj. Est. | 95% CI 95% ClI
FUNC CLASS Estimate SE Estimate SE Estimate SE Min Max
RURAL
EREEWAY 2043 342 1311 428 16.77 482 nem A
RURAL MINOR
ARTERIAL 160 002  1.00 NA. 1.60 0.02 1.56 1.64
RURAL PRIN
ARTERIAL 943 053  6.73 235 8.08 2.29 359 1256
URBAN
EREEWAY 3002 043 3093 463 30.48 455 2157  39.39
URBAN MINOR
ARTERIAL 105 001 082 0.09 0.93 0.09 0.77 1.10
URBAN PRIN
ARTERIAL 509 002 378 1.64 4.44 1.64 1.22 7.65
ALL 1320 1.04 824 232 10.72 231 6.19 15.26
HIGHWAYS : : : . . . . .

Note: N.A. = Not Available; TD; was used as the ancillary variable to develop ratio estimates.

First, the research team constructed sampling estimates for TD generation rates and other

derivative metrics, similar to those in Table 15 through Table 22. Estimates for A were obtained

for each site. Combining these estimates with the sampling weights, statewide averages for TD

generation rates and estimates by facility type were obtained, as shown in Table 29. The Texas-

wide average rate of TD generation could be any value between 6.19 and 15.26 pieces of TD per

week per mile. Table 30 shows generation rate estimates in terms of weekly Ib of TD per mile. It

was found that between 10.27 and 13.94 Ib/week/mi of TD generate on average in Texas

highways.
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Table 30. TD Generation Rates at Texas Highways (Weekly Ib per Mile).

HT  HT  Ratio Rt Est | Adjusted Adj. Est. | 95% CI 95% CI

FUNC CLASS Estimate SE  Estimate SE Estimate SE Min Max
RORAL, 1745 341 1118 338 | 1432 422 | 606 2258
RURALMINOR 195 003 124 NA | 19 003 | 189 200
Al 988 06l  7.32 1.09 8.60 1.12 640  10.80
oY 2534 029 2676  NA. | 2534 029 | 2478 2590
URBANMINOR 092 001 069 0.07 0.80 007 | 067 093
Vet P RN 614 003 403 1.67 5.09 1.67 182 836
Honays 1211 094 759 NA. | 1211 094 | 1027 1394

Note: N.A. = Not Available; T D} was used as the ancillary variable to develop ratio estimates.

Table 31. Large TD Generation Rates on Texas Highways (Weekly Pieces per Mile).

HT  HT  Ratio Rt Est | Adjusted Adj. Est. | 95% CI 95% Cl

FUNC CLASS Estimate SE  Estimate SE Estimate SE Min Max
Ao 387 066 224 082 | 305 093 | 123 487
RURALMINOR 044 001 028  NA 0.44 001 | 043 045
R Al 241 018 157 0.25 1.99 0.27 1.45 252
eiioNg 536 006 519  NA 5.36 0.06 525 548
URBANMINOR 017 000 012 001 | 014 001 | 013 016
Vel P RN 077 000 085 0.51 0.81 051 | -019 181
Hoh e 271 025 152 NA 2.71 0.25 223 320

Note: N.A. = Not Available; TD; was used as the ancillary variable to develop ratio estimates.

Table 31 shows generation rates for pieces of large TD (64 in.2 or bigger). On average,

2.71 large TD pieces/mile/week (95 percent Cl of 2.23 to 3.20) are generated on Texas

highways.

Table 32 shows the generation rates of large TD in Ib per week per mile. Researchers

estimated that, on average, 6.01 Ib of large TD per week per mile (95 percent CI from 4.95 to

7.07 Ib per week per mile) are generated on Texas highways.
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Table 32. Large TD Generation Rates on Texas Highways (Weekly Ib per Mile).

HT HT Ratio Rt. Est. | Adjusted Adj. Est. | 95% ClI  95% CI
FUNC CLASS Estimate SE Estimate SE Estimate SE Min Max
RURAL
FREEWAY 7.94 1.27 4,53 1.96 6.24 2.07 2.18 10.30
RURAL MINOR
ARTERIAL 1.13 0.02 0.72 N.A. 1.13 0.02 1.09 1.16
RURAL PRIN
ARTERIAL 5.54 0.41 3.98 0.20 476 0.41 3.96 5.57
URBAN
FREEWAY 12.02 0.13 12.34 N.A. 12.02 0.13 11.77 12.27
URBAN MINOR
ARTERIAL 0.45 0.00 0.33 0.02 0.39 0.02 0.34 0.44
URBAN PRIN
ARTERIAL 1.36 0.00 1.56 0.98 1.46 0.98 -0.45 3.38
ALL 601 054 364 N.A 6.01 0.54 4.95 7.07
HIGHWAYS ) : : S\ . . . .

Note: N.A. = Not Available; TD; was used as the ancillary variable to develop ratio estimates.

Total Quantity of TD Generated in a Year

Using the generation rates presented in the previous section, yearly totals can be

estimated for the quantity of TD in Texas highways. The estimates presented in this section are

contingent to the year-round representativeness of the generation rates. Later in this chapter, an

estimation of the seasonality in TD quantities is presented in order to better assess the expected

fluctuation of TD generation rates and its impact on the total estimates presented in this section.

Table 33 shows yearly total estimates in thousands of TD pieces. Researchers estimated

that 16.90 million pieces of TD were deposited during 2015 on Texas highways. The precision of

this estimate was somehow limited (SE of 6.40 million pieces of TD), a circumstance that results

in a wide ClI for the estimate of the total yearly amount of TD (the true total could be anywhere

between 4,349,900 and 29,446,100 pieces of TD in a year). However, the estimates for freeway

facilities are more accurate. This research estimates that between 2.82 and 5.92 million pieces of

TD were generated on urban freeways during the last year, while between 1.96 and 4.55 million

pieces of TD were produced on rural freeways. Table 34 shows statewide TD totals in metric

tons by facility type.
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Table 33. Yearly Total TD Generated on Texas Highways (Thousands of Pieces).

Ratio Rt Est. | Adjusted  Adj. | 95% CI 95% ClI
FUNCCLASS HTEst HTSE  Est SE | Estimate Est.SE | Min  Max
ool 50300 4452 14712 6027 | 32551 6618 | 1,9581 4,552.2
RUNEMALY 2046 688 6262 562 | 4154 782 | 2622 5687
Al 17430 8735 15058 7744 | 16244 10253 | 3852  3,634.0
DA, 37589 7131 49743 5437 | 43666 7910 | 28163 59169
URBARMINCOR 375 170 7557 2242 | 3966 2210 | -365 82906
URBANPRIN 1161 651 20765 8469 | 10063 8343 | 5389 27315
Hia e 108992 40817 228968 59603 | 168980 64022 | 4,349.9 29,4461
Note: N.A. = Not Available; TD; was used as the ancillary variable to develop ratio estimates.
Table 34. Yearly Total TD Generated in Texas Highways (Metric Tons).
Ratio Rt Est. | Adjusted  Adj. | 95% CI 95% ClI
FUNC CLASS HTEst. HTSE  Est. SE | Estimate EStSE | Min  Max
etnes 19074 1794 5523 2078 | 12208 2412 | 7570 17026
R mAL 1182 506 3651 313 241.7 530 | 137.8 3455
Al 6535 2881 6106 2061 | 6321 3132 | 181 12460
oroeN, 15491 2513 20403 NA. | 15491 2513 | 10865 2,047
URSAININOR 152 49 2898 543 1525 533 | 480  257.1
b 642 417 10144 4120 | 5393 4044 | -2534 13319
Hiei s 43076 14800 94476 NA. | 43076 14890 | 13892 7,226.1

Note: N.A. = Not Available; TD; was used as the ancillary variable to develop ratio estimates.

Researchers estimated that between 1,389.2 and 7,226.1 metric tons of TD were

deposited on Texas highways last year. Between 757.0 and 1,702.6 metric tons were deposited

on rural freeways, while between 1056.5 and 2,041.7 metric tons of TD were deposited on urban

freeways.
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Table 35 shows statewide totals of pieces of large TD deposited by facility type last year.
Researchers estimated that between 743,360 and 3,616,270 pieces of large TD were deposited on
Texas highways. This research estimated that between 353,860 and 866,790 pieces of large TD
were generated yearly on rural freeways, while between 473,630 and 981,700 pieces of large TD

were produced on urban freeways.

Table 35. Yearly Total Large TD on Texas Highways (Thousands of Pieces).

FUNC Ratio Rt. Est. | Adjusted Adj. 95% CI  95% ClI
CLASS HT Est. HT SE Est. SE Estimate Est. SE Min Max
RURAL
FREEWAY 966.09 89.57 254.56 118.21 610.32 130.85 353.86 866.79
RURAL
MINOR 57.48 23.88 182.70 23.14 120.09 29.18 62.90 177.28
ARTERIAL
RURAL PRIN
ARTERIAL 27056 11296 236.29 83.61 253.42 124.12 10.16 496.69
URBAN
FREEWAY 72767 12961 874.21 N.A. 727.67 129.61 473.63 981.70
URBAN
MINOR 6.21 2.05 119.78 29.68 62.99 29.27 5.62 120.36
ARTERIAL
URBAN PRIN
ARTERIAL 16.81 7.51 453.04 259.87 234.93 258.24 | -271.22 741.08
ALL
HIGHWAYS 2,044.82 801.78 4,041.05 N.A. 2,044.82  801.78 473.36 3,616.27

Note: N.A. = Not Available; TD; was used as the ancillary variable to develop ratio estimates.

As shown in Table 36, between 501.4 and 3,546.2 metric tons of large TD were left on
Texas highways last year. This table shows that between 315.8 and 829.0 metric tons of large TD
were deposited on rural freeways, while between 508.1 and 987.9 metric tons of large TD were

deposited on urban freeways during last year.
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Table 36. Yearly Total Large TD Generated on Texas Highways (Metric Tons).

FUNC Ratio Rt Est. | Adjusted  Adj. | 95% Cl  95% ClI
CLASS HT Est. HT SE Est. SE Estimate Est. SE Min Max
RURAL
AN 910.9 846 2338 1213 | 5724 1309 | 3158  829.0
RURAL
MINOR 68.4 313 2126 184 140.5 32.4 770 204.0
ARTERIAL
RURAL PRIN
L P! 275.7 1085 2674 571 2716 1104 | 552  488.0
URBAN 748.0 1224 9484 NA 7480 1224 | 5081  987.9
N . . . A . . . .
URBAN
MINOR 76 2.3 1439 311 75.8 30.7 157 1359
ARTERIAL
URBAN PRIN
PR 13.3 5.9 3775 2260 | 1954 2247 | -2450 6358
ALL
Nl s 20238 7768 43499 NA. | 20238 7768 | 5014 35462

Note: N.A. = Not Available; TD; was used as the ancillary variable to develop ratio estimates.

ESTIMATION OF SEASONAL VARIABILITY OF TD OCCURRENCE

As mentioned earlier, the research team selected a subsample of nine sites (seven from
the Bryan District and two from the Houston District) to be visited twice for field data collection.
The purpose of this second excursion was to quantify the seasonality of TD occurrence because
the statewide interviews with TXDOT districts strongly suggested variability of TD quantities
throughout the year. Combined, these nine sites amounted to 191.74 lane-miles of road (111.82
freeway lane-miles and 79.92 lane-miles on other highways). The corresponding centerline
mileage was 50.61 miles.

Unfortunately, one of the two sites in the Houston District could not be matched with any
WO data, so it could not be further analyzed. After removing the site with incomplete data, the
subsample reduced to 122.40, with a total of 42.81 centerline miles. For this reduced subset, the
dates when the first visit occurred ranged from July 23, 2015, to August 18, 2015, while the
dates for the second visit ranged from November 10, 2015, to November 23, 2015.

While it was known that all sites in Bryan would be visited a second time, only three sites
in Houston, weighed by proximity to College Station, were candidates for second visits. The
sampling weights were adjusted to reflect this additional stage of sampling for second visits so

that the estimates are still representative of the general conditions on Texas highways.
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Using the data from the two visits at the subsample of sites, the research team computed
metrics to assess the seasonal variation of TD. The estimates presented in this section are
representative of the change of TD metrics between the summer and fall seasons.

Table 37 shows estimates of the change going from summer to fall in total amounts of
TD. This table indicates that the total weight of all TD pieces generated weekly decreased about
15.8 metric tons on all Texas highways. In comparison, the yearly average week is estimated to
have 82.8 metric tons generated, per Table 34 (82.8=4307.6/52). Both the count and weight of
large TD was also found to decrease in a typical fall week compared to a week during the
summer (7.2 thousand fewer pieces, and 10.0 fewer metric tons, respectively). Unfortunately, the
four estimates in Table 37 are rather imprecise; all four 95 percent Cls range from negative to

positive numbers.

Table 37. Summer-to-Fall Change in Total TD Generated Weekly (All Highways).

Total Quantit HT HT Ratio RtEst Adj.  Adj. 95%Cl 95% CI
y Est. Est. SE Est. SE Est. Est. SE Min Max
Total TD
(thousands of 47 137 18 328 3.2 325 | —605 669
pieces)

Total TD 55 34 261 114 | -158 111 | -376 6.0
(metric tons)

Total Large TD
(thousands of 27 20 118 63 72 62 | -193 4.9
pieces)

Total Large TD 37 19 -164 68 | -100 67 | -231 3.0
(metric tons)

Note: TD; was used as the ancillary variable to develop ratio estimates.

Table 38 shows the estimates of seasonal change in key average quantities. Bold type was
used for estimates whose Cls did not contain zero and demonstrated with convincing statistical

evidence that a seasonal change was identified in those quantities.
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Table 38. Summer-to-Fall Change in Average Metrics of TD (All Highways).

Average Quantity HT HT  Ratio RtEst | Adi.  Adj. | 95%Cl 95%Cl
Est. Est. SE Est. SE Est. Est. SE Min Max
Observable TD g9 107 711 NA | 979 101 | -11.77 -7.82
(Ib/mi)
Observable Large
D (b/m) _6.67 064 -458 NA. | -667 064 794 541
Number of Debris
removal 127 013 -144 036 | -1.36 035 205 067
(visits/month)
TD GenerationRate 5o 535 20 078 | 041 077 | -1.10 191
(pieces /mi/week)
TD GenerationRate  ,,, 55,  _983 055 | 203 054 | -308  —0.98
(Ib/mi/week)
Large TD Generation
Rate (pieces -047 005 -032 015 | -040 0.4 ~068  -0.12
/mi/week)
Large TD Generation _, /o 45 _113 034 | -129 033 ~194  -064

Rate (Ib/mi/week)

Note: TD; was used as the ancillary variable to develop ratio estimates.

Except for the average number of TD per mile per week, all metrics in Table 38 have

95 percent Cls containing only negative values, which indicates a decrease of those quantities in

the fall season, compared to the summer season.

Researchers estimated that debris removal frequency decreased during the fall by 1.36

visits/month. Researchers also estimated that the actual statewide change in monthly debris

removal frequency could be as small as 0.67 fewer visits/month or as big as 2.05 fewer

visits/month. In terms of quantity of TD per mile, this research found that between 0.98 and 3.08

fewer pounds of TD per mile are generated during a typical fall week compared to a typical

summer week. A typical fall week was also found to have between 0.64 and 1.94 fewer pounds

of large TD generated per mile compared to a typical summer week. More importantly, the

amount of observable TD and large TD is significantly reduced during the fall than during the

summer (between 7.82 and 11.77 fewer pounds of TD and between 5.41 and 7.94 fewer pounds

of large TD), a reduction that coincides with a decrease in the odds of TD crashes during the fall,

compared to the summer months (Figure 58).
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COST OF TD FOUND IN TEXAS HIGHWAYS

Based on findings of this research, this section estimates the cost of TD removal and
disposal in 2015. These calculations are based on conservative assumptions, making the resulting

estimates conservative estimates of the actual costs.

Total Amount of TD Generated in Texas

The 2010 audit by TCEQ (2010) states that 26.0 million STUs were discarded in 2009.
The estimate available from the previous year was 24 million. The research team obtained
additional data from the TCEQ 2014 Scrap Tire Annual Report (TCEQ, 2015). From that report,
the yearly scrap tire quantities were obtained for the 2012-2014 period, as shown in Table 39.
Estimates for years 2007 and 2009 were obtained from two TCEQ audits prepared for the Texas
Congress.

Table 39. Yearly Scrap Tire Disposed in Texas (Millions of STU*).

Category 2007 2009 2012 2013 2014 2015
Land Reclamation 11.6 5.0 4.2 1.7 3.1 N.A.
Tire-Derived Fuel 10.6 8.3 14.7 11.2 13.6 N.A.

Crumb Rubber 2.5 15 1.5 4.8 4.6 N.A.

Rubber Mulch 0.4 N.A. N.A. N.A. N.A. N.A.

Septic/Leachate Drainage 0.3 2.9 N.A. N.A. N.A. N.A.

Other End Uses 1.1 1.3 N.A. N.A. N.A. N.A.

Beneficial Uses N.A. N.A. 3.4 1.1 1.8 N.A.
End Uses Subtotal 26.5 19.1 23.8 18.9 23.1 20.7**
Landfill Disposal 5.6 7.0 3.8 3.5 3.4 2.8%**
Total 32.1 26.1 27.7 22.4 26.5 23.6%*

Note: N.A. = Not Available; STU = scrap tire unit.

*1 STU =20 Ib of scrap tire material. This unit was used because scrap tire material can take many different forms.
** Data not available from TCEQ yet. These are linear projections for 2015 using data available from previous
years.

*** The projected landfill quantity was estimated as the difference between the projected total and end uses subtotal.

Although mild, there was a downward trend in the amount of tire material shown in Table

39. Less scrap tires are being generated in Texas every year, as shown in Figure 73. Although
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this figure shows continuous lines, those lines are based on yearly totals. This figure also shows
an increasing trend in the proportion of scrap tires that was repurposed every year.
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Figure 73. District Debris Removal Work Trends.

The total projected quantity of scrap tires for 2015 is equivalent to 214,096 metric tons.
Similarly, the equivalent projected amount of scrap tires that ended up in landfills was 25,401
metric tons. In comparison, Table 34 shows that only about 4,307.6 metric tons of TD were
generated on Texas roads in the same year.

Considering Table 34 and Table 39, jointly, TD represents between 0.6 percent and
3.4 percent of the total amount of scrap tires that are either repurposed or disposed of during a
year in Texas. If all the TD generated in Texas highways in 2015 ended in landfills, then TD
would represent between 5.5 percent and 28.4 percent of scrap tires that ended up in landfills.

Cost of TD to TXDOT

Two components of the cost are considered in this estimation: costs of debris removal

activities and costs of final disposal.
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Cost of Removal Activities

From the cost data received from TxDOT Maintenance Division, the cost of state-force-
driven debris removal activities in TXDOT districts amounted to $13,757,155 during FY 2014
(i.e., from September 2013 to August 2014). The cost of debris removal work by contractors
during the same period amounted to $5,201,867. In total, the statewide cost of debris removal
was $18,968,021 during FY 2014. However, this cost does not distinguish between TD and other
types of debris. From the survey of districts, 10 out of 12 interviewees estimated that TD
represents about 53 percent of the total amount of debris they clean up from Texas highways. By
allocating to TD the cost corresponding to that proportion of road debris, the research team
estimated that it costs TxDOT $10,053,051 to clean up TD from Texas highways.

The research team projected the total amount of TD generated in 2014 from the 2015 data
collected from field visits (see Table 34). From this exercise, about 5,385 metric tons of TD were
generated in 2013 and about 5,231 metric tons in 2014. These estimates rely on the assumption
that a significant proportion of generated TD goes into landfills each year; so, the yearly
fluctuation in landfill quantities is reflective of the yearly fluctuations in generated TD. The
research team implemented this assumption because TD is made up of irregular pieces
containing significant amounts of metal, making them potentially difficult to process for other
purposes. TD would represent a significant proportion of scrap tire material that ends in landfills,
per Table 39.

Using the projections from 2013 and 2014, the research team estimated that there were
5,282 metric tons of TD generated on Texas highways during FY 2014. The researchers then
estimated that the cost rate of removing TD from Texas highways was $1,903 per metric ton.
This rate was equivalent to $17.3 per STU or $0.86 per pound of TD.

Disposal Fee

The average disposal fee under the Waste Tire Recycling Fund was $2 per tire (TCEQ,
2015; Crain Communication Inc., 2016). That program ended in 1997, but the fee has not
changed much since then. On its website, the City of Waco (2016) lists 2016 fees of $2.50 or
$5.00 per tire, depending on tire size. Assuming an average fee of $3.00 and transforming TD to
STUs, it can be estimated that $1,746,209 were paid in disposal fees during FY 2014. The
proportion of that cost that corresponds to contract work should have been already passed to
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TxDOT by its contractors as cost of collection and disposal together. However, the proportion of
that cost that corresponds to state-work miles driven (87.5 percent) must still be borne by
TxDOT. Therefore, this research estimates that the additional quantity paid in disposal fees for
the TD collected by state forces amounted to $1,527,933 in FY 2014. This amount disregards
any third parties collecting additional fees from TxDOT when collecting, transporting, and
disposing TD from district facilities.

Aggregated Cost of TD Removal and Disposal

When incorporating disposal fees, the cost rates for TD presented above increased to
$2,192.6/metric-ton, $19.9/ STU, or $0.99/Ib. This analysis estimates that TD collection and
disposal cost TxDOT $11,580,984 in FY 2014.

Cost of TD to the General Public

It was expected that the costs associated with safety offset other operational costs of TD.
Previous research has found that the safety aspect tends to dominate the costs of economic
analyses of surface transportation studies (Fitzpatrick et al., 2015). Therefore, an economic
assessment of TD crashes is presented in this section in order to estimate the cost to the general
public.

The research team used the factors and methodology presented in a memorandum from
the United States Department of Transportation (USDOT) about the value of a statistical life
(VSL) (Thomson, 2016). As of June 2015, VSL was $9.4 million. In this methodology, factors to
convert crashes to dollar amounts are given by injury levels. Table 40 shows adjusted factors
developed by the research team from the recommended USDOT values (as of June 17, 2015.).
These adjusted factors were developed to coincide with the KABCO scale from the National
Safety Council because this scale corresponds to the severity levels in CRIS, whereas the
USDOT values correspond to the Maximum Abbreviated Injury Scale (MAIS) of the Association

for the Advancement of Automotive Medicine.
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Table 40. Conversion Factors from VSL to Severity Levels.

Severity MAIS Level (Severity Level)/VSL
K Unsurvivable 1.000
A Critical and Severe 0.495*
B Serious 0.105
C Moderate and Minor 0.016*

* These values result from a weighted average of two MAIS severity levels. In both cases, a weight of 0.7 was
applied to the lower severity and 0.3 to the higher severity.

The methodology uses 2013 as the base year and requires adjustments based on the
consumer price index and real earnings values from the Bureau of Labor Statistics (2016). Table

41 shows the values corresponding to 2013 through 2015.

Table 41. Indices to Transform 2013 Dollars to 2015.

Index 2012 2013 2014 2015

Consmi;Pr'ce 229.594 232.957 236.736 237.017
Real Weekly

Eamnings $352.30 $356.23 $350.38 $363.85

The calculation was performed as follows:

1. The corresponding factors in Table 40 and Table 41 were applied to the fatalities and
injuries reported for the 251 TD crashes identified for this research.

2. The aggregated annual cost was calculated for each year in the safety assessment (2012 to
2014).

3. A formula to estimate the baseline cost in 2015 was obtained by lineally regressing the
non-fatality costs from 2012 through 2014 on the number of crashes.

4. Three estimates for 2015 were developed based on three different assumed total TD
crashes for 2015.

Table 42 shows the crashes and severity outcomes for 2012 through 2014 and the 2015
projections. The cost of 2015 TD crashes cannot be determined exactly unless all TD crashes that
occurred in 2015 are identified. Such identification would require repeating the examination of

crash narratives as described in Chapter 5.
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In lieu of such comprehensive procedure, the research team projected the number of TD
crashes for 2015 based on a set of simple but realistic assumptions, as explained in the notes at
the bottom of Table 42.

Cost of Non-fatal TD Crashes

As Table 42 shows, the cost of non-fatal TD crashes has been relatively stable and in
clear decline since 2012. In that year, TD crashes cost the Texas public roughly $40 million.
Even if the number of TD crashes did not increase in 2015, compared to 2014, it was projected
that TD crashes cost the Texas public $32.8 million, accounting only for the general trend of
reduced total cost in the last three years (i.e., Scenario A). If, on the other hand, the number of
non-fatal TD crashes in 2015 was estimated from the three-year trend from 2012 to 2014, then it

was expected that TD crashes cost the Texas public $39.3 million (Scenario B).

Table 42. Cost of TD Crashes in 2012—2014 and Cost Projections for 2015.

Tot. Incap. Non- Posbl. Total | Cost Non-fatal Total C.OSt
Year Fatal . Incap. - - (including
Crashes Inj . Inj Inj. Crashes L

Inj. fatalities)
2012 93 3 4 20 18 42 $40,020,029.57  $67,506,313.61
2013 89 0 4 20 29 53 $42,713,600.00  $42,713,600.00
2014 69 0 4 14 17 35 $35,868,744.57  $35,868,744.57

Totals 251 3 12 54 64 130 2015 Projections

2015% 69 0 - - - - $32,797,598.60°  $32,797,598.60%
2015 827 0 - - - - $39,331,120.29°  $39,331,120.29"
2015°¢ 82.7 1 - - - - $39,331,120.29°  $49,099,521.16°

2 Projected costs in 2015 assuming the same number of crashes that happened in 2014, and adjusting for the linear
trend observed in the cost of non-fatal crashes from 2012 to 2014.

b Projected costs in 2015 assuming only non-fatal crashes occurred, projected linearly from crashes observed in the
three previous years. This projection also includes an adjustment for the decreasing linear trend observed in the total
cost of non-fatal crashes from 2012 to 2014.

¢ Projected costs in 2015 assuming one fatal crash occurred along with the same number of non-fatal crashes in
Scenario B.
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Cost of Fatal TD Crashes

As can be seen in Table 42, the cost of fatal crashes has a severe impact on the overall
costs of TD crashes. If one assumes the same number of non-fatal TD crashes from Scenario B,
but a single fatal TD crash also occurred in 2015, then the overall cost of TD crashes goes from
$39.3 million to $49.1 million (Scenario C).

CONCLUSIONS

This research quantified the amounts, physical characteristics, safety impact, and costs of
TD generated on Texas highways.

One activity of the project consisted of a statewide survey of TXDOT districts. This
survey revealed that TD removal practice varies widely by district, depending on the size of the
network they maintain. Additionally, this survey yielded a preliminary estimate of TD removal
(weekly at high-volume roads, less frequently at lower functional classes).

Cost data were requested from TxDOT Maintenance Division. The research team
received cost and WO data from FY 2013 and FY 2014. An analysis of these data revealed key
differences between districts in their amount of work in debris removal activities and in the
contract structures they have in place in order to meet their debris removal work needs. Houston,
Dallas, and Fort Worth were found to have similar trends on their debris removal work and costs;
Austin and San Antonio were also found to have similar trends, though significantly different
from Houston and Dallas. Amarillo, Beaumont, Brownwood, Childress, Laredo, Lufkin, Odessa,
Paris, San Angelo, and Waco have similar costs and contract structures to Austin and San
Antonio. Other districts showed trends of varying cost; on the lower end, some costs were
comparable to Austin and San Antonio ($5 to $10 per mile driven), while on the higher end,
some districts’ costs compared to Houston and Dallas ($15 to $20 per mile driven). In general,
unit cost of removal was found to increase with an increasing proportion of the work done by
contractors.

The research team collected field data from a probability sample of sites representing
seven randomly selected TXDOT districts. Among other metrics, average amounts of observable
TD, TD generation rates, and total yearly amounts of TD were estimated from these data in
combination with additional data provided by TxDOT Maintenance Division. That additional
data allowed the estimation of debris removal frequency at the probability sample sites. It was
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estimated that, on average, there were between 70.4 and 289.7 metric tons of TD on Texas roads
at any point between July and November 2015. Between 40.3 and 112.8 of those metric tons
were TD pieces larger than 64 in.2. Using the same data, researchers estimated that urban
freeways are visited between 8.53 and 9.18 times a month for debris removal. The average
number of visits corresponding to rural freeways was found to be significantly smaller urban
freeways (average of between 1.18 and 8.19 visits per month). This evaluation found that,
overall, between 10.27 and 13.94 Ib of TD per mile were generated on Texas highways every
week. The amount of that TD generation that constitutes pieces larger than 64 in.2 was found to
be, on average, between 4.95 and 7.07 Ib per mile per week. This research found that between
1,389 and 7,226 metric tons of TD were generated on Texas highways during the last year. The
total amount of pieces of TD larger than 64 in.? generated during the last year was estimated at
between 501 and 3,546 metric tons.

The research team used field data in combination with frequency-of-removal data to
quantify the seasonality of TD occurrence in Texas highways. For this evaluation on the seasonal
change of TD metrics, a subset of sites in the probability sample was visited at two points in
time. The analysis of data representing the summer and fall seasons indicated that there was a
reduction in TD generated in the fall (an average reduction of between 0.98 and 3.06 Ib
generated per mile per week); a reduction in large pieces of TD generated in the fall (average
reduction of between 0.64 and 1.94 Ib generated per mile per week); and fewer visits to clean
road debris during the fall (average of between 0.67 and 2.05 fewer removal visits per month).

This research also performed a safety evaluation of TD. A clear, decreasing yearly trend
in this type of crashes was found. Although it was found that very few crashes of this type occur
on Texas highways each year, a statistical association was found between the chances of TD
crash occurrence and four risk factors. This research found that the odds of TD crashes increase
by a factor of 1.11 for each increase of 5 mph in the speed limit at rural facilities (statistically
significant at a 0.05 significance level). By comparison, that increase was found to be only a
factor of 1.07 at urban facilities (statistically insignificant at a 0.05 significance level). The safety
evaluation found that the odds of TD crashes increase by a factor of 1.15 per each 5 percent
increase in the proportion of trucks in the AADT (statistically significant at a 0.05 significance

level). This evaluation also found that the odds of TD crashes increase by a factor of 1.14 for
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each additional lane of traffic, after controlling for other factors (statistically significant at a 0.05
significance level).

Finally, this research developed projections of the yearly costs of removing and disposing
TD, as well as the yearly costs to society of TD crashes in Texas. This research estimated that the
cost of TD removal and disposal for TXDOT was between $10.1 and $11.6 million in FY 2014,
depending on what proportion of TD was assumed to have been disposed in landfills. The cost of
TD crashes to the Texas public in 2014 was found to be $35.9 million. Projections for 2015
yielded estimates of total cost of TD crashes ranging from $32.8 million to $49.1 million,
depending on how many fatal and non-fatal TD crashes are assumed in the calculation.

The following subsections offer an interpretation of several findings of this research, how

they compare to other research, and some assessments of their general implications.

The Impact of Different TD Removal Practices

This research found that, although safety of TD is not a major safety concern (only 251
TD crashes were found statewide in Texas between 2012 and 2014), the likelihood of these
crashes varies in accordance with removal activities. Considering the differences between urban
and rural environments, Table 19 strongly suggests that TD was more likely to be found at rural
facilities compared to urban. Notably, Table 29 shows that TD generation rates tend to be larger
on urban than on rural freeways. Also notably, the estimates in Table 28 indicate that removal
activities occur more often on urban freeways than on their rural counterparts. Interestingly (and
probably as a result), the safety analysis found that crashes involving pre-existing TD are less
likely on urban freeways (Table 13).

Considering all these pieces of information together, it can be concluded that the highest
frequency of removal activities at urban facilities tends to result in fewer amounts of observable
TD at these facilities, despite their higher TD generation rates. This research found that TD
crashes are measurably less likely at urban facilities, precisely were removal activities occur
more frequently, and TD was found in fewer quantities. Using the findings in Table 12, the odds
of a TD crash occurring at a 45 mph rural facility are 1.42 times larger than at a 45 mph urban
facility. At 75 mph facilities, that gap was notably increased: the odds of a TD crash occurring at
a rural facility are 1.79 times larger than at an urban facility. Although the chances of having a

TD crash are very small (i.e., less than 1 percent of all crashes are TD crashes), the costs of these
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crashes (Table 42) suggest that more aggressive removal programs very likely have a measurable
safety benefit.

It also appears that there was a safety benefit associated with the practice of assigning
contractors to clean facilities where most TD was generated. This research found a measurable
improvement in safety outcomes of TD at urban facilities, and the survey of districts indicated
that private contractors tend to perform most scheduled debris removal activities on urban
freeways, though state personnel conduct unscheduled debris removal operations when needed
(Chapter 3). However, an in-depth economic analysis is recommended since this research also
found that the average cost of debris removal activities increases with increasing percentage of
work performed by contractors (per Figure 16).

The facts that summer months are more prone to TD crashes (per Figure 58) and that
there is a measurable increase of observable large TD during the summer (per Table 38)

constitutes further evidence of a potential safety benefit to improving debris removal practices.

Comparison of Developed Metrics of TD to Other Studies

This section reviews the findings of this research in the light of previous works found in

the literature.

Generation Rates

The Virginia Study (Department of State Police, Virginia, 2000) monitored 658 mi of
interstate highways during an eight-week period. The researchers found a total of 127,522 Ib of
TD during that period. That quantity translates into a rate of 24 Ib/mi/week. Comparably, this
TxDOT research project estimated the generation rates for various types of facilities in Texas,
including freeways. Interestingly, this research found that the average generation rate of TD in
Texas freeways in 2015 was between 24.78 Ib/mi/week and 25.90 Ib/mi/week at freeways in
urban environments; such weekly generation rate was smaller at rural freeways, where it could
have been as little as 6.06 Ib/mi/week or as big as 22.58 Ib/mi/week (see Table 30). In addition,
this study found, as expected, that the generation rates are significantly smaller at facilities of
lower functional classes, per results in Table 29 and Table 30.
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TD Characteristics

The FHWA (2012) guidelines for recycled materials state average loose densities of tire
shreds ranging from 24 Ib/ft3 to 33 Ib /ft and from 40 Ib/ft® to 52 Ib /ft® after compaction.
However, the TD samples collected during this project had significantly higher densities
(ranging from 67.4 Ib/ft3 to 111.7 Ib/ft®). Part of the explanation for this disparity, the research
team believes, is that the densities in the FHWA guidelines refer to rubber materials at a point
where they are ready to be recycled. In contrast, steel and other heavy materials should still be
present in most of the TD shreds collected in this study. When densities of the TD samples were
measured for this research, no piece floated on water, a fact that confirms that the density of all
pieces collected had densities larger than water (62.4 Ib/ft%).

The same FHWA publication provides generic information about the characteristics of
TD. According to that report, the typical tire shred size (from both passenger cars and trucks)
varies from 1 in. to 18 in.; most common particles are from 4 in. to 8 in. Corresponding very
closely to that report, this research found the average piece of TD in Texas highways was
between 23.3 and 68.8 in.? (see Table 15). If one assumes that those numbers correspond to an
average piece roughly shaped as a square, the average width should be between 4.83 in. and
8.29in.

Yearly Amount of TD

From the 2009 survey of roadway litter in Texas (NuStats 2010), it can be estimated that
tire parts represented about 5 percent of their annual estimates, or 55 million pieces of roadway
litter a year. In comparison, this study found that between 0.8 and 21.9 million pieces of TD
were generated in in Texas highways in 2015. Despite the possibility of this contrast indicating a
reduction in TD, two significant differences between the studies make the comparison somehow
confounding: (a) the NuStats study collected and classified all debris pieces within their study
segments; and (b) that study does not state how much area beyond the outer shoulders was
included in their sites. Conversely, this study focused only in TD in close proximity with the
pavement, excluding wide grass medians and buffers beyond outer shoulders. Also, this study
focused on bigger TD pieces, as only TD observable from a vehicle at highway speeds could be
classified, in contrast with the NuStats study that collected every piece of debris found at its

sites.
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The 1999 Arizona study (Carey, 1999) reports a statewide generation rate of 25.3 weekly
tons of TD in 7 out of 9 ADOT maintenance districts. At that rate, it can be projected that 1,861
metric tons of TD were generated in Arizona during 1998. In comparison, this study estimated
that between 1,389.2 and 7,226.1 metric tons TD were generated in Texas highways in 2015 (per
Table 34).

Safety of TD
The safety estimates from the 2014 study for AAA (Forbes and Robinson, 2014) are very

comparable with the safety assessment in Chapter 5 of this report. In their investigation, Forbes
and Robinson found that less than 1 percent of all crashes involved TD. By comparison, this
research found that in the case of Texas, the proportion of this type of crash ranged from

0.01 percent to 0.17 percent (Figure 54). Forbes and Robinson also estimated that 68 percent of
crashes with vehicle debris involved pre-existing debris on the road. In comparison, this research
found that pre-existing TD was a precipitating factor in 53 percent of all crashes that involved
TD. However, the AAA study did not further analyze their crash data. This TXxDOT project
found four factors associated with increased risk of TD crash occurrence: (a) rural facilities over
urban facilities, (b) higher speed limits, (c) higher percentages of truck traffic, and (d) additional

travel lanes.

RECOMMENDATIONS

The research team expects that the metrics developed in this research will fill an
important gap of knowledge about the quantity and characteristics of TD generated on Texas
highways. The research team recommends that agencies and subcontractors responsible for
debris removal use these metrics to improve the planning of their maintenance activities and to
better anticipate resource needs. One example of such recommended implementation would be
developing a smart spreadsheet based on the information in this research that, in combination
with jurisdiction-specific road characteristics and other conditions, would allow agencies and
contractors to explore various scenarios of interest and perform economic analyses.

One scenario of potential interest would be using the metrics in this research to evaluate
the expected impact of varying debris removal rates, for example, by changing the contracting

structure of debris removal. Another scenario of potential interest would be performing
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economic evaluations of various management strategies. In that regard, a jurisdiction may use
the metrics in this report to evaluate the economic feasibility of acquiring specialized equipment,
such as the Gator Getter™, considering the extent of jurisdiction’s road network, the amount and
characteristics of TD expected through the year, and the anticipated performance improvement

and other benefits to the public.
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APPENDIX A. TEXAS DISTRICT CODES

Code District
ABL Abilene
AMA Amarillo
ATL Atlanta
AUS Austin
BMT Beaumont
BRY Bryan
BWD Brownwood
CHD Childress
CRP Corpus Christi
DAL Dallas
ELP El Paso
FTW Fort Worth
HOU Houston

Code District
LBB Lubbock
LFK Lufkin
LRD Laredo
ODA Odesa
PAR Paris
PHR Pharr
SAT San Antonio
SIT San Angelo
TYL Tyler
WAC Waco
WES Wichita Falls
YKM Yoakum
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APPENDIX B. MAPS OF DATA COLLECTION SITES
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Project 0-6860: Task 2 April, 2015

TxDOT Phone Interviews
Contact Information

Contact Person:

District: Position:

Telephone Number: E-mail:

Date of Survey: Click here to enter a date.  Time of Survey: [Type atime here ]

Introduction

Hello. My name is and | am with the Texas A&M Transportation
Institute (TTI).

We are currently working on a research project for the Texas Department of Transportation to identify roadway
debris removal practices and the associated record keeping with an emphasis on tire debris. One task is a phone
survey, for which 1 am calling you. This survey should take about 20 minutes to complete. We are looking for at
least one TXDOT employee from each of the 25 district offices in the state of Texas. This is a voluntary survey,
and if you decide not to participate or complete the survey there will be no penalty to you. Your responses to
this survey will be confidential; your name, job title, and department will not be linked in any way to your
answers in any publication resulting from this study. Research records will be stored securely and only
members of the TTI research team will have access to the records. If you do participate, feel free to quit at any
time. Are you the right person within your district to talk to about this topic?

If no: Can you please give me a different person in your district that would be the right person to talk with?

Contact Person:

Position:

Telephone Number: E-mail:

If yes: Are you willing to participate in this survey? [J Yes [J No

If no: Is there someone else that might be equally qualified to answer my questions? Would you feel free to
provide his or her contact information?

For questions, call Raul at 979-862-1651. Page 1 of 6
IRB Number IRB2015-0313D, Approved 5/15/2015, Expires 5/15/2016



Project 0-6860: Task 2 April, 2015

If yes, please fill the information above.
If no: Thank you, for your time.
If yes: is now a convenient time to talk or would you prefer that I call you back at a later time?

If call back, date and time:
Date: Click here to enter a date.

Time:| |

Before we begin, | want to remind you that that participation in the study is confidential and the records of this
study will be kept private. Your participation is voluntary. If you have questions about the study, you may
contact Research Supervisor, Raul Avelar, (979) 862-1651, r-avelar@tamu.edu. This research study has been
reviewed by the Human Subjects’ Protection Program and/or the Institutional Review Board at Texas A&M
University. For research-related problems or questions regarding your rights as a research participant, you can
contact these offices at (979) 458-4067 or irb@tamu.edu.

Policies

Does your agency have any written polices/practices regarding debris removal?
[ Yes [(ONo
If yes: May we get a copy of the document? [] Yes [J No

Does your agency have any written safety practices regarding debris removal? (1 Yes [INo
If yes: May we get a copy of the document? [ Yes [1 No

Does your agency have any written safety practices regarding tire debris removal in partnership with other
agencies, such as the fire department or law enforcement? [ Yes [1 No
If yes: May we get a copy of the document? L1 Yes [l No

If no to any of the preceding three questions: Please briefly describe the methods that you typically use to

remove debris from the road surface.

For questions, call Raul at 979-862-1651. Page 2 of 6
IRB Number IRB2015-0313D, Approved 5/15/2015, Expires 5/15/2016
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Cost

In your district, what is the average crew size devoted to debris removal?

How much of your resources are usually dedicated to debris removal?

Scheduled man-hours (please also provide an estimate of average hourly rate of personnel involved):

Unscheduled man-hours (please also provide an estimate of average hourly rate of personnel involved):

Special equipment: (name of equipment, brief description, and estimate of operation and maintenance costs)

Performance-based contracts (please provide an average yearly amount, contact information of contractor, and
any other relevant information):

In case you could not provide a complete answer to the previous question, could you please estimate
approximately how much does debris removal cost you in an average year?

All debris: Tire debris:

For questions, call Raul at 979-862-1651. Page 3 of 6
IRB Number IRB2015-0313D, Approved 5/15/2015, Expires 5/15/2016



10.

11.

12.

13.

Project 0-6860: Task 2 April, 2015

Record-Keeping
Do you have a record log on all debrisremoval? 1 Yes [INo
If yes, please answer questions 8-10:

What type of information is provided in your record log on debris removal in general? (location, date, type of
debris, weight of debris, etc.)

What type of information is provided in your record log specifically on tire debris removal? (location, date,
weight of tire debris, volume percentage of all debris, weight percentage of all debris, retread, manufacturer,
pattern, tire type, tread, size DOT, primary reasons for failure, etc.)

Do you have a copy of the record log that you can e-mail, fax, or mail to us? [1 Yes [(ONo

Is your district registered as a tire handler entity with TCEQ’s regulatory program for scrap tire management?
[(0Yes [(ONo
If yes, please select any categories of scrap tire handler below that apply:

Generator: L]
Transporter: ]
Processing or Recycling: [
Storage Site: L]
Transportation Facility: ]

Could you provide us with any copies of any tire manifests in your possession? (1 Yes [INo

Do you have any records that indicate crash(es) that were attributed to tire debris or where the presence of tire
debris was believed to be a triggering factor? Please describe:

For questions, call Raul at 979-862-1651. Page 4 of 6
IRB Number IRB2015-0313D, Approved 5/15/2015, Expires 5/15/2016



14.

15.

16.

17.

Project 0-6860: Task 2 April, 2015

Volume

How often do you go out to remove roadway debris (humber of times per day, or week, or month, or per other
unit of time)?

Scheduled:

Unscheduled:

Have you observed cycles to the generation of debris, such as seasonal fluctuations in temperature or traffic? [l
Yes ONo

If yes, please describe:

Please estimate a percentage of debris that is removed annually from your district based on the categories
below.
Tire debris

Other vehicle parts

Garbage/litter

Animals

Other (please explain in space provided)

What is the average volume of tire debris removal in your district, monthly or yearly, for any of the following:
by mile:

by weight:

For questions, call Raul at 979-862-1651. Page 5 of 6
IRB Number IRB2015-0313D, Approved 5/15/2015, Expires 5/15/2016
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by number or weight of tires and tire fragments:

18. On what types of roadways is debris most often found?

19. What are some roadways / roadway segments in your district where you commonly find or receive reports of
debris?

20. Is there any type of debris you do not remove? If so, why?

Any additional comments on tire debris volume:

Follow-Up

We would like to come out for a field visit at some of the districts to obtain specific details regarding
composition, volume and weight of tire debris. Would your district be interested in hosting one of the field
visits? [J Yes [J No

If no: That’s perfectly fine. We appreciate the time you have already given me today.

If yes: Thanks. That would be great. We will get back with you on when we would like to visit your district.

For questions, call Raul at 979-862-1651. Page 6 of 6
IRB Number IRB2015-0313D, Approved 5/15/2015, Expires 5/15/2016
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