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Abstract: 

Frontage roads, acting as a transition between high-speed free-flowing traffic on 

highways and low-speed congestion traffic on local streets, have been used as the 

“primary design solution” to alleviate traffic congestion on highways in Texas since the 

late 1940’s (Kockelman et al. 2001, 1). Frontage roads in Houston and the rest of Texas 

were designed to provide easy access to a variety of land use types located near a 

frontage road cross-section. However, today some land use areas near frontage road 

cross-sections have become heavily commercialized, which produces more vehicle traffic 

congestion and accidents (Kockelman et al. 2001).  

In this study, I propose to take a geographical approach to examining the traffic 

accident patterns near frontage road cross-sections. Various socioeconomic and land use 

variables are identified through a multiple linear regression analysis to explain why some 

frontage road cross-sectional locations have high clusters of accidents. The results show 

that a higher percentage of commercial and industrial land use, a higher mean household 

income, and a lower percentage of undevelopable land use have a significant influence in 

increasing an individual’s risk of getting into a vehicle traffic accident near frontage road 

cross-sections. 
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CHAPTER I 
 

 

INTRODUCTION 

 

1.1 Statement of the Problem 

Frontage roads are very common in Texas. Acting as a transitional road between 

high-speed free-flowing traffic on highways and low-speed congestion traffic on local 

streets, frontage roads have been used as the “primary design solution” to alleviate traffic 

congestion (Kockelman et al. 2001, 1). When construction on frontage roads began in the 

late 1940’s, government officials believed frontage roads were the best method for 

dealing with traffic growth and reducing overall construction costs (Slotboom 2003). 

However, within the past ten years, the Texas Department of Transportation (TxDOT) 

has begun to criticize frontage roads (Wright 2002). The perception towards frontage 

roads changed when numerous reports such as the ones conducted by Kockelman et al. 

(2000; 2001; 2003; 2004; 2005) and Fitzpatrick et al. (1996; 2010) linked frontage roads 

to increased traffic congestion, traffic accidents, design flaws, and construction costs. 

Though researchers have started investigating the above issues, accidents continue to be 

problematic in Texas. 

In this thesis, I will investigate what types of land use and socioeconomic variables 

influence vehicle traffic accidents located near frontage road cross-sections in Houston,
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Texas. Understanding what types of land use influence vehicle traffic accidents will help 

the TxDOT either design safer frontage roads or not construct frontage roads altogether. 

In 1995, the American Association of State Highway Officials (AASHTO) Green 

Book (528) labeled frontage roads as “the ultimate in access control”. By adopting 

frontage roads as the major method for alleviating traffic congestion, Texas has invested 

a significant amount of money, time, and resources towards constructing frontage roads 

(Slotboom 2003). However, Kockelman et al. (2001) have shown that the financial cost 

of constructing frontage roads is higher than constructing roadways without frontage 

roads. Moreover, higher costs do not guarantee a safer travel condition (Kockelman et al. 

2001). On the contrary, frontage roads are linked to traffic congestion and traffic 

accidents because of weaving patterns and short inter-ramp spacing, which “can create 

serious merging and diverging issues” (Kockelman et al. 2001, 7). When a vehicle traffic 

accident does occur near a frontage road cross-section, this directly correlates to 

unnecessary time, costs, environmental hazards, and risk to personal welfare, which 

imposes a burden on other individuals (Hanson 1995; Bilbao-Ubillos 2008). This 

unnecessary burden severely affects an individual’s daily activities (e.g. shopping, work, 

sporting event) and can hinder a city’s economy while putting a strain on emergency 

personnel (Hanson 1995; Muller 1995).  

Over the years, TxDOT policymakers, planners, and engineers began to change their 

opinions toward frontage roads and started to “criticize frontage roads for their expense, 

their contribution to traffic congestion, and environmental and safety risks” (Wright 

2002, 12). This perception regarding frontage roads led the TxDOT to reconsider its half-
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century old notion about the benefits of frontage roads and form a new policy in roadway 

construction (Wright 2002). The new policy change, however, was vehemently opposed 

by the public and business organizations, which forced the “TxDOT to withdraw its 

proposal to limit construction of frontage roads” (Wright 2002, 13). 

While a higher concentration of vehicle traffic accidents has been documented to 

exist near the intersection of a highway and frontage road cross-section, this is not the 

case at every location (Fitzpatrick et al. 1996). Some locations benefit from frontage 

roads because they provide easy access to an activity site without the increase in 

construction costs, traffic congestion, and traffic accidents (Slotboom 2003). The ability 

to identify which land use and socioeconomic variables influence vehicle traffic accidents 

near frontage road cross-sections is extremely crucial to the transportation, economy, and 

construction of frontage roads in Texas. When vehicle traffic accidents hinder the 

movement of people, goods, and information, it is difficult for a society to grow 

economically (Traynor 2008). 

1.2 Objectives 

Civil engineers have accomplished the majority of frontage road research by 

analyzing how the design of frontage roads contributes to vehicle traffic accidents. For 

example, researchers such as Hunter and Machemehl (1997), Kockelman et al. (2001), 

and Fitzpatrick et al. (2010) have found that distance between entrance and exit ramps, 

ramp length, sign placement, lighting, ramp grade, and speed limit influence vehicle 

traffic accidents. However, the results that civil engineers have found do not provide a 

complete understanding of why vehicle traffic accidents happen near frontage road cross-

sections. Another alternative is to understand frontage road traffic accidents 

geographically. Since frontage road cross-sections are used to provide easy access to a 
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variety of land use types in a diverse socioeconomic environment, a geographical 

perspective is logical to examine the interaction between land use patterns and vehicle 

traffic accidents in the area.  

This research presents a case study on Interstate 610 (I-610) in Houston, Texas. The 

goal is to provide a geographical perspective on vehicle traffic accidents that occur near 

frontage road cross-sections. I will use quantitative methods to investigate which land use 

and socioeconomic variables influences vehicle traffic accidents and employ 

geographical information systems (GIS) methods to reveal cluster patterns not easily 

noticeable to the public, government officials, and emergency management. The results 

will help traffic engineers and city planners make better decisions towards reducing 

vehicle traffic accidents and improve the safety of the transportation network (Wang et al. 

2009).  

1.3 Area of Study 

The focus area of this study is on I-610 (Figure 1), a 37.972 mile loop within the city 

of Houston, which is located in Harris County, Texas (TxDOT 2012b). The city has a 

population of 2,099,451 with a population density of 3,501 per square mile (U.S. Census 

2010). The greater Houston metropolitan area has a population of 4,092,459 making 

Houston the fourth-most populated metropolis in the nation (City of Houston 2012). I 

chose Houston to study vehicle traffic accidents because it has is a large population and a 

wide range of socioeconomic values which corresponds to an “individual's risk of being 

involved in an accident” (Anderson 2010, 2196). In addition, the limited public 

transportation system in Houston makes traveling in vehicles easier to get to an activity 

(Slotboom 2003). 
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Figure 1 – Thesis Study Area 
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1.3.1 Kernel Density - Accident Map of I-610 

Kernel density is helpful to identify where a concentration of vehicle traffic accidents 

is located, because kernel density analysis reveals “hot spots” or clusters (frequency) 

(Larsen 2010). When kernel density is used within GIS, it provides a powerful 

visualization tool to reveal useful information from the dataset. This method is beneficial 

because it presents data as a smooth surface where the density of every traffic accident 

location reflects a similar intensity of other nearby vehicle traffic accidents (Hashimoto 

2005). As shown in Figure 2, the kernel density helps identify the vehicle accident “hot 

spots” along the I-610 loop. The red and orange colors show the highest concentrations of 

vehicle traffic accidents, while the green shows where the lowest concentrations of 

vehicle traffic accidents occur. 

From Figure 2, we can learn that traffic accidents along I-610 do not present an even 

distribution pattern in space. Higher concentrations of vehicle traffic accidents occur 

mainly on the western side of I-610. Sporadic higher concentrations of vehicle traffic 

accidents also show up in places labeled as C, W, and U. The cause for these higher 

concentrations of vehicle traffic accidents to occur in these locations is largely from the 

surrounding land use being highly commercialized; however, there might be other factors 

that influence higher concentrations of vehicle traffic accidents (Kockelman et al. 2001). 

In this study, I look specifically at land use and socioeconomic variables to examine the 

causes of vehicle traffic accidents. 

Though kernel density is a great visualization tool for locating a concentration of 

vehicle traffic accidents, it does not accurately portray the likelihood of being involved in 

an accident, because it does not factor in average annual daily traffic (AADT). AADT is 
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beneficial and is presented in the statistical analysis section because it helps standardize 

vehicle traffic accidents between two different locations.  

 
Figure 2 – Kernel Density Map 



8 
 

1.4 Research Questions 

In this study, I am going to address two questions based on the premise that certain 

types of land use and socioeconomic variables located near frontage road cross-sections 

influence vehicle traffic accidents. 

Question 1: What socioeconomic and land use variables correlate to a higher traffic 

accident rate near frontage road cross-sections? 

Question 2: How can we use these socioeconomic and land use variables to discern 

different types of frontage road cross-sections that are experiencing 

vehicle traffic accident problems? 

I will use these two questions to guide my examination at the connections between 

frontage road cross-sections and traffic accident rates on I-610 in Houston. Quantitative 

methods, such as statistical analysis, will be used to help me tackle the above questions. 

By answering these two questions, this study is expected to provide a better 

understanding to transportation planners on what specific land use and socioeconomic 

variables influence vehicle traffic accidents at frontage road cross-sections. Even though 

this study focuses only on I-610 in Houston, the methods can be adapted to examine 

similar scenarios in other cities with frontage roads as well and the results can offer 

insight on fully understanding the role of frontage roads in the transportation system in a 

city.
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CHAPTER II 
 

 

REVIEW OF LITERATURE 

 

2.1 Background - How Automobiles Shape Our Roads 

The automobile first came into public view at the beginning of the twentieth century 

as a “pleasure vehicle” that only the most affluent individuals could afford (Weiner 2008, 

7). What the automobile (used interchangeably with vehicles) offered compared to other 

modes of transportation was the ability to travel longer distances in a shorter amount of 

time (Hanson 1995). When new manufacturing techniques were developed, this helped 

increase automobile production and reduced costs, making it more affordable to the 

middle class (Hanson 1995; Easterling 1999). The combination of public demand and 

automobile’s timesaving ability made owning an automobile essential to completing 

multiple daily activities. With few roadways built, the existing road network system 

became overwhelmed, creating a new dilemma for cities: traffic congestion (Whitton 

1962; Grava 2003; Weiner 2008). It was not until 1956 that construction of the National 

System of Interstate and Defense Highways (National Highway System) began. This 

development provided a vast timesaving improvement for transporting people, goods, and 

information across the country as well as within urban areas (Lomax and Levinson 1997; 

Grava 2003; Weiner 2008). Today the National Highway System still has a significant
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impact on travel in America, but the transportation planning process for urban areas has 

changed over the years. The planning process has gone from constructing highways to a 

more strategic planning process that improves the highway (Weiner 2008). 

2.2 Introduction - Improving Highway Efficiency 

Automobiles dominate the highway landscape and provide society with virtually 

unlimited amounts of mobility, but “threaten to choke” cities with traffic congestion 

(Grava 2003, 127). To understand how vital transportation is to urban areas, an analogy 

can be made by describing the city as the heart, the highways as the arteries, and the 

economy as the lifeblood flowing throughout the network. Automobiles and road 

networks serve the purpose of advancing the economy by transporting “people, goods, 

and information within the local metropolitan area” as efficiently as possible (Muller 

1995, 26). If the economy is hindered by traffic congestion, serious problems exist for a 

city, which can affect “income, employment, production, resource consumption, pollution 

generation, and tax revenues” (Weiner 2008, 158). 

There are numerous interpretations that describe vehicle traffic congestion, but 

Lomax and Levinson define congestion as a “travel time or delay in excess of that 

normally incurred under light or free-flow travel conditions” (1997, 550). Principally, 

what classifies as vehicle traffic congestion is personal preference, however; vehicle 

traffic congestion can be split into two different categories, reoccurring and random 

(Downs 2004, 37). Reoccurring vehicle traffic congestion occurs around the same time 

every day and causes high volumes of traffic, but theoretically is avoidable (e.g. rush 

hour) (Downs 2004). Random traffic congestion involves incidents, which are 

characterized as “any nonrecurring event that causes a reduction of roadway capacity or 
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an abnormal increase in demand” (Farradyne 2000, 1-2). Incidents are considered 

unavoidable and contribute to nearly 60 percent of all traffic congestion (Ullman and 

Ogden 1996, 221; Downs 2004). Vehicle traffic accidents are a subclass of incidents and 

contribute around 10 to 15 percent of all incidents, but causes the greatest amount of lost 

time to congestion delays (Flak 1997b, 375; Downs 2004). If vehicles were involved in 

fewer accidents, this would significantly reduce traffic congestion, travel time, and 

energy use (Downs 2004).  

One of the problems confronting many urban areas across the U.S., such as Houston, 

is that cities try to solve traffic-related problems in their own unique way. For example, 

some cities such as Los Angeles, Minneapolis-St. Paul, and Denver use high occupancy 

vehicle (HOV) or high occupancy toll (HOT) lanes to increase traffic flow (Konishi and 

Mun 2010). Some major cities in California also use stoplights at entrance ramps to 

highways as a way to control traffic flow (CalTrans 2007). Houston uses two prominent 

kinds of traffic-solving techniques: toll roads and frontage roads. Toll roads help reduced 

travel time and decrease vehicle traffic congestion because only certain individuals are 

prepared to pay for these services (Hensher and Goodwin 2004). Transportation planners 

also see toll roads as a way to help pay for the construction of new roads without 

burdening taxpayers (Hensher and Goodwin 2004). While toll roads are useful to a city, 

they do not pose any major hazards to individuals. However, frontage roads today are 

increasingly acting as the major arterial roadway instead of the highway, which does pose 

a major hazard to individuals by contributing to more traffic congestion and traffic 

accidents (Kockelman et al. 2001).  
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What makes the transportation infrastructure in Houston, Texas unique compared to 

other urban areas is the extensive use of frontage roads (also called service roads, 

collector roads, or feeder roads) (Slotboom 2003). The extreme practice of constructing 

frontage roads as part of Texas’ highway network design plan is publicized by the fact 

that 81 percent of Houston’s highways (including toll roads) have frontage roads 

(Slotboom 2003, 95). The purpose of frontage roads is to “distribute and collect traffic 

between local streets and interchanges”, but the practicality of frontage roads helps 

reduce local traffic from entering the highway just to go a short distance (Lord and 

Bonneson 2007, 20). This helps reduce the number of vehicles on the highway 

(Kockelman et al. 2001; Slotboom 2003). In the event of an emergency, emergency 

vehicles can quickly enter the highway at the closest frontage road ramp while traffic on 

the highway can be diverted onto frontage roads (Slotboom 2003). This assures that the 

flow of traffic is continuously moving. Frontage roads have their advantages on 

Houston’s road network. However, in 2000, the Texas Transportation Commission 

revealed that frontage roads may have inadvertently “added to congestion in urban areas” 

because frontage roads increase the number of access points (Kockelman et al. 2001, 5). 

Many different transportation research topics focus on traffic congestion problems 

related to: economic impacts (Kopits and Cropper 2005; Traynor 2008), social impacts 

(Barber 1995), and environmental impacts (Hanson 1995; Stutz 1995). These issues, 

however, are the outcomes to traffic congestion. In this literature review, I identify 

vehicle traffic accidents as the main topic of focus because solving traffic accident 

problems will help reduce traffic congestion and travel time as well as alleviate 

economic, social, and environmental impacts simultaneously. First, I convey the negative 
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impacts vehicle traffic accidents have on congestion. Second, I discuss in-depth how 

frontage roads became a widespread method by the TxDOT in order to reduce 

construction costs and alleviate traffic congestion. I also include the benefits and 

detriments of frontage road assessments from researchers, government officials, and the 

public. Third, I show how transportation and land use data are important to solving 

vehicle traffic accidents. Finally, I present the benefits of GIS to visual identify areas of 

concentrated highway accidents. 

2.3 Vehicle Traffic Accidents - Understanding the Impacts 

Transportation research began in the early 1920s as a rudimentary way to forecast and 

identify what the maximum volume of vehicles a roadway could manage; this eventually 

evolved to include vehicle traffic accidents (Weiner 2008). Vehicle traffic accidents are 

difficult to comprehend at first glance, because they can appear to be either human error, 

mechanical failure, or the result of a weather event. In addition, the main responsibility of 

first responders to a crash site is to transport anyone injured and quickly clear the vehicle 

from the road while determining whether any traffic laws were violated (Flak 1997a). 

This process makes it easy for law enforcement and the public to overlook spatial 

patterns attributed to vehicle crashes. Until Moellering wrote The Journey to Death: A 

Spatial Analysis of Fatal Traffic Crashes (1974), which describes the spatial 

characteristics of vehicle traffic accidents, geographers were rarely involved in 

transportation research (Whitelegg 1987). 

Today, traffic accidents in urban areas are heavily associated with congestion delays, 

which results in the loss of millions of dollars a year (Flak 1997b; Downs 2004). As 

vehicle traffic accidents continue to get worse for American cities, travel time and travel 

costs for daily commuters increase (Cambridge Systematic 2004). For example, in the 
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2011 Urban Mobility Report, a Houston commuter experiences an average of 57 hours of 

delays and uses 28 gallons of extra fuel a year, which results in an annual additional cost 

of $1,171 per driver (Schrank et al. 2011, 20). Businesses are also affected by time stuck 

in traffic because it increases the amount of wasted gas, employee pay, and delivery time 

(Flak 1997b). In return, traffic congestion forces businesses to cover the added costs by 

increasing the price of consumer goods (Banister 2011). Since the impacts from vehicle 

traffic accidents represent a “key portion” of the traffic congestion, these statistics 

demonstrate that reducing traffic accidents will help increase the economy of a city by 

improving traffic congestion (Flak 1997b, 376). 

Not only do vehicle traffic accidents affect the economy, they also increase air and 

water pollution, energy consumption, and noise pollution (Hanson 1995; Bilbao-Ubillos 

2008). Vehicle traffic accidents have become a serious problem for urban areas such as 

Houston, which is attempting to solve traffic-related problems by providing a more 

efficient transportation network system that is capable of relieving traffic congestion. In 

Texas, the majority of the public and businesses believe the solution to this problem is 

frontage roads. 

2.4 Improving Daily Movement - Understanding Frontage Roads 

The “primary design solution” to traffic congestion in the State of Texas is frontage 

roads, which provide access to highways in both urban and rural areas (Eisele et al. 2010, 

1). Also known as service roads, frontage roads are streets that run parallel to a highway 

corridor and are designed to keep local traffic off the highway that would otherwise use 

the highway to travel only a short distance (Slotboom 2003; Kockelman et al. 2004). 

With around 6,761 miles of frontage roads, no other state or country has put as much 
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time, effort, and money into building frontage roads than Texas (Kockelman et al. 2004; 

Persad et al. 2012, 72). Because few regions contain frontage roads, few researchers have 

examined traffic accidents on frontage roads even though findings reveal that frontage 

roads contribute to the hazards of a road network (Kockelman et al. 2001). The earliest 

known research examining vehicle traffic accidents on frontage roads was done by 

Woods and Chang (1983) and reported in Accident Analysis of the Conversion from Two-

Way Frontage Road Operation. Since this report, few changes have been made to 

frontage roads to make them safer. 

The first highway (Gulf Freeway) in Texas was built in 1948, and ever since Texas 

has used frontage roads in every highway design project (Slotboom 2003). Dewitt Greer, 

chief engineer of the State Highway Department (TxDOT's precursor), was the architect 

behind the first frontage road design (Wright 2002; Persad et al. 2012). Greer eventually 

became known as the father of the modern Texas highway system for his persistent effort 

and belief that all Texas highways should be able to serve local, interregional, and bypass 

through-traffic (Slotboom 2003; Persad et al. 2012). The only possible highway design 

capable of serving all three criteria is frontage roads. Another reason Greer pursed 

frontage roads was because he saw them as a cost-effective measure to an expensive 

highway system (Wright 2002). When the construction of highways began, the state was 

required to compensate property owners for their land because highways are a limited 

access road (Kockelman et al. 2001; Wright 2002). By building a highway with frontage 

roads, the TxDOT could obtain land rights without compensating property owners 

because frontage roads contain multiple access points (Kockelman et al. 2001). The idea 
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of using frontage roads for unrestricted land rights was brilliant, but unknowing to Greer, 

his method helped commercialize frontage roads (Beaumont et al. 2006). 

Frontage roads, especially in urban areas, have become the ideal location for 

businesses because businesses along frontage roads provide easy access and can lure 

consumers who would instead have to travel onto side streets (Kockelman et al. 2001; 

Slotboom 2003). This made frontage roads “more than just transportation corridors; they 

form the city’s principal commercial strips and business centers” (Slotboom 2003, 93). 

Along with becoming “commercial strips”, frontage roads are used to help relieve traffic 

congestion, provide vehicles with easy access to the highway, and reduce emergency 

response time (Eisele et al. 2010). The function of frontage roads is to limit vehicle 

access onto major arterial highways by separating the faster highway traffic from slower 

local traffic (Kockelman et al. 2001). Today frontage roads are functioning as the major 

arterial roadway instead of the highway (Kockelman et al. 2001). This has created a 

higher volume of vehicles on ramps, intersections, and local networks, which also tends 

to cause more vehicle traffic accidents. Because of these problems the TxDOT “criticized 

frontage roads for their expense, their contribution to traffic congestion and 

environmental and safety risks” (Retting et al. 2001; Wright 2002, 1; Kockelman et al. 

2004). This means frontage roads are creating more congestion problems instead of 

solving them. It “may also be one of the reasons other states have avoided frontage road 

construction” (Kockelman et al. 2001, 5). 

On June 28, 2001, the TxDOT approved a new policy limiting new construction of 

frontage roads, but quickly had to reverse the decision to only “special cases” because of 

the public’s outcry (Wright 2002; Kockelman et al. 2004, 1). While the TxDOT cannot 
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eliminate current frontage roads, researchers have studied numerous methods to curtail 

the volume of traffic in and around frontage roads to help eliminate vehicle traffic 

accidents. For example, researchers found that the design of a short merge lane when 

entering and exiting a frontage road or highway (Figure 2) creates a weave maneuvering 

pattern that increases vehicle traffic accidents (Bonneson and Zimmerman 2007; 

Fitzpatrick et al. 2010).  

Figure 3 – Weave Maneuvering Pattern (Kockelman et al. 2000, 13) 

Frontage roads have become the norm in Texas that few wish to relinquish. 

Understanding geographical aspects such as land use can help explain why certain 

locations have a higher concentration of vehicle traffic accidents near frontage road 

cross-sections. As Slotboom (2003, 93) explains, “The frontage road heavily influences 

development patterns, and the resulting land use form is perhaps the most freeway-

focused in the world.” Researchers such as Kockelman et al. (2001) suggest that land use 

surrounding frontage roads be analyzed along with socioeconomic variables to identify 

high volumes of traffic. Since high volumes of traffic correlate to an increase in traffic 

accidents, recognizing land use is imperative for any transportation research project. 

2.5 Understanding the Relationship between Transportation and Land Use Patterns 

Transportation is an important influence in how cities are shaped, while land use 

affects the volume of traffic based on the number of trips generated by vehicles; as land 
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use changes, so do traffic flow patterns and vice versa (Gakenheimer and Wheaton 1976; 

Whitelegg 1987). Understanding the research behind the strong interdependent 

relationship between transportation and land use patterns in urban areas is vital towards 

preventing and reducing vehicle traffic accidents (Wedagama et al. 2006). 

One of the earliest studies identifying transportation and land use was by J.H. von 

Thünen, who in 1826 published The Isolated State. In The Isolated State, von Thünen 

first proposed the idea of opportunity cost, which described that land near a central 

market place will be smaller in size and more expensive because of higher demand and 

shorter travel distance (Wheeler et al. 1998). With the advent of new technology such as 

the locomotive followed by the automobile, the demand for a shorter travel distance 

changed to a demand for faster mobility (Weiner 2008). While von Thünen’s research 

predicted that availability and distance influence the location of land use, this is not true 

today. With faster mobility, accessibility and attractiveness now influence the location of 

land use, which correlates to the amount of vehicle traffic flow within a region; as more 

vehicles travel to a location, the more likely vehicle traffic accidents occur (Giuliano 

1995). Land use is an integral part to solving vehicle traffic accidents because land use 

affects where vehicle traffic accidents occur (Ng et al. 2002). The difficulty, however, is 

identifying what specific variables contribute the most to vehicle traffic accidents, which 

can be accomplished through regression analysis. 

The main objective of any regression analysis model is to obtain, interpolate, predict, 

and compare relationships between the dependent variable and the independent variables 

(Hashimoto 2005). Regression analysis helps estimate the statistical significance of 

independent variables to the dependent variable of the data model (Hashimoto 2005). If 
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an independent variable shows a statistically significant correlation with the dependent 

variable, this indicates that the independent variable has some influence toward the 

dependent variable as well as the remaining independent variables (Burt et al. 2009). For 

research studies involving vehicle traffic accidents, regression analysis helps understand 

the relationship between the number of vehicle accidents to the potential independent 

variables that might cause the accident (Ng et al. 2002). 

This makes applying regression analysis to a transportation research study an 

important component to understanding what variables influence vehicle traffic accidents. 

For example, when land use is applied to a transportation research problem, Barber 

(1995) and Ng et al. (2002) discovered that certain types of land use generate higher 

volumes of traffic at specific times of the day. This indicates that various parts of a city 

can experience different volumes of traffic throughout the day (Barber 1995; Wedagama 

et al. 2006). Barber (1995) uses this information to classify land use types based on the 

origin or destination of an activity. This is a substantial result, because Barber (1995) 

helps explain why a concentration of vehicle traffic accidents occurs at a specific location 

at a certain time of the day. While land use is an important of transportation research, 

another way transportation and land use patterns can help explain vehicle traffic accidents 

is through visualization (Wang et al. 2009). 

2.6 Applying GIS to Spatial Research 

 

Visualization is one of the most important tools a researcher can use to present their 

findings; for geographers this is a map. Maps come in various forms such as the use of a 

computer-based mapping system, also known as GIS, which has the ability to process 

large amounts of data (Wang et al. 2009). GIS is used for the multiple purpose of 
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“capturing, storing, analyzing, and displaying geographical information” in such a way 

that is capable of presenting a powerful statement (Nyerges 1995, 240). Transportation 

researchers can use GIS to greatly improve the “relationships between travel, land use, 

and other factors” through analysis of visualizing traffic accidents (Weiner 2008, 20; 

Wang et al. 2009). For example, Ng et al. (2002) collected traffic accident and land use 

data in Hong Kong, and applied a regression analysis model to their research. The 

researchers use GIS to “visually comprehend spatial analytical results” and claim that 

GIS is the “best” tool for comparing, visualizing, and analyzing traffic accident data (Ng 

et al. 2002, 388). 

When transportation data are collected from multiple sources and disciplines, at first 

glance the data seem too impractical to employ in research. Geographers, however, use 

GIS to arrange the data effectively and combine the information together to visually show 

an outcome never before perceived (Nyerges 1995). For example, some transportation 

researchers use GIS to analyze traffic accident data such as hot spot analysis. Hot spot 

analysis are a useful quantitative method that is beneficial to a transportation research 

study because hot spots help identify concentrations of similar events within a 

geographical space (Songchitruksa et al. 2009; Gundogdu 2010). This provides a 

powerful statement when trying to emphasize a particular hazard, generate public 

awareness, or explain why certain variables frequently cause traffic accidents at certain 

locations (Songchitruksa et al. 2009). 

Traffic accidents are considered unpredictable, but the use of hot spots as a 

quantitative method can help “predict reliable estimates of expected accidents” 

(Gundogdu 2010, 764). For example, Gundogdu (2010) uses hot spots to assist 
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researchers and planners in discovering that certain spatial-temporal variables produce 

more accidents than other spatial-temporal variables. Larsen (2010, 26) uses hot spots to 

uncover different patterns and variables about vehicle traffic accidents, indicating that the 

location of vehicle traffic accidents are “more clustered than would be expected by 

chance alone.” While there are numerous types of methods and variables a researcher can 

use to analyze traffic accident data, no matter the outcome, hot spots can be applied to 

many “similar road networks especially using different accident parameters” (Gundogdu 

2010, 768). 

The importance of GIS to transportation research is through a visual representation 

such as hot spots, which are able to locate a concentration of vehicle traffic accident. 

While most transportation researchers do not emphasize their research geographically, 

Kockelman et al. (2001, 50) stress that if a researcher is able to use GIS he or she “may 

be able to draw more statistically and practically significant conclusions.” 

2.7 Conclusion 

Since the invention of the automobile, traffic-related problems have caused 

significant economic, environmental, and congestion problems that are further increased 

by traffic accidents (Downs 2004; Weiner 2008). All urban road network systems are in 

constant flux to improve transporting people, goods, and information throughout the city 

as a way to enhance the economy while also trying to keep traffic free-flowing (Lomax 

and Levinson 1997). In Texas, construction of frontage roads was originally thought to be 

the best method for reducing highway construction costs and traffic congestion 

(Kockelman et al. 2001). Researchers and TxDOT officials, however, claim that 

businesses along frontage roads are the cause of many traffic-related headaches such as 
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traffic accidents (Retting et al. 2001; Kockelman et al. 2004). In 2001, the TxDOT sought 

to eliminate the construction of frontage roads but was profoundly overruled by business 

owners and by the public, which enjoy the easy access to businesses without having to 

divert onto side streets (Wright 2002; Kockelman et al. 2004). 

The goal of this thesis research project is to analyze and determine what kinds of land 

use and socioeconomic indicators help create vehicle traffic accidents in Houston. 

Vehicle traffic accidents have been labeled as “complex events that rarely result from a 

single cause” (Retting et al. 2001, 723). Understanding what contributes the greatest to 

vehicle traffic accidents can help determine the best preventive measures while 

alleviating half of all urban related traffic congestion problems (Garrison and Ward 2000, 

44). A significant amount of research from Kockelman et al. (2001) and Fitzpatrick et al. 

(2010) have determined that the commercialization and the weaving pattern produced by 

frontage roads increases vehicle traffic accidents. However, this increase is only 

experienced at certain locations. While many researchers such as Levine et al. (1995) and 

Ng et al. (2002) have included different kinds of land use to explain vehicle traffic 

accidents, no one to my knowledge has analyzed what effects certain kinds of land use 

have on vehicle traffic accidents near frontage roads. As Kockelman et al. (2001, 50) 

state, “More research is needed to determine if there is a causal link between frontage-

road corridors, demographics, employment densities, and land uses”.
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CHAPTER III 
 

 

METHODOLOGY 

 

3.1 Choosing the Study Area 

This case study focuses on the frontage road cross-sections located on I-610 in 

Houston, Texas. There are three main reasons why Houston is selected for this study. The 

first reason is Houston has an ample number of vehicle traffic accidents as well as an 

extensive array of different land use types. These features make Houston a useful area for 

studying the relationship between vehicle traffic accidents and adjacent land use types. 

The second reason is Houston has regional disparities of population density, workplace 

density, and income levels that can help emphasize which regions are more accident-

prone. The third reason is Houston has the worst traffic delays per auto commuter of all 

cities in Texas (Schrank et al. 2011, 20). By conducting a case study on a city with the 

worst traffic delays, I hope the results will provide insight on solving similar traffic 

congestion problems in other Texas cities such as Dallas/Fort Worth, San Antonio, and 

Austin. 

While there are many highways to choose from within the Houston metropolitan area, 

I specifically chose the frontage road cross-sections located on I-610 only for this study 

due to the following three reasons. First, the problem size will be manageable given the 
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time limit for this study. Second, the I-610 loop serves as a good representation for 

Houston traffic conditions because the overall average annual daily traffic (AADT) flow 

on I-610 is the largest, suggesting a greater chance for traffic accidents to occur 

(Gharaibeh et al. 1997; TxDOT 2011, 5 & 8). Third, there is a wide diversity of land use 

types adjacent to or near the highway, which when combined with socioeconomic data; 

helps examine what impact a vehicle traffic accident has to a frontage road cross-section. 

3.2 Data Collection 

3.2.1 Accident Data 

The vehicle traffic accident data used in this study were obtained from the TxDOT 

Traffic Operations Department. As this department only releases data up to five years to 

the public, the accidents analyzed in this study are between January 1, 2007 and 

December 31, 2011. Under Texas Transportation Code, Section 550.065, Subsection 

(f)(1)(F), the law states, “the department may not release the date of any accident, other 

than the year”; implying I cannot analyze whether a particular month or season 

contributes to an increase in accidents. 

The vehicle traffic accident data were supplied by a Texas Peace Officer’s Crash 

Report attending the scene of: 

Any crash involving a motor vehicle in transport that occurs or originates on a 

traffic way, results in injury to or death of any person, or damage to the property 

of any one person to the apparent extent of $1,000. (TxDOT 2012a) 

Texas Peace Officers record a wide variety of data, but the most relevant information 

used for this study was the total number of vehicles involved in an accident and the 

coordinate location of those accidents. The five years of data obtained from the TxDOT 
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Traffic Operations Department provided the largest number of vehicle traffic accidents 

available for research. It includes 12,029 vehicle traffic accidents but only 10,221 are 

used for analysis because 1,808 did not have coordinates. TxDOT first produced the data 

in spreadsheet format, which I converted over to a point shapefile format using the 

geocoding function in ESRI’s ArcGIS software. 

The locations of vehicle traffic accidents are all geocoded as points onto the 

centerline of I-610 even though some vehicle traffic accidents occurred on entrance/exit 

ramps, connectors, or frontage roads. This implies that the points may not represent the 

exact location where the accident actually occurred but within 200 feet I determined an 

accident is no more than 200 feet from the given coordinate locations because the total 

width of an eight-lane Texas highway including frontage roads is around 400 feet 

(Kockelman et al. 2001, 54). 

Table 1 shows the total number of accidents separated by year and whether the 

accident has a locational reference. Between 2009 and 2010 there is a significant increase 

in the number of accidents, which is attributed to a new input data procedure by the 

TxDOT. This should not affect my results because I will not be comparing different 

years. 

Vehicle Traffic Accident Totals 2007 2008 2009 2010 2011 Totals 

With Locational Reference 1600 1687 1514 2794 2626 10221 

Without Locational Reference 192 350 545 332 389 1808 

Total 1792 2037 2059 3126 3015 12029 

Table 1 - Number of Vehicle Traffic Accidents per Year 

 

3.2.2 Roadway Data 

The Houston road network shapefile was retrieved from the U.S. Census Bureau’s 

TIGER Line data for 2011. All major roadway sections have two parallel links 
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representing different directions of roadways. From the Houston road network shapefile I 

was able to distinguish which roads were interstate roads, US highways, state highways, 

entrance and exit ramps, frontage roads, and local roads. From the road network 

shapefile, I determined what would describe a frontage road cross-section the best from 

these three criteria. First, there must be an entrance and exit ramp on both sides of I-610. 

Second, the entrance and exit ramps must connect between the highway and frontage 

road. Third, the frontage road segment must start before the first entrance or exit ramp 

and extend past second entrance or exit ramp (See Figure 4).  

 
Figure 4 – Frontage Road Segment (Lord and Bonneson 2007, 21) 

3.2.3 Census Data 

The 2010 Census tracts surrounding I-610 are used as spatial units instead of Traffic 

Analysis Zones (TAZ) because the 2010 TAZ shapefile and socioeconomic data have not 

been updated. TAZs are described as “special areas delineated by state and/or local 

transportation officials for tabulating traffic-related data” (U.S. Census 2011). Though 

TAZs are ideal for transportation related projects, transportation researchers such as 

Kockelman et al. (2001) have used Census tracts instead of TAZs.  

In order to examine the socioeconomic characteristics of the nearby area, I employed 

a one-mile buffer radius from a frontage road cross-section. There are several reasons for 

the choice of one-mile buffer radius. First, Fitzpatrick et al. (2010, 6) argue that the ideal 
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distance between an entrance and exit ramp should be between 4,300 feet and 5,300 feet; 

a one-mile buffer radius adequately covers this distance. Second, the highway network 

system in the city of Houston is built so that most individuals do not have to travel more 

than a mile off highways to get to an activity site. Last, this distance covers the growth 

and development created by frontage road corridors that leads to traffic congestion 

(Kockelman et al. 2001).  

There are a total of 27 frontage road cross-sections identified along I-610 in this study 

(see Figure 5). Figure 6 shows the one-mile buffer zones defined around these cross-

sections and the 110 Census tracts which intersect with the buffer zones. 

3.2.4 Traffic Volume Data 

 

The TxDOT (2011) provided the AADT for 21 stations located around the I-610 loop, 

as measured in 2010. In Figure 6, the highest values for AADT are located on the west 

side of the I-610 loop. This area also contains the highest concentration of commercial 

land use and worker population. The lowest AADT values are located on the east side of 

the loop, which contains the highest concentration of manufacturing land use and lowest 

population numbers. The AADT values are used in this research as a traffic volume 

parameter that helps standardize vehicle traffic accidents into traffic accident rates, which 

is a more accurate depiction of vehicle traffic accidents (Lord et al. 2005). 
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Figure 5 – Frontage Road Cross-Sectional Locations 
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Figure 6 – Census Tracts Analyzed  
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Figure 7 – Location of AADT Stations (TxDOT 2011) 

 

3.2.5 Land Use Data 

 

The Houston-Galveston Area Council (H-GAC) provided the 2010 Land Use Land 

Cover parcel shapefiles and I converted them into a geodatabase format file. The dataset 



31 
 

contains ten different land use categories: Commercial, Residential, Industrial, 

Farm/Ranch, Other, Parks, Water, Roads, Undevelopable, and Undetermined. I decided 

to combine the land use categories Undetermined and Water with the Undevelopable 

category because all three categories represent a similar type of land use group. The eight 

land use categories are used in this study as independent variables because as Ng et al. 

(2002, 401) describe, “land use…factors can affect the accident occurrences”. A map of 

the land use data for Houston, TX is shown in Figure 8. 

3.3 Data Processing 

3.3.1 Software Used 

The GIS software used in this research is ESRI’s ArcGIS 10, which is used for 

visualizing, comparing, and analyzing datasets such as vehicle traffic accidents, census 

tracts, and traffic volume along I-610. Another software program, SPSS Statistics, is used 

for statistical analysis. 

3.3.2 Defining Relevant Factors for Analyzing Vehicle Traffic Accidents near 

Frontage Road Cross-sections 

I identified 27 frontage road cross-sectional locations along the I-610 road network based 

on the criteria that the frontage road cross-section has both an on and off ramp connecting 

highway and frontage road in both directions. To derive the total number of vehicle 

accidents that occurred around a frontage road cross-section, I used a half-mile linear 

buffer window to define the search range for nearby accidents. A linear buffer window 

starts from the center of a frontage road cross-section and extends in both directions 

along the highway. By forcing all 27 sections to have the same buffer length, this 

eliminates having to convert different buffer lengths, which reduces conversion errors. 
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Figure 8 - Land Use Map for the City of Houston 
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As mentioned earlier, a one-mile radius buffer from the center of a frontage road 

cross-section is used to define the neighborhood area of the cross-section. In GIS I utilize 

both the frontage road buffer zones and land use patterns which are divided into eight 

categories (outlined in Section 3.5.2). By intersecting the frontage road buffer zones and 

land use data, I can calculate the percentage of each land use category based on the total 

area of the frontage road buffer zone. For example, Figure 9 shows a typical frontage 

road cross-section with a one-mile buffer zone, half-mile linear buffer window, traffic 

accident locations, and different land use types. 

The socioeconomic factors associated to each frontage road cross-section will be 

derived from census data. However, as the boundary lines of the cross-section buffer 

zones and the census tracts do not overlap, extra steps are required to estimate the 

socioeconomic factors for the cross-sections.  

To derive the total population living within each one-mile buffer of a frontage road 

cross-section, I first locate all the census tracts that intersect a cross-section buffer zone, 

established in Figure 5. The percentage of each census tract’s area that falls within the 

buffer zone is then calculated. Assuming that the population is evenly distributed within a 

census tract, I derive the number of people living within the cross-section buffer zone by 

multiplying the total population of each census tract by the percentage of each census 

tract’s area within the buffer. Once this has been accomplished, I sum up the adjusted 

values for all involving census tracts to get the total population living within the 

neighborhood of a frontage road cross-section. 
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Figure 9 - Typical Frontage Road Cross-Section  
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A similar method is used to calculate the total worker population in each buffer zone. 

I locate all the census tracts that fall within the one-mile buffer radius of a frontage road 

cross-section. I then find the worker population of each census tract from the Census’ 

OnTheMap website, and multiple it by the percentage of each census tract’s area that 

falls within the one-mile buffer radius. Once this has been accomplished, all the census 

tracts are summed together to get the total worker population within the neighborhood of 

a frontage road cross-section. 

To derive population of service worker, I locate all the census tracts that fall within 

the one-mile buffer radius of a frontage road cross-section. I then find the population of 

service worker of each census tract from Census’ OnTheMap website and multiple it by 

the percentage area of each census tract that falls within the one-mile buffer radius. Once 

this has been accomplished, all the census tracts are summed together to get the frontage 

road cross-section’s population of service worker.  

To calculate mean household income, I locate all the census tracts that fall within the 

one-mile buffer radius of a frontage road cross-section. I first find the mean household 

income of each census tract from Census and multiply it by the number of households in 

the census tract and by the percentage area of each census tract that falls within the one-

mile buffer radius. This gives me the new adjusted mean household income for each 

census tract that falls within the one-mile buffer radius of the frontage road cross-section. 

Once this has been accomplished, the new adjusted mean household incomes for each 

census tract are summed and then divided by the total adjusted number of households that 

fall within the buffer to get the frontage road cross-section’s mean household income. 

Using the above methods, socioeconomic factors (including total population, total worker 
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population, total service worker population, and mean household income) are calculated 

for each frontage road cross-section identified in this study. 

3.4 Hot Spots - Kernel Density 

The methods used to choose an appropriate search radius are crucial to providing a 

meaningful kernel density result. However, there are no hard rules to determine an 

appropriate search radius in a kernel density analysis for identifying the accident “hot 

spots” along the highways. Holcombe (1995) found that nearly all vehicle traffic 

accidents occurred within 2,200 feet from a ramp junction to a cross-street, while only 

two outlier accidents occurred after 3,000 feet. Meanwhile, according to Fitzpatrick et al. 

(2010) the length between two cross-sections should be at least 4,300 to 5,300 feet long 

(Figure 10). Based on these findings, I use a one-mile search radius for the Kernel 

Density analysis in this study.

Figure 10 – Ideal Length Between Two Cross-Sections (Fitzpatrick et al. 2010, 6) 

3.5 Statistical Analysis 

Quantitative methods are a mathematical approach to solving an analytical problem 

such as vehicle traffic accidents. A mathematical model is a popular type of quantitative 

method that is able to “predict the occurrence of certain events” such as the frequency of 

vehicle traffic accidents (Campbell 2004, 55). There are many kinds of mathematical 

models such as the generalized linear model, the Bernoulli random variables model, and 
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the log-linear model that help identify what variables cause vehicle traffic accidents. The 

most common type of mathematical model, however, is the regression model, which 

estimates the “statistical significance of multiple variables in one model” (Hashimoto 

2005, 15). 

Regression analysis model can be carried out via two major models: multiple linear 

regression and Poisson regression. Many researchers analyzing vehicle traffic accidents 

use the Poisson regression model because vehicle traffic accidents are “discrete, often 

sporadic and more likely random events” (Chin and Quddus 2003, 90). However, when 

traffic accident counts are converted to traffic accident rates, it is more appropriate to use 

a multiple linear regression model, because the Poisson regression equation is used only 

for a vehicle accident count (SPSS 2010). 

3.5.1 Multiple Linear Regression Model 

The multiple linear regression model is used to answer the first research question, 

which is an extension of the linear regression model based on the expression: 

     Yi = α + βXi + ui        Eq.1 

Where  

Y = Dependent variable 

α = y intercept 

β = Slope of the line 

X = Independent variable 

u = Error term. It represents all other factors that may influence the independent variable 

but are not used in the problem (Kahane 2008). 
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A multiple linear regression model contains two or more independent variables and is 

based on the expression: 

    Yi = α + β1X1 + β2X2 + … + ui        Eq.2 

The purpose of adding multiple independent variables βi Xi to the linear regression 

model is to understand the influence of multiple factors on the outcome of the dependent 

variable Yi. 

3.5.2 Variables 

In this study, 13 variables are selected for multiple linear regression analysis. The 

land use variables are provided by the Houston-Galveston Area Council, which originally 

contained ten land use types. However, as mentioned earlier, I combined Undevelopable 

land use with Undetermined and Water land use. Therefore, the following eight types of 

land use variables are used in the analysis: commercial; industrial; residential; other; 

parks; farm ranch; roads; undeveloped 

The remaining independent variables I chose are socioeconomic related, which is 

used to understand an individual’s travel patterns to an activity site within a frontage road 

cross-section. These include: total population; total workplace population; total 

population of service workers; mean household income 

I use total population because it provides an initial amount of potential travel 

movements within the buffer zone. Workplace population illustrates how many potential 

workers travel to a frontage road cross-section to get to work. Population of service 

worker represents the combination of vehicle travel of individuals going to work, but also 

of customers traveling to the business location because of services offered. Mean 

household income is included, because the larger the household income, the more 
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vehicles the household owns (Kahn 1998). More vehicles indicate there could be more 

trips made to events or activities. 

The dependent variable for this model is vehicle traffic accident rate 

(VAR_MVM_Y), which comprises of weighted average annual daily traffic (WAADT). 

WAADT is the conversion of AADT for each study’s frontage road cross-section. Even 

though AADT is provided throughout different locations along I-610, AADT is not 

located at every frontage road cross-section. The conversion from AADT to WAADT is 

calculated based on the gravitational distance between two AADT locations on either side 

of the frontage road cross-section. As a result, VAR_MVM_Y equation becomes 

standardized. 

VAR_MVM_Y = (Accidents * 1,000,000) / (WAADT * 365 * Year)         Eq.3 

Where: 

One million – Used as a constant to describe the number of vehicle miles traveled. 

Accidents – Describes the total number of vehicles involved in an accident. 

Year – Number of years the data spanned. 

The above variables will be used in the multiple linear regression model to determine 

how significant the variables are to producing vehicle traffic accidents. While regression 

analysis examines the relationship between variables, it does not identify which frontage 

road cross-sections are hazardous to travelers. This task is more suited for cluster 

analysis, which groups frontage road cross-sections into homogeneous groups based on 

variables inputted into the cluster analysis. 
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3.6 Cluster Analysis 

To answer the second question of this study, cluster analysis is used as a statistical 

method because it classifies homogeneous observations into two or more groups based on 

a combination of variables (Rogerson 2006). Cluster analysis is ideal for this study 

because it will classify frontage road cross-sections into similar groups. This is based on 

the variables determined in the multiple linear regression method as significant. By 

implementing the significant variables into the cluster analysis, the cluster analysis 

assigns each frontage road cross-section into a group with similar homogeneous 

properties (Rogerson 2006). 

There are two main types of cluster analysis methods that can be used, 

nonhierarchical and hierarchical methods. While a nonhierarchical method begins with a 

known number of groups K and each observation is assigned to one of the K groups 

according to the significant variables, a hierarchical cluster analysis starts by assuming a 

single group and then divides the group into a specified number of subgroups (Gatignon, 

2010). Because I will not predetermine the number of groups before the analysis, the 

hierarchical approach is chosen for this study. The outcome of a hierarchical cluster 

analysis will then be used to distinguish several groups of frontage road cross-sections 

that are associated with different traffic accident rate, land use pattern, and 

socioeconomic characteristics in the neighborhood. 

For this study, I use SPSS to perform a hierarchical cluster analysis and use the 

significant independent variables from the multiple linear regression model – stepwise 

method as well as the dependent variable. In SPSS, I label cases by frontage road cross-

sections, which will then be divided into different groups. In the statistics category of 
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SPSS, I use the agglomeration schedule because it shows how the hierarchical cluster 

analysis gradually clusters frontage road cross-sections together. In the methods category 

of SPSS, I cluster frontage road cross-sections based on Ward’s method for two reasons. 

First, Ward’s method uses analysis of variance approach, which estimates the distances 

between frontage road cross-sectional clusters (Burns and Burns 2008). Second, the 

Ward’s method is also the most commonly used method (Rogerson 2006). Since 

variables with large values will contribute more on the distance between frontage road 

cross-sections than smaller values, there needs to be a transformation to standardize the 

values. In SPSS’s methods category, the transformation is set to z-scores and the z-score 

standardizes values with a mean of 0 and a standard deviation of 1 (SPSS 2010). To 

compute distances between frontage road cross-sections, I use squared Euclidean for two 

reasons. First, it places more weight on objects that are further apart and second it is the 

most commonly used distance measured (Burns and Burns 2008).  

Based on the hierarchical analysis outcome using the Ward’s method and squared 

Euclidean distance, I can determine an appropriate number of clusters that should be used 

for this study. Since the purpose of the cluster analysis is to reduce the number of 

observations by grouping frontage road cross-sections based on similar characteristics, 

this study can reveal the highest and lowest frontage road cross-sections that produce 

vehicle traffic accidents. 

3.7 Conclusion 

In this chapter, I have described the methods that will help investigate what might 

cause a concentration of vehicle traffic accidents to occur near frontage road cross-

sections. The benefits of using GIS, statistical analysis, and cluster analysis to help 
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explain vehicle accident rates are to uncover hidden patterns through a larger 

representation (Gundogdu 2010). By definition, accidents are considered “random and 

unpredictable” (Gundogdu 2010, 764), but when studied using probability methods in a 

statistical framework, models can predict similar aggregate accidents.
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CHAPTER IV 
 

 

RESULTS AND ANALYSIS 

 

4.1 Introduction 

The goal of this chapter is to provide the results and determine how different land use 

and socioeconomic variables influence traffic accident rates by answering the questions 

previously outlined in the Objective and Research Question section. In the first section, I 

explain why I chose the specific socioeconomic variables as well as provide an overview 

of all the variables’ statistical properties. I also discuss the results of the final multiple 

linear regression model, which will provide awareness into why certain land use and 

socioeconomic variables increase traffic accident rates near frontage road cross-sections. 

In the second section, I explain the results of the cluster analysis, which determines what 

frontage road cross-sections are likely to contain a higher traffic accident rate. The final 

section concludes by identifying why some frontage road cross-sections increase the risk 

for individuals to be involved in a traffic accident while other frontage road cross-

sections help alleviate traffic accidents. By answering these two research questions, I will 

be able to explain why certain land use types and socioeconomic variables make the 

design of the frontage roads increase traffic accident rates.
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4.2 Statistical Properties of Variables 

The statistical properties of every variable in Table 2 provide an initial understanding 

of the dataset 

Variables Mean 
Standard 

Deviation 
Min Max 

Vehicle Accident Rate Per Million 

Vehicle Miles Per Year (Traffic Accident 

Rate) 

1.7995 0.9179 0.9308 4.6658 

Total Population 13163 4283 3182 22346 

Workplace Population 13501 20107 1798 89063 

Population of Service Workers 6684 10543 295 47899 

Mean Household Income $81,776 $54,744 $32,923 $210,650 

Commercial Land Use 19.97% 9.00% 7.14% 42.72% 

Industrial Land Use 3.04% 4.90% 0.00% 21.49% 

Residential Land Use 35.08% 12.35% 10.55% 52.45% 

Other Land Use 7.13% 3.31% 1.74% 16.70% 

Parks Land Use 4.02% 8.11% 0.04% 40.42% 

Farm/Ranch Land Use 1.90% 2.76% 0.00% 10.17% 

Roads Land Use 22.45% 5.39% 11.55% 30.21% 

Undevelopable Land Use 6.40% 4.45% 1.56% 21.37% 

Table 2 – Variable Statistical Properties 

4.2.1 Pearson’s Correlation 

While Table 2 provides a glimpse of the dataset, to enhance our understanding of how 

the independent variables relate to the dependent variable, I use Pearson’s correlation as a 

way to help explain what variables are independently significant to other variables. In 

Appendix 1, the variables with the highest positive correlation to the dependent variable 

traffic accident rate are commercial land use (.510) and industrial land use (.395). This is 

noteworthy because other researchers such as Kockelman et al. (2001) and Cooner et al. 

(2007) also found that the commercialization along frontage roads increases traffic 

accidents. Comparing other significant correlation variables, there is a moderately 

negative correlation between the variable total population and industrial (-.543) and total 
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population and undevelopable land use (-.562). This is consistent with few people living 

near manufacturing plants or undevelopable land. Total population does have a 

moderately positive correlation to residential and road land use, which is understandable 

because people have to travel using roadways to get to residential areas. Two variables 

that have an extremely high positive correlation (.993) are workplace population and 

population of service workers. This is logical because the population of service workers 

is part of the workplace population, but problematic for regression analysis due to 

multicellular issues. 

While all the variables initially chosen for this research are helpful to understanding 

vehicle traffic accidents, not all the variables are the best indicators to explain the 

variations in traffic accident rates. The use of a stepwise linear regression model is 

beneficial to this research because it automatically eliminates the weakest variables based 

on the t-statistics of the estimated coefficients as well as ameliorating multicollinearity 

(University of Leeds-School of Geography 2012). 

4.3 Results of the Multiple Linear Regression Model - Stepwise Method 

Before the stepwise regression model computed the results in SPSS, I changed the 

probability of the F Entry from 0.05 to 0.10. By increasing the significance level for 

variables to be included in this research, I lower the confidence level from 95% to 90%. 

In social sciences, having a 90% or greater confidence level of rejecting the null 

hypothesis is considered an acceptable prediction of the dependent variable (Kahane 

2008). 

The independent variables that I believe explain vehicle traffic accident rates the best 

based on the statistical analysis results are commercial land use, industrial land use, mean 
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household income, and undevelopable land use shown in Table 3. While Pearson’s 

correlation indicated that commercial (.510) and industrial (.395) land use were 

significant to the dependent variable, it did not indicate mean household income (.156) 

and undevelopable land use (-.174). 

Coefficients
a
 

Model 

Unstandardized 

Coefficients 

Standardized 

Coefficients 
t Sig. 

B 
Std. 

Error 
Beta 

1 
(Constant) 0.761 0.383   1.988 0.06 

Commercial 5.201 1.753 0.51 2.966 0.01 

2 

(Constant) 0.08 0.496   0.161 0.87 

Commercial 6.261 1.738 0.614 3.603 0 

Mean household income 0.006 0.003 0.342 2.009 0.06 

3 

(Constant) 0.049 0.476   0.103 0.92 

Commercial 5.266 1.762 0.517 2.988 0.01 

Mean household income 0.006 0.003 0.386 2.334 0.03 

Industrial 5.574 3.187 0.297 1.749 0.09 

4 

(Constant) 0.635 0.528   1.205 0.24 

Commercial 4.517 1.687 0.443 2.677 0.01 

Mean household income 0.006 0.003 0.333 2.122 0.05 

Industrial 9.136 3.441 0.487 2.655 0.01 

Undevelopable -7.38 3.562 -0.358 -2.07 0.05 

Table 3 – The Best Independent Variables 

a. Dependent Variable: Traffic Accident Rate 

 

It took the Stepwise linear regression model four steps to determine what independent 

variables to include. The Stepwise procedure operates by choosing to retain the smallest 

significance value out of the remaining variables until the threshold of the F Entry 

significance value becomes greater than 0.10 for all variables. Originally, the F Entry was 

0.05, but this only generated the significance variable commercial. I discuss in more 

detail the fourth model because this is the final threshold for independent variables that 

passed below the significance value of 0.10. 
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Under the Unstandardized Coefficients column B in Table 3 the “constant” term or α 

value is 0.635. The independent values for the β coefficient are also shown in column B. 

The β coefficient values represent the how much Y changes if the independent value 

changes by one unit (Kahane 2008). Together, the α and β values found in column B can 

be inserted into Equation 2 for predicting vehicle traffic accident rates. Thus, the 

multiple linear regression equation is 

Yi = 0.635 + 4.517X1 + .006X2 + 9.135X3 – 7.383X4    Eq.4a 

By replacing the Y and X’s with variable names, the equation becomes 

Traffic Accident Rate = 0.636 + 4.517(Commercial) + .006(Mean Household Income) 

+ 9.136(Industrial) – 7.383(Undevelopable)    Eq.4b 

From this equation, the β coefficient of these four variables is the best at predicting 

traffic accident rates. The negative sign by undevelopable land use is accurate, because 

individuals are unlikely to travel to an undevelopable area. A smaller percentage of 

undevelopable land in a cross-sectional area will increase traffic accident rates. The next 

step is to identify the probability significance that these variables have toward increasing 

traffic accident rates. 

In the fourth model, the significance (Sig.) column in Table 3, shows that all the 

chosen independent variables have a significance level of .05 or less. This implies that 

these four variables have a greater than 95% confidence level of rejecting the null 

hypothesis. By rejecting the null hypothesis, I am confident that the independent values 

are a reliable indicator in explaining the dependent variable. 

The strongest predictor of traffic accident rates can be found under the Standardized 

Coefficients column Beta, which allows us to compare the effect of variables measured 
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on different scales (Kahane 2008). In table 3, commercial land use has a Beta predictor of 

0.443, mean household income has a Beta predictor of 0.333, industrial land use has a 

Beta predictor of 0.487, and undevelopable land use has a Beta predictor of -0.358 for 

traffic accident rates. All the variables have a similar moderate effect on traffic accident 

rates, but originally, Pearson’s correlation indicated that commercial land use was the 

most influential and industrial land use was the second most influential predictors of 

traffic accident rates. Instead, based on the multiple linear regression model, industrial 

land use is the most influential followed by commercial, undevelopable, and mean 

household income. While the Beta determines what variable shows the strongest 

influence, it does not show how well the combined influence of significant variables 

predicts traffic accident rates. 

An important part of determining how well the selected variables represent the 

dependent variable is by examining R Square. The R Square indicates what proportion of 

the dependent variable is explained by the independent variables. The results from the 

Stepwise Regression model produced an R Squared of 0.532 as shown in Table 4. This 

means that together, the four best predictors of the independent variables chosen in this 

thesis explain nearly 53.2% of the variance in traffic accident rates. Though a higher 

percentage is ideal, 53.2% is considered acceptable (Kahane 2008). 
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Model Summary 

Model R 
R 

Square 

Adjusted 

R Square 

Std. Error of 

the Estimate 

Change Statistics 

R Square 

Change 

F 

Change 

Sig. F 

Change 

1 0.51 0.26 0.231 0.8051116 0.26 8.798 0.007 

2 0.606 0.367 0.314 0.7602864 0.106 4.035 0.056 

3 0.664 0.441 0.368 0.7296501 0.074 3.058 0.094 

4 0.73 0.532 0.447 0.6823868 0.091 4.296 0.05 

Table 4 – R Square 

Based on Pearson’s correlation, the frontage road cross-section that contains the 

highest percentage of commercial land use should also contain the highest traffic accident 

rate, but this is not true. Using statistical analysis, the multiple linear regression model 

stepwise method determined that the best optimal combination for predicting traffic 

accident rates is commercial, mean household income, industrial, and undevelopable 

land use. 

Although initially, commercial land use was the strongest influence at predicting 

traffic accident rates through Pearson’s correlation, the multiple linear regression – 

stepwise method indicated that variables industrial land use, undevelopable land use, and 

mean household income were also influential. More surprising is the Standardized 

Coefficients indicate that industrial land use is slightly more influential than commercial 

land use in causing vehicle traffic accidents, while undevelopable land use and mean 

household income have less of an influence. While the multiple linear regression model 

answered what variables are influential to the dependent variable. However, to determine 

which frontage road cross-sections are most hazardous for vehicle traffic accidents, I 

need to use the cluster analysis method. This method will group frontage road cross-

sections based on similar characteristics found by the four significant variables plus the 

dependent variable.  
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4.4 Cluster Analysis Results 

The results of the cluster analysis are shown by the dendrogram in Figure 11. The 

dendrogram summarizes the hierarchical agglomeration process by linking frontage road 

cross-sections based on similar characteristics. Objects that are grouped together early 

have more similar characteristics based on the variables used in the cluster analysis 

(Burns and Burns 2008). One big problem when conducting a cluster analysis is 

determining the optimal number of clusters to use, which is largely subjective but can be 

decided based on the agglomeration schedule shown in Table 5 (Burns and Burns 2008). 

In the coefficients column, looking from the bottom to the top, the changes in numbers 

becomes smaller. However, there is a clear separation point between stage 21 and stage 

22 as well as in the dendogram. Since this is the fifth stage from the bottom, the optimal 

number of clusters I use is five. Based on the five clusters in Figure 11, the circles 

surrounding the frontage road cross-sections show how I group the clusters. 

As a way to decipher the results of the five groups, each group has its own color. In 

Appendix 2, I also group all the frontage road cross-sectional data analyzed for this 

research into different color categories similar to Figure 11. By looking at all the 

variables used in this study, I can explain why certain frontage road cross-sections are 

clustered together. I will first analyze each color group, based on the average value result 

for each variable by explaining how the significant variables predict the group’s traffic 

accident rates. Finally, I compare different groups and explain any anomalies in the 

results. 
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Figure 11 – Results of the Cluster Analysis 
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Agglomeration Schedule 

Stage 

Cluster Combined 

Coefficients 

Stage Cluster First 

Appears Next 

Stage Cluster 1 Cluster 2 Cluster 1 Cluster 2 

1 26 27 .081 0 0 17 

2 15 16 .163 0 0 13 

3 13 14 .256 0 0 8 

4 7 11 .488 0 0 9 

5 9 10 .764 0 0 20 

6 24 25 1.054 0 0 14 

7 17 18 1.345 0 0 12 

8 12 13 1.640 0 3 13 

9 6 7 1.975 0 4 15 

10 3 23 2.455 0 0 20 

11 1 22 3.263 0 0 19 

12 4 17 4.373 0 7 17 

13 12 15 5.557 8 2 18 

14 2 24 7.134 0 6 18 

15 5 6 8.776 0 9 25 

16 19 20 10.454 0 0 24 

17 4 26 12.415 12 1 19 

18 2 12 15.278 14 13 22 

19 1 4 18.273 11 17 22 

20 3 9 21.320 10 5 21 

21 3 8 24.863 20 0 23 

22 1 2 31.378 19 18 23 

23 1 3 48.379 22 21 25 

24 19 21 69.597 16 0 26 

25 1 5 91.327 23 15 26 

26 1 19 130.000 25 24 0 

Table 5 - Agglomeration Schedule 

4.4.1 Cluster Analysis - Red Group 

The Red group contains seven frontage road cross-sections, averages the lowest 

traffic accident rate, and has a traffic accident rate range between all frontage road cross-

sections of 0.506. The percentage of commercial land use as well as mean household 

income is well below the mean average shown in Table 2. Land use for industrial and 
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undevelopable is near the overall average. Other significant information about the Red 

group is that the total population and residential land use is slightly above average, while 

the worker population is significantly smaller; indicating only local residents are likely to 

travel within this area. These results show that the Red group is indeed indicative of a 

low traffic accident rate. 

4.4.2 Cluster Analysis - Green Group 

The Green group contains eight frontage road cross-sections and averages the second 

lowest traffic accident rate. The range for the traffic accident rate in the Green group is 

1.011. What is interesting about the Green group is that the percentage of industrial land 

use is the lowest out of all the groups, but for the other three significant variables, they 

are near normal. From looking at the data, the Green group should not have the second 

lowest traffic accident rate. However, since the percentage of industrial land use for the 

Green group is very small and the industrial land use Beta value is large, industrial land 

use plays a slightly more important role in vehicle traffic accidents.  

 4.4.3 Cluster Analysis - Blue Group  

The Blue group contains five frontage road cross-sections and averages the highest 

traffic accident rate with a range of 1.592. This range is larger only because the frontage 

road cross-section H is an outlier. Within the Blue group, three out of the four variables 

(commercial land use, undevelopable land use, and mean household income) predicted by 

the stepwise multiple linear regression is significant to the high traffic accident rate. Out 

of the five groups, the Blue group’s commercial land use and mean household income are 

both the second highest average while undevelopable land use is the lowest average. The 

lower the percentage of undevelopable land, the higher the traffic accident rate will be 



54 
 

because of the negative coefficient from the stepwise linear regression results. Other 

findings display the total population, worker population, and service worker population 

are the highest within the Blue group, which could signify there are wealthy locals and 

outside individuals that travel to and from these frontage road cross-sections. Even 

though industrial land use is not influential to the Blue group, the other three variables 

that are significant to this research are characteristic to the high traffic accident rate. 

4.4.4 Cluster Analysis - Brown Group 

The Brown group contains four frontage road cross-sections and is the midpoint 

between the higher and lower traffic accident rates with a range of 1.08. The Brown 

group contains the highest mean household income average, but also comprises the 

lowest average percentage of commercial land use. The high mean household income 

does correlate to the high percentage of residential and park land use because wealthier 

individuals tend to use more space and separate themselves from commercialized areas 

(Glaeser et al. 2008). The offset between the high mean household income and low 

commercial land use does represent a traffic accident rate that is the closest to the 

statistical properties’ mean value.  

4.4.5 Cluster Analysis - Purple Group 

The Purple group contains three frontage road cross-sections and has the second 

highest traffic accident rate average with a range of 3.266. This is the largest range out of 

all the groups because the frontage road cross-section U is an outlier. What makes 

frontage road cross-section U an outlier is because it has the highest traffic accident rate 

out of all the frontage road cross-sections and should be placed with the highest traffic 

accident rate group. It seems that the only reason frontage road cross-section U is with T 
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and S is because of the squared Euclidean method used to establish a proximity. The 

Purple group has the highest average percentage of both commercial and industrial land 

use; however, the Purple group has the highest average percentage of undevelopable land 

and the lowest mean household income average. 

The Purple group is the only group where two of the best predictor variables are not 

representative to the traffic accident rate. There are two key explanations why the traffic 

accident rate is high even though the variables undevelopable land and mean household 

income should help reduce traffic accident rates. The first reason is that the Standard 

Coefficient Beta, shown in Table 3, places more emphasis on commercial and industrial 

land use than on mean household income and undevelopable land use. The second reason 

is the high percentage of industrial land use indicates a high potential for truck traffic 

(Carr 1998). The majority of trucks traveling to these frontage road cross-sections will 

not be familiar with the area because it is not a normal traveled destination (Hedlund and 

Blower 2006). 

4.4.6 Cluster Analysis - Conclusion 

By grouping frontage road cross-sections together, this study is able to identify cross-

sectional groups that are most hazardous (i.e., with high vehicle traffic accident rates) on 

I-610 from their corresponding geographical setting through land use types and 

socioeconomic characteristics. The objective of the cluster analysis is to group similar 

frontage road cross-sections based on the significant variables selected from the multiple 

linear regression. With four significant variables indicated by the multiple linear 

regression method, I added the dependent variable (traffic accident rate) to the cluster 
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analysis as a way to “group observations based on similar data structure” (Golob et al. 

2004).  

The results of the cluster analysis determined that there are five different groups of 

frontage road cross-sections, where each of these five groups signifies a level of hazard 

intensity for vehicles traveling on I-610. Most frontage road cross-sections are grouped 

together based on similar traffic accident rates. However, a couple frontage road cross-

sections resemble outliers in their groups. In the Blue group, frontage road cross-section 

H has a slightly higher traffic accident rate compared to other frontage road cross-

sections. Similarly, frontage road cross-section U in the Purple group has quite a different 

traffic accident rate from the rest of the frontage road cross-sections in the group. The 

reason that these two unique cases are placed within their respective groups is because of 

how the distance is defined between two cases for cluster analysis in this study. Besides 

the vehicle traffic accident rate, four other factors are included in calculating the distance 

between cases for the cluster analysis. Although the two cases have quite a different 

traffic accident rate in comparison to other frontage road cross-sections within their 

respective groups, they are similar to their groups when other factors are considered. 

Overall, the derived groups from the cluster analysis present an effective way to capture 

the major frontage road cross-section type with different traffic accident rates and 

surrounding environment settings along I-610. 

In summary, cluster analysis is a great method to group frontage road cross-sections 

into different hazardous categories. Since the Blue and Purple group are the two most 

hazardous groups, I know which frontage road cross-sections are also hazardous. I also 

know what type of land use pattern and socioeconomic characteristics affect the 
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neighborhood around the frontage road cross-sections. This type of information is 

particularly beneficial to transportation planners for gaining a better understanding of the 

potential problems around a frontage road cross-section and developing safer road 

designs around the frontage road cross-section. 
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CHAPTER V 

 

 

CONCLUSION 

 

5.1 The Importance of Traffic Accident Research 

The American transportation system has an elaborate system of road networks that 

has allowed vehicles to travel with greater accessibility and mobility in a quicker amount 

of time to a destination (Slotboom 2003). In urban areas, such as Houston, the continuous 

flow of vehicles throughout the road network is critical to the sustainability of a city 

(Muller 1995). When the flow of traffic is hindered by an event such as a vehicle traffic 

accident, individuals lose a significant amount of time due to traffic congestion on the 

road network. To resolve congestion issues, every state devises its own methods of 

solving this problem. The state of Texas has designed a unique policy for its highway 

road network system that includes having frontage roads constructed parallel to 

highways. In the early years of highway construction frontage roads were believed to be 

beneficial for alleviating construction costs and traffic congestion. Kockelman et al. 

(2001), however, has found that frontage roads actually increase congestion near land use 

areas that are heavily commercialized. 

This study confirms the results of Kockelman et al. (2001) that a higher percentage of 

commercial land use increases the risk of an individual becoming involved in an accident,
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especially near a frontage road cross-section. By using statistical analysis, the study also 

found that a higher percentage of industrial land use, a lower percentage of 

undevelopable land use, and a higher mean household income all contribute to higher 

vehicle traffic accident rates near frontage road cross-sections. While the multiple linear 

regression model outlines what variables most influence vehicle traffic accidents, cluster 

analysis groups frontage road cross-sections into categories with similar traits. To 

visualize the most hazardous frontage road cross-sections, this study used GIS to map out 

the possible locations. By identifying what combination of frontage road cross-sections 

and land use types is correlated to higher amount of vehicle traffic accidents, 

transportation planners and emergency response units can plan accordingly. 

The benefits of this study are to help identify frontage road cross-sections that pose 

the most risk to individuals traveling on I-610. From Question 1, this study found that 

commercial land use, industrial land use, undevelopable land use, and weighted mean 

household income are a significant contributor to vehicle traffic accidents; the most 

striking question is why some variables do not influence vehicle traffic accidents. The 

reason why some potentially influential variables such as total population, workplace 

population, and percentage of residential land use are not significant contributors to 

vehicle traffic accidents is that individuals have prior knowledge of their travel 

destination. The purpose of commercial land use near frontage road cross-sections is to 

attract as many customers as possible to a location; therefore, many customers are 

unfamiliar with the surrounding land use area. Similarly, industrial land use has heavy 
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truck traffic where individuals are also unfamiliar with the surrounding land use area. 

Individuals who live and work near a frontage road cross-section have prior experience 

and knowledge of any potential hazards that might affect the area and know how to 

maneuver around those problems. This is the reason why frontage road cross-sections 

may not be suitable in areas where the primary goal of land use is to attract as many 

individuals to a location that do not have prior knowledge of the land use area. 

When government officials and transportation planners prepare plans to construct 

frontage roads, they should have prior knowledge on what kinds of land use will occur in 

the area. If the surrounding land will be used for commercial or industrial development, 

government officials and transportation planners should be cautious to use frontage roads 

or choose an alternative method. 

5.2 Limitations 

The most significant limitations to this study is the accurate count for the number of 

vehicles involved in an accident before 2010, because the TxDOT changed how it input 

vehicle traffic accident data. While I do not think this has affected the results, there is 

always a slight possibility. In addition, vehicle traffic accidents that did not have 

coordinate locations were not used in this research, so the traffic accident density could 

be marginally inaccurate. The next limitation I am concerned with is the locations of 

where vehicle traffic accidents occurred because I am relying on the coordinate accuracy 

of a third party. The final limitation is the accuracy of AADT. While the TxDOT 
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provided the data for 22 locations, I estimated the AADT for each frontage road cross-

section based on weighted distance so there is a slight error in the accuracy. 

Despite these minor limitations, I have a sound understanding of results from this 

research study of vehicle traffic accidents on I-610 in Houston, Texas. 

5.3 Advancing the Research 

Future research should examine frontage road cross-sections for other highways in 

Texas to verify whether the same variables applied in this research provide similar results 

in other areas. For example, if other areas have similar results as this study, government 

officials and transportation planners can devise a plan to reduce vehicle traffic accidents. 

If the results are not similar to other areas in Texas, this indicates the variables that 

contribute to vehicle traffic accidents are a local issue that the City of Houston needs to 

resolve. 

Another direction to advance this research is to consider the variation of traffic 

accident rates to different times of the day. While this study uncovered that frontage road 

cross-sections C, H, I, J, U, and W contain the highest traffic accident rates based on 

daily travel, a more accurate approach is analyzing how traffic accident rates are affected 

during different times of the day since individuals access different types of land use 

during different times of the day.
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Figure 13 – Section B Frontage Road Cross-Section 
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Figure 14 – Section C Frontage Road Cross-Section 

 

 



75 
 

 

Figure 15 – Section D Frontage Road Cross-Section 
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Figure 16 – Section E Frontage Road Cross-Section 
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Figure 17 – Section F Frontage Road Cross-Section 
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Figure 18 – Section G Frontage Road Cross-Section 
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Figure 19 – Section H Frontage Road Cross-Section 
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Figure 20 – Section I Frontage Road Cross-Section 
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Figure 21 – Section J Frontage Road Cross-Section 
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Figure 22 – Section K Frontage Road Cross-Section 
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Figure 23 – Section L Frontage Road Cross-Section 
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Figure 24 – Section M Frontage Road Cross-Section 
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Figure 25 – Section N Frontage Road Cross-Section 
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Figure 26 – Section O Frontage Road Cross-Section 
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Figure 27 – Section P Frontage Road Cross-Section 
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Figure 28 – Section Q Frontage Road Cross-Section 
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Figure 29 – Section R Frontage Road Cross-Section 
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Figure 30 – Section S Frontage Road Cross-Section 
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Figure 31 – Section T Frontage Road Cross-Section 
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Figure 32 – Section U Frontage Road Cross-Section 
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Figure 33 – Section V Frontage Road Cross-Section 
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Figure 34 – Section W Frontage Road Cross-Section 
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Figure 35 – Section X Frontage Road Cross-Section 
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Figure 36 – Section Y Frontage Road Cross-Section 
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Figure 37 – Section Z Frontage Road Cross-Section 
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Figure 38 – Section AA Frontage Road Cross-Section 
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