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ABSTRACT 
 
 
SYNTHIA TAGAR. Modeling risk and the effect of an increase in freeway posted speed 

limit on crashes in speed-change lanes. (Under the direction of DR. SRINIVAS S. 
PULUGURTHA) 

 
 

Providing adequate design standards and capacity of speed-change lane is 

important for merging and diverging traffic to safely complete their maneuvers. Short 

speed-change lanes limit the ability of merging vehicles (/diverging vehicles) to reach 

equivalent mainline free-flow speed (/exit ramp speed). It also hampers proper gap seeking 

in the high-speed traffic stream. Hence, some speed-change (speed-up or slow-down) 

activities may occur on the mainline and disrupt mainline through traffic speed. While 

speed is the primary contributing factor of severe interchange crashes, many states have 

increased their urban interstate posted speed limit to 70 mph. However, not many 

researchers investigated the effect of increased posted speed limit on speed-change lane 

crashes. Therefore, the objectives of this dissertation are three-fold. The first objective is 

to identify critical factors through modeling and assessment of crash risk in merging speed-

change lanes by freeway interchange type. The second objective is to identify critical 

factors and develop jurisdiction specific safety performance function (SPF) for freeway 

speed-change lanes, by severity. The third objective is to model and assess the effectiveness 

of increasing the posted speed limit on freeways on safety in the speed-change lanes. The 

findings are expected to help identify suitable geometric conditions (where) or what needs 

to be done if adequate speed-change lane length is not available. 

Freeway crash data was obtained from the Highway Safety Information System 

(HSIS), for the Mecklenburg County, North Carolina, from the year 2011 to the year 2015. 
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Data for merging speed-change lanes along I-85, I-77, I-277, and I-485 in the Charlotte 

region, North Carolina were considered for identifying critical characteristics and 

modeling. Two different Multinomial Logit (MNL) models were developed for examining 

the relative risk of crash severity, by interchange type. Among the independent variables, 

freeway annual average daily traffic (AADT), speed-change lane length, ramp average 

daily traffic (RADT), speed difference between freeway and ramp, the number of lanes on 

the freeway and the ramp, weather condition, driver age, upstream and downstream ramp 

type, and upstream and downstream ramp distance were observed to be significant 

characteristics to model fatal and injury crash risk. The risk of crash severity is relatively 

higher for freeway sections with less than six lanes, single-lane merging ramps, and 

depends on closely located downstream ramp near a diamond interchange. In case of 

cloverleaf interchanges, adult-age drivers (41 – 55 years), single-lane merging ramps, and 

upstream ramp distance elevate crash risk in the speed-change lanes. 

For the SPF development, Negative Binomial distribution-based log-link model 

was considered as the crash data was observed to be over-dispersed. Data for 76 and 20 

entry ramp speed-change lanes were used for modeling and validation, respectively. Traffic 

volume, speed difference between freeway and ramp, and ramp configuration were 

observed to be significant independent variables to estimate the number of total, property 

damage only (PDO), and injury type B and C entry ramp speed-change lane crashes. The 

predictability of the developed models was checked by computing the root mean squared 

error (RMSE) and the mean absolute error (MAE). 

The results obtained from the Empirical Bayes (EB) analysis show that increasing 

the posted speed limit on I-485 in Charlotte, North Carolina was not effective in reducing 
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the number of crashes. The number of speed-change lanes experiencing an increase in the 

total number of crashes is greater than the number of speed-change lanes that experienced 

a decrease in the total number of crashes. Overall, the number of injury and PDO crashes 

was consistent in the after period for 10-30% of the speed-change lanes. 
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CHAPTER 1: INTRODUCTION  
 

 
Freeways are the backbone of economic development, as they provide greater 

mobility with limited access. Access to freeways is controlled by grade-separated 

interchanges and through ramps from connecting roads. Freeway-arterial interchange 

provides a connection between freeway and major crossroads. Similarly, freeway-to-

freeway interchange allows high-speed traffic to maneuver safely from one freeway to 

another freeway. 

With urbanization, the freeway systems are becoming more congested and 

unreliable. This dilemma facilitates the need for improved capacity and enhanced safety. 

Particularly, new or innovative interchange designs like diverging diamond interchange 

(DDI), double crossover diamond interchange (DCDI), single-point urban interchange 

(SPUI), and displaced left-turn interchange (DLTI) are popular among the transportation 

agencies, as they can reduce conflict points and improve road user’s safety (Hughes et al., 

2010; Hale, 2016). 

Some common interchange safety aspects are spacing between the adjacent 

interchanges, the presence of adequate speed-change lane, auxiliary lanes for weaving 

traffic, the lack of storage for queued traffic along entrance ramp or exiting traffic on 

freeways, crossroad capacity, and the presence of horizontal curvature along the mainline 

(ODOT, 2012). Hence, careful design and analysis of the interchange area is essential for 

safe freeway network operation, cater to existing traffic needs, and meet other local 

provisions. 
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Literature documents the highest frequency of PDO crashes in the interchange areas 

when compared to an entire freeway corridor (Sarhan, 2004). The Fatality Analysis 

Reporting System (FARS) and General Estimates System (GES) also reported 82,609 

crashes, including 24,996 injuries and 544 fatal crashes during the year 2001 in the 

interchange areas (McCartt et al., 2004). Torbic et al. (2009) reported an average of 0.05 

fatal crashes per year and 12.50 total crashes per year per interchange, based on four years 

(2000-2004) FARS national data. Though relatively old, these are just a few example 

studies that indicate safety problems in the interchange areas. 

The primary interchange elements are freeway segments, speed-change lanes, 

ramps and ramp terminals, and crossroad segments. Among these segments, traffic 

operation near the ramps is much more complicated and often requires prompt decision 

making. Ramps experience a higher number of fatal and injury crashes in the interchange 

areas. About 83% of these interchange crashes occurred in ramp segments (McCartt et al., 

2004). Likewise, about 31% of the total interchange fatal crashes occurred in ramp areas 

(Torbic et al., 2009). Moreover, these ramps are connected to freeways through speed-

change lanes, to ensure a smooth transition from low-speed to the high-speed road, or vice-

versa. 

Inadequate design and capacity of the speed-change lane is a critical risk factor for 

merging and diverging traffic (Cirillo, 1970; Bared et al., 1999). Generally, short speed-

change lanes limit the ability of merging vehicles (/diverging vehicles) to reach equivalent 

mainline free-flow speed (/exit ramp speed). It also hampers the proper gap seeking in the 

high-speed traffic stream. Hence, some speed-change (speed-up or slow-down) activities 

may occur on the mainline and disrupt mainline through traffic speed. Studies reported that 
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speed-change lanes experience relatively more crashes compared to freeway ramps (Fisher, 

1961; Zhang, 2016). Almost 21% of the total interchange crashes occurred at the speed-

change lanes on Missouri freeways (Zhang, 2016). It was observed that a higher number 

of merging speed-change lane crashes occurred at cloverleaf interchanges compared to 

diamond interchanges. Therefore, it is important to identify the characteristics contributing 

to these crash risk and improve safety performance. 

 Background 

Speed-change lane is an auxiliary lane with non-uniform width provided to connect 

traffic stream between freeways and crossroads of substantial speed variation (AASHTO, 

2004). The purpose of this added lane is to reduce the interference and conflict with 

mainline through traffic flow. There are two types of speed-change lanes: acceleration lane 

and deceleration lane. In case of the acceleration lane, the lane length should be sufficient 

to reach mainline freeway free-flow speed and accomplish safe merging maneuver before 

reaching the taper point.  

According to the Green Book (AASHTO, 2004), speed-change lane does not 

include the ramp controlling curve and begins from or ends at the taper point. Similarly, 

the Highway Safety Manual (HSM) (AASHTO, 2010) measures the distance between gore 

point and taper point as ramp entrance length or ramp exit length or speed-change length 

for operational and safety assessment. Gore point is marked as the location where the gore 

width is 2 feet. Figure 1 shows the typical measurement of speed-change lane according to 

the Green Book and HSM definitions. 

Mostly, speed-change lane related crashes do not include the crashes on the ramp 

itself, but only the crashes on subject lane itself. HSM recommends including crashes in 
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the adjacent freeway section in the direction of travel, as they are difficult to distinguish 

from only speed-change lane related crashes. 

 

FIGURE 1 Typical measurement of speed-change lane area (Bonneson et al., 2012) 

 

 Problem Statement 

Due to complex maneuvers and increased risk, practitioners have focused more on 

freeway interchange areas than any other areas or basic freeway segments to enhance traffic 

safety. Driver behavior, traffic, geometric, and surrounding environmental factors elevate 

the number of crashes in the interchange areas on freeways. Ramp configuration, speed-

change lane length, traffic volume on the ramp, and the speed difference between crossroad 

and mainline freeway are critical aspects that increase complexity and have a bearing on 

the number of crashes in the interchange area. Also, the driver’s maneuverability varies 

largely with the type of interchange and interchange geometry. Therefore, research should 

be conducted to identify the role of freeway traffic and geometry, ramp traffic and 

geometry, driver, and environmental characteristics by merging speed-change lane crash 

severity, for various freeway interchange types. 

Many states have increased their urban interstate posted speed limits to 70 mph 

though speed is the primary contributing factor of interchange crashes. As an example, the 



5 
 

North Carolina Department of Transportation (NCDoT) increased the posted speed limit 

from 65 mph to 70 mph along I-485, a 67-mile loop in the Charlotte region, North Carolina. 

NCDoT believes that it would help to get rid of more aggressive drivers and ensure driving 

at a uniform speed. However, in contrary, it sheds light on the ancient debate over setting 

the new standard for national maximum speed limit and safety on interstate highways. 

The effect of posted speed limit increase on the single-vehicle injury was analyzed 

for the state of North Carolina in the past. The study revealed that an increase in posted 

speed limit is more likely to increase the number of crashes, rather reflecting much on 

injury severity (Renski et al., 1999). 

Accelerating along the ramp and trying to merge into mainline freeway becomes a 

complex task due to the increase in posted speed limit. This circumstance requires close 

attention of drivers as there is no designated right-of-way sign (like yield or stop sign) to 

assist with decision-making and merging action safety. Failure to speed up to the main 

traffic before merging makes it even more hazardous. A simple calculation conducted for 

the US-29 and I-485 inner interchange in the Charlotte region, North Carolina shows that, 

if the merging speed-change lane is 985 feet long and the ramp posted speed limit is 35 

mph, it gives the driver 7% less time to merge on to the 70 mph mainline (than to 65 mph 

mainline). The situation can be even worse for elderly drivers with higher reaction time 

and lower accelerating ability. 

In short, high mainline freeway volume, high entry ramp volume, unavailable right-

of-way (no change in merging speed-change lane length) and increased posted speed limit 

on the mainline freeway may increase the number of crashes. However, such factors were 

not extensively explored to develop safety performance functions (SPFs) and examine 
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safety effects. Hence, it is vital to capture data, examine their role, and develop jurisdiction 

specific SPFs for analysis and assessment.  

It is hypothesized that many agencies would be looking at increasing the speed limit 

on interstates and freeways in the future. However, speed-change lane length may not be 

increased on entry ramps, or speed limits will be adjusted on a series of links connecting 

to speed-change lanes to ensure smooth flow and safe merging operations. It is important 

to conduct research and understand the possible effect of an increase in the freeway speed 

limit on safety in speed-change lane areas. For this, the Empirical Bayes (EB) method is 

the most suitable method to assess the effectiveness of increasing the posted speed limit. 

 Goal and Research Objectives 

The goal of this research is to reduce the number of crashes and improve the safety 

of merging speed-change lanes. The objectives of this research are: 

 to identify critical factors through modeling and assessment of crash risk in 

merging speed-change lanes by freeway interchange type, 

 to identify critical factors and develop jurisdiction specific SPF for freeway 

speed-change lanes, by severity, and, 

 to model and assess the effectiveness of increasing the freeway posted speed 

limit on safety in the speed-change lanes. 

The findings from the research on objective 1 provide valuable insights related to 

critical factors that increase crash risk in merging speed-change lanes and would help 

practitioners to identify mitigation measures proactively. The findings from research on 

objective 2 are expected to refine the relationship between the posted speed limit and the 

crashes occurring in the merging speed-change lane area. They may also help the 
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practitioners to develop a new design standard for installing ramp meters. The findings 

from the research on objective 3 would help identify suitable geometric conditions (where) 

or what needs to be done if adequate speed-change lane length is not available. 

 Organization of Dissertation Report 

The rest of the dissertation is comprised of six chapters. In Chapter 2, a 

comprehensive literature review on the effect of freeway posted speed-limit, factors 

affecting freeway crashes, crash modeling techniques, and the EB method as a state-of-art 

technique for before-after evaluation are described. Chapter 3 presents a detailed 

methodology of risk modeling, SPF development, and EB analysis. It also includes the 

standard HSM model for the speed-change lane. Chapter 4 describes the data collection 

and processing details. Chapter 5 presents risk modeling analysis and results. Likewise, 

regional model development and EB analysis are covered in Chapter 6, followed by 

conclusion and scope for future work in Chapter 7. 
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CHAPTER 2: LITERATURE REVIEW 
 

 
Numerous studies were conducted to assess the effect of posted speed limit change 

on interstates, characteristics of the interchange area on the number of crashes, and crash 

severity. However, very few researchers have explicitly focused on crashes in the speed-

change lanes. Moreover, the EB method was not widely explored to analyze the effect of 

the increased posted speed limit in the past. 

2.1 Speed Limit and Road Safety 

During the Middle East Oil Embargo in the year 1974, the United States Congress 

mandated National Maximum Speed Limit (NSML) of 55 mph on freeways (Savolainen et 

al., 2014). The main idea behind this regulation was to reduce fuel consumption due to 

increased oil price (Savolainen et al., 2014). However, most of the freeways were designed 

for safe higher speed limit and, therefore, travel speed greater than 55 mph were observed 

frequently. Later in April 1987, the posted speed limit was increased to 65 mph on 

qualifying rural interstates. This eventually led to mixed evaluation outcomes such as 

increased number of severe crashes (Deen and Godwin, 1985; Hoskin, 1986; Baum et al., 

1989; Gallaher et al., 1989; Upchurch, 1989; Baum et al., 1990; Garber and Graham, 1990; 

Mcknight and Klein, 1990; Wagenaar et al., 1990; Baum et al., 1991; Lynn and Jernigan, 

1992; Rock, 1995; Ledolter and Chan, 1996; Farmer et al., 1999; Najjar et al., 2002; 

Patterson et al., 2002), enhanced safety (Lave and Elias, 1994; McCarthy, 1999) or even 

no measurable change sometimes (Chang and Paniati, 1990, Pant et al., 1992). 

While uniform travel speed, diversion towards a slower safer road, and shift of 

speed enforcement possibly led to enhanced safety in some states, greater travel speed was 
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plausibly responsible for a higher probability of fatalities on other interstates (Friedman et 

al., 2009). The posted speed limit standard was revoked in 1995, giving authority to each 

state Department of Transportation (DoT) to select their own posted speed limit on roads. 

From the year 2011 to the year 2014, more than 14 states including California, Florida, 

Illinois, Iowa, Kansas, Kentucky, and Oklahoma have proposed or enacted increased 

posted speed limit on their freeways. 

A survey conducted by the National Highway Traffic Safety Administration 

(NHTSA) (IIHS, 2012) indicates that almost 48% of the motor vehicles exceeded posted 

speed limit on limited access freeways during the year 2007. This number promptly 

increased to 72% in the year 2009. The national agency believes, as the speed-enforcement 

campaign grew stronger in different states and Vehicle Miles Traveled (VMT) declined 

due to the recession, motorists took the chance to drive faster on less congested freeways. 

Another study conducted by NHTSA showed that nearly 70% of Texas drivers were 

observed to exceed the speed limit after the posted speed limit was raised to 70 mph during 

the mid-1990s (IIHS, 2012). 

Drivers often feel that they can travel without penalty at a 5-10 mph higher speed 

than the posted speed limit. Hence, a posted speed limit of 75 mph provides them the 

freedom to travel at 80 mph. This travel behavior creates nothing but an increase in fatality 

rate on the freeways. Therefore, some states like Texas enacted faster travel speed at a cost 

(IIHS, 2012). 

As of 1987, almost 38 states raised rural interstate speed limits from 55 mph to 65 

mph (Baum et al., 1989).  However, a few other states like Georgia, Virginia, The District 

of Columbia, Delaware, Alaska, Massachusetts, and New York decided to practice 55 mph 
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speed limit with eligible mileage. Baum et al. (1989) conducted a simple before-after 

comparison of the number of fatalities during the 65 mph and 55 mph speed limit for the 

38 states. Their study revealed 15% more fatalities for the higher speed limit states, 

compared to 6% more fatalities for the 55 mph retaining states. They also suggested that 

this number may continue to increase as more states join the paradigm and increase the 

mileage traveled in upcoming years. 

Baum et al. (1990) conducted a follow-up study to estimate the fatality rate in the 

second year of 65 mph speed limit.  In the year 1988, two more states, Georgia and Virginia 

followed the same suit and increased the posted speed limit. Baum et al. (1990) study 

revealed that increasing the posted speed limit from 55 mph to 65 mph on the rural 

interstates attributed to 26-29% more deaths in 40 states in the United States. They also 

emphasized the change in speed limit along the connecting streets, which may lead to 

greater fatalities due to speeding. Meanwhile, Massachusetts and New York kept the 

fatality rates in control by retaining 55 mph posted speed limit and through speeding 

enforcements (Baum et al., 1990). In Massachusetts, the speeding fine was $50.00 for first 

10 mph over speeding and then $10.00 for each mph onward.  Also, New York introduced 

up to $400.00 fine for each speeding conviction. In 1989, not much variation was seen over 

the year, except for the fact that increased VMT on rural interstates contributed to a 4% 

increase (of the total 29% increase) in risk (Baum et al., 1991). 

A change in posted speed limit can influence the choice of driving speed. Renski et 

al. (1999) stated that speed limit change from 55 mph to 60 mph or even 65 mph increased 

the number of single-vehicle fatalities along rural interstates in North Carolina. Their study 

indicates that the probability of a severe crash is mostly associated with the presence of 
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barriers like guardrails. Concurrently, there was also a significant increase in sustaining 

minor and non-incapacitating injuries on rural highways. However, a further change in 

posted speed limit from 65 mph to 70 mph did not increase the number of single-vehicle 

severe crashes, since drivers are less likely to violate them. With this, they also pointed out 

that motorists are more likely to drive at uniform speed if the posted speed limit is close to 

the road design speed. However, increased posted speed limit and subsequent faster travel 

behavior in one state might have a negative impact on the other states practicing 55 mph, 

ending up with speed restricting laws. 

Similarly, Shinar (1998) found that higher travel speed on a higher posted speed 

limit road is encouraged by higher design speed standard. Hence, greater law enforcement, 

geometric design factors, and limited vehicle characteristics may discourage drivers to 

exceed the posted speed limit and reduce the crash risk. 

Agent et al. (1998) proposed speed limit standards to be established on public 

freeways in Kentucky. They used “moving –radar” mode to collect operating speed data 

and compared 55 mph - 65 mph posted speed limit segments from a safety perspective. 

Most of the vehicles including passenger cars and trucks were found driving at a higher 

speed than the posted speed limit on urban interstates. The drivers pick the speed as they 

desire. Hence, they suggested setting posted speed limit close to 85th percentile driving 

speed. As the Kentucky drivers continue to drive on 65 mph roads (changed from 55 mph), 

they were less likely to drive faster. The results obtained show that the average change in 

85th percentile speed increased up to 1.1 mph for the posted speed limit increase of 10 mph. 

Also, no significant change in crashes was observed due to the posted speed limit increase. 

However, more speeding incidents occurred on sections with 50 mph or 55 mph posted 
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speed limit. Agent (2008) also suggested to retain 70 mph as the posted speed limit on rural 

interstates as no significant change in travel behavior was observed in the year 2007. 

Scenarios could be different for different geographic locations. Freedman and 

Esterlitz (1990) compared the effect of 65 mph as the posted speed limit on neighboring 

and non-neighboring states driving strategy. They observed an immediate and long-run 

change in driving behavior. The percentage of motorists driving cars exceeding 70 mph 

doubled immediately and continued to increase afterward in Virginia, whereas neighboring 

state, Maryland continued to enforce speed law and maintained relatively lower speeding 

violations. However, the number of motorists driving cars exceeding posted speed limit 

increased by 5 times on the rural interstates of non-neighboring state, New Mexico. 

Therefore, a posted speed limit of 65 mph has not been found effective to minimize 

speeding by drivers. Nonetheless, a change in posted speed limit from 65 mph to 70 mph, 

which influences the driver’s choice and concern, does not mean the same for a further 

increase to 75 or 80 mph. Therefore, an optimal posted speed limit study is required 

(Freedman and Esterlitz, 1990). 

Van Benthem (2015) attempted to find an optimal posted speed limit for freeways, 

in terms of personal and external cost-benefit. The results obtained showed that an increase 

in posted speed limit by 10 mph increases the risk by 9-15%, with a higher risk of up to 

60% more fatal crashes.  Likewise, air pollution also increases in the surrounding area. 

Moreover, Van Benthem (2015) suggested that a posted speed limit close to 55 mph would 

be more optimal to balance between net private and social benefit. 

The literature documents the probability of fatal crashes associated with the posted 

speed limit change. Monsere et al. (2004), Kockelman et al. (2006), Savolainen et al. 
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(2014), Davis et al. (2015), and Farmer (2017) concluded that a 5 to 10 mph increase in the 

posted speed limit could result in increasing fatality rates. 

Sidhu (1990) conducted a safety evaluation of 65 mph as the posted speed limit on 

Illinois interstates for the first year. More fatal injury crashes and lesser PDO crashes were 

observed on urban interstates after changing the posted speed limit from 55 mph to 65 mph. 

However, drunken drivers were found to contribute to an apparent increase in the number 

of fatal crashes, while the posted speed limit was not considered to be the issue.  On the 

other hand, the rural interstates did not experience any noticeable changes. 

Similarly, Brown et al.  (1990) compared before and after crash record for the rural 

interstates in Alabama, to measure the safety effect due to an increase in posted speed limit. 

They found out that eventually, crash rates increased by 19% on the rural interstates. On 

the other hand, there was a non-significant decrease in the number of crashes at the state 

level. Hence, this led to an ambiguous conclusion regarding the posted speed limit change. 

Malyshkina and Mannering (2008) argued over no significant effect of the posted 

speed limit change on rural interstate crash severity in Indiana. However, they speculated 

a profound effect on multilane non-interstate highways for posted speed limit change. As 

an example, the risk of fatality and severe injury increased by 11.9% and 1.32%, 

respectively between a car and light truck, for every 1% increase in the posted speed limit 

along rural state roads in Indiana. Haselton et al. (2002) found an increase in night-time 

collisions, fatal and total crashes on California highways after the posted speed limit was 

increased from 55 mph to 65 mph and from 65 mph to 70 mph, respectively. 

Farmer (2017) analyzed fatality rate (per billion VMT) for a 20-year period during 

an increase in National Maximum Speed Limit (NMSL). He estimated 33,000 deaths by 
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road type from the year 1993 to the year 2013. Considering factors such as the 

unemployment rate, the number of young drivers aged between 16 to 24 years, per capita 

alcohol consumption, and posted maximum speed limit by state, Farmer (2017) found that 

every 5 mph increase in speed limit increased fatalities by 8% on the freeways. Similarly, 

a 10 mph increase in the maximum speed limit may increase the death rate by 17% on 

freeways and interstates. In 2013, additional 500 fatalities on the freeways only conceded 

our lagging behind on zero-death target. 

The aforementioned studies discuss an overall change in safety due to the increased 

posted speed limit on freeways. However, not every freeway segment may experience the 

same risk exposure. The effectiveness seems to vary by state and study area. In particular, 

not many researchers focused on the effect of the increased speed limit in urban areas. 

Hence, it is essential to analyze critical freeway segments and examine their performances 

due to change in the posted speed limit in urban areas. 

2.2 Traffic and Geometric Characteristics vs Road Safety 

Several studies were conducted to evaluate the relationship between road traffic, 

geometric characteristics, and safety. Road traffic volume as Annual Average Daily Traffic 

(AADT), the number of lanes, the lane width / road width, the shoulder width, the presence 

of median, the median width, the grade, the horizontal/vertical curve, and the length of 

study segment are frequently used significant road entities that influence road safety. Table 

1 summarizes a list of road traffic and geometric characteristics related research efforts on 

traffic safety. 
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TABLE 1 Past Research on Road Geometry and Safety 

Traffic and Geometric 
Variables Past Research 

Freeway Annual Average 

Daily Traffic (AADT) 

Hadi et al. (1995), Shankar et al. (1995), Bauer and 

Harwood (1998), Abdel-Aty and Radwan (2000), 

McCartt et al. (2004), Pilko et al. (2007), Moon and 

Hummer (2009), Torbic et al. (2009), Lord and 

Mannering (2010), Brimley et al. (2012), Lyon et al. 

(2013), Sharma and Landge (2013), Teng (2013), Islam 

et al. (2014), Eustace et al. (2015), Ramos et al. (2016), 

Srinivasan et al. (2016), Dong et al. (2017), Labi et al. 

(2017), Ma et al. (2017), Rahman et al. (2017), and 

Sameen and Pradhan (2017) 

Number of Lanes 

Abdel-Aty and Radwan (2000), Pilko et al. (2007), 

Lord and Mannering (2010), Park et al. (2010), Ahmed 

et al. (2011), Yu and Abdel-Aty (2013), and Rahman et 

al. (2017) 

Shoulder Width 

Abdel-Aty and Radwan (2000), Pilko et al. (2007), 

Lord and Mannering (2010), Haleem et al. (2013), 

Sharma and Landge (2013), Teng (2013), Islam et al. 

(2014), Lee et al. (2015), and Xie et al. (2017) 

Presence of Median and 

Median Width 

Abdel-Aty and Radwan (2000), Lord and Mannering 

(2010), Bonneson et al. (2012), Teng (2013), and Yu 

and Abdel-Aty (2013) 

Presence of Curve 

Miaou and Lum (1993), Shankar (1997), Ratnayake 

(2003), Elvik et al. (2009), Lord and Mannering 

(2010), Zhang et al. (2010), Bauer and Harwood 

(2013), Ma et al. (2015), Yu et al. (2015), Geedipally 

et al. (2017), Labi et al. (2017), and Sameen and 

Pradhan (2017) 
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TABLE 1 (continued) 

 

In summary, these studies reveal that freeway traffic volume and segment length 

are positively correlated with the number of crashes. As the freeway traffic volume 

increases, the number of crashes increases. The shorter road segments are likely to 

experience fewer number crashes compared to longer road segments. On the other hand, 

the presence of a considerable number of vertical and horizontal curves, often hinders sight 

distance, causing loss of steering control and induce other driving errors. These errors 

certainly increase the number of crashes. The higher number of lanes increases lane 

changing maneuvers and the probability of conflicts. Past research also reveals that narrow 

Traffic and Geometric 
Variables Past Research 

Grade 
Chen et al. (2011), Fu et al. (2011), Yu and Abdel-Aty 

(2013), and Ma et al. (2017) 

Lane Width/Road Width 

Zegeer et al. (1980),  Griffin and Mak (1987),  Zegeer et 

al. (1988),  Milton and Mannering (1998),  Vogt and 

Bared (1998),  Strathman et al. (2001), Gross et al. 

(2009), Sando and Moses (2009), Zhu et al. (2010), Chen 

et al. (2011),  Fu et al. (2011),  Sharma and Landge 

(2013), Yu and Abdel-Aty (2013), Manuel et al. (2014), 

Lee et al. (2015),  Park et al. (2015),  Labi et al. (2017), 

and Ma et al. (2017) 

Segment Length 

Pulugurtha and Bhatt (2010), Ackaah and Salifu (2011), 

Brimley et al. (2012), Lyon et al. (2013), Yu and Abdel-

Aty (2013), Islam et al. (2014), Ramos et al. (2016), 

Srinivasan et al. (2016), Labi et al. (2017), Rusli et al. 

(2017), Sameen and Pradhan (2017), and Xie et al. 

(2017) 
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lanes are responsible for many crash involvements. Likewise, the median width is 

negatively correlated with the crash occurrence. Wider and longer medians tend to reduce 

single- and multi-vehicle crash risk. 

2.3 Interchange Area Crash Data and Modeling 

Numerous studies were conducted to identify factors that influence crashes or 

assess the risk of getting involved in a crash in interchange areas, particularly, exit ramps 

and diverging influence areas (Chen et al., 2008; Zhou et al., 2010; Chen et al., 2011; Yang 

et al., 2011; Zhao et al., 2011; Eustace et al., 2015). However, only a few researchers 

focused on entry ramps and merging influence areas. 

Torbic et al. (2009) attempted to forecast crashes for different interchange elements, 

such as mainline, entry ramps, crossroad ramp terminals, and ramp segments using 

Interchange Safety Analysis Tool (ISAT). ISAT uses SPF, a statistical model to assess 

safety. Outputs are expressed in terms of the expected number of crashes in the entire study 

area, by location type, year, collision, and severity type. The tool does not consider detailed 

geometric characteristics of ramp and interchange, such as interchange spacing, grade, 

acceleration-deceleration lane length, control type, lighting condition, and surface 

condition. 

Bauer and Harwood (1998) developed Poisson and Negative Binomial log-link 

regression models to predict the number of crashes at the interchange area. Their study 

indicates that ramp traffic and geometric characteristics are key variables to explain the 

number of crashes in the study area.  Lee and Abdel-Aty (2009) found that driver behavior 

is affected by entry ramp curvature when entering the freeway. 
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Moon and Hummer (2009) quantified the safety effects of left-hand entry ramps in 

North Carolina using the Negative Binomial distribution-based log-link model. They 

speculated that traffic and geometric factors influence the number of crashes. Casey and 

Lund (1992) identified that greater speed on freeways influences the incremental speed of 

the connecting arterial streets. However, limited efforts have been expended to examine 

the effect of speed limit difference (between freeway speed, ramp, and connecting arterial 

speed) on safety. 

McCartt et al. (2004) showed that 36% of crashes occur while merging into urban 

freeways. Most of these sideswipe crashes can be eliminated by extending the acceleration 

lane.  Calvi and De Blasiis (2011) drew controversy on this topic by focusing on a driving 

simulator study for the mainline (freeway). Their results showed that merging lane length 

is not the determining factor influencing driver behavior. As traffic volume along the 

mainline increases, drivers fail to attain higher speed on the acceleration lane resulting in 

serious crashes. Only then merging lane length comes into the picture. However, this 

analysis was not validated for different highway traffic density. 

Eustace et al. (2015) showed that crash rate is almost eight times higher on left-side 

entry ramp influence areas than right-side entry ramp influence areas along the I-75 in Ohio 

downtown. They also adopted Negative Binomial distribution-based log-link model 

considering variables such as driver age, work zone, pavement condition and lighting 

condition to estimate the expected number of crashes in the entry ramp influence areas. 

Geedipally et al. (2014) reflected crash severity as a function of road design 

elements and traffic control features for the ramps and crossroad ramp terminals. The study 

was conducted using data for three different states - California, Maine, and Washington 
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State. Most of the frequent and severe crashes, i.e., strike with the face of barrier on the 

exit ramp segments occurred on single lane rural interstate highways. Likewise, ramp 

terminals at a signalized crossroad with more access points, permissive control, and higher 

average daily traffic led to severe crashes. 

The SPF for an entry ramp reported in HSM (HSM, 2014) considers speed-change 

lane length, and freeway traffic volume as the independent variables. Practitioners also 

suggested checking the tapered and parallel portions of the acceleration lane to analyze or 

model the number of crashes for entry ramps. The Colorado Department of Transportation 

(CDoT) (Lyon et al., 2013) identified crash severity as a function of parallel merge lane, 

the length of merge zone, the interchange type, upstream lanes characteristics, and mainline 

AADT. Individual SPFs were developed for isolated, non-isolated merge zones, and 

weaving zones based on the crash severity. 

Statistical models were proposed considering interchange type (McCartt et al., 

2004); area type (Bauer and Harwood, 1997); ramp geometry, configuration, and type 

(Khorashadi, 1998); speed-change lane length, type, and 85th percentile merging speed 

(Ahammed et al., 2008); and, speed limit and traffic control at ramp terminal (Abatan, 

2018). Brewer et al. (2011) reviewed existing guidelines of speed-change lanes and 

proposed design guidance for modern drivers and vehicles. Drivers tend to merge after at 

least half length of the speed-change lane during uncongested condition and use the taper 

area when congested to complete the maneuver. They suggested emphasizing on the sight 

distance for designing merging speed-change lane length. Different macroscopic study and 

simulation-based models were also developed to estimate safety level at interchange areas 
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in the past (Ahmed, 1999; Kondyli and Elefteriadou, 2009; Lwambagaza, 2016; Behbahani 

et al., 2018). 

Probabilistic models were developed to model and explain the risk of getting 

involved in a crash, by injury severity. Geedipally et al. (2011) used Multinomial Logit 

(MNL) model to examine the influence of risk factors, such as alcohol consumption, the 

presence of horizontal/vertical curves, driver gender, lighting condition, and area type on 

motorcycle crashes. Similarly, Dong et al. (2015) and Penmetsa and Pulugurtha (2017) 

used MNL approach to model injury severity for truck crashes and traffic rule violations, 

respectively. Mergia et al. (2013) used ordered logit model and partial proportional odds 

model to identify risk factors, by crash severity, at freeway merging locations. They found 

that freeway lanes, ramp lanes, alcohol consumption, female and older drivers, and weather 

condition increase the likelihood of crashes in the merging areas.  

A study conducted for the state of North Carolina depicts that crash injury severity 

is high at on-ramp terminals on crossroads compared to other road features (Penmetsa and 

Pulugurtha, 2018). MNL model was developed to assess the risk of road features. Their 

results obtained showed that on-ramp terminals on the crossroad are ranked top among the 

critical locations, concerning severe injury, where older drivers have high-risk probability. 

Overall, limited efforts were expended on crash risk assessment in the speed-change lanes. 

It is noteworthy that not all traffic and geometric characteristics may apply to all 

cities and towns. Some factors could be region-, location-, or site-specific. These factors 

may also vary by crash severity for modeling. Therefore, adopting the process to develop 

regional- or local-level crash estimation models may yield accurate outcomes than the 

state- or national-level crash estimation models. 
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2.4 Before-After Evaluation 

Before-after method for safety improvement compares the number of crashes prior 

to any treatment and after the treatment. The EB method developed by Ezra Hauer (Hauer 

et al., 2002) is the most popular approach for before-after evaluation. This method has been 

widely adopted in the Interactive Highway Safety Design Model (IHSDM) and Highway 

Safety Manual (HSM) for safety evaluation (Hauer et al., 2002). The EB method typically 

involves estimating the number of crashes in the after period without the safety treatment 

and comparing with the number of crashes during the after period. 

Many studies have used EB method for assessing a certain type of safety treatment 

(Azizi, and Sheikholeslami, 2012; Zhou et al., 2013; Pulugurtha, and Otturu, 2014; Wu et 

al., 2015; Naznin et al., 2016; Claros et al., 2017; De Pauw et al., 2017; Elvik et al., 2017; 

Hussein, and Swinburne, 2017; Jung et al., 2017; La Torre et al., 2017; Zhao, 2017). 

Claros et al. (2017) analyzed the safety effect of DDIs on adjacent freeway speed-

change lanes and signalized intersections. However, their study shows no effect of DDI 

design on speed-changing lanes safety. There was a 6.5% decrease in fatal crash, 19.5% 

increase in PDO crash, and 12% increase in the total number of crashes at the nearby 

intersections, which was statistically significant at a 90% confidence level. They concluded 

that no strong evidence was found for DDI implementation and they urged for future 

investigation including more available locations. 

De Pauw et al. (2017) determined the effectiveness of Dynamic Speed Limit (DSL) 

on safety of Belgium freeways. Their results showed improved safety for various crash 

severity and crash types. Overall, there was 15-20% decrease in rear-end and single vehicle 

crashes, significant at a 95% confidence interval. 
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Elvik et al. (2017) conducted a before-after analysis of safety due to a road rebuilt 

project in Norway. A two-lane undivided freeway was upgraded to a four-lane divided 

freeway. Their study showed a significant reduction in the number of fatal crashes, 

compared to a slight improvement in the number of injury crash cases. EB before-after 

evaluation showed that the number of fatal crashes or severe injury crashes decreased by 

75%, while the number of less severe injury crashes decreased by only 5%. However, the 

widening of the freeway was responsible for attracting non-freeway traffic and improving 

safety on nearby roads. 

Jung et al. (2017) conducted an empirical evaluation of additional smaller rest areas 

to control drowsy driving on Korean freeways. Their study showed that these supplemental 

rest areas can reduce freeway the number of crashes by 14%. As the drivers become 

exhausted during long drives, it increases the risk of sideswipe crashes. They recommended 

that providing additional rest areas can induce safety benefits. 

La Torre et al. (2017) assessed the effect of stationary work zones on the expected 

number of freeway crashes using before-after EB method. Other safety treatment or new 

policy development, such as lane priority for trams, resurfacing treatment at signalized 

intersections, and narrow pavement widening methods benefit have been also determined 

using EB analysis (Wu et al., 2015; Naznin et al., 2016; Hussein, and Swinburne, 2017). 

However, no prior studies were conducted to access the safety evaluation of change in 

posted speed limit using EB method.  

2.5 Limitations of Past Research 

Most of the past researchers have looked into crashes occurring along the entire 

corridor or a stretch where speed limit change was implemented. However, no one has 
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investigated the effect of speed limit change on a particular freeway segment such as in the 

merging area, diverging area, speed-change lane area, weaving area, or as a whole in the 

interchange area. While it is obvious from the previous studies that slight change in freeway 

speed limit induces greater traffic demand and influences driver’s choice of travel speed, 

adjacent speed-change lane travel behavior is becoming more endeavoring. 

In addition to mainline traffic and geometric characteristics, various ramp traffic 

and geometric properties are critical safety factors that influence crashes in interchange 

areas. Furthermore, the application of EB before-after evaluation has been only limited to 

certain policy/treatments and applications and has never been explored to assess the effect 

of increasing the posted speed limit. Additionally, the effect of increased posted speed limit 

on urban freeways is meagerly explored. 

This next set of chapters present a conceptual framework of the study to model and 

assess the effect of increased posted speed limit on crashes in speed-change lanes. 
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CHAPTER 3: ANALYTICAL METHODS FOR EVALUATION AND MODELING 
 

 
The estimation of probable crash occurrence has become a more common practice 

in recent years. The odds of getting involved in a crash, due to an independent variable is 

modeled in this case. On the other hand, a regression model developed for crash prediction 

as a function of key independent variables is referred to as SPF. The American Association 

of State Highway and Transportation Officials (AASHTO) defines SPF as “an equation 

used to predict the average number of crashes per year at a location, as a function of 

exposure and, in some cases, road or intersection characteristics (e.g., the number of lanes, 

traffic control, or the median type)” (AASHTO, 2010). These statistical regression models 

use the traffic volume, the lane width, the shoulder width, the median width, the 

horizontal/vertical curvatures, the posted speed limit, etc. to compute the average number 

of crashes for a specific site condition and characteristics. 

The SPF assists to proactively plan and improve safety through critical site 

selection, design changes, and potential engineering treatments. The HSM, published by 

AASHTO, reports SPFs for different road facilities. These SPFs are developed using 

national or multi-state historic crash data and may not be accurate for a specific location. 

Hence, it is recommended to calibrate HSM SPFs prior to local site application. However, 

if robust data is not available, HSM permits to develop jurisdiction specific SPFs for 

reliable prediction (AASHTO, 2010). 

HSM also reports Crash Modification Factors (CMFs) for local application of the 

developed SPFs. According to the AASHTO (2010), “CMF is a coefficient reflecting the 

effects of changes in traffic elements, operating elements, and road design elements on the 

number of traffic crashes occurring in the analyzing area”. However, the application of 
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CMF may not be practically feasible for new treatments, strategies, or policy decisions. 

Furthermore, there could be other critical independent variables that may not have been 

considered when developing SPFs in the past. 

 Multinomial Logistic (MNL) Regression 

The MNL models are used to predict probabilities of an outcome when the response 

variable has more than two classes or levels, and their ranking is not important. It also 

assumes that the inter-dependency among independent variables is lower and each 

independent variable has a single value for each level. The coefficients of estimates are 

based on the maximum likelihood method. Hence, the interpretation of the MNL model is 

based on the probability ratio and does not depend on other alternatives. This fact is also 

known as the Independence from Irrelevant Alternatives (IIA).  

Let p0, p1, p2, …….., pn be probabilities of choosing n+1 alternatives, where “j = 

1,2,3,….., n” are mutually exclusive alternatives. Assume “i” represents the interchange 

type categories. Hence, the probability of crash severity happening at “i” compared to 

alternative “j” is expressed as follows (Williams, 2018). 

𝑝𝑝𝑖𝑖𝑖𝑖 = 𝑃𝑃(𝑦𝑦𝑖𝑖 = 𝑗𝑗) =
exp�𝑥𝑥𝑖𝑖𝑏𝑏𝑖𝑖�

1 + � exp (𝑥𝑥𝑖𝑖𝑏𝑏𝑖𝑖)
𝑛𝑛

𝑖𝑖=1

                                              (1) 

where, x and b are the vectors of the independent and response variable, respectively.  

The goodness-of-fit of the model is determined by a high value of likelihood ratio 

chi-square associated with a p-value < 0.0001. Also, the probability of choosing one 

outcome over base category, odds ratio, is used to describe relative risk. 
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 Regression Model 

The number of crashes is a non-negative integer. Therefore, count modeling 

techniques like Poisson and Negative Binomial distribution-based log-link models have 

been widely used to assess safety of transportation system (Moon and Hummer, 2009; 

AASHTO, 2010; Lord and Mannering, 2010; Washington et al., 2010; Akhn, 2011; Chen 

et al., 2011; Islam et al., 2014; Xu et al., 2014; Eustace et al., 2015;  Roshandeh et al., 2016; 

Sapuan et al., 2016; Lu and Tolliver, 2016).  The probability distribution of Poisson (Lu 

and Tolliver, 2016) and Negative Binomial distributions (Islam et al., 2014) are presented 

next. 

𝑓𝑓(𝑌𝑌) =  𝑒𝑒
−𝜆𝜆.(𝜆𝜆𝑌𝑌)
𝑌𝑌!

                                                                                                                        (2) 

𝑓𝑓(𝑌𝑌) =
⌈�Y + 1

𝑘𝑘�  (𝑘𝑘𝑘𝑘)𝑌𝑌 

⌈(Y + 1)⌈�1
𝑘𝑘� (1 + 𝑘𝑘𝑘𝑘)𝑌𝑌+

1
𝑘𝑘

                                                                                     (3) 

where, Y= response variable (estimated or predicted number of crashes), 

µ= mean of Y, 

λ = Poisson parameter, 

k= dispersion parameter, and, 

⌈ (*) = gamma function. 

For Poisson distribution, 𝑉𝑉𝑉𝑉𝑉𝑉 (𝑌𝑌) = 𝑘𝑘, whereas for Negative Binomial 

regression,  𝑉𝑉𝑉𝑉𝑉𝑉 (𝑌𝑌) = 𝑘𝑘 + 𝑘𝑘𝑘𝑘2. In case of the Negative Binomial model, the variance of 

the response variable is larger than the mean, while in Poisson’s model they are identical. 

Often, the crash data is over-dispersed; therefore, the Negative Binomial distribution-based 

log-link model is preferred over the Poisson distribution-based log-link model in the HSM.  
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 Regression Model Validation 

The performance of the developed regression model over a set of independent data 

is evaluated in this step. The Root Mean Square Error (RMSE) and the Mean Absolute 

Error (MAE) were used to evaluate the performance of the models developed in this 

research.  

 RMSE = �1
𝑛𝑛
�(yo − yp)² 
n

i=0

                                                                                                     (4) 

  MAE =
1
n

 � |yo − yp

n

i=0

|                                                                                                            (5) 

where, yo = observed number of crashes “i”, 

yp = predicted number of crashes “i”, and 

n= validation data sample size. 

These measures are used for model comparison. The smaller the values and closer 

to zero, the better fit is the model.  Also, the scale largely depends on the available values 

in datum. 

 HSM SPF for Entry Ramp Speed-change Lane 

The HSM used data for several locations across the United States to develop SPFs 

for roads and intersections. These SPFs need to be calibrated as per local or regional dataset 

for a better safety assessment of selected jurisdiction. Chapter 18 of the HSM contains 

SPFs for freeway entry ramp speed-change lanes. This SPF can be directly applied to any 

speed-change lane adjacent to a freeway section, with an even number of lanes such as 4, 

6, 8, and 10. Equation 6 presents HSM SPF for ramp entrance speed-change lanes under 

base conditions (HSM, 2014). 
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                        𝑁𝑁𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐿𝐿 ∗ 𝑒𝑒𝑥𝑥𝑝𝑝 (𝑉𝑉 + 𝑏𝑏 ∗ 𝑙𝑙𝑛𝑛[𝑐𝑐 ∗ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴])                                                           (6) 
 
where, NSPF = predicted average number of crashes per year, 

L = length of speed-change lane in miles, and  

a, b, c = SPF regression coefficients. 

Regressions coefficients, “a” and “b” vary based on crash severity, area type, and 

the number of through freeway lanes (HSM, 2014).  

The base conditions for describing HSM SPFs include the presence of no horizontal 

curvature, 12-feet freeway lane width, 6-feet inside (left) shoulder width, 60 feet median 

width with no barrier, and maximum hourly volume 1,000 veh/hr/lane. If base conditions 

are not met, a CMF is applied for better prediction of safety, as shown in Equation 7. 

𝑁𝑁𝑝𝑝 = 𝑁𝑁𝑆𝑆𝑆𝑆𝑆𝑆 ∗ 𝐶𝐶𝐶𝐶𝐹𝐹1 ∗ 𝐶𝐶𝐶𝐶𝐹𝐹2 ∗ 𝐶𝐶𝐶𝐶𝐹𝐹3 ∗ … … … … … … … ∗ 𝐶𝐶𝐶𝐶𝐹𝐹𝑛𝑛                                 (7) 

where, Np = predicted number of crashes in actual condition, and  

CMFn = crash modification factor for nth condition. 

Once, HSM SPF is set to actual site condition, the observed and predicted number 

of crashes are compared. The ratio of the sum of the observed number of crashes and the 

sum of the predicted number of crashes is termed as the calibration factor (C). 

                        𝐶𝐶 =  
∑𝑜𝑜𝑏𝑏𝑜𝑜𝑒𝑒𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒 𝑛𝑛𝑛𝑛𝑛𝑛𝑏𝑏𝑒𝑒𝑉𝑉 𝑜𝑜𝑓𝑓 𝑐𝑐𝑉𝑉𝑉𝑉𝑜𝑜ℎ𝑒𝑒𝑜𝑜
∑𝑝𝑝𝑉𝑉𝑒𝑒𝑒𝑒𝑝𝑝𝑐𝑐𝑝𝑝𝑒𝑒𝑒𝑒 𝑛𝑛𝑛𝑛𝑛𝑛𝑏𝑏𝑒𝑒𝑉𝑉 𝑜𝑜𝑓𝑓 𝑐𝑐𝑉𝑉𝑉𝑉𝑜𝑜ℎ𝑒𝑒𝑜𝑜

                                           (8) 

A calibration factor greater than one indicates that the study area experiences an 

increased number of crashes attributed to the non-base conditions, and vice-versa. In other 

words, the calibration factor determined greater than one indicates the model underpredicts 

the crashes. On the other hand, a calibration factor less than one indicates over-
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predictability of the developed model and often needs adjustment. The unit value of the 

calibration factor stands for accurate modeling. 

Finding road segments similar to the HSM base condition is very rare. Therefore, 

CMFs are often computed by local entities. If data for one or more variables are not 

available, the CMFs can be calculated with the available set of data. In addition, HSM 

recommends a sample size of 30-50 locations with 100 crashes annually for calculating the 

calibration factor. However, finding 30-50 sites with desired annual crash count is rare and 

difficult for HSM predictive model calibration (Xie et al., 2011; Kim et al., 2015). 

The HSM also encourages developing SPFs for local and regional locations if a 

handful of non-base conditional data is available (AASHTO, 2010). Particularly, for the 

state of North Carolina, the inventory is missing a handful of data like road curvature and 

median barrier details. As most of the entry ramp speed-change lanes run along the road 

curvature, developing new SPFs based on local data was felt appropriate and may yield 

accurate estimates. 

 Empirical Bayes (EB) Before-After Evaluation 

Safety at an intersection or along a corridor is often measured in terms of the 

number of crashes and severity. Often, this estimation becomes imprecise as safety 

treatments are applied to locations experiencing high crash counts over the years, or vice-

versa, such as locations encountering only one crash in the last 5 years.  Hence, 

unbiasedness is a demand for precise safety evaluation. 

Ezra Hauer first introduced the EB method in 1997 (Hauer et al., 2002). It is 

considered one of the best methods to perform a before-after evaluation, as it increases the 

precision of estimation by correcting the regression-to-mean bias. 
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In simple terms, to assess the safety of a particular freeway segment, one looks for 

the number of crashes that occurred on that segment.  Nevertheless, the EB method 

encourages to apply similar segment’s knowledge to estimate the number of crashes under 

the same jurisdiction. This method is also very popular among the researchers because it 

works well for even a small sample.  The EB method consists of four tasks: i) selection of 

independent variables, thereby developing SPF, and computing over-dispersion parameter 

using control locations, ii) estimation of the predicted number of crashes, iii) estimation of 

relative weight, and iv) quantification of the expected number crashes for the treatment 

locations. 

In the first step, independent variables are checked for multicollinearity to reduce 

redundancy. The SPFs are then developed using independent variables that are not 

correlated with each other. For SPFs, researchers and practitioners prefer Negative 

Binomial distribution-based log-link model as crash count data tend to be overly-dispersed 

in nature than a Poisson distribution (Hauer et al., 2002). The SPFs are used to estimate the 

predicted number of crashes in the after period, had the treatment not been installed (say, 

higher speed limit signs). In this study, before period is before increasing the posted speed 

limit, and after study period refers to after increasing the posted speed limit.  

From the Negative Binomial distribution, over-dispersion parameter (µ) is 

estimated, which is nothing but the variance of crash estimation per segment length. A 

large value for over-dispersion parameter means greater variability. With this parameter 

(µ) and SPF indicating the predicted number of crashes in the after period (SPFpre,a), a 

relative weight factor (w) is computed using Equation 9. Equation 10 is then used to 

compute the expected number of crashes in the after period. 
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                                      𝑤𝑤 = 1
1+µ∗𝑆𝑆𝑆𝑆𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝,𝑎𝑎

                                                        (9) 
 

                                            𝑁𝑁𝑒𝑒𝑒𝑒𝑝𝑝,𝑎𝑎 = 𝑤𝑤 ∗ 𝑆𝑆𝑃𝑃𝐹𝐹𝑝𝑝𝑝𝑝𝑒𝑒,𝑎𝑎 + (1 − 𝑤𝑤) ∗ 𝑁𝑁𝑜𝑜𝑜𝑜𝑜𝑜,𝑜𝑜                             (10) 
 
where, Nexp,a = expected number of crashes in the after period (without treatment),  

w= relative weight factor, 

SPFpre,a= predicted number of crashes in the after period using SPF, and, 

Nobs,b= actual number of crashes observed in the before period. 

The actual number of crashes in the after period (Nact,a) is divided with the expected 

number of crashes in the after period (Nexp,a) to assess the effectiveness of the treatment. 

Equations 11 represents its mathematical form.  

                                          
𝐴𝐴
𝐸𝐸

= 𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎,𝑎𝑎

𝑁𝑁𝑝𝑝𝑒𝑒𝑝𝑝,𝑎𝑎
                                                    (11) 

 
The A/E ratio greater than 1 means a decrease in safety, A/E ratio equals 1 means 

no change in safety, and A/E ratio less than 1 indicates an improvement in safety after the 

implementation of the treatment. 
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CHAPTER 4: COLLECTING AND PROCESSING DATA FOR THE STUDY AREA 
 

 
This chapter presents a detailed overview of data collection and freeway crash 

assignment techniques.  There are three phases in this methodology section. The first phase 

discusses required data collection from various resources. The second phase requires 

identifying study speed-change lanes, followed by combining all data and extracting right 

information pertaining to the subject speed-change lanes as the third phase. 

4.1 Data Collection 

The freeway crash data provided by the Highway Safety Information System 

(HSIS), funded by the U.S. Federal Highway Administration (FHWA), is used in this 

study. The HSIS annual crash database consists of the occupant, traffic, and road 

characteristics pertaining to all police-reported crashes on state-maintained roads. The 

NCDoT keeps a record of ramp aped limit and ramp Average Daily Traffic (ADT) volume 

for every year. Other geometric characteristics such as the length of the speed-change lane, 

the number of lanes on the ramp, tapered or parallel characteristics of the speed-change 

lane, crossroad speed limit, upstream-downstream ramp type, and upstream-downstream 

ramp distance were gathered using Google map and Google Earth inventory. 

After completing the construction of the final segment of I-485, the NCDoT 

changed the posted speed limit from 65 mph to 70 mph at the end of May 2015. Hence, the 

study period was 2011-2015 for Risk modeling, 2011-2013 for SPF analysis, and 2014-

2015 for EB before-after analysis. 
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4.1.1 Highway Safety Information System (HSIS) Crash Database 

North Carolina crash details are collected and entered into the crash report by the 

law enforcement officers at the crash site. The state and local agencies enter all details from 

these reports into a database, which are shared with HSIS. The crash database consists of 

three sub-files (crash, vehicle, and occupant related) and a roadway inventory file. The 

crash sub-file provides information on (but not limited to) time of crash, date of crash, 

crash milepost location, street name, travel direction of the vehicle involved in the crash, 

reference point and the distance from the reference point, crash severity, most harmful 

event in the crash, lighting condition, weather condition, and million vehicle miles traveled 

(MVMT). The vehicle table consists of all vehicle related information, such as driver 

injury, driver age, driver race, physical condition of the driver, impact speed, total number 

of occupants in the vehicle, total injury in the vehicle, number of vehicles involved in the 

crash, vehicle model, vehicle year, and registration information. The occupant file contains 

data pertaining to occupant age, gender, race, injury, ejection, and seating position 

information. 

The roadway inventory file includes information related to AADT, MVMT, the 

number of lanes, available right-of-way, left and right shoulder type, left and right shoulder 

width, paved left and right shoulder width, median type, median width, surface type, 

surface width, terrain, speed limit, percent trucks, population group, and rural/urban 

population by group. 

All the selected freeways in the Charlotte region, North Carolina were classified as 

urban freeway ramps based on the variable “URB_POP” used for the adjacent freeway 

sections. “URB_POP” dictates rural/urban area designated by the population. Field codes 
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under this variable, are categorized between 0 to 7, which is illustrated by a combination 

of population and census-related urbanized area definition. In this study, all the study 

segments fall under code “7- City < 500000”. 

HSIS reports the worst injury in the crash by severity level. If two or more vehicles 

are involved in a crash, severity is the most harmful injury experienced by the drivers or 

occupants or other persons (pedestrians) involved in it. Assume, a crash involves two 

vehicles, where the driver of vehicle 2 was killed, and every other occupant sustained injury 

type-A. Then, the crash severity would be fatal. The HSIS crash database reports five 

different level of severities using KABCO scale (National Safety Council, 1990). They are: 

1) Fatal Crash, K = Killed 

2) Injury Crash 

• Injury type- A= Incapacitating injury 

• Injury type- B = Non-incapacitating injury 

• Injury type- C = Possible injury  

3) PDO Crash, O= No injury 

It is coded as a fatal crash if the injured occupant dies within 12 months after the 

crash (FHWA, 1999). An incapacitating injury crash is where the injured person suffers 

from blood loss, broken bone, becomes unconscious, and is disabled from performing 

regular activities for at least a day beyond the incident day (FHWA, 1999). A non-

incapacitating injury is evident in the form of nausea, hysteria, swelling, limping, or 

complaint of pain, occurring at the incident scene. However, these symptoms do not refrain 

the victim from performing regular chores (FHWA, 1999). On the other hand, possible 

injuries are not visible but may involve momentary unconsciousness, complain of pain or 
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illness. In case of no injury crashes, there is only damage concerning public or private 

properties. 

The crash database was filtered by location type where the crash occurred. The 

North Carolina Division of Motor Vehicles (NCDMV, 2013) uses a diagram (Figure 2) to 

designate various interchange features that coincide with the event occurred. These features 

are also reflected in the HSIS crash database.  In this figure, code 15, 16, and 17 represent 

off-ramp entry, proper, and terminal on the crossroad. Similarly, code 19, 20, and 21 

indicate on-ramp entry, proper, and terminal on the crossroad. HSIS freeway interchange 

crashes include any crashes that are related to ramps, crossroad intersections (alley 

intersection, four-way intersection, T-intersection, Y-intersection, roundabout, five-point 

or more intersection). Hence, all these crashes with “LOC_TYPE= 6, 7, 8, 9, 10, 11, 12, 

16, 17, 19, 20” were removed from the database for accuracy and consistency. 

FIGURE 2 Interchange road features (NCDMV, 2013) 
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4.1.2 Crash Location 

The crash data from HSIS was obtained in a non-geospatial format. These crash 

records do not have latitude and longitude to display the crash location in a geospatial 

environment.  To geocode, the crash, vehicle, and occupant related sub-files were 

combined based on the CASENO field. Next, these sub-files were also linked to roadway 

inventory file using RTE_NBR, and MILEPOST information, to identify definite milepost 

location of a crash incident. 

It is noteworthy to mention that North Carolina maintains a computer-based 

milepost system for crash locations. Mileposts are assigned with respect to the reference 

route based on an automated algorithm that considers the “COUNTY”, “ON_RD”, 

“FRM_RD”, “FROM_DIR”, “TO_DIR”, and “REFDISFT” noted by the investigation 

officer. This algorithm is maintained by NCDoT and can assign milepost to about 80% of 

all crashes. Likewise, each route has a beginning and ending milepost. For odd routes such 

as I-77, the milepost increases from south to north for Northbound (NB) direction and north 

to south for Southbound (SB) direction. Similarly, in case of I-85 NB and I-277 NB, the 

milepost increases from west to east direction, and vice-versa. Circular routes like I-485, 

have two segments, inner-loop (clockwise) and outer-loop (counterclockwise). Milepost 

increases from east to west direction along the inner-loop, and conversely for the outer-

loop. However, I-77 NB, I-85 NB, I-277 NB, and I-485 inner loop are the reference routes 

for this study area. 

To identify the location of crash, the milepost (“MILEPOST”) and the direction of 

travel fields (“DIR_TRVL”) are used. The direction of travel provides guidance to the 

direction of travel of the vehicle involved in a crash on the route, which is the same as the 
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direction of route in most of the cases. For example, assume, a crash occurred on I-77 at 

MILEPOST=3.334 and DIR_TRVL= North. This means the crash occurred on I-77 NB 

segment. Similarly, DIR_TRVL = northeast, northwest and DIR_TRVL=south, southeast, 

southwest were assigned to I-77 NB and I-77 SB corridors, respectively. For I-85, 

DIR_TRVL= north, northwest, northeast, and east attributes were assigned to the NB while 

DIR_TRVL=south, southeast, southwest, and west attributes were assigned to the SB 

segment, respectively.   

Auxiliary interstate I-277 is partial loop in nature. Hence, certain assumptions were 

considered for assigning crashes to the route. They are listed next. 

• If milepost is between 0 and 0.53 and travel direction is equal to East, assume outer 

loop. 

• If milepost is between 0 and 0.53 and travel direction is equal to West, assume inner 

loop. 

• If milepost is between 0.53 and 1.69 and travel direction is equal to East or South, 

assume outer loop. 

• If milepost is between 0.53 and 1.69 and travel direction is equal to West or North, 

assume inner loop. 

• If milepost is between 1.69 and 2.76 and travel direction is equal to East or North, 

assume outer loop. 

• If milepost is between 1.69 and 2.76 and travel direction is equal to West or South, 

assume inner loop. 

• If milepost is between 2.76 and 4.451 and travel direction is equal to East or South, 

assume inner loop. 
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• If milepost is between 2.76 and 4.451 and travel direction is equal to West or North, 

assume outer loop. 

For I-485, the freeway encircling the city of Charlotte, North Carolina, the 

following assumptions were made in assigning inner and outer loop based on milepost 

value and travel direction. For instance, if MILEPOST is between 0 and 5, and 

DIR_TRVL= East or South, the inner loop was assumed, and so on. Assumptions for I-485 

crashes are listed next. 

• If milepost is between 0 and 21.716 and travel direction is equal to East or South, 

assume inner loop. 

• If milepost is between 0 and 21.716 and travel direction is equal to West or North, 

assume outer loop. 

• If milepost is between 21.716 and 27.39 and travel direction is equal to West or 

South, assume inner loop. 

• If milepost is between 21.716 and 27.39 and travel direction is equal to East or 

North, assume outer loop. 

• If milepost is between 27.39 and 39.764 and travel direction is equal to West or 

North, assume inner loop. 

• If milepost is between 27.39 and 39.764 and travel direction is equal to East or 

South, assume outer loop. 

• If milepost is between 39.764 and 59 and travel direction is equal to East or North, 

assume inner loop. 

• If milepost is between 39.764 and 59 and travel direction is equal to West or South, 

assume outer loop. 
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• If milepost is between 59 and 61 and travel direction is equal to East, assume inner 

loop. 

• If milepost is between 59 and 61 and travel direction is equal to West, assume outer 

loop. 

Next, crashes were overlaid on the Mecklenburg County street network shapefile 

using “linear referencing” tool and “display route events” command in ArcGIS 10.1 

software (ESRI, 2011). Positive and negative offset values were used to locate route events 

along the route centerline. Figure 3 depicts the spatial distribution of 2012 annual crashes 

along the four major interstates in Mecklenburg County. 
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FIGURE 3 Spatial distribution of crashes on freeways in the Mecklenburg County 

4.1.3 Ramp Traffic and Speed Limit Data 

NCDoT keeps detailed lists of entry ramps, exit ramps, and collects ramp ADT 

count every year. Unlike some states, NCDoT does not have ramp AADT data. Hence, 

ramp ADT was considered as ramp volume in this study. NCDoT inventory identifies the 

ramp speed limit as 35 mph. However, some selected loop ramps have speed limit 25 mph 
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sign installed in the field. Hence, ramp speed limit for loop ramps and direct ramps were 

considered 25 mph and 35 mph, respectively. It is also noteworthy that all the study speed-

change lanes are adjacent to the right-hand entry ramps. 

4.1.4 Google Map Data 

 Google Map and Google Earth applications were used to capture the length of the 

speed-change lane, type of lane- parallel or taper, ramp type information (direct or loop), 

the number of lanes on the entry ramp, interchange type, crossroad name, and its speed 

limit. Sometimes, judgment was used to identify the exact end of taper of the speed-change 

lane, because of the low resolution of Google applications. Figure 4 shows the use of the 

Google Map tool to obtain speed-change lane length.   

Similarly, upstream and downstream ramp type and ramp distance from each 

subject entry ramp was noted down from aerial maps and added to the ramp database 

separately. It was observed that study speed-change lanes are associated with the full 

diamond/half diamond interchange, partial cloverleaf interchange, partial cloverleaf with 

FIGURE 4 Estimation of speed-change lane length using Google Map 
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one directional ramp interchange, semi-direct interchange, single point urban interchange, 

and few complex structure interchanges. 

4.2 Study Segments 

Four major freeways in Mecklenburg County were selected as the study routes for 

SPF development and assessment. Currently, a total of 188 entry ramps are operating along 

these interstates. Among these, nine new sections were opened in June of 2015, as the last 

loop of I-485 was completed. Interstates I-77, I-85, I-277, and I-485 have 50, 38, 18, and 

78 entry ramps, respectively. Most of these right-handed ramps are merging ramps, 

weaving ramps, and freeway-to-freeway connecting ramps; a few are dual purpose ramps 

(diverging and merging co-occurring in the same segment), and ramps with no speed-

change lanes. 

A merging ramp is where the additional lane (speed-change lane) drops at certain 

distant point and vehicles merge on to freeway before or up to that point. In case of weaving 

ramp, speed-change lane is extended to connect the entry ramp and adjacent downstream 

exit ramp. Freeway-to-freeway ramps provide a connection between two high-speed 

corridors. Likewise, there are dual purpose ramps, where the auxiliary lanes run 

downstream, then split into a diverging and a merging segment at the same point. A ramp 

with no speed-change lane is where the upstream entry ramp lane extends beyond 

downstream ramp gore point. In this case, both adjacent ramps were identified as entry 
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ramps. Figure 5 illustrates an example of each type of entry ramps in the Charlotte region, 

North Carolina. 

 
For investigation purposes, weaving ramps, freeway-to-freeway ramps, dual 

purpose ramps, and ramps without speed-change lane were excluded, as they have different 

merging and geometric characteristics. Table 2 shows a list of 96 study entry ramp 

segments in the Mecklenburg County, North Carolina. 

FIGURE 5 General configuration of entry ramps in Charlotte region, North Carolina 
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TABLE 2 Study Entry Ramp Segments 

Route Ramp Id Description Exit 
HSM Speed-
Change Lane 
Length (feet) 

Interstate 
77 

8000363759 SR 2158 TO I-77 NB 30 423 
8000363959 SR 2158 TO I-77 SB 30 808 
8000364159 NC 73/SR 2697 TO I-77 NB 28 824 
8000364359 US 21/SR 5544 TO I-77 SB 28 1004 
8000364559 NC 73 TO I-77 NB 25 1076 
8000364659 NC 73 WB TO I-77 SB 25 1748 
8000364959 SR 2136 TO I-77 NB 23 915 
8000365159 SR 2136 TO I-77 SB 23 1096 
8000365559 NC 24 TO I-77 SB 18 753 
8000367859 LASALLE ST TO I-77 SB 12 1620 
8000431159 I-277/US 74 TO I-77 SB 9 884 
8000431659 REMOUNT RD TO I-77 SB 8 1517 
8000431859 CLANTON RD TO I-77 NB 7 1230 
8000432059 CLANTON RD TO I-77 SB 7 1280 
8000432359 NC 49 NB TO I-77 NB 6A 814 
8000432759 SR 1291 TO I-77 SB 6B 450 
8000433159 TYVOLA RD TO I-77 NB 5 1606 
8000433559 TYVOLA RD TO I-77 SB 5 1900 
8000433859 NATIONS FORD RD TO I-77 NB 4 1064 
8000440159 US 21/SR 2108 TO I-77 NB 16 688 
8000440459 US 21/SR 2108 TO I-77 SB 16 1420 
8000460059 NC 73 EB TO I-77 SB 25 1220 
8000461159 SR 1128 TO I-77 SB 1 1180 
8000613659 NC 24 WB TO I-77 SB 18 1335 
8000613759 NC 24 TO I-77 NB 18 735 

Interstate 
85 

8000434459 SR 1625 TO I-85 SB 29 1120 
8000434759 SR 1641 TO I-85 NB 32 815 
8000435159 SR 1641 TO I-85 SB 32 1230 
8000437459 NC 16 TO I-85 NB 36 2805 
8000365959 BEATTIES FORD RD TO I-85 SB 37 1118 
8000367059 SR 2691 TO I-85 SB 38 990 
8000367459 SR 2691 TO I-85 NB 39 1098 
8000434259 SR 1625 TO I-85 NB 29 1130 
8000435659 SR 5901 NB TO I-85 SB 33 880 
8000435759 MULBERY CHURCH RD SB TO I-85 SB 33 930 
8000436759 SR 1662 TO I-85 SB 34AB 790 
8000438359 SR 2540 TO I-85 SB 40 1870 
8000438659 SR 2480 TO I-85 NB 41 775 
8000439259 SR 5383 SB TO I-85 SB 43 1080 
8000439559 NC 24 TO I-85 NB 45 1015 
8000439859 NC 24 TO I-85 SB 45 995 
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TABLE 2 (continued) 

Route Ramp Id Description Exit 
HSM Speed-
Change Lane 
Length (feet) 

Interstate 
485 

8000441559 SR 1004 TO I-485 OUTER 47 1092 
8000441759 SR 1004 TO I-485 INNER 47 1025 
8000441959 SR 3174 TO I-485 OUTER 49 1077 
8000442159 SR 3174 TO I-485 INNER 49 1084 
8000442359 E INDEPENDENCE BLVD TO I-485 OUTER 51A 2598 
8000442559 US 74 TO I-485 INNER 51 1047 
8000443359 SR 1010 TO I-485 INNER 52 1080 
8000443559 NC 16 NB TO I-485 OUTER 57 1111 
8000443759 NC 16 SB TO I-485 INNER 57 1070 
8000443959 REA RD TO I-485 OUTER 59 926 
8000444059 REA RD NB TO I-485 OUTER 59 1125 
8000444359 REA RD SB TO I-485 INNER 59 1177 
8000444659 JOHNSTON RD SB TO I-485 OUTER 61 1078 
8000444759 US 521 NB TO I-485 OUTER 61 1140 
8000445059 US 521/JOHNSTON RD TO I-485 INNER 61 1090 
8000445659 NC 51 TO I-485 OUTER 64 1322 
8000446259 SR 3998 TO I-485 INNER 65 1083 
8000446559 US 29 SB TO I-485 INNER 32 1195 
8000446759 US 29 NB TO I-485 INNER 32 985 
8000446959 NC 49 TO I-485 OUTER 33 1095 
8000447059 NC 49 TO I-485 INNER 33 1806 
8000447359 SR 2802 TO I-485 OUTER 36 1067 
8000447559 SR 2802 TO I-485 INNER 36 848 
8000447759 SR 2805 TO I-485 OUTER 39 1055 
8000447959 SR 2805 TO I-485 INNER 39 1200 
8000448159 NC 24-27 TO I-485 OUTER 41 794 
8000448259 NC 24-27 TO I-485 INNER 41 1475 
8000448559 NC 51 TO I-485 OUTER 43 1090 
8000448759 NC 51 TO I-485 INNER 43 1245 
8000448959 NC 218 TO I-485 OUTER 44 1204 
8000449159 NC 218 TO I-485 INNER 44 1082 
8000449459 NC 49 SB TO I-485 OUTER 1 1123 
8000544459 STEELE CREEK TO I-485 INNER 4 1708 
8000544559 NC 160 WB TO I-485 INNER 4 1254 
8000544859 NC 160 EB TO I-485 OUTER 4 1282 
8000545059 SR 1148 TO I-485 INNER 6 1398 
8000545259 SR 1148 TO I-485 OUTER 6 1350 
8000580159 NC 27 TO I-485 OUTER 14 1900 
8000580359 NC 27 TO I-485 INNER 14 1065 
8000584959 SR 1601 TO I-485 INNER 12 1280 
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TABLE 2 (continued) 

Route Ramp Id Description Exit 
HSM Speed-
Change Lane 
Length (feet) 

Interstate 
485 

8000597959 NC 16 SB TO I-485 OUTER 16 1160 
8000598159 NC 16 WB TO I-485 INNER 16 1068 
8000598259 NC 16 NB TO I-485 OUTER 16 1465 
8000598359 NC 16 EB TO I-485 INNER 16 1478 
8000601659 NC 24 EB TO I-485 OUTER 21 1043 
8000601959 NC 24 WB TO I-485 OUTER 21 1465 
8000621559 NC-16 TO I-485 INNER 57 1093 
8000621659 NC-16 TO I-485 OUTER 57 1213 

Interstate 
277 

8000453759 CHURCH ST TO I-277 INNER 1EA 780 
8000452559 KENNILWORTH ST TO I-277 OUTER 2A 880 
8000453359 CALDWEL/BREVARD ST TO I-277 INNER 1EA 588 
8000454159 US 29 TO I-277 OUTER 4 805 
8000457959 BREVARD ST TO I-277 INNER 3B 839 
8000458159 DAVIDSON ST TO I-277 INNER 3A 565 
8000460459 3RD-4TH ST TO I-277 INNER 2A 386 

 

4.2.1 Geospatial Influence Area 

Every study entry ramp and its speed-change lane were identified in a geospatial 

environment. After that, speed-change lane influence areas were sketched in the map using 

“CREATE FEATURE” tool in ArcGIS software. The influence area includes speed-

change lane and freeway thru lanes along the direction of travel. However, the length of 

the influence area is the same as the speed-change lane. Figure 6 illustrates a hypothetical 

speed-change lane influence area. 

 
 
 
 
 
 
 
 
 
 
 
 FIGURE 6 Speed-change lane influence area 
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The ArcGIS street network represents centerline of each freeway. Hence, the 

influence area was drawn along the road centerline. After drawing the influence area, the 

crash database was overlaid on the street network. However, a few crash points did not fall 

on the road centerline and needed an adjustment in the offset value. Hence, a linear buffer 

of width 30 feet was generated to capture nearby crashes associated with each influence 

area. Figure 7 illustrates the buffer surrounding an influence area and overlaid crash events 

in that buffer zone. Then “intersect” command was applied to capture the number of 

crashes and combine their properties with the entry ramp characteristics. Once geo-

processed, the average crash count for each entry ramp location was computed over the 

study period. 

 FIGURE 7 Speed-change lane influence area buffer 
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CHAPTER 5: RISK MODELLING OF SPEED-CHANGE LANE CRASH BY 

INTERCHANGE TYPE 
 
 

This chapter covers the analysis and results from risk modeling and identifying the 

influence of freeway traffic and geometry, ramp traffic and geometry, driver, and 

environmental characteristics on merging speed-change lane crash severity by interchange 

type. 

5.1 Descriptive Statistics of Data 

The crash database from HSIS indicates that 2,305 crashes were reported in the 

freeway merging speed-change lanes during the five-year study period. A few crashes had 

unknown independent variables and were left out of the study. Finally, a total of 2,251 

crashes were considered for modeling and crash risk assessment. STATA statistical (Stata, 

2013) software was used to conduct functional analysis and develop risk models at a 95% 

confidence level.  

Table 3 shows the descriptive statistics of the response and independent categorical 

variables used in this research. For modeling purpose, fatal and injury type A crashes were 

combined, as they are less frequent. During the study period, there were only 7 (0.3%) fatal 

and injury type A crashes, 637 (28.3%) injury type B and C crashes, and 1,607 (71.39%) 

no-injury or PDO crashes in the merging speed-change lanes. More than 50% of crashes 

occurred in the daylight period and under clear weather condition when compared to dark-

light period and adverse weather condition.  
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TABLE 3 Descriptive Statistics of Categorical Variables 

Categorical Variable Categories Frequency (%) 
  1 (Fatal and injury A) 7 (0.31) 
Injury Severity 2 (Injury B and C) 637 (28.30) 
  3 (PDO) 1,607 (71.39) 
  1 (Clear) 1,475 (65.53) 
Weather 2 (Cloudy) 365 (16.22) 
  3 (Other) 411 (18.26) 

Light 

1 (Daylight) 1,627 (72.28) 
2 (Dusk) 54 (2.40) 
3 (Dawn) 38 (1.69) 
4 (Dark Lighted Road) 323 (14.35) 
5 (Dark Road Not Lighted) 199 (8.84) 
6 (Other) 10 (0.44) 

Freeway Lane 
1 (4 lane) 512 (22.75) 
2 (6 lane) 1,090 (48.42) 
3 (> 6 lane) 649 (28.83) 

Driver Gender 1 (male) 1,378 (61.22) 
2 (female) 873 (38.78) 

Driver Age 

1 (<=18 Years) 93 (4.13) 
2 (19-25 Years) 549 (24.39) 
3 (26-40 Years) 813 (36.12) 
4 (41-55 Years) 562 (24.97) 
5 (>55 Years) 234 (10.4) 

Interchange Type 
1 (Cloverleaf) 932 (41.4) 
2 (Diamond) 536 (23.81) 
3 (Other) 783 (34.78) 

Ramp Lane 1 (1 lane) 1,779 (79.03) 
2 (2 or more lane) 472 (20.97) 

Road Alignment  1 (Straight) 2,164 (96.14) 
2 (Curve) 87 (3.86) 

Upstream Ramp 1 (Merging Ramp) 623 (27.68) 
2 (Diverging Ramp) 1,628 (72.32) 

Upstream Ramp Distance 1 (<=0.25 mile) 1,178 (52.33) 
2 (>0.25 mile) 1,073 (47.67) 

Downstream Ramp 1 (Merging Ramp) 624 (27.72) 
2 (Diverging Ramp) 1,627 (72.28) 

Downstream Ramp Distance 1 (<=0.25 mile) 154 (6.84) 
2 (>0.25 mile) 2,097 (93.16) 

Ramp Configuration 1 (Direct) 1,481 (65.79) 
2 (Loop) 770 (34.21) 

Speed-Change Lane Type 1 (Parallel) 1,987 (88.27) 
2 (Taper) 264 (11.73) 
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The number of freeway lanes was classified into three categories. It was observed 

that ~48% of the crashes occurred near six-lane sections compared to other lane sections. 

Also, male drivers were involved in a higher number of crashes (61.22%) compared to 

female drivers. 

Driver age was categorized into five categories; teen (<=18 years), young (19-25 

years), mid-age (26-40 years), adult-age (41-55 years), and elderly (>55 years). It was 

found that mid-age and adult-age drivers were involved in a higher number of crashes. In 

addition, teen and elderly drivers contributed to only ~4% and ~10% of crashes in the 

merging speed-change lanes, respectively. 

Interchange type variable was classified into three groups- diamond, cloverleaf, and 

other interchanges. From Table 3, the number of crashes occurring at a cloverleaf 

interchange is more when compared to a diamond interchange and other interchanges. 

Merging from single lane ramp onto the freeway is more vulnerable compared to multi-

lane ramps, as it gives less room for a vehicle to speed up and reach the merging speed. 

Most of these crashes occurred on a straight road (96.14%), where there was a parallel 

connection of acceleration lane (88.27%). 

Other traffic and road characteristics such as freeway traffic volume, ramp traffic 

volume, the length of the speed-change lane, and, the difference in posted speed limit 

between the freeway and the ramp and the difference in posted speed limit between the 

freeway and the crossroad were considered as continuous variables in this research. Table 

4 presents the summary statistics of the continuous independent variables. For modeling 

purpose, traffic volume and speed-change lane length variables were transformed to 
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smaller values using natural logarithm function to keep consistency with the speed 

variables. 

Severity variable was defined as an ordered variable with three different levels of 

crashes. However, category 1-severe injury (fatal and injury type A) crashes were very few 

in numbers. Therefore, the selection of an ordered logit model for severity as the response 

variable could skew the outcomes suffering from small-sample bias. On the other hand, the 

interchange type is a nominal variable. It is comprised of three specific categories: 

cloverleaf, diamond, and other interchanges.  For modeling speed-change lane crash 

severities, the “interchange” variable was considered as the response variable. Here, the 

response variable has more than two categories. Therefore, MNL regression models were 

developed for different crash severities. Due to the small sample size, severe (fatal and 

injury type A) crashes were combined with moderately severe (injury type B and C) crash 

category. Hence, crash severity variable was defined as two categories when developing 

MNL regression models- fatal-injury severity; and no injury (PDO). 

TABLE 4 Summary Statistics of Continuous Variables 

Continuous Variable Min Max Mean Std. Dev. 
Freeway Annual Average Daily Traffic 

(AADT) 
31,000 183,000 119,579.70 38,416.99 

Speed-Change Lane Length in feet 

(SCHL) 
386 2,805 1,215.62 423.61 

Ramp Average Daily Traffic (ADT) 1,300 19,059 7,056.30 3,409.62 

Speed Difference Between Freeway and 

Ramp in mph (SDFR) 
15 45 27.65 7.45 

Speed Difference Between Freeway and 

Crossroad in mph (SDFC) 
10 40 19.76 5.25 
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Table 5 summarizes frequency and percentage of crash severity categories by 

interchange type. About ~41% of total crashes occurred at cloverleaf interchanges, 

followed by other interchanges (35% of total crashes) and diamond interchanges (23% of 

total crashes). However, the percentage of fatal-injury crashes occurring at other 

interchanges was higher compared to cloverleaf interchanges. Diamond interchanges tend 

to have lower crash rates among all the interchange configurations. 

TABLE 5 The Number of Crashes by Interchange Type 

Interchange Type Severity Categories Frequency (%) 

Cloverleaf Fatal-Injury 240 (10.7) 
PDO 692 (30.7) 

Diamond Fatal-Injury 144 (6.40) 
PDO 392 (17.4) 

Other Fatal-Injury 260 (11.6) 
PDO 523 (23.2) 

5.2 Identifying Risk Factors for Fatal-Injury Type Crash by Interchange Type 

The results pertaining to risk of fatal-injury type crashes are summarized in Table 

6. Variable category after ® indicates the reference category. The interchange type was 

taken as the response variable with the “Other” type as the base category. Shaded cells in 

the table indicate values significant at a 95% confidence interval. Among the independent 

variables, the freeway AADT, the ramp ADT, the speed difference between the freeway 

and the ramp, the number of freeway lanes, the driver age, the number of lanes on ramp, 

the upstream ramp type, and the distance were found significant at a 95% confidence 

interval when comparing cloverleaf interchanges to other interchanges. Similarly, when 

comparing diamond interchanges to other interchanges, independent variables such as the 

freeway AADT, the speed-change lane length, the ramp ADT, the freeway number of lanes, 

the weather condition, the number of lanes on the ramp, the upstream and downstream 
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ramp type, and the upstream-downstream ramp distance were found significant at a 95% 

confidence interval. 

From Table 6, as freeway traffic volume increases, the risk of fatal-injury crash 

decreases at cloverleaf interchanges and increases at diamond interchanges when compared 

to other interchanges. The risk relationship is vice-versa with respect to ramp traffic 

volume for cloverleaf and diamond interchanges.  

TABLE 6 Multinomial Logistic Estimates for Fatal-Injury Type Crashes 

Parameter Category 
Cloverleaf ® Other Diamond ® Other 

Estimates Estimates 
Intercept  11.174 -30.238 
Ln (Freeway AADT)  -1.984 7.886 
Ln (Speed-Change Lane 
Length) 

 -1.234 3.449 

Ln (Ramp ADT)  1.289 -9.164 
Speed Difference Between 
Freeway and Ramp (SDFR) 

 0.465 -0.128 

Freeway Lane ® >6 Lane 
1 (Four-lane) -1.484 3.244 
2 (Six-lane) -4.557 1.867 

Weather ® Other 
1 (Clear) -0.422 3.386 

2 (Cloudy) -0.663 2.712 

Driver Age ® Elderly 

1 (<=18 Years) -0.169 0.956 
2 (19-25 Years) 0.832 0.481 
3 (26-40 Years) 0.980 1.626 
4 (41-55 Years) 1.575 2.037 

Ramp Lane ® 2 or More 1 (1 lane) 5.352 9.927 
Upstream Ramp ® Diverging 
Ramp 

1 (Merging 
ramp) -2.673 -12.566 

Downstream Ramp ® 
Diverging Ramp 

1 (Merging 
ramp) 

-0.708 -8.750 

Upstream Ramp Distance ® > 
0.25 mile 1 (<=0.25 mile) 1.141 -4.399 

Downstream Ramp Distance 
® > 0.25 mile 

1 (<=0.25 mile) 0.493 8.705 

 
The risk of getting involved in a fatal-injury crash at a diamond interchange, 

compared to other interchanges, is high for long speed-change lanes. The fatal-injury crash 
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risk increases with the higher speed difference between the freeway and the ramp at 

cloverleaf interchanges compared to other interchanges. 

The risk of getting involved in a fatal-injury crash at a cloverleaf interchange, 

compared to other interchanges, is lower for six-lane freeways compared to more than six-

lane freeways. However, the fatal-injury crash risk is higher for four-lane and six-lane 

freeways than eight- or ten-lane freeways at a diamond interchange compared to other 

interchanges. Similarly, the fatal-injury crash risk at a diamond interchange on a clear and 

cloudy day is higher compared to any other weather condition, such as precipitation, fog, 

etc. 

At a cloverleaf interchange, the drivers of adult-age group between 41-55 years are 

at higher risk of getting involved in a fatal-injury crash compared to elderly driver 

population. Likewise, single-lane ramps possess higher risk compared to multi-lane ramps 

in case of, both, cloverleaf and diamond interchange speed-change lanes compared to other 

interchanges. The risk of a fatal-injury crash at cloverleaf and diamond interchanges 

compared to other interchanges is less for an upstream merging ramp compared to an 

upstream diverging ramp. Similarly, the crash risk at diamond interchange decreases if the 

downstream ramp is merging in nature. 

The risk of getting involved in a fatal-injury crash at cloverleaf interchange 

compared to other interchange increases as the distance between the upstream ramp and 

selected ramp is <=0.25 mile compared to greater distance. However, for a diamond 

interchange, the fatal-injury crash risk decreases if the upstream ramp is closely spaced at 

<=0.25 mile compared to other interchanges. In addition, the risk for fatal-injury crash 
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increases if the downstream ramp is located closer (<=0.25 mile) when compared to other 

interchanges. 

5.3 Identifying Risk Factors for PDO Crash by Interchange Type 

The results pertaining to PDO crash risk are summarized in Table 7. Shaded cells 

in the table indicate values significant at a 95% confidence interval. Among the 

independent variables, the speed-change lane length, the ramp ADT, the speed difference 

between the freeway and the ramp, the number of freeway and ramp lanes, the upstream 

ramp type, and the speed-change lane type were found significant at a 95% confidence 

interval when comparing cloverleaf interchanges to other interchanges. Similarly, 

independent variables such as the freeway AADT, the ramp ADT, the freeway and ramp 

number of lanes, the driver gender, the upstream-downstream ramp type, and the upstream-

downstream ramp distance were found significant at a 95% confidence interval when 

comparing diamond interchanges to other interchanges. 

The risk of getting involved in a PDO crash at a cloverleaf interchange, when 

compared to other interchanges, is lower for four- and six-lane freeways than higher lane 

freeways. However, the PDO crash risk at a diamond interchange compared to other 

interchanges is higher for four- and six-lane sections. The PDO crash risk for male drivers 

is lower compared to female drivers at diamond interchanges than at other interchanges. 

Drivers are at a higher risk at single-lane ramps when compared to multi-lane ramps, for 

both interchanges. The PDO crash risk at cloverleaf and diamond interchanges compared 

to other interchanges is lower for the upstream merging ramp when compared to the 

upstream diverging ramp. Similarly, the PDO crash risk decreases for downstream merging 

ramp compared to a downstream diverging ramp at a diamond interchange. 
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TABLE 7 Multinomial Logistic Estimates for PDO Crashes 

Parameter Category 
Cloverleaf ® Other Diamond ® Other 

Estimates Estimates 
Intercept  3.702 -13.102 
Ln (Freeway AADT)  -1.083 4.228 
Ln (Speed-Change Lane Length)  -1.320 0.377 
Ln (Ramp ADT)  0.832 -4.462 
Speed Difference Between 
Freeway and Ramp (SDFR) 

 0.506 -0.040 

Freeway Lane ® >6 Lane 1 (4 lane) -1.205 2.711 
2 (6 lane) -2.570 0.879 

Driver Gender ® Female 1 (Male) -0.180 -0.549 
Ramp Lane ® 2 or More 1 (1 lane) 3.989 6.746 
Upstream Ramp ® Diverging 
Ramp 1 (Merging Ramp) -1.689 -7.295 

Downstream Ramp ® Diverging 
Ramp 1 (Merging Ramp) -0.886 -5.846 

Upstream Ramp Distance ® > 
0.25 mile 1 (<=0.25 mile) 0.384 -3.879 

Downstream Ramp Distance ® > 
0.25 mile 1 (<=0.25 mile) -2.244 3.043 

SCHL Type ® Taper 1 (Parallel) -1.021 -0.342 
 

The PDO crash risk at diamond interchange compared to other interchange 

decreases as the upstream ramp distance is <=0.25 mile, while the PDO crash risk increases 

for similar distanced downstream ramps. Further, the PDO crash risk at parallel merging 

lane is less compared to taper lane for cloverleaf interchanges when compared to other 

interchange types. 

5.4 Comparison of Odds Ratio by Injury Type and Interchange Type 

A summary of odds ratios for both the models is presented in Table 8. Freeway 

AADT, length of the speed-change lane, merging ramp ADT, and the speed difference 

between freeway and ramp are significant independent variables for crash severity risk 

estimation at speed-change lanes. Fatal-injury and PDO crashes, both, are less likely to 
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happen in the vicinity of four- or six-lane freeway sections at a cloverleaf interchange 

compared to other interchange types. However, the relative risk for similar crashes is higher 

at diamond interchanges compared to other interchange types at four- and six-lane 

freeways.  

 
TABLE 8 Summary of Odds Ratios 

  Fatal-Injury Crash PDO Crash 

Parameter Category 

Cloverleaf 
® Other 

Diamond 
® Other 

Cloverleaf 
® Other 

Diamond 
® Other 

Odds Ratio Odds 
Ratio Odds Ratio Odds 

Ratio 
Intercept  71245.006 0.000 40.528 0.000 
Ln (Freeway AADT)  0.138 2659.347 0.339 68.580 
Ln (Speed-Change Lane 
Length) 

 0.291 31.462 0.267 1.458 

Ln (Ramp ADT)  3.628 0.000 2.298 0.012 
Speed Difference 
Between Freeway and 
Ramp (SDFR) 

 1.592 0.880 1.659 0.961 

Freeway Lane ® >6 
Lane 

1 (4 lane) 0.227 25.624 0.300 15.044 
2 (6 lane) 0.010 6.469 0.077 2.408 

Weather ® Other 1 (Clear) 0.656 29.549   
2 (Cloudy) 0.515 15.061   

Driver Age ® Elderly 

1 (<=18 
Years) 0.845 2.600   

2 (19-25 
Years) 2.297 1.617   

3 (26-40 
Years) 2.664 5.082   

4 (41-55 
Years) 4.829 7.667   

Driver Gender ® 
Female 1 (Male)   0.835 0.578 

Ramp Lane ® 2 or More 1 (1 lane) 210.941 20479.384 54.001 850.649 
Upstream Ramp ® 
Diverging Ramp 

1 (Merging 
Ramp) 0.069 0.000 0.185 0.001 

Downstream Ramp ® 
Diverging Ramp 

1 (Merging 
Ramp) 0.493 0.000 0.412 0.003 

Upstream Ramp 
Distance ® > 0.25 mile 

1 (<=0.25 
mile) 3.129 0.012 1.468 0.021 

Downstream Ramp 
Distance ® > 0.25 mile 

1 (<=0.25 
mile) 1.637 6034.305 0.106 20.968 

SCHL Type ® Taper 1 (Parallel)   0.360 0.710 
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The probability of fatal-injury crash at the diamond interchange is very high under 

clear and cloudy weather condition compared to other weather forecasts. On the other hand, 

the PDO crash odds at merging speed-change lane is not influenced by the weather 

condition. 

Adult-age drivers (41-55 years) are ∼4.8 times more likely to be involved in fatal-

injury crash than elderly drivers (>55 years) at a cloverleaf interchange, whereas driver age 

is not a crucial factor for PDO crash occurrence by interchange type. Further, driver gender 

does not play a key role in case of fatal-injury crashes. However, male drivers are ∼0.6 

times more likely to be involved in PDO crashes at diamond interchanges when compared 

to female drivers.  

Single-lane ramps have relatively a higher risk of fatal-injury and PDO crash at 

both selected interchanges compared to multi-lane ramps. Fatal-injury and PDO crashes 

are less likely to occur if there is a merging ramp present upstream and downstream when 

compared to the presence of a diverging ramp. 

At a cloverleaf interchange, fatal-injury crashes are ∼3.1 times more likely to occur 

for shorter upstream distance compared to longer upstream distance. However, at diamond 

interchanges, the risk is relatively lower for fatal-injury and PDO crashes when compared 

to longer upstream distance. At a diamond interchange, the risk of fatal-injury and PDO 

crash is equally high for shorter downstream distance when compared to longer 

downstream distance. The results obtained indicate that merging maneuver along parallel 

speed-change lanes is relatively safer when compared to PDO crash risk on taper speed-

change lanes at cloverleaf interchanges compared to other interchanges. 
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CHAPTER 6: MODELING THE EFFECT OF INCREASED POSTED SPEED LIMIT 
 
 

This chapter examines the role of traffic and geometric variables to model and 

estimates the number of entry ramp speed-change lane crashes of urban freeways in the 

Mecklenburg County, North Carolina. This part of the methodology involves four sub-

tasks. They are: checking collinearity among the variables, developing SPF as per guidance 

stated in chapter 3, choice of SPF, and validation of the model. 

6. 1   Descriptive Statistics 

Three years of crash data, from the year 2011 to the year 2013, was considered for 

the number of crashes model development. Table 9 summarizes the number of crashes in 

the speed-change lanes during the study period. In the year 2011, almost 4,066 freeway 

crashes were reported in the Mecklenburg County, North Carolina. Of these, 360 crashes 

occurred in the speed-change lane areas. Nearly 28% of the total crashes pertain to injury 

type B and C severity, and 71% are PDO crashes. Similarly, during the year 2012 and year 

2013, it was observed that ~32-33% of the speed-change lane crashes had moderate injury 

compared to ~67-68% PDO crashes in the same area. 

TABLE 9 Speed-Change Lane Crashes in the Charlotte region, North Carolina 

Year Freeway 
Crash 

Total Speed-Change 
Lane Crash (TC) 

Injury B and Injury 
C (BC) (% of TC) 

Property Damage Only 
(PDO) (% of TC) 

2011 4,066 360 102 (28) 257 (71) 

2012 4,075 391 128 (33) 261 (67) 

2013 4,668 466 149 (32) 316 (68) 
 

The crash database was investigated for injury type B, injury type C, PDO, and total 

crash categories separately. Very few fatal and injury type A crashes were observed during 
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the study period; 97% of entry ramp speed-change lanes have zero crashes pertaining to 

these severity categories. Hence, a fatal/severe number of crashes model was not 

developed. Further, it was observed from statistics that the crash data was over-dispersed 

(variance>mean). For example, the variance is 88, 154, and 446 for injury type B and C, 

PDO, and total crash categories respectively. These values are higher than their mean 

values 4.36, 8.97, and 13.38 correspondingly. Therefore, the Negative Binomial 

distribution-based log-link model was adopted for SPF development. 

SPSS Statistics 23 (SPSS, 2008) software was employed to conduct analysis and 

develop the crash estimation models as a function of independent variables at a 95% 

confidence level. A list of continuous independent variables with basic statistics is 

summarized in Table 10.  

TABLE 10 Descriptive Statistics of Continuous Variables 

Variable Name Minimum Maximum Mean 

Freeway Annual Average Daily Traffic 
(AADT) 37,080 171,000 87,006.39 

Freeway Speed Limit in mph (FSL) 55 65 62.37 

Ramp Average Daily Traffic (RADT) 1,193 17,381 5,735.43 
Speed-Change Lane Length in feet 
(SCHL) 423 2,805 1,138.27 

Speed Difference Between Freeway and 
Crossroad in mph (SDFC) 10 40 19.93 

Ramp Design Speed in mph (RSP) 25 35 33.03 

Speed Difference Between Freeway and 
Ramp in mph (SDFR) 20 40 29.34 

Crossroad Speed in mph (CSS) 25 55 42.43 

 



61 
 

Parameters with one or more classifications are listed as categorical independent 

variables and are summarized in Table 11. 

TABLE 11 Frequency and Distribution of Categorical Variables 

Variable Name Categories Frequency (%) 

Interchange Type (INTR) 
Cloverleaf 48.7 
Diamond 32.9 

Other 18.4 

Number of Lanes Freeway (FL) 
Four Lane 28.9 
Six Lane 40.8 

> Six Lane 30.2 

Number of Lanes On-Ramp (RL) One Lane 78.9 
Two or More Lane 21.1 

Entry Ramp Configuration (RC) Direct 80.3 
Loop 19.7 

Speed-Change Lane Configuration (SC) Parallel 88.2 
Taper 11.8 

Upstream Ramp Distance (URD) <=0.25 mile 42.1 
> 0.25 mile 57.9 

Downstream Ramp Distance (DRD) <=0.25 mile 3.9 
> 0.25 mile 96.1 

Upstream Ramp Type (URT) On-ramp 26.3 
Off-ramp 73.7 

Downstream Ramp Type (DRT) On-ramp 22.4 
Off-ramp 77.6 

 

From the whole dataset, 76 entry ramps data were used for modeling, and the 

remaining 20 entry ramp speed-change lanes data was kept aside for model validation.   

6. 2  Checking Multicollinearity 

To develop SPF, at first independent variables are checked for multicollinearity 

among themselves. Multicollinearity means redundancy of independent variables and 

results in a greater variance of the estimated regression coefficient. Therefore, the 

independent variables are tested for inter-correlation to nullify the effect of dependency on 

any two-independent variables. If two independent variables are found to be correlated 
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with each other, only one of them was incorporated to develop the SPF and accurately 

estimate the number of crashes. 

Table 12 shows the Pearson correlation coefficient matrix for total crash computed 

considering the selected response and independent variables. The Pearson correlation 

coefficients indicate that the total number of crashes is negatively correlated with freeway 

speed limit, ramp design speed, and crossroad speed limit. This means a fewer number of 

crashes are observed due to uniform driving behavior with an increase in the speed limit 

on freeways. Also, fewer crashes occur near direct ramps compared to loop ramps. 

The number of total crashes is positively correlated with the natural logarithm of 

AADT, ramp configuration, and interchange type. The relationship between the total 

number of crashes and LN_AADT, and freeway speed limit is significant at a 99% 

confidence interval. On the other hand, LN_AADT is significantly correlated with the 

natural logarithm of ramp ADT, freeway speed limit, crossroad speed limits, the speed 

difference between freeway and ramp, and the number of lanes on the freeway. Hence, 

only LN_AADT was considered for the model development, to avoid redundancy. 

The ramp configuration (direct/loop) and interchange type are correlated with each 

other, the number of lanes on the ramp, upstream/downstream ramp type, and distance. 

Hence, only ramp configuration and interchange type were considered alternatively for 

model development. Finally, freeway AADT, length of the speed-change lane, the speed 

difference between freeway and entry ramp, ramp configuration, and interchange type were 

used for Generalized Linear Modelling.  A similar pattern in independent variable selection 

was observed from the Pearson Correlation Matrix for injury type B+C crashes (Table 13) 

and PDO crashes (Table 14). 
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6. 3  Developing SPF 

The steps for developing SPF is similar to the regression model as discussed in 

Chapter 3. Once the SPF is generated based on crash severity, the next step is to pick the 

best regression equation based on test statistics.  

 Independent variables with a significance value greater than 0.05 and those that 

yield a Wald-chi square value <1 were considered insignificant and excluded one after 

another (highest first) when modeling. Three different combinations of independent 

variables were tested to select the appropriate distribution for the number of crashes model. 

Table 15 summarizes outputs from various tried combinations. 

The effect of three independent variables - natural logarithm of freeway AADT, the 

speed difference between freeway and ramp, and ramp configuration was considered in the 

first model (Model 1). The effect of the natural logarithm of freeway AADT, the speed 

difference between freeway and ramp, and interchange type were considered in the second 

model (Model 2). Additionally, the effect of the natural logarithm of freeway AADT, the 

natural logarithm of the speed- change lane length, the speed difference between freeway 

and ramp, and ramp configuration was considered in the third model (Model 3). 
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TABLE 15 Estimated Model Parameters and Goodness-of-fit Measure 

Crash 
Type   Model 1 Model 2 Model 3 

TC 

Parameters Coefficient Sig. Coefficient Sig. Coefficient Sig. 
(Intercept) -13.631 0.001 -23.768 <0.001 -15.616 <0.001 
LN_AADT 1.667 <0.001 2.219 <0.001 1.628 <0.001 
LN_SCHL         0.376 0.246 

SDFR -0.062 0.022 0.059 0.01 -0.067 0.012 
Direct -1.498 <0.001     -1.548 <0.001 
Loop         

Cloverleaf     -1.002 0.001     
Diamond     -1.003 <0.001     

Other           
LL -241.54 -242.655 -240.864 
AIC 493.08 497.31 493.727 

AICC 493.938 498.528 494.945 
BIC 504.734 511.295 507.712 
Link 

Function TC/ three year = e−13.631 ∗ (AADT)1.667 ∗ e(−0.062∗SDFR) ∗ e(−1.498∗Direct) 

PDO 

(Intercept) -14.713 0.001 -23.465 <0.001 -17.109 <0.001 
LN_AADT 1.649 <0.001 2.136 <0.001 1.609 <0.001 
LN_SCHL         0.435 0.2 

SDFR -0.038 0.208 0.065 0.008 -0.043 0.144 
Direct -1.182 0.002   -1.231 0.001 
Loop       

Cloverleaf     -0.913 0.006     
Diamond     -0.789 0.008     

Other           
LL -220.326 -220.047 -219.504 
AIC 450.652 452.095 451.008 

AICC 451.509 453.312 452.226 
BIC 462.306 466.079 464.993 
Link 

Function PDO/ three year=e-14.713*(AADT)1.649*e(-0.038*SDFR)*e(-1.182*Direct) 

BC  

(Intercept) -12.519 0.011 -27.799 <0.001 -13.747 0.009 
LN_AADT 1.647 <0.001 2.537 <0.001 1.593 <0.001 
LN_SCHL         0.296 0.456 

SDFR -0.116 <0.001 0.036 0.201 -0.123 <0.001 
Direct -2.211 <0.001   -2.266 <0.001 
Loop       

Cloverleaf     -1.074 0.005     
Diamond     -1.546 <0.001     

Other           
LL -158.427 -161.689 -158.147 
AIC 326.855 335.377 328.293 

AICC 327.712 336.594 329.511 
BIC 338.508 349.361 342.278 
Link 

Function BC/ three year = e−12.519 ∗ (AADT)1.647 ∗ e(−0.116∗SDFR) ∗ e(−2.211∗Direct ) 
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6. 4  Goodness-of-Fit 

The selection of the best Generalized Linear Model (GLM) is based on test statistics 

such as Log-likelihood (LL), Bayesian Information Criterion (BIC), Akaike Information 

Criterion (AIC), and the corrected Akaike Information Criterion (AICC). Log-likelihood 

estimates the probability fit of observed data. In model comparison, the smaller the 

likelihood, the better is the model (Musa et al., 2017). Hence, a large value of log-likelihood 

indicates a good fit of the developed model.  Further, the BIC is a penalized-likelihood 

criterion that requires to be smaller when comparing two or more models.  

Similarly, the AIC statistics penalize overfitting of the model variables by the 2P 

term in the equation and improves the accuracy of the full model. Both AIC and AICC 

criteria refer to the goodness-of-fit of the developed model (Moon and Hummer, 2009; 

Pulugurtha and Pasupuleti, 2013; Musa et al., 2017). The lower the value of AIC and 

minimal the difference between AIC and AICC, the fittest is the model framework. AIC, 

AICC, and BIC are defined as follows. 

𝐴𝐴𝐴𝐴𝐶𝐶 =  −2(𝐿𝐿) + 2𝑃𝑃                                                                                                         (12) 

𝐴𝐴𝐴𝐴𝐶𝐶𝐶𝐶 = −2(𝐿𝐿) + 2𝑃𝑃 �
𝑛𝑛

𝑛𝑛 − 𝑃𝑃 − 1
�                                                                                (13) 

     𝐵𝐵𝐴𝐴𝐶𝐶 =  −2(𝐿𝐿) + log(𝑛𝑛)𝑃𝑃                                                                                                (14) 

where, L = maximized log-likelihood function,  

P = estimated number of parameters in the model, and, 

n = sample size. 

The computed LL, BIC, AIC and AICC for each model shown in Table 15 were 

compared to select the best-fit model. Among the three models, the third model has the 
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lowest LL value. However, Model 1 has the lowest BIC value and closest statistical AIC 

and AICC measures. 

Overall, the goodness-of-fit parameters are reasonably close for all the three 

models. This could be due to the existing strong correlation between the independent 

variables. However, the goodness-of-fit parameters indicate that Model 1 is marginally 

better than the other two models. 

The natural logarithm of freeway AADT, the speed difference between freeway and 

ramp, and ramp configuration play a significant role on the total number of crashes, the 

number of PDO crashes, and the number of injury type B and C crashes in the entry ramp 

speed-change lane areas. The positive coefficient for freeway AADT indicates that the 

number of crashes increases with the increase of natural logarithm of freeway AADT. 

Higher traffic volume means drivers require paying more attention while merging left on 

to the freeway. Failure to pay attention may result in a higher number of crashes. 

The coefficients of the speed difference between freeway and ramp and ramp 

configuration are negative in all the number of crashes models. The outcomes indicate that 

the number of crashes increases with the smaller speed difference between freeway and 

ramp. As the speed limit on freeway increases, drivers are comfortable at reaching the 

desired merging speed in the available time. Similarly, it was also found that the number 

of crashes is significantly lower at the direct ramps. 

6. 5  Model Validation and Calibration Factor Calculation 

Data for twenty entry ramps (∼20%) was used to assess the predictability of the 

developed SPFs. The speed-change lanes were selected in such a way that they are spatially 

distributed in the study area. At these speed-change lanes, the developed SPFs for different 
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crash severity was applied and predicted number of crashes were estimated. Various 

statistical parameters were computed and compared using equation 4 and 5. The results 

obtained from validation dataset are summarized in Table 16. The computed RMSE values 

are 7.58, 4.65, and 4.17 for TC, PDO, and BC, respectively. The computed MAE values 

are 5.52, 3.75, and 2.63 for TC, PDO, and BC crashes, respectively. 

TABLE 16 Comparison of Predictability 

Model Root Mean Squared Error (RMSE) Mean Absolute Error (MAE) 

TC 7.58 5.52 

PDO 4.65 3.75 

BC 4.17 2.63 

 Note: TC, PDO and BC are total, PDO and injury type B and C crashes, respectively. 
 

The calibration factors for the total crash, injury B and C crash, and PDO crashes 

were computed for the validation of speed-change lanes using 2011-2013 crash dataset. 

Table 17 presents the calibration factors for Mecklenburg County, North Carolina freeway 

merging speed-change lane by crash severity type. The regional SPF predicted 262 total 

crashes, 95 injury B and C crashes, and 179 PDO crashes. 

The subject speed-change lanes observed 200 total crashes, 47 injury B and C 

crashes, and 152 PDO crashes. The calibration factors computed for TC, BC, and PDO 

SPFs were 0.76, 0.49, and 0.85 respectively. The results obtained indicate that the regional 

SPFs over-predict the number of crashes at the speed-change lanes. These calibration 

factors were applied to SPFs for accurate prediction of the number of crashes in the 

merging speed-change lanes. 

 



71 
 

TABLE 17 Calibration Factor Computation 

Location # Observed Crashes (2011-2013) Predicted Crashes (2011-2013) 
TC BC PDO TC BC PDO 

1 7 4 3 8 2 7 
2 27 5 22 38 15 23 
3 1 0 1 3 1 2 
4 3 2 1 3 1 3 
5 5 1 4 3 1 3 
6 8 1 7 27 11 17 
7 28 6 22 19 6 14 
8 22 4 18 16 5 11 
9 12 0 11 29 11 19 

10 4 3 1 5 2 4 
11 2 0 2 8 2 6 
12 1 0 1 7 2 5 
13 2 0 2 5 2 4 
14 3 0 3 3 1 2 
15 0 0 0 3 1 2 
16 11 2 9 6 2 5 
17 1 1 0 5 2 4 
18 38 12 26 34 14 21 
19 13 3 10 26 8 18 
20 12 3 9 14 6 9 

Sum of crashes 200 47 152 262 95 179 
Calibration Factor 0.76 0.49 0.85   

 

6. 6   Empirical Bayes (EB) Method 

EB method was applied to calculate the expected number of crashes on I-485 

merging speed-change lanes in the after period, without the treatment (had speed limit not 

been increased). In this study, before and after period was considered as six months before 

speed limit change (2014) and six months after speed limit increase (2015) respectively. 

Data from January-June 2015 was not considered as the construction of the I-485 loop was 

completed and the speed limit signs were changed during this period.  

The EB method consists of four steps. At first, regional SPFs along with calibration 

factors were used to estimate the predicted number of crashes in 2015. Secondly, relative 
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weights were calculated by crash severity. Next, the expected number of crashes in 2015 

without treatment, was determined. This required using the predicted number of crashes in 

2015, relative weight, and the actual number of crashes from 2014. Lastly, the expected 

number of crashes without treatment and the actual number of crashes with treatment at I-

485 speed-change lanes were compared for the evaluation of safety effects.  

The predicted number of crashes during the after period and the estimated relative 

weights are summarized in Table 18.  

TABLE 18 Predicted Crash and Relative Weight Estimation 

Location # Description Exit 

Predicted Crashes (July-
December 2015) without 

treatment 
Relative weight, w 

TC BC PDO TC BC PDO 
1 US 29 SB TO I-485 INNER 32 2 0 2 0.246 0.724 0.284 

2 US 29 NB TO I-485 
INNER 32 1 0 1 0.459 0.89 0.489 

3 NC 49 TO I-485 INNER 33 1 0 1 0.317 0.788 0.36 
4 SR 2802 TO I-485 INNER 36 0 0 0 0.557 0.923 0.586 
5 SR 2805 TO I-485 INNER 39 0 0 0 0.576 0.928 0.604 
6 NC 24-27 TO I-485 INNER 41 1 0 1 0.4 0.841 0.446 
7 NC 51 TO I-485 INNER 43 0 0 0 0.622 0.94 0.649 
8 NC 218 TO I-485 INNER 44 0 0 0 0.622 0.94 0.649 
9 SR 1004 TO I-485 INNER 47 0 0 0 0.596 0.933 0.623 
10 SR 3174 TO I-485 INNER 49 0 0 0 0.622 0.94 0.649 
11 US 74 TO I-485 INNER 51 1 0 1 0.505 0.907 0.535 
12 SR 1010 TO I-485 INNER 52 1 0 1 0.5 0.905 0.529 
13 NC-16 TO I-485 INNER 57 1 0 1 0.282 0.759 0.323 

14 NC 16 SB TO I-485 
INNER 57 1 0 1 0.484 0.899 0.514 

15 REA RD SB TO I-485 
INNER 59 1 0 1 0.44 0.882 0.47 

16 US 521/JOHNSTON RD 
TO I-485 INNER 61 1 0 1 0.355 0.841 0.385 

17 SR 3998 TO I-485 INNER 65 1 0 1 0.286 0.795 0.314 

18 STEELE CREEK TO I-485 
INNER 4 2 0 2 0.216 0.689 0.252 

19 NC 160 WB TO I-485 
INNER 4 1 0 1 0.377 0.853 0.407 

20 SR 1148 TO I-485 INNER 6 1 0 1 0.373 0.851 0.403 
21 SR 1601 TO I-485 INNER 12 0 0 0 0.551 0.921 0.58 
22 NC 27 TO I-485 INNER 14 0 0 0 0.564 0.925 0.592 
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TABLE 18 (continued) 

Location 
# Description Exit 

  

Predicted Crashes 
(July-December 2015) 

without treatment 
Relative weight, w 

TC BC PDO TC BC PDO 
23 NC 16 EB TO I-485 INNER 16 1 0 1 0.355 0.815 0.4 
24 NC 16 WB TO I-485 INNER 16 0 0 0 0.57 0.926 0.598 

25 NC 24 WB TO I-485 
OUTER 21 1 0 1 0.393 0.838 0.439 

26 NC 24 EB TO I-485 OUTER 21 0 0 0 0.57 0.926 0.598 
27 NC 16 NB TO I-485 OUTER 16 1 0 1 0.349 0.811 0.394 
28 NC 16 SB TO I-485 OUTER 16 0 0 0 0.564 0.925 0.592 
29 NC 27 TO I-485 OUTER 14 1 0 1 0.349 0.811 0.394 
30 SR 1148 TO I-485 OUTER 6 1 0 1 0.377 0.853 0.407 

31 NC 160 EB TO I-485 
OUTER 4 1 0 1 0.422 0.875 0.452 

32 NC 49 SB TO I-485 OUTER 1 2 0 2 0.191 0.656 0.224 
33 NC 51 TO I-485 OUTER 64 1 0 1 0.355 0.841 0.385 

34 JOHNSTON RD SB TO I-
485 OUTER 61 2 0 2 0.227 0.703 0.264 

35 US 521 NB TO I-485 
OUTER 61 1 0 1 0.44 0.882 0.47 

36 REA RD TO I-485 OUTER 59 2 0 2 0.246 0.724 0.284 

37 REA RD NB TO I-485 
OUTER 59 1 0 1 0.484 0.899 0.514 

38 NC-16 TO I-485 OUTER 57 1 0 1 0.293 0.769 0.335 
39 NC 16 NB TO I-485 OUTER 57 1 0 1 0.5 0.905 0.529 

40 E INDEPENDENCE BLVD 
TO I-485 OUTER 51A 0 0 0 0.582 0.93 0.61 

41 SR 3174 TO I-485 OUTER 49 0 0 0 0.596 0.933 0.623 
42 SR 1004 TO I-485 OUTER 47 0 0 0 0.622 0.94 0.649 
43 NC 218 TO I-485 OUTER 44 0 0 0 0.622 0.94 0.649 
44 NC 51 TO I-485 OUTER 43 0 0 0 0.636 0.943 0.662 
45 NC 24-27 TO I-485 OUTER 41 0 0 0 0.576 0.928 0.604 
46 SR 2805 TO I-485 OUTER 39 0 0 0 0.557 0.923 0.586 
47 SR 2802 TO I-485 OUTER 36 0 0 0 0.528 0.914 0.557 
48 NC 49 TO I-485 OUTER 33 1 0 1 0.459 0.89 0.489 

 

The results from EB analysis for “before speed limit change and after speed limit 

change” are presented in Table 19. The table summarizes the ramp ID, speed-change lanes, 

the expected number of crashes (had speed limit not been increased to 70 mph), and the 

actual number of crashes (after speed limit increase has been increased to 70 mph) by crash 

severity during the six-month period from July - December 2015. The table also shows the 
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percentage of locations with an increase, no change, and a decrease in the number of 

crashes by each crash type. 

TABLE 19 Summary of Before-After Crashes on I-485 Speed- change lane 

Location # Description Exit 
TC BC PDO 

E A E A E A 
1 US 29 SB TO I-485 INNER 32 1 0 1 0 1 0 

2 US 29 NB TO I-485 
INNER 32 1 1 1 0 1 1 

3 NC 49 TO I-485 INNER 33 1 0 1 0 1 0 
4 SR 2802 TO I-485 INNER 36 2 1 1 0 2 1 
5 SR 2805 TO I-485 INNER 39 1 0 1 0 1 0 
6 NC 24-27 TO I-485 INNER 41 2 3 1 0 2 3 
7 NC 51 TO I-485 INNER 43 1 0 1 0 1 0 
8 NC 218 TO I-485 INNER 44 1 0 1 0 1 0 
9 SR 1004  TO I-485 INNER 47 1 2 1 0 1 2 
10 SR 3174 TO I-485 INNER 49 1 0 1 0 1 0 
11 US 74 TO I-485 INNER 51 1 4 1 2 1 2 
12 SR 1010 TO I-485 INNER 52 2 0 1 0 2 0 
13 NC-16 TO I-485 INNER 57 3 10 1 3 2 7 
14 NC 16 SB TO I-485 INNER 57 2 4 1 2 2 2 

15 REA RD SB TO I-485 
INNER 59 4 6 1 1 3 5 

16 US 521/JOHNSTON RD 
TO I-485 INNER 61 5 0 1 0 3 0 

17 SR 3998 TO I-485 INNER 65 4 7 1 1 3 6 

18 STEELE CREEK TO I-485 
INNER 4 3 2 1 0 3 2 

19 NC 160 WB TO I-485 
INNER 4 1 3 1 0 1 3 

20 SR 1148 TO I-485 INNER 6 1 2 1 0 1 2 
21 SR 1601 TO I-485 INNER 12 1 2 1 0 1 2 
22 NC 27 TO I-485 INNER 14 2 0 1 0 2 0 

23 NC 16 EB TO I-485 
INNER 16 1 1 1 0 1 1 

24 NC 16 WB TO I-485 
INNER 16 1 0 1 0 1 0 

25 NC 24 WB TO I-485 
OUTER 21 1 3 1 2 1 1 
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TABLE 19 (continued) 

Location # Description Exit 
TC BC PDO 

E A E A E A 
26 NC 24 EB TO I-485 OUTER 21 1 2 1 0 1 2 
27 NC 16 NB TO I-485 OUTER 16 1 2 1 0 1 2 
28 NC 16 SB TO I-485 OUTER 16 1 0 1 0 1 0 
29 NC 27 TO I-485 OUTER 14 1 1 1 0 1 1 
30 SR 1148 TO I-485 OUTER 6 1 1 1 0 1 1 

31 NC 160 EB TO I-485 
OUTER 4 1 0 1 0 1 0 

32 NC 49 SB TO I-485 OUTER 1 1 2 1 0 1 1 
33 NC 51 TO I-485 OUTER 64 1 1 1 0 1 1 

34 JOHNSTON RD SB TO I-
485 OUTER 61 7 11 1 4 5 7 

35 US 521 NB TO I-485 
OUTER 61 2 7 1 0 2 7 

36 REA RD TO I-485 OUTER 59 2 1 1 0 1 1 

37 REA RD NB TO I-485 
OUTER 59 1 1 1 0 1 1 

38 NC-16 TO I-485 OUTER 57 2 5 1 2 2 3 
39 NC 16 NB TO I-485 OUTER 57 1 1 1 0 1 1 

40 E INDEPENDENCE BLVD 
TO I-485 OUTER 51A 2 3 1 2 2 1 

41 SR 3174 TO I-485 OUTER 49 1 2 1 0 1 2 
42 SR 1004 TO I-485 OUTER 47 1 0 1 0 1 0 
43 NC 218 TO I-485 OUTER 44 1 0 1 0 1 0 
44 NC 51 TO I-485 OUTER 43 1 1 1 0 1 1 
45 NC 24-27 TO I-485 OUTER 41 1 2 1 0 1 2 
46 SR 2805 TO I-485 OUTER 39 1 2 1 1 1 1 
47 SR 2802 TO I-485 OUTER 36 2 1 1 0 1 1 
48 NC 49 TO I-485 OUTER 33 1 1 1 1 1 0 
Total 78 98 48 21 69 76 
% of intersections with an increase in the # of 
crashes  44% 15% 33% 

% of intersections with a decrease in the # of crashes  38% 77% 38% 
% of intersections with no change in the # crashes 19% 8% 29% 

 
The results obtained indicate that the sum of the expected number of total crashes 

at the 48 speed-change lanes is equal to 78. This is less than the sum of the actual number 

of total crashes, which is equal to 98. Hence, an increase in the number of total crashes was 

observed after speed limit change. Similarly, the sum of the actual number of PDO crashes 

increased after changing the posted speed limit on I-485. 
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Overall, the number of total crashes increased at 44% of the speed-change lanes, 

decreased at 38% of the speed-change lanes, and have not encountered any change at 19% 

of the speed-change lanes.  

Similarly, the number of PDO crashes have increased at 33% of the speed-change 

lanes, decreased at 38% of the speed-change lanes, and have not experienced any change 

at 29% of the speed-change lanes. These results obtained indicate not much of an improved 

condition for PDO crashes, which could be due to growing traffic and congestion on I-485. 

Likewise, the sum of the number of injury B and C crashes have decreased after raising the 

posted speed limit on I-485. The number of injury B and C crashes increased at 33% of the 

speed-change lanes, decreased at 38% of the speed-change lanes, and have not encountered 

any change at 29% of the speed-change lanes. 

The ratios of the actual number of crashes (A) to the expected number of crashes 

(E) for the speed-change lanes are presented in Figure 8, 9, and 10. The speed-change lanes 

with A/E ratio <1 indicates enhanced safety after increasing the posted speed limit. 

Likewise, A/E ratio = 1 means no change in safety, while A/E>1 indicates an increase in 

the total number of crashes after increasing the posted speed limit. 

FIGURE 8 A/E ratio for total crash 
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From the figures, it is evident that A/E ratio was high for low crash speed-change 

lanes. After increasing the posted speed limit, the number of crashes increased at these 

locations. Therefore, it is important to consider low exposure entry ramp speed-change lane 

areas for potential safety measure, as these have high-risk potential. The speed-change 

lanes encountering higher number of crashes have an A/E ratio greater than 1. The regional 

SPFs under-estimated the number of crashes at low crash locations (where the crash 

number is 2 or fewer over the study period). However, as the number of crashes increased, 

the error in prediction decreased. This prediction errors could be solved by conducting 

sensitivity and elasticity analysis in the future. 

FIGURE 9 A/E ratio for BC crash 

FIGURE 10 A/E ratio for PDO crash 
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CHAPTER 7: CONCLUSION AND DISCUSSION 

 
 
A transition from the low-speed road onto high-speed traffic stream requires 

adequate gap and time, but not at the cost of the safety of the users. Traffic safety at merging 

speed-change lane is, therefore, a significant problem that needs to be addressed. This issue 

becomes particularly important with plans to increase freeway posted speed limit.  

7.1 Risk Modelling 

This research attempts to identify the potential crash risk factors for various crash 

severities. Two different MNL logit models were developed for crash severities by 

interchange type. The relative risk of crash severities was examined. The findings from this 

research indicate that risk of getting involved in a crash in the cloverleaf interchange is 

lower 1) on roads with less than six-lanes, 2) in merging speed-change lanes with merging 

upstream ramp, and 3) parallel speed-change lane when compared to their reference 

categories. Based on the result, six-lane freeways are the safest among all categories. The 

probability of collision is lower for four and six-lane freeways. As the number of freeway 

lanes increases, the chances of maneuvering and probability of collision increases. 

Likewise, if there are two consecutive merging ramps upstream/downstream, the subject 

ramp traffic volume might not be too high and could have less risk of collisions. Also, 

drivers were found to be more comfortable at using parallel speed-change lanes and reach 

desired speed faster than the taper type. 

Further, the risk of getting involved in a crash in cloverleaf interchange is higher 1) 

for adult-age drivers (41-55 years), 2) single-lane ramps, and 3) upstream ramp distance 

<=0.25 mile compared to their reference categories. Moreover, multi-lane ramps are safer 
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than single lane ramps. This factor attributes to more time and space allotted to merging 

vehicles to speed up and achieve the desired merging speed. Likewise, if the upstream ramp 

is too close, the risk of speed-change lane crash increases. 

The risk of getting involved in a crash in the diamond interchange is lower 1) in 

merging speed-change lanes with merging upstream/downstream ramp, and 2) upstream 

ramp distance <=0.25 mile compared to their base categories. The findings also indicate 

that the risk of getting involved in a crash in the diamond interchange is higher 1) on roads 

with less than six-lanes, 2) under clear and cloudy weather conditions, 3) at single-lane 

ramps, and 4) if downstream ramp distance is less than or equal to 0.25 mile compared to 

their reference categories. 

7.2 Regional SPF 

The calibration of the HSM model requires extensive data collection effort at the 

state level. Unless data is captured at micro-level, relying on different sources of data could 

suffer from accuracy and consistency. The second objective of this research is to identify 

independent variables and develop the number of crashes models by severity for entry ramp 

speed-change lane areas at the regional level. Traffic and geometric characteristics were 

captured and used in the model development. The developed SPFs indicate that freeway 

traffic volume, the speed difference between freeway and ramp, and ramp configuration 

play a relatively predominant role in estimating the number of crashes in the speed-change 

lane for urban freeways. 

However, the regional crash estimation models’ over-estimate the number of 

crashes by severity. Therefore, it was essential to estimate the calibration factor for accurate 
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prediction. The calibration factors computed for the total crash, injury B and C crash, and 

PDO crash SPFs were found 0.76, 0.49, and 0.85 respectively. 

7.3 EB Analysis 

The third objective of this study uses the Empirical Bayes method to evaluate the 

effect of increased posted speed limit on I-485 freeway. The results obtained indicate that 

the number of total and PDO crashes have increased after the policy enactment, while the 

number of injury B and C crashes decreased after the policy enactment. The findings 

indicate that 44% of the speed-change lanes experienced an increase in the total number of 

crashes, 19% of the speed-change lanes encountered no change, and 38% of the speed-

change lanes experienced a reduction in the total number of crashes. More than 70% of the 

speed-change lanes encountered no change in the number of injury crashes due to the new 

posted speed limit. For PDO crashes, not much safety improvement was observed in the 

after period, due to possible growing socio-economic development and traffic congestion 

on I-485. Overall, increasing posted speed limit was not effective for I-485 in Mecklenburg 

County, North Carolina, in terms of safety. 

7.4 Scope for Future Work 

Change in freeway and ramp geometry is expensive, and often practically not 

possible in the urban areas. The policy to increase posted speed limit could aggravate the 

number of crashes and severity in some cases. If freeway traffic is high, it is also 

recommended to install traffic signals at merging ramp terminals to control ramp flow and 

reduce the risk of collisions. Future work pertains including diverging ramp terminals and 

identifying joint high crash locations. 
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Considering more entry ramp speed-change lanes and using data for more number 

of years after increasing the posted speed limit would help validate and improve the 

accuracy of the models at regional-level. As data becomes available, HSM base condition 

variables, along with ramp density (or spacing) data can be investigated further to access 

their effect on safety and compare with regional models. Condition-specific (freeway 

traffic volume, ramp traffic volume, their combination or other) models also warrant an 

investigation. It is also recommended to consider more after period data for the EB analysis 

to conduct a safety evaluation. The results could be different for other urban freeways such 

as I-277, I-77, and I-85; spatially and temporally for loop and non-loop interstates.  

Likewise, the type of uncontrolled development including socio-economic, demographic, 

and land use characteristics could influence the results. It is also suggested to conduct a 

spot-speed study for freeway sections to evaluate driver’s actual travel speed before and 

after increasing the posted speed limit, over time, and understand their behavior after 

change in the posted speed limit. 
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