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ABSTRACT

Low visibility conditions can inhibit a driver’s ability to perceive appropriate operating
speeds, particularly during foggy conditions in which the characteristics of the fog can vary
spatiotemporally. By reducing visibility and contrast in the visual field, fog obscures crucial
driving cues essential for perceiving depth and speed. Studies have shown that fog-related
crashes are more likely to involve multiple vehicles and severe injuries than crashes during clear
conditions. Numerous agencies have installed countermeasures such as weather advisory
systems and variable speed limits (VSLs) to mitigate these conditions, but not many studies have
quantitatively analyzed the results of these countermeasures.

In October 2016, the Virginia Department of Transportation (VDOT) activated a VSL
system on a 12-mile section of 1-77 that runs through mountainous terrain in southwestern
Virginia. The area is known to have severe, recurring fog events, so the VSL system was
installed to reduce the quantity and severity of crashes in the corridor. This study assessed how
the I-77 VSL system has affected speeds and crash characteristics since its activation. Before the
installation of the VVSL, drivers frequently drove much faster than the safe speed based on the
stopping sight distance during fog. The purpose of the VSL system was to influence drivers to
travel closer to the safe speed during reduced visibility events by posting appropriate reduced
speed limits.

The analysis examined the effect of the VSL system on driver speeds before and after
activation at a single site and after activation across the corridor. Effects on crashes for the entire
corridor were also examined. The results showed statistically significant reductions in mean
speeds and variances after the VSL was activated, and drivers drove closer to the safe speed
based on available visibility. Models developed to understand how the VSL system affected
speed as a function of visibility showed that speeds were reduced by a statistically significant
amount when VSLs were active. Trends in speed by posted speed limit were examined across
the corridor, and it was found that compliance generally improved once drivers encountered
reduced visibilities. Speeds did not change as much in transition areas leading into the area
where the fog was present, however. Crash analysis revealed only two fog-related crashes in the
after period, yielding reduced crash rates during low visibility conditions and indicating
improved safety. These safety results are considered preliminary, however, because of limited
after data. The results of this VSL implementation may be used to refine the current VVSL control
algorithm to improve compliance even further and could also serve as a reference for other
agencies contemplating alternatives to improve safety at fog-prone areas.

Given the results, it is recommended that VDOT’s Southwest Region Operations convene
a group to modify the VSL control algorithm. It is further recommended that the Virginia
Transportation Research Council re-evaluate the safety effects of the system after at least 3 years
of after data are available to make a more definitive determination of the safety effects of the
system and to determine its return on investment. Implementation of these recommendations
could further improve the efficacy of the system and result in a better quantification of the full
benefits of the system.
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INTRODUCTION

Reduced visibility conditions, such as fog, represent a challenging environment for
drivers. Fog reduces visibility and contrast in the visual field, which can negatively affect the
perception of depth and speed (Hamilton et al., 2014). When these crucial driving cues are
obscured, a driver’s ability to judge appropriate operating speeds may be compromised. Some
studies indicate that motorists seem to compensate for these losses by changing following
distances to ensure that the taillights of a lead vehicle remain visible (Hamilton et al., 2014).
Drivers may not reduce speed when driving in fog until they feel their lane-keeping ability is
compromised; thus they may maintain operating speeds too great for the close following
distances and limited visibilities under fog conditions (Hamilton et al., 2014). These driving
behaviors in fog conditions result in a greater likelihood of severe crashes and multiple-vehicle
crashes than during clear conditions (Abdel-Aty et al., 2011).

To mitigate safety concerns, agencies sometimes install countermeasures such as weather
advisory systems and variable speed limits (VSLs) in areas where fog events are common.
Weather advisory systems that include dynamic message signs (DMSs) to relay weather
information, speed advisories, and VSLs have been installed in several states and in other
countries. However, not many quantitative evaluations of these systems have been performed.

A 12-mile section of I-77 that runs through mountainous terrain in southwestern Virginia
has severe, recurring fog events. In the past 20 years, several major fog-related multi-vehicle
chain reaction crashes have occurred on this corridor. On February 14, 1997, a chain reaction
crash involved 56 vehicles, incurring 12 injuries, during a fog event (Lynn et al., 2002). Another
fog-related series of crashes in September 2005 involved 50 vehicles, causing 25 injuries
(McDonald, 2015). On November 16, 2010, visibilities were less than 100 ft when more than 70
vehicles were involved in 10 separate crashes that resulted in 2 fatalities and 16 injuries and
closed the highway for nearly 10 hours (URS Corporation, 2012). One of the most severe fog
events to date happened on March 31, 2013. When fog resulted in limited visibilities to 167 ft at
the worst locations, a series of 17 crashes involving 96 vehicles resulted in 3 fatalities and 25
injuries and took almost 11 hours to clear (McDonald, 2015).

In 2002, Lynn et al. (2002), in a study on reducing fog-related crashes on I-77, suggested
seeking authorization for experimental use of VSLs. Other less costly countermeasures were



employed over the subsequent years, including rumble strips, delineator signs, wider pavement
markings, chevrons, and other enhanced signs (McDonald, 2015). In 2014, the Virginia
Department of Transportation (VDOT) awarded a $7.5 million contract to build an Active
Traffic and Safety Management System (ATSMS) along 12 miles of I-77 in Fancy Gap. The
system was activated in October 2016 and had been in operation for a full year at the time of this
study. Now that VDOT has gained experience with the system, there is a need to quantify its
effect on traffic and safety. Before the evaluation of the VSL system is discussed, it is useful to
provide context for previous work that evaluated safety in the area in addition to information on
the design of the VSL system.

Previous Studies of I-77

Several safety studies were conducted on this section of I-77 between 1995 and 2016.
These studies assessed the relative safety of the corridor by quantifying the traffic incident
frequency and severity of fog-related incidents. Four such studies are discussed here.

A 2002 study found that 14 of 139 crashes between Mileposts (MPs) 2 and 9 over a 4-
year period were attributable to fog (Lynn et al., 2002). Although this represented 10% of all
crashes, these crashes accounted for nearly 44% of all vehicles involved in crashes, averaging
nearly 11.21 vehicles per crash event and 2.64 injuries per event (Lynn et al., 2002). The 2007
and 2012 studies had a broader scope and analyzed the corridor from MPs 0 to 32.5. The 2007
study found a total of 1,009 individual crashes involving 1,611 vehicles, and the 2012 study
identified 1,118 individual crashes involving 1,718 vehicles (URS, 2012). The proportion and
frequency of fog-related crashes decreased from 68 crashes (6.7% of total crashes) from 2001-
2005 to 52 crashes (4.7% of total crashes) from 2006-2010. These reductions may be due to
some of the enhanced warning and lane departure countermeasures implemented after the 2002
study, but it is difficult to assign causality since the number and duration of fog events were not
accounted for in these studies.

The 2016 study examined crash characteristics considering exposure to fog events and
driver speed choice under foggy conditions as a safety surrogate measure (McCann and Fontaine,
2016). Crash analysis of police crash reports for crashes between MPs 0 and 15 showed 524
total crashes, 58 of which occurred under low visibility conditions. An overwhelming 84% of
the fog-related crashes occurred in the southbound (SB) direction. Five of these crashes resulted
in fatalities, and 23 in injuries. Although fog-related crashes accounted for only 11% of total
crashes, they accounted for 19% of fatal and injury crashes. More than 90% of fog-related
crashes involved two or more vehicles; this proportion was only 47% during clear conditions.
Crash rates during fog were calculated to be about 580 crashes per 100 million vehicle miles
traveled (VMT), nearly 8.5 times greater than the rate during clear conditions.

The 2016 study reaffirmed the notion that the area between MPs 2 and 9 most commonly
had severe fog events. Visibility data collected from Road Weather Information System (RWIS)
visibility sensors confirmed that fog varied spatiotemporally and was concentrated most heavily
near MPs 5.3 and 6.6. Speed analysis also revealed that drivers traveled much faster than the
stopping sight distance (SSD) safe speed based on available visibilities. Although speed



reductions were observed during dense fog, at locations with some of the worst visibilities, mean
speeds were still 25 mph or higher over SSD safe speeds. Increasing standard deviations of
speed were also observed as visibilities worsened. Details of this analysis are provided by
McCann and Fontaine (2016).

A baseline model for driver behavior in fog before VSL installation was also developed.
McCann and Fontaine (2016) found that driver speeds were inversely related to visibility
distance, varied for day and nighttime, and varied by milepost. Although some temperature and
precipitation data were available, McCann and Fontaine’s model did not reveal those variables to
be statistically significant. The final model yielded an adjusted R? value of 0.451.

4204
S =64.6— Vis + (1.13 * DayNight) + (6.07 * SB6) — (2.67 * SB7)
where

S = mean speed per 5 minutes (mph)

Vis = visibility distance (ft)

DayNight = day or night dummy variable, with 1 indicating day and 0 indicating night
SB6 = dummy variable, with 1 indicating site MP 6.6 SB

SB7 = dummy variable, with 1 indicating site MP 7.3 SB.

Although the R? fit was low, the model was useful to explain the overall trend found.
The results of McCann and Fontaine’s study served as inputs into the subsequent development of
the initial VVSL control algorithm for I-77.

Site Characteristics and I-77 VSL Description

I-77 runs 68 miles through the mountainous southwestern region of Virginia. The I-77
ATSMS project is located in the southernmost section of this interstate from MP 0 at the North
Carolina border to MP 12, just south of Route 702, as shown in Figure 1. Although grades vary
across the site, there is a relatively constant +4% grade between the North Carolina state line and
approximately MP 6, with SB traffic traveling downhill. This section of I-77 is a four-lane
divided freeway, with an additional truck-climbing lane from MPs 0 to 7 in the northbound (NB)
direction. There are also two runaway truck ramps in the SB direction. The base posted speed
limit (PSL) during clear conditions is 65 mph. In 2016, the average annual daily traffic was
more than 19,000 vehicles per day in each direction and more than 25% of the traffic was trucks.
Shoulder widths along the corridor range from 4 to 6 ft for left shoulders and 10 to 12 ft for right
shoulders (McDonald, 2015). In addition to steep grades, there are 11 horizontal curves
throughout the site.

Before VSL implementation, VDOT had already implemented the following
countermeasures (McDonald, 2015; URS, 2012):

e 5DMSs
e Safety Service Patrol (24 hours/day between MPs 0 and 19), started in 2012



11 RWIS stations installed by fall 2009

shoulder rumble strips installed in fall 2012 on the majority of the roadway sections
wider 8-in pavement markings added

chevron signs (MUTCD Sign W1-8) added in all curves

enhanced regulatory and warning signs upgraded to new prismatic sheeting
regulatory signs dual indicated.

A $7.5 million contract to construct the I-77 ATSMS was awarded to G4S Technologies
in February 2014. Before construction of the system began, 12 miles of power and 14 miles of
fiber optic communications infrastructure were installed beginning in July 2011 to support the
system installation (McDonald, 2015). The system was initially set to be in operation by the
summer of 2015, but because of construction delays, it was not operational until October 2016.
When construction was completed, the project had added 13 DMSs, 36 full matrix VSL displays,
8 speed limit signs with dynamic VSL cutouts, 25 CCTV cameras, 22 traffic sensors, and 14
RWIS stations. The locations of these devices are shown in Figure 2, and examples of devices
are shown in Figure 3.

Before the entrance to the corridor, static signs reading “Speed Limit May Vary Next 12
Miles” were posted, along with static warning signs with flashers reading “Reduced Speed When
Flashing” placed throughout the corridor in both directions (Kimley-Horn and Associates
[Kimley-Horn], 2015). DMSs were installed at locations at the start of the corridor in both
directions and at various intervals throughout the site to warn users of fog conditions ahead and
to reduce speeds downstream. Signs were also posted to indicate the end of the VSL zone, as
shown in Figure 3d.
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Figure 1. Map of Corridor Location. Red triangles represent VSL sign locations. VSL = variable speed limit.
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Figure 3. VSL System Devices: (a) full matrix DMS VSL display; (b) speed limit signs with dynamic VSL
cutout; (c) RWIS station; and (d) traffic sensor, CCTV, and signing at the northern end of the corridor. VSL
= variable speed limit; DMS = dynamic message sign; RWIS = road weather information system; CCTV =
closed circuit television.

VSL messages are displayed on the full matrix VSL displays and speed limit signs with
dynamic VSL cutouts, shown in Figure 3, all of which are dual mounted in each direction and
spaced no more than 1.5 miles apart. During clear conditions, VSLs post the base regulatory
speed of 65 mph. Speed limits as low as 30 mph can be posted when conditions dictate. VSL
speeds are set based on the visibility data from the RWIS stations and traffic data from traffic
detection stations. A more detailed description of the VVSL algorithm is provided later.



RWIS stations are spaced within 1.7 miles of each other and are located more densely
within the fog-prone area near MP 6.6. These stations contain equipment to collect pavement
temperature and condition, air temperature, humidity, barometric pressure, precipitation type and
intensity, wind speed and direction, and visibility. The visibility sensors at each station are
mounted 20 ft in the air and use forward scatter techniques to estimate visibility distance. Near
each RWIS station, there are corresponding Wavetronix side-fire radar devices to collect traffic
data. Although speeds posted by VSLs are regulatory, speed enforcement during low visibility
conditions is limited. Because of safety concerns, enforcement by the Virginia State Police
during low visibility conditions is selective to reduce the risk to enforcement officers during
limited visibility conditions.

VSL Algorithm

As part of a collaborative effort among VDOT’s Southwest Region Operations (SWRO),
VDOT’s Traffic Engineering Division, VDOT’s Operations Division, the Virginia
Transportation Research Council (VTRC), and Kimley-Horn, a methodology for operating the I-
77 VSLs was prepared. Since the speed data showed that drivers frequently traveled much faster
than the SSD-based safe speed, VDOT was concerned that simply posting these speeds would
not adequately alter driver behavior and instead would further increase speed variance and
interactions between vehicles during low visibilities. Thus, the initial VSL algorithm
recommended speeds that were between those of the pre-VSL driving behavior model and the
SSD safe speed, which resulted in a step function of visibility to determine the posted speed.

The step function used a modified version of McCann and Fontaine’s (2016) driver
behavior model equation, requiring fewer parameters. This model mean speed was represented
by the following equation (Kimley-Horn, 2015):

S = ede 4204
= 64. %

” + (2.15 * DayNight)

where

S = mean speed per 5 minutes (mph)
Vis = visibility distance (ft)
DayNight = day or night dummy variable, with 1 indicating day and 0 indicating night.

This model mean speed was modified based on the SSD safe speed, which is determined
directionally because of uphill/downhill grades. When SSD safe speeds were higher than 50
mph, the model mean speed was used directly to make a posted speed recommendation. When
SSD safe speeds were 40 to 50 mph, the model mean speed was reduced by 5 mph. When SSD
safe speeds were below 40 mph, the model mean speed was reduced by 10 mph. In addition, the
algorithm considered a day/night variable, so there were six step functions considered for both
day and night with different cutoff points for steps for the NB and SB directions. A graphical
representation of the model is shown in Figure 4 for the SB direction.

At each VSL location, depending on average observed speeds over an interval, the
algorithm would determine what the posted VSL should be based on the minimum value of



either the mean observed speed or the step-adjusted model fit. VSLs would not post values
below 30 mph, and an additional smoothing algorithm would adjust VVSLs over the corridor to
have a smooth transition between posted VSLs as drivers traveled into and out of fog zones.
Speed limits between successive VSL signs could not decrease by more than 15 mph but could
return to 65 mph as quickly as possible after the fog zone was exited provided no additional
visibility impacts followed downstream. For example, SB VSL signs approaching the fog zone
would transition from 60 to 45 to 30 mph at the worst fog locations. As soon as drivers exited
the fog zone, the next VVSL sign could read 65 mph if visibilities were clear in the remainder of
the corridor. VSL speeds at individual locations were also subject to a step range that would not
allow them to vary by more than 15 mph over successive 5-minute intervals.
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PURPOSE AND SCOPE

The two primary goals of the I-77 VSL system are to reduce the quantity and severity of
crashes in the corridor. The I-77 ATSMS Concept of Operations proposed reductions in total,
fatal, property damage, and injury crashes as measures of effectiveness along with changes in
speed limit compliance (URS, 2012).

The purpose of this study was to evaluate the effectiveness of the 1-77 VSL system
during its first year of operations. The objectives were as follows:

1. Determine the effect of the VSLs on driver speeds throughout the corridor.
2. Determine changes in crash characteristics after VSL activation.

The study used data collected from police crash reports, weather sensors, and traffic
sensors across the corridor. The scope of the study was limited spatially to the 1-77 corridor
from MPs 0 to 12 and temporally to the first year of VSL operations. Given that the SB direction



had higher speeds and was the direction with the largest associated safety concerns, the analysis
focused on only the SB travel direction as the critical use case.

This study built on previous safety evaluations of the site to assess if the system had the
desired effect in the first year. Although previous work by McCann and Fontaine (2016)
established safety and driver behavior trends before VSL activation, this study focused on
assessing whether the system created positive changes in safety on the corridor after system
activation.

METHODS
Review Relevant Literature
A review of the literature related to the project scope was performed. Relevant studies
were identified by searching research indexed by the VDOT Research Library and research in
the Transportation Research Board’s TRID database. The literature review focused on previous

evaluations of driver behavior during limited visibility conditions and evaluations of the
effectiveness of countermeasures to address safety issues during limited visibility.

Identify and Collect Data on I-77

Table 1 summarizes the data used in this study. These data elements are discussed
separately in the following sections.

Table 1. Summary of New Data Used in This Study

Data Aggregation
Type Data Source Period Location Interval
Visibility | Vaisala Jan. 2015- MPs 1.2,1.8,2.7,3.0,4.4,5.3,6.6, 7.3, 10 min
Dec. 2015 9.0, 9.6, 11.3, and 16.9
SWRO logs Oct. 2016- MPs 1.3,1.9,2.7,3.1, 3.5,4.4,5.4, 5.6, Approx. 6 min
Sept. 2017 6.5,7.2,8.1,9,9.5, and 11.4
Weather | Vaisala Jan. 2015- MP 4.4 10 min
July 2016
Speed VDOT portable Jan. 2015- Southbound MP 4.4 15 min
speed detection July 2016
SWRO logs Oct. 2016- Southbound MPs 1.0, 3.3, 4.3, 4.4, 5.3, Approx. 6 min
Sept. 2017 6.2,6.6,7.5,8.1, 8.8 9.7,10.2, and 11.3
VSLs SWRO logs Oct. 2016- Southbound MPs 1.8, 3.4, 4.5, 5.6, 6.5, Approx. 6 min
Sept. 2017 7.2,8.1,95,10.2,and 11.6
Volume VDOT Traffic Jan. 2015- MPs 0-12 5, 15 min
Monitoring System Aug 2016
Oct. 2016- MPs 0-12
Aug. 2017
Crash VDOT Roadway Jan. 2015- MPs 0-12 N/A
Network System Dec, 2015
Oct. 2016- MPs 0-12
Aug. 2017

MP = milepost; SWRO = Southwest Region Operations; VVSLs = variable speed limit; N/A/ = not applicable.




Data were available at a limited number of locations along the corridor before VSL
activation from both permanent and temporary data collection stations. After VSL installation,
some stations were relocated and additional permanent data collection sites were installed. Data
before VSL activation were obtained primarily through querying existing databases to update
data that were previously collected by McCann and Fontaine (2016). For the after period,
SWRO provided logs of VSLs, speeds, and visibility during fog events. Although data were
available for both directions of travel, the after analysis of this study focused on the SB
(downhill) direction given that previous work indicated this direction was responsible for the
vast majority of safety concerns.

Visibility and Weather Data

Visibility data were collected from Vaisala PWD10/12 visibility sensors at each RWIS
station. These sensors use forward scatter technology to measure visibility over a short distance
and extrapolate it out to estimate visibility distance in feet at the site. Additional weather data
collected at RWIS stations included pavement temperature and condition, air temperature,
humidity, barometric pressure, precipitation type and intensity, and wind speed and direction.

In the before period, weather data consisted of two types of information. Visibility data
consisted of readings archived every 10 minutes from RWIS stations located at MPs 1.2, 1.8, 2.7,
3.0,4.4,5.3,6.6,7.3,9.0,9.6, 11.3, and 16.9 from January 2015-December 2015. Additional
visibility and weather data were retrieved from the RWIS station at MP 4.4 for the period
January 2015-July 2016, when data were no longer available through the Vaisala external site.
These additional data were used to enhance the before condition model of speed behavior.

For the after period, three additional RWIS stations installed at MPs 3.5, 5.6, and 8.1
were available, and several stations were relocated. The RWIS station at MP 16.9 was outside
the scope of the study for the after period and thus data from this station were not used. The
stations used for the after analysis were at MPs 1.3, 1.9, 2.7, 3.1, 3.5,4.4,5.4,5.6, 6.5, 7.2, 8.1,
9,9.5,and 11.4. Although RWIS stations were located either on the NB shoulder, on the SB
shoulder, or in the median, most stations had the ability to provide visibility readings for both
directions regardless of location. After system activation, visibility data were acquired from
SWRO logs for fog events from October 2016-September 2017. These visibility readings were
updated at an average rate of one reading every 6.5 minutes. In addition, sunrise and sunset
times for the years 2015-2017 were acquired from the U.S. Naval Observatory to determine
day/night conditions.

Speed and Volume Data

Before VSL activation, continuous speed data were available only at MP 4.4 SB from the
VDOT Traffic Monitoring System (TMS). The detectors recorded the count of vehicles in 5-
mph speed bins in 15-minute intervals. In order to match speeds to visibility readings, these 15-
minute intervals were converted to 10-minute intervals. This conversion involved evenly
splitting 15-minute intervals into 5-minute intervals assuming a linear distribution of data during
each 15-minute interval. Then, average speeds for the new 10-minute intervals were calculated

10



assuming all vehicles were traveling at the midpoint of each 5-mph bin and finding the volume
weighted average speed.

In the after period, new sensors came online to support VSL operations, adding to the
data available from the TMS. Every time the VSL was activated, SWRO would generate a log
file including mean speeds and PSLs for every location in the corridor. The recording interval
averaged approximately 6.5 minutes. Mean speeds for each interval were collected by
Wavetronix speed detectors at MPs 1.0, 3.3, 4.3, 4.4, 5.3, 6.2, 6.6, 7.5, 8.1, 8.8, 9.7, 10.2, and
11.3 in the SB direction. Posted speeds were recorded from each VSL sign location at MPs 1.8,
3.4,45,5.6,6.5,7.2,8.1,9.5, 10.2, and 11.6.

Since SWRO logs provided only mean speeds, volume data needed to be retrieved from
the TMS for the entire after period. VVolume data for the entire corridor were retrieved from the
TMS for the before period and for the October 2016—June 2017 after period. In the NB
direction, volume data for links MP 0-0.94, MP 0.94-8.57, and MP 14.85-19.03 were retrieved.
In the SB direction, data for the links MP 0-1.07, MP 1.07-8.99, and MP 15.22-19.53 were
retrieved. The volume data were recorded in 5- and 15-minute intervals. The 15-minute
intervals were converted into 5-minute intervals again assuming a linear distribution of data
during 15-minute intervals. The before period data were further converted to 10-minute data to
match the temporal aggregation of the visibility data.

VSL Posted Speed Logs

VSL signs for the SB direction were at MPs 1.8, 3.4, 4.5,5.6, 6.5, 7.2, 8.1, 9.5, 10.2, and
11.6. In the after period, posted VVSLs at each VSL location were recorded in the SWRO logs at
approximately 6.5-minute intervals. Posted speed values were 30, 35, 40, 45, 50, 55, 60, and 65
mph. Periods when VVSLs were offline were recorded in SWRO logs as “Blank” and were
discarded from the analysis.

Crash Data

Police crash reports were retrieved from VDOT’s Roadway Network System in order to
understand crash characteristics and frequencies before and after system activation. After crash
data from October 2016—August 2017 were collected to perform a preliminary crash analysis
after VSL activation. For both datasets, crashes coded as fog were then matched with visibility
data to confirm whether low visibility conditions indicated in the police crash report were
verified by field measurements.

Data Matching

Since the different datasets used different reporting intervals, data had to be conflated in
several ways. For crash rate calculations, visibility and volumes needed to be matched and
crashes and visibilities needed to be matched. For the before data, volume data from the entire
corridor were converted to 10-minute bins to match visibility data. For after data, volume data
were converted to 5-minute intervals since visibility readings in the after period were roughly 6
minutes to maintain as much granularity as possible. Visibility readings were then matched to 5-
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minute volume readings by linear interpolation between visibility readings. Visibility readings
for times outside those in the SWRO logs were considered to be under clear conditions. For the
post-VSL period, if intervals between valid visibility readings were ever more than 30 minutes
apart, the 5-minute intervals to be matched in between periods with data were marked as being
missing.

To match visibility data to police crash records, visibilities at the nearest visibility
stations and timestamps closest to crash record times were determined. Then visibilities were
linearly interpolated between the nearest RWIS stations with visibility readings.

Data Analysis

The following section presents the analysis performed in this study. The analysis
examined the effect of the VSL system on driver speeds before and after at a single site; speeds
across the corridor in the after period; and crashes for the entire corridor before and after system
activation.

Visibility Analysis

To be consistent with previous work, visibility conditions were categorized into groups
corresponding to a range of SSD safe speeds. Boundaries for each of these visibility bins were
calculated by solving for speeds of 65, 55, 45, 35, and 25 mph using the equation for SSD:

2.155 x V2

SSD =1468 XV X t,.+
2Xa

where

SSD = stopping sight distance (ft)

V = speed (mph)

t, = perception-reaction time (sec), assumed to be 2.5 sec
a = deceleration rate (ft/sec?®), assumed to be 11.2 ft/sec?.

Deceleration rates and perception-reaction times were taken from A Policy on Geometric
Design of Highways and Streets (AASHTO, 2011). The SSD calculated for each of the speeds
was rounded up to the nearest multiple of 5. This resulted in the following visibility bins for
corresponding speed ranges:

>645 ft > 65 mph
495-645 ft = 55-65 mph
360-494.9 ft = 45-55 mph
250-359.9 ft = 35-45 mph
155-249.9 ft = 25-35 mph
<155 ft < 25 mph.
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These categories were used to construct a visibility profile of the corridor by RWIS
station. The visibility profile served to indicate if fog exposure during the before and after
periods were similar. This visibility distribution was also critical to subsequent analyses of crash
rates and speeds.

VSL Utilization

VSL utilization was summarized by how often each PSL was posted at each VSL sign.
Average posted speeds on each SB VSL sign location were also calculated. This utilization
provided a metric of the exposure of the drivers to reduced speeds and indicated how VSL usage
varied throughout the corridor.

Speed Analysis
Before-After Evaluation at MP 4.4 SB

There were only two sites along the corridor that provided continuous speed and visibility
data both before and after system activation: MP 4.4 SB and MP 6.6 NB. Since the focus of this
study was on the SB direction and speeds were consistently higher in the downbhill direction, only
the data from the station at MP 4.4 SB were analyzed to compare changes in speed after VSL
activation. Speed data were summarized into counts, mean speeds, and standard deviations by
visibility bin for both periods. Z-tests were used to determine if mean speeds in the after period
were statistically different from those in the before period. F-tests were also performed to assess
if the variance in speeds by visibility bin changed for the periods tested.

Weather and VSL data were also used to develop models that showed how mean speed
varied at MP 4.4 before and after VSL activation. Stepwise regression was performed in order to
describe speeds as a function of visibility, weather conditions, and/or VVSL factors for each of the
models considered. Independent variables considered were as follows:

e available visibility distance

e weather data (pavement temperature and condition, air temperature, humidity,
barometric pressure, precipitation type and intensity, and wind speed and direction)

e day/night conditions
e presence/absence of a VSL (0 if not present, 1 if present).

Transformations and interactions of these variables within their respective models were
also taken into consideration. Periods with visibilities more than 645 ft (clear conditions) and of
0 ft were discarded from the model. Theoretically, visibilities of 645 ft or more should provide
adequate SSD for the base speed limit of 65 mph. Based on feedback from VDOT, visibility
readings of O ft were taken to be errors and were discarded from the dataset. Further, speed data
during crash events and their aftermath were ignored since the intent of this analysis was to
understand speed under undisturbed, low visibility conditions and not during congestion.
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Models were further refined using the Cook’s distance value to exclude outlier data points that
were excessively influencing the models. To check if regression assumptions were satisfied,
residual plots and probability-probability plots were reviewed. Adjusted R? values and average
absolute error and bias were also checked.

Speed Changes During Fog Along Corridor

Although speed data throughout the entire corridor were not available in the before
period, they were available in the after period. To understand speed changes during fog along
the corridor, speed data were summarized in several forms: posted speeds by MP, observed
speeds versus posted speeds by milepost, and speed differentials between observed and posted
speeds by milepost. To analyze the effect of the posted speed on the mean speed, paired t-tests
were performed on observed speeds to determine if mean speeds for a set posted speed at a
milepost were significantly different.

Crash Analysis
Crash Frequency and Characteristics

Crashes that occurred during measured low visibility periods were summarized by crash
type, severity, and number of vehicles involved. These were summarized also by visibility bin
and direction to examine crash changes as a function of the magnitude of reduced visibility. All
other crashes were considered “clear conditions” and were summarized similarly.

For the before period, crash characteristics of the corridor were summarized for 6 full
years immediately before VSL activation. Because of the limited amount of crash data that had
been reported since VSL activation, analysis is discussed more qualitatively for the after period,
although similar summaries are provided.

Crash Rates

Crash rates along the corridor were calculated using visibility, volume, and crash data.
After visibility and volume data were matched by time and space, VMT per visibility bin needed
to be estimated. First, the corridor was broken into segments according to the number of RWIS
stations corresponding to each direction. The NB direction was broken into 13 segments with
the midpoints between RWIS station MPs 1.3, 1.9, 2.7, 3.1, 3.5, 4.4,5.6, 6.5, 7.2, 8.1, 9, 9.5, and
11.4 as the segment boundaries. Similarly, the SB direction was broken into 11 segments with
the midpoints between RWIS station MPs 1.9, 2.7, 3.1, 3.5,4.4,5.4,6.5,7.2,8.1, 9.5, and 11.4
as segment boundaries. For each segment, the VMT was determined by multiplying segment
length with corresponding link volume. This was done for all intervals. The sum of VMT per
visibility bin was found, and crashes per 100 million VMT per visibility bin were calculated.
The crash rate for all combined low visibilities was also calculated.
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VSL Algorithm Assessment

Depending on the effect of the system, modifications to the current VSL algorithm may
be warranted to increase system effectiveness. To assess the VSL algorithm, modifications to
different constraints in the algorithm were examined. Modifications to the algorithm could entail
altering spatial and temporal step ranges or altering the values used in the algorithm to determine
the recommended speed. Other alternatives to improve system effectiveness beyond the control
algorithm itself were also discussed.

RESULTS
Literature Review
Driver Behavior During Reduced Visibility

Drivers’ ability to determine appropriate operating speeds relies greatly on their visual
perception. Reductions in visibility can impair drivers’ judgment and negatively affect safety.
Early research in driving in fog focused on identifying perceptual changes that influenced speed,
often modeling fog as a uniform reduction in contrast. These studies have considered both
simulated and test track data to understand the effects of visibility on driver behavior and safety.

In a virtual environment driving simulation, Snowden et al. (1998) found that drivers’
sense of speed decreased in fog, as drivers tended to drive faster as fog became denser. First, the
test subjects were shown two scenes that moved at the same speed, one with “clear” conditions,
another with “clear,” “misty,” or “foggy” conditions. Foggier scenes were perceived as slower
moving. Second, drivers were asked to match a certain operating speed in the different
simulated conditions. In foggier scenes, subjects drove at faster speeds, causing the authors to
conclude that perceived speed depends on level of contrast, with lower contrast yielding higher
speeds. However, these results consider fog as a contrast reduction evenly dispersed across the
entire visual field.

Another study (Brooks et al., 2011) used driver simulator data that more accurately coded
fog as a distance-dependent contrast reduction to provide insight into driver behavior under
reduced visibility. The study measured the ability of participants to stay in their lane and
maintain speed. In the study, participants were assigned into one of six groups classified by a
combination of a factors including presence or absence of auditory speed indicators, ability to
maintain speed task priorities, and speedometer availability. Participants were first given
practice sessions to become acquainted with driving in the simulator before running through six
fog scenarios. Results showed that throughout each group, drivers did not decrease speed
significantly as visibility decreased. In fact, results suggested tha