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Abstract: Although numerous research studies have investigated the effects of fatigue in commercial
motor vehicle drivers, research with winter maintenance (WM) drivers is sparse. This study
pilot-tested the feasibility of evaluating WM operator fatigue during winter emergencies using
naturalistic driving data. Four WM operators participated in the study and drove two instrumented
snow plows for three consecutive winter months. The operators also wore an actigraph device
used to measure sleep quantity. As this was a pilot study, the results were limited and only
provided an estimation of what may be found in a large-scale naturalistic driving study with WM
operators. Results showed the majority of safety-critical events (SCEs) occurred during the night, and
approximately half of the SCEs occurred when participants were between 5 and 8 h into their shifts.
Fatigue was identified as the critical reason in 33% of the SCEs, and drivers were found to average
less sleep during winter emergencies versus winter non-emergencies. However, one participant
accounted for all fatigue-related SCEs. Although data were limited to two instrumented trucks and
four drivers, results support the approach of using naturalistic driving data to assess fatigue in WM
operators. Future on-road research is needed to understand the relationship between fatigue and
crash risk in WM operators.

Keywords: fatigue; winter road maintenance operations; naturalistic; actigraph; drowsiness;
snow plow

1. Introduction

Research has shown that fatigue can significantly degrade driving performance through a loss of
alertness and vigilance, decreased attention, increased reaction time, and an increased frequency in
microsleeps [1]. These characteristics of fatigue may develop more frequently for commercial motor
vehicle drivers as they experience varying work schedules, unusual work shifts (e.g., night driving),
and long, monotonous driving conditions. The Large Truck Crash Causation Study conducted by
the Federal Motor Carrier Safety Administration (FMCSA) reported that approximately 4% of truck
crashes were primarily caused by the driver sleeping at the wheel, and 13% involved driver fatigue as
an associated factor [2]. Fatigue was the primary factor in 31% of 182 fatal crashes investigated in 1990
by the National Transportation Safety Board [3].

Although numerous research studies have been performed on the effects of fatigue in commercial
motor vehicle drivers, research with winter maintenance (WM) operators is sparse. WM operators are
responsible for making roadways passable during winter storms. WM operators pre-treat roadways
with de-icing material before a winter storm and use plows to remove snow and ice accumulation from
the road during and after a winter storm. Recent news reports in the United States and Canada suggest
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operator fatigue may be a significant contributing factor to WM crashes [4–6]. Similar to commercial
motor vehicle drivers, WM operators drive a heavy vehicle, may work long shifts (sometimes exceeding
18 h) for consecutive days, and have irregular schedules. Unlike commercial drivers, WM operators
are not subject to hours-of-service regulations. The lack of regulations regarding driving/working
hours means WM operators are not required to take breaks and have no limits on the amount of
driving/working hours. Furthermore, WM operators may be exposed to extreme temperatures,
vibrations from the snow plow blade hitting pavement, reduced visibility, and dangerous roadway
conditions. Thus, it is plausible WM operators have higher exposure to risk factors associated with
fatigue compared to commercial motor vehicle operators.

In general, there are two types of fatigue: task-related and sleep-related fatigue. Task-related fatigue
is associated with the performance of driving tasks, including the attention and focus required for safe
operation [7]. For example, driving in a high-stress environment while completing work-related tasks may
lead to task-related fatigue. Task-related fatigue may also result from continuing to drive in monotonous
conditions over long periods of time. Sleep-related fatigue is associated with the time of day (circadian
rhythms) and other sleep-related factors [7]. For example, driving after an inadequate rest period or after
obtaining a poor night of sleep. Although fatigue and drowsiness are conceptually different, this paper will
use the word “fatigue” hereafter to refer to a person’s propensity to feel sleepy, regardless of its genesis.

As mentioned above, fatigue is associated with an increased risk of crashes and near-crashes.
Fatigued drivers perform more inappropriate lane deviations and have slower steering responses [8,9],
experience reductions in responses to speed changes of a lead vehicle [10], have increased speed
variations [11], exhibit slower reaction times [9], experience impaired visual scanning or “tunnel
vision”, [8], and are at risk of falling asleep at the wheel [12,13]. Additionally, research has shown
that fatigue affects some aspects of driving performance similar to alcohol consumption [14–16].

The purpose of this research was to conduct a pilot test on a naturalistic driving approach to
investigate issues related to WM operator fatigue during winter emergencies. A winter emergency
was defined as any storm that may produce snow and/or ice resulting in roadways becoming difficult
to drive on. This effort should be viewed as a feasibility study to investigate a naturalistic driving
approach in assessing fatigue in WM operators.

2. Materials and Methods

This study was approved by the Virginia Tech Institutional Review Board (IRB Number 12-1024).

2.1. Participants and Setting

Four WM operators from a mid-Atlantic state were recruited to participate in the study from 24 January
to 29 April 2013. Three of the participants were male and one was female. Participants’ typical shifts during
winter non-emergencies began at 7:00 a.m. and ended at 4:00 p.m. These shifts usually involved drivers
working as a team, with two drivers per vehicle. There were two, 12-h shifts during winter emergencies.
The day shift started at 7:00 a.m. and ended at 7:00 p.m., whereas the night shift began at 7:00 p.m.
and ended at 7:00 a.m. During winter emergencies, participants traveled solo for the duration of their
shifts. Participants 1 and 2 performed the night shifts during winter emergencies and Participants 3 and 4
performed the day shifts.

The state Department of Transportation (DOT) provided two vehicles for use during the study.
The first vehicle was a 2001 GMC C7500 4 × 4 and the second was a 2001 International Tandem Model
2674 6 × 4. Both of these vehicles were large dump trucks retrofitted with winter road maintenance
equipment (e.g., snow plows and de-icing material spreaders). These two vehicles were assigned to the
four participants in the study (i.e., the participants did not drive another vehicle during the study). During
winter non-emergencies, the vehicles were used for roadway repairs and the installation of roadside signs.
During winter emergencies, the vehicles were used to pre-treat roadways before a winter storm, spread
deicing material, and scrape snow and ice off roadways. The participants lived locally to their assigned
snow removal routes and were assigned the same routes during the entire study.
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2.2. Data Collection Equipment

The data acquisition system (DAS) installed in the participants’ vehicles allowed for the continuous
collection of driver, vehicle, and roadway video whenever the vehicle’s ignition was turned on. Previous
versions of the system were used in several other on-road naturalistic driving studies [17–19]. The main
DAS unit comprised of a Pentium-based computer that was mounted behind the driver seat of the truck.
The DAS received and stored data from a network of sensors distributed throughout the vehicle. The
sensors used in the study included an accelerometer, a yaw rate (gyro) sensor, a GPS sensor, and five video
camera that covered the driver and roadway (i.e., forward roadway, backwards facing views of the left and
right side of the snow plow, the driver’s face, and an over-the-shoulder view of the driver, steering wheel,
and dash board; see Figure 1). The video and other sensor data were stored on an external hard drive that
was locked in place to prevent tampering.
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Figure 1. Five video images multiplexed into a single image.

Each participant was instructed to wear an actigraph device on the wrist of his/her non-dominant
hand. The Octagonal Basic motionlogger actigraph device (Figure 2) developed by Ambulatory Monitoring,
Inc. was used in this study. An actigraph unit is a “wrist watch” device that tracks activity levels to assess
the wearer’s sleep quantity and quality. As shown in Figure 2, the Octagonal Basic actigraph was
non-invasive and worn like a wrist watch but was slightly bulkier and heavier. The participant’s wrist
motion was detected and recorded by the actigraph device one minute epochs.
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2.3. Data Collection Procedures

Once the study objectives were discussed with the participants and the Informed Consent Form
was signed, installation of DAS components and operational checks were completed by researchers
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in 6–7 h. The DAS and data collection sensors were installed in the appropriate locations without
any permanent modification using customized brackets designed individually based on mirror style,
vehicle cab, or dashboard. All wiring and cables connecting the sensors to the DAS were hidden
under carpeting and plastic paneling. Researchers performed operational checks to ensure all data
collection equipment functioned as intended and oriented the DAS cameras to the participants’ normal
driving positioning. Researchers ensured the cameras were oriented to capture both participating
WM operators that shared the same snow plow. These diagnostic checks and adjustments were also
performed each time researchers met with the participants.

Immediately following vehicle instrumentation and prior to driving, researchers provided each
participant an actigraph device to wear on his/her non-dominant wrist. Participants were asked to
wear the actigraph device 24 h a day, seven days a week for the duration of the study. Participants
were instructed to remove the actigraph device only when showering, washing dishes, swimming,
or performing any other task during which the actigraph device may become submerged in water.
To minimize data loss, participants were also asked to replace the device on their wrist as soon as
possible after performing such activities.

Participants were instructed to perform their normal duties as a WM operator. Researchers met
with each participant bi-weekly to inspect the DAS, replace hard drives with empty hard drives, and
download the actigraph data. Once the hard drives were collected, the data were downloaded to a
secure server. Each file on the hard drive was inspected to verify the appropriate driver was operating
the instrumented vehicle. Files from non-participating drivers were deleted. If a file contained both
a participating and non-participating driver, the file was manually edited to remove all instances
where the non-participating driver operated the vehicle. This process of uploading hard drives and
verification and inspection required approximately 5 h. Actigraph data were reviewed to verify
the participant was wearing the actigraph device as instructed. If data indicated the participant
had removed the actigraph device for an extended period of time or a large aggregate sum of time,
researchers reminded the participant to wear the device as much as possible with the exception of time
periods when it could potentially be submerged in water.

Once participants completed three months of data collection, researchers scheduled a final meeting
to collect the actigraph devices and participant contact information. The following day, each participant
was mailed compensation for his/her time in the study. Compensation was $100 per month, plus a
$100 bonus for completing the study. The DAS was then removed, which returned each vehicle to its
original condition. This entire process was completed in 3 h for each vehicle.

2.4. Data Reduction

Participants’ kinematic and video data were reviewed to identify safety-critical events (SCEs).
An SCE occurred when there were one or more vehicles involved in a conflict and at least one of
those vehicles had to perform an evasive maneuver. SCEs were classified into one of seven categories
as described in Table 1. Event-threshold algorithms scanned all driving data to flag potential risky
events. These algorithms scanned kinematic data to determine if a risky event may have been
encountered. Risky events included instances of hard braking/acceleration (i.e., acceleration or
deceleration exceeding |0.20 g|) and swerving (i.e., exceeding a wheel angle of 2◦ while traveling at
least 15 miles/h). These thresholds were developed in prior naturalistic truck driving studies [17,19–21]
and adapted for use with the WM vehicles. Flagged events were then reviewed to verify if a risky
event occurred. Valid events were those where recorded dynamic motion values actually occurred
and a safety-related conflict was present (i.e., an SCE). Invalid triggers were not analyzed further.
Two researchers reviewed 33% of flagged events to assess reliability. Reliability between these
two researchers was 99.60% agreement. All discrepancies were resolved by a third expert analyst.
This validation process required approximately 1000 h to manually review all events.
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Table 1. Description of each type of SCE [17,19–21].

SCE Type Description

Crash Any conflict with an object, either moving or fixed, at any speed (with the
exception of low-hanging tree branches and curbs).

Crash:
low-hanging

branch

Any contact with a low-hanging tree branch at any speed. The most likely
cause for these events in the current study are tree branches covered with
snow and ice.

Curb strike:
avoidable

The vehicle made contact with a curb. However, the driver could have
avoided contact with the curb if the maneuver was executed differently.

Curb strike:
unavoidable

The vehicle made contact with a curb. However, the driver could not have
avoided contact with the curb if the maneuver was executed differently.
Unavoidable curb strikes are most likely the result of a poorly
designed roadway.

Near-crash
A situation that required a driver to perform a rapid, evasive maneuver to
avoid contact with any other vehicle, object, pedestrian, cyclist, or animal.
The most common evasive maneuvers involve a hard brake or swerve.

Crash-relevant
conflict

A situation that required someone to perform a crash-avoidance maneuver.
The maneuver was less severe than a rapid evasive maneuver found in a
near-crash but more severe than a normal maneuver.

Illegal maneuver A situation where a driver performed any act that was illegal.

Once all SCEs were validated, the expert analyst used a data directory to reduce and analyze
all SCEs. This data directory has been used and validated in previous on-road studies [17,19–21].
Example variables in the data directory included pre-event movement, critical reason for the conflict,
distraction(s), road condition, weather condition, observer rating of drowsiness (ORD), and if the
event occurred during a winter emergency. This study used the same ORD procedures as described
by Wierwille and Ellsworth [22]. Wierwille and Ellsworth [22] demonstrated that ORD was highly
correlated with measures of eye closure. Please refer to Wierwille and Ellsworth [22] for additional
information on ORD. The expert analyst reviewed 60 s of video prior to the SCEs and rated the drivers’
level of drowsiness/fatigue on a continuous scale from 0 to 100. An ORD of 0 referred to a driver that
was wide awake with no signs of fatigue. For example, a driver with an ORD of 0 had normal facial
expressions, normal rates of eye blinks, and short, frequent glances. An ORD of 50 indicated moderate
drowsiness. A driver with an ORD of 50 may have rubbed the face or eyes, moved restlessly in the
seat, exhibited decreased facial tone, and/or had slower eye blinks. An ORD of 100 referred to a driver
was completely asleep. Applying the data directory and performing an ORD for all SCEs required
approximately 24 h labor.

Actigraph data were used to measure sleep quantity for the participating drivers. Several steps
were taken to prepare the actigraph data for analysis. For each actigraph file, a researcher converted
data into minute-by-minute files, identified and marked any “bad data” episodes (i.e., 20 consecutive
minutes of zero movement as there is minor activity even in sleep), and ran the proprietary “Action4”
algorithm to identify sleep periods. In general, the “Action4” algorithm scanned the participant’s
activity levels to identify episodes where the participant was likely to be asleep. All “bad data” minutes
were excluded from the algorithm to identify sleep periods. The entire process to upload, convert,
identify “bad data”, and apply the algorithm required approximately 10 h.

All raw data collected during this project are not publically available and restricted by Virginia
Tech’s IRB due to the personally identifying information contained in the video recordings.
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3. Results

Given this was a feasibility study, results are limited to descriptive statistics. The results below
are included to provide an estimation of what may be found in a large-scale naturalistic study with
WM operators.

3.1. Naturalistic Driving Results

The naturalistic driving data resulted in 380 gigabytes of data. The two instrumented trucks were
dispatched a total of 39 winter emergencies days (not mutually exclusive as both trucks may have been
dispatched on the same day). A total of 20 inches of snow fell during these winter emergencies including:
five storms that produced less than 1 inch of snow and ice, three storms that produced between 1 and 3
inches of snow and ice, and three storms that produced more than 3 inches of snow and ice. The GMC
truck was dispatched for 24 days, and the International Tandem truck was dispatched for 15 days (limited
number of days due to vehicle maintenance). Approximately 369 h of video and sensor data were collected
during the study; 339 h were collected during winter emergencies and 30 h were collected during normal
operations during the winter (e.g., mostly travel to and from different work sites, no plow was attached to
the truck). These data included a total of 9185 acceleration/deceleration events and 16,840 swerve events.

A total of 92 SCEs were identified. Of these 92 SCEs, 9 were due to acceleration/deceleration, and
83 were due to swerving. Participant 1 accounted for 54.5% of all SCEs. Three of the 92 SCEs were
crashes, 16 were collisions with snow/ice covered low-hanging branches, 3 were avoidable curb strikes,
21 were near-crashes, and 49 were crash-relevant conflicts. Nearly all of the SCEs (85 SCEs) occurred on
a free-flowing, non-divided two lane road. Only seven SCEs occurred on a divided four lane road with
limited traffic. Additionally, 90 of the 92 SCEs occurred during a winter emergency. The high percentage of
SCEs occurring during winter emergencies was likely the result of the limited amount of data captured
during winter non-emergencies. Figure 3 shows the percentage of SCEs by the hour of the day. As shown,
the majority of SCEs (56.5%) occurred between 12:00 a.m. and 6:00 a.m. Figure 4 shows approximately half
of the SCEs occurred when participants were between five and eight h into their shifts.

In terms of fatigue, participants were considered fatigued if the ORD was equal to or greater than
40 [17]. Participants were identified as fatigued in 33 out of the 92 SCEs (35.87%). The data analyst was
unable to perform the ORD for Participant 2. Participant 2’s eyes were not clearly visible. However,
there were no behavioral signs that indicated Participant 2 was fatigued. Table 2 shows Participant 1
accounted for all the fatigue-related SCEs. The most frequently coded critical reason in the SCEs was
drowsiness/fatigue/sleep (28.3% of all SCEs). The critical reason was described as the primary reason
the SCE occurred. In other words, if the critical reason was removed, the SCE would be prevented or
mitigated from occurring [23]. Table 2 shows the SCEs by participant.
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Table 2. Summary of safety-critical events (SCEs) by participant.

Participant Shift Total SCEs Total Number of SCEs with Fatigue

1 Night 52 33
2 Night 12 N/A
3 Day 16 0
4 Day 12 0

3.2. Actigraph Results

Although each participant was instructed to wear the actigraph device at all times (with the
exception of when the device may become submerged in water), there were instances when the
actigraph was removed for an extended period of time. For example, the actigraph band broke on three
devices; thus, the participants could not wear the actigraph until it was replaced. Furthermore, the
actigraph recorded false readings in some situations (e.g., the actigraph would record zero movement
when pressed against another object for an extended period of time). Table 3 shows the amount of
actigraph data collected in the study. The actigraph data collection resulted in 54.2 megabytes of data.

Table 3. Summary of actigraph data collected.

Participant Total Minutes Worn Total Bad Minutes Percent Bad Minutes

1 128,729 19,123 14.86%
2 129,065 15,244 11.81%
3 129,029 12,289 9.52%
4 130,044 6956 5.35%

Total 516,867 53,612 10.37%

Table 4 shows the average amount of sleep (defined as the total amount of sleep obtained) for each
participant during the study. As shown in Table 4, participants averaged 8.71 h of sleep per day (N = 343
days; SD = 2.41 h), 8.98 h of sleep per day during winter non-emergencies (N = 256 days; SD = 1.56 h), 7.87
h of sleep 24 h prior to a winter emergency (N = 34 days; SD = 1.60 h), 8.31 h of sleep during consecutive
winter emergency shifts (N = 37 days; SD = 1.43 h), and 7.30 h of sleep 24 h prior to an SCE (N = 92 days;
SD = 1.89 h). However, Participant 1 averaged only 6.31 h of sleep 24 h prior to a winter emergency and
only 4.55 h of sleep 24 h prior to a SCE (compared to an overall average of 8.05 h of sleep).
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Table 4. Summary of drivers’ sleep (in hour).

Participant Daily
Sleep

Daily Sleep
during Winter
Non-Emergency

Sleep 24 H Prior
to a Winter
Emergency

Sleep during
Consecutive Winter
Emergency Shifts

Sleep 24 H
Prior to SCE

1 8.05 8.63 6.31 7.48 4.55
2 10.04 10.66 8.58 8.71 8.83
3 8.12 8.10 8.26 8.32 8.02
4 8.64 8.53 8.31 8.73 7.81

Average 8.71 8.98 7.87 8.31 7.30

4. Discussion

In this pilot test, numerous data were collected from vehicle sensors in two instrumented snow plows
driven by four WM operators. Although the instrumented vehicle data were useful in demonstrating the
feasibility of collecting naturalistic data in WM vehicles, it was not possible to make generalizations based
on such a small sample.

Previous research found fatigue-related commercial motor vehicle crashes were prevalent given
drivers’ extended work hours and irregular shifts. Among the four drivers in this project, fatigue was
coded as the critical reason in 28.3% of the SCEs. This is consistent with the results obtained by Knipling
and Wang [3]. However, a closer inspection of the data revealed that one driver accounted for all of the
fatigue-related SCEs. In other words, three of the four WM operators did not have any fatigue-related
SCEs, and one WM operator was moderately drowsy or greater in the majority of his/her SCEs (63.5%). It
is possible the data reduction methodology missed some fatigue-related SCEs. For example, a fatigued
driver may not have exceeded the event thresholds, but another vehicle was forced to perform an evasive
maneuver to avoid contact with the participant. However, the event-thresholds were low enough that
these types of events were unlikely to be missed.

Another interesting trend was a possible time-on-task effect. The percent of SCEs increased as the
number of hours into a shift increased (and then sharply decreased at the end of the shift). In other words,
more SCEs occurred when a driver had been on duty for nine h compared to when a driver had been
on duty for two h. This may suggest WM operators became more fatigued the longer their shifts lasted.
However, it is not possible to make any conclusions based on a sample size of four and the lack of exposure
data (i.e., how often WM operators drove beyond 9 h).

The actigraph data provided additional insight into possible explanations for the results obtained by
the vehicle sensors. Previous research demonstrated that extended time awake, an inadequate amount of
sleep, and time of day all increase fatigue among drivers [24]. Participant 1 averaged approximately two h
of sleep less per night during the 24 h prior to the start of a winter emergency compared to the amount
of sleep obtained during winter non-emergencies. Furthermore, Participant 1 averaged approximately
four h less sleep during the 24 h prior to an SCE compared to the amount of sleep obtained during winter
non-emergencies. Most people need approximately eight h of sleep per night to feel well rested [25]. Thus,
Participant 1 experienced an increased risk of fatigue due to extended time awake and an inadequate
amount of sleep [24]. Additionally, Participant 1 worked the night shift during winter emergencies but
the day shift during winter non-emergencies. The highest quality sleep occurs when sleep is coordinated
with the body’s normal circadian rhythm [26]; switching between daytime and nighttime shifts disrupt
the body’s circadian rhythm and decreasing sleep quantity and quality [27]. Thus, switching between day
and night shifts disrupted Participant 1’s normal circadian rhythm. This may have made it challenging
to obtain a full sleep period. Participant 2 also experienced circadian rhythm disruption but was able
average over 8 h of sleep each day. Thus, circadian rhythm disruption coupled with poor sleep hygiene
likely explains why Participant 1 accounted for all the fatigue-related SCEs. Future studies should further
investigate the interaction between circadian rhythm disruption coupled with poor sleep hygiene. Please
note that the proprietary nature of the “Action4” algorithm limits researchers’ ability to independently
evaluate the accuracy of the algorithm.
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Finally, the algorithms used in this pilot study identified approximately 25,000 SCEs. Event
thresholds were purposively set low to limit missed events. These thresholds were based on naturalistic
driving studies with large trucks. However, snow plows experienced much more horizontal and lateral
acceleration due to the snow plow blade scraping the snow and ice off the roadway, which resulted
in very large numbers of false positive SCE identifications by the flagging algorithm”. Thus, future
naturalistic driving studies with snow plows should reassess event threshold limits and algorithms
and include manual data reduction of flagged safety events.

5. Conclusions

The purpose of this research was to investigate the feasibility of studying WM operator fatigue
using naturalistic driving data. Although data were limited to two trucks and four drivers, the results
support a large-scale naturalistic driving approach to assess WM operator fatigue during winter
emergencies. Future on-road research is needed to understand the relationship between WM operator
fatigue and crash risk. This future study should include a larger number WM vehicles in states that
experience significant snowfall during the winter months. Participants should wear actigraph devices
to measure sleep hygiene. Daily activity registers should also be completed to validate sleep periods,
record driver breaks, track medication/caffeine use, and document scheduling practices before and
during winter emergencies.
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