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1 Introduction 

Construction and maintenance on America’s aging transportation network 

requires temporary changes to the roadway environment that generally impose 

restrictions on the facility’s capacity. According to the Federal Highway 

Administration (FHWA), roughly 20 percent of the National Highway System 

(NHS) undergoes construction during the peak construction season (FHWA, 

2009). More than 3,000 work zones are expected to be on the NHS during this 

time, with an estimated 12 billion vehicle miles traveled a year through active 

work zones. It is, therefore, critical that engineers develop traffic management 

plans for these projects that will minimize additional delay and increase work 

zone safety, as an estimated 24 percent of non-recurring delay can be attributed to 

work zones (FHWA, 2009), and 578 work zone fatalities were caused by motor 

vehicle crashes in 2010 (Fatality Analysis Reporting System, 2013).  

Engineers typically use microsimulation models or national standards, such as the 

Highway Capacity Manual (HCM) 2010, to estimate roadway capacity through 

work zones. Microsimulation models require numerous parameter inputs, which 

attempt to capture driver behavior under various work zone conditions. For 

example, VISSIM is based on Wiedemann’s car following and lane changing 

models, with numerous driver behavior parameters incorporated into the car-

following model (VISSIM, 2013). The HCM 2010 provides general guidance for 

the determination of work zone capacity, identifying standard capacities and 

several potential influencing factors (HCM, 2010). These resources, however, do 

not capture the apparent effect of driver behavior associated with differing work 
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zone configurations and traffic control devices, as well as regional differences 

across the country (Collura et al., 2010).  

Driving simulators have been used extensively to evaluate the safety implications 

of various work zone configurations and the associated traffic control elements 

(Benekohal et al., 2004; Tay & Churchill, 2007; TTI, 2010; McAvoy et al., 2011). 

Furthermore, there have been significant efforts to validate the results from 

simulator experiments, reporting mixed results depending on the design of the 

experiment. It is postulated that driving simulation can be expanded beyond its 

applications related to work zone safety to better understand how variations in 

driver behavior influence work zone capacity. This research is focused on 

evaluating a driving simulator as a mechanism to accurately capture driver 

behavior as they interact with various work zone traffic control elements. 



3 

 

 

2 Literature Review 

In this literature review, work zone types, Oregon work zone standards, devices in 

Oregon work zones, mobile barriers, driver behavior and comprehension, and 

simulator validation are discussed.  

2.1 Work Zone Types 

The HCM 2010 identifies two general types of work zones, those that are short 

term (typically for maintenance) and those that are long term (typically for 

construction). The Oregon Temporary Traffic Control Handbook (OTTCH) 

defines a work zone as “an area identified by advance warning where road 

construction, repair, utility or maintenance work is being done by workers on or 

adjacent to a highway, regardless of whether or not workers are present” 

(OTTCH, 2011).  

Regardless of the type of work, they begin with an initial advance warning sign 

and end at the last temporary traffic control device, usually a sign reading END 

OF WORK, or where traffic resumes normal operation. The OTTCH breaks work 

zones down in to two types: mobile and stationary. Mobile operations are those 

where work activities and equipment move along the roadway at speed. Mobile 

work does not include stopping. Stationary work is work that can take just a few 

minutes, an entire day, or significantly longer. The activity can be off the traveled 

portion of the road or occupy one or more travel lanes and directions. Work may 
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proceed without any disruption of normal traffic flow, or may require traffic to 

stop and alternate direction of flow through the work space (OTTCH, 2011). 

2.2 Oregon Work Zone Standards 

 2.2.1 Work Zone Components 

Part 6: Temporary Traffic Control of the Manual on Uniform Traffic 

Control Devices for Streets and Highways (MUTCD) describes the design 

specifications for temporary traffic control zones. The MUTCD states that 

there are four main components or areas in a work zone: the advance 

warning area, the transition area, the activity area, and the termination area 

(Figure 1).  

The advance warning area may vary in format from a series of signs up to 

a mile or more in advance of the work space to a single sign or flashing 

lights on a work vehicle. In the advance warning area, information 

regarding the coming temporary traffic control measures in the roadway is 

relayed to the road users. The layout of the area should give road users 

ample time to respond to any downstream modifications occurring within 

the transition area (OTTCH, 2011; MUTCD, 2009). 

The transition area diverts traffic from its normal path and into a 

temporary path through the work zone. The transition area contains tapers 

arranged out of approved channelizing devices used to shift or close one or 

more travel lanes or a shoulder (OTTCH, 2011; MUTCD, 2009). 
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Figure 1: Example Work Zone Layout for a single right lane drop (OTTCH, 

2011) 
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The area immediately following the transition area and laying within a 

work zone is called the activity area. It is comprised of two sections and is 

typically designated with longitudinal channelizing devices or barriers. 

The first section of the activity area is the work space. This is “the portion 

of the roadway containing the work activity and includes workers, 

materials, and equipment” (OTTCH, 2011). It is strongly recommended 

that this area be appropriately delineated and protected. Longitudinal 

and/or lateral buffer space(s) make up the second section of the activity 

area. The buffer space is a closed section road in advance of following, 

and adjacent to the work space. It acts to “provide an extra margin of 

safety for both traffic and workers, and a clear recovery area for errant 

vehicles” (OTTCH, 2011; MUTCD, 2009). The decision to use and the 

dimensions of buffer spaces are optional and left to engineering judgment, 

but should be provided when space is available.  

The last and final part of the work zone is the termination area. It provides 

a short, tapered distance for traffic to clear the work space and return to its 

usual path and speed.  

 2.2.2 Calculating Taper Lengths and Device Spacing 

According to the OTTCH, taper lengths, calculated from its tables, are 

minimum taper lengths. It goes on to say longer tapers may be necessary 

for drivability or to enhance driver performance. The OTTCH breaks 

tapers down in to five types merging tapers, shifting tapers, shoulder 
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tapers, flagger (one-way, two-way) tapers, and downstream tapers. Tables 

1 and 2, below, are examples of how to one could determine appropriate 

taper lengths. 

 

Table 1: Taper Length Formulas (OTTCH, 2011) 

 

 

Table 2: Taper Lengths and Device Quantities (OTTCH, 2011) 
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Just like taper lengths, the OTTCH describes device spacing by breaking it 

down in to categories: taper spacing, offset, flagger (one-way, two-way) 

and downstream tapers, buffer and work space cones, and sign placement. 

Each category has its own specific method of determining placement 

spacing. Table 3 provides an example of how sign spacing in the advance 

warning area and buffer lengths are determined. 

 

Table 3: Sign Spacing and Buffer Lengths in feet (OTTCH, 2011) 

 

As stated in the OTTCH and MUTCD, “all warning signs used for 

temporary traffic control shall have standard black legends and borders on 

an orange background”. Standard sign sizes for the diamond shape 

warning signs can be found in both the OTTCH and MUTCD.  
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2.3 Traffic Control Devices in Oregon Work Zones  

Add a sentence or two here mentioning the subsections that will appear and 

why they have been included i.e. these devices are required in OR work zones, 

and were incorporated into our experimental scenarios.  

2.3.1 Portable Changeable Message Signs 

Portable Changeable Message Signs (PCMS), also termed Portable 

Variable Message Signs (PVMS), include a message sign panel, control 

system, power source, mounting, and transporting equipment. They must 

conform to all requirements in the MUTCD and be listed on the Oregon 

Department of Transportation (ODOT) Qualified Products List for use on 

state highways. PCMS are used mainly as a supplement to and not as a 

substitute for conventional signs, pavement markings and lighting. The 

display of a PCMS should be visible from ½ mile away under both day 

and night conditions. A PCMS should be in a location such that the entire 

message can be read at least twice by approaching drivers. To aid in this 

effort, standard messages and abbreviations should be used whenever 

possible. For mobile work zones, it is recommended that a series of truck-

mounted PCMS displaying the advance warning messages move along 

with the work. 
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2.3.2 Shadow and Protection Vehicles 

Shadow and protection vehicles are strategically placed to protect the 

workers and work activity and to warn traffic of the operation ahead. A 

Truck-Mounted Attenuator (TMA) is commonly used on the shadow 

vehicle. A shadow vehicle is used as an advanced or shoulder closures for 

a mobile work zone. A protection vehicle may be used in stationary or 

mobile operations to protect the workers and work activity. The protection 

vehicle is placed after the buffer space and sufficiently in advance of the 

work space protected to allow for run-out if struck, but not so far that road 

users can drive between it and the work space.  

2.3.3 Truck-Mounted Attenuators 

TMAs are crash cushion systems that lower the severity of a rear-end 

collision with an errant vehicle. TMAs are located to protect the work 

vehicle(s) and worker(s) ahead of the vehicle with the TMA.  

2.3.4 Barricades, Cones, Drums, and Tubular Markers 

Barricades, cones, drums, and tubular markers used in work zones should 

adhere to the design specifications listed in both the MUTCD and 

OTTCH. The placement of these devices within the work zone must 

follow the spacing standards as listed in the OTTCH. These devices do not 

provide any positive protection for workers within the work zone. 
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2.4 Mobile Barriers 

Mobile barrier systems provide a moveable, rigid longitudinal barrier between the 

activity area of work zones and traffic. It is because of these attributes, combined 

with improved safety (NCHRP 350; MASH-08) that mobile barriers are emerging 

as a viable method for protecting construction workers in work zones. Traditional 

mobile barrier systems provide varying degrees of protection ranging anywhere 

from negligible protection to fully crash-tested protection systems (MBS, 2013). 

However, mobile barriers are not new; iterations of the system have been 

produced since the 1950’s (TTI, 2004). A variety of barrier systems used in 

construction were described by Loshe et al. in 2007; Table 4 gives a brief 

description of the major barrier systems currently in use, their advantages, and 

disadvantages.  

Table 4: Advantages and Disadvantages of Existing Mobile Barrier Systems 

(Hallowell et al. 2009) 

Type of Mobile 

Barrier 

Systems: 

Description of Advantages and Disadvantages: 

Safeguard 

Link System  

The Safeguard Link system is a towable steel barrier system. The barrier is 

constructed with wheels at the base and can be towed longitudinally with a 

pneumatic attachment or a hand crank. The barrier can be installed at a rate 

of 200-300 feet every 30 minutes. Unfortunately, this barrier system results 

in relatively large deflections when struck by a vehicle and is not 
appropriate for high speed work zones.  
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BarrierGuard 

800  

This system is a semi-mobile steel barrier that is typically used as a 

replacement for concrete barriers. The system is more mobile than concrete 

barriers because of its relatively low weight. The most useful feature of the 

BarrierGuard system is that 1000 feet of barrier can be set up in around one 

hour and curved sections can be added to accommodate curvature within the 

perimeter of the work zone. A disadvantage is that the system must be 
anchored when used, making the system difficult to move in short time 

periods.  

VulcanBarrier  The Vulcan Barrier System is a portable steel barrier with steel sections in 

effective lengths of four, eight, and twelve meters. The system meets 

NCHRP 350 TL-3 test requirements and uses an interlocking steel pivot 

which allows each module to follow curves of up to six degrees. The 

disadvantages are that it must be anchored, it is difficult to move in short 

time periods, and it requires separate equipment to move the sections. 

Concrete 

Reaction 

Tension 

System (CRTS)  

This concrete barrier system relies on a barrier transfer machine that can 

move barriers up to two lanes at a speed of 10 mph. The CRTS system can 

move across lanes allowing for versatility of lane closures. However, the 

system is relatively expensive as special equipment is required to move the 

barriers.  

Steel Reactive 

Tension 

System (SRTS)  

Like the CRTS, the SRTS requires a barrier transfer machine. In fact, the 

applications of the SRTS are the same with the CRTS. While the steel 

system offers less protection to the workers, it is lighter and smaller 

allowing the system to be moved more quickly and used in situations where 
there is minimal lane width.  

K Rail  The K Rail system is a concrete barrier that provides low deflection and very 
high containment. This system allows for pin connections (1.1m deflection) 

and bolted connections (1m deflection). The weight of this system makes it 

difficult to move as heavy equipment is required. Further, the K Rail is 

limited in its applications due to cost and most suited for bridge work.  

Balsi Beam  The Balsi Beam is a steel barrier system that provides 30 feet of protected 

work space. The system is composed of two hydraulically-controlled box 

beams attached to the sides of a flatbed trailer. The system is towed by a 

semi-tractor making it highly mobile. While the system is light and agile, it 

has yet to pass the most rigorous FHWA crash test standards.  

 

 A recent version of the mobile barrier is the Mobile Work Zone Barrier (MWB), 

shown in Figure 2. The MWB forms a rigid-wall serving both as a structural and 

visual barrier to the activity area of a work zone. The MWB is designed to 

provide positive protection with minimal deflection against work zone incursions 
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coming from the front, back, and side of the work zone. The MWB can be towed 

into place by any standard semi-tractor with 60 inches of swing clearance, and 

includes an integrated crash attenuator at the rear. In total, the MWB provides 42 

feet of protection, and can include up to three additional twenty-foot wall 

sections. The versatile design ultimately allows the user to select between 42 and 

102 feet of protection. Total length of the trailer should be based upon the area 

and accessibility of the work zone, as well as the comfort and competence level of 

the driver. Each wall section is five feet in height, and has an option for an 

additional four feet of visual barrier. At its maximum height, the MWB provides 

nine feet of visual barrier, five of which also provides structural protection. The 

MWB also includes other unique features to help mitigate safety risks within the 

activity area by eliminating clutter such as an integrated three-line message board, 

vertical lift, usable power, portable air, welder, storage and supply areas, radar, 

safety lighting, and work lighting (MBS, 2013).  

 

Figure 2: Mobile Work Zone Barrier (MBS, 2013) 
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Perhaps the most notable aspect of the MWB is the fact that it the only barrier 

system that has been crash tested and approved for use on the NHS by FHWA 

under the National Cooperative Highway Research Program (NCHRP) 350 and 

(Test 311) MASH-08 Guidelines (MBS 2013). The test utilized a 5,135lb 2002 

Dodge Ram 1500 Quad Cab pickup truck at a speed of 100 km/hr and angle of 

25-degrees. No structural damage occurred and a maximum dynamic deflection of 

two feet was observed (Gomez-Leon 2008). 

2.5 Driver Behavior and Comprehension in Work Zones 

In 2004, Benekohal et al. presented and validated a novel step-by-step 

methodology for estimating the operating speed and capacity of work zones on 

highways. The underlying principle was that operating factors in work zones, 

such as work intensity, lane width, lateral clearance, and work zone and barrier 

type (long-term with concrete barriers, short-term with cones or drums), cause 

drivers to reduce speed. The results showed that regardless of the work zone 

activity level, expected speed reductions in short-term work zones are greater than 

those in long-term work zones. 

In 2007, Richard Tay and Anthony Churchill set out to find the effects of different 

median barrier types on driver speed on urban freeways. With guidance from the 

HCM 2000, expected decreases in speed due to the particular lane width and 

lateral clearance were estimated for four sites with barriers and an 80km/h speed 

limit and two sites with a 70km/h speed limit, and analyzed relative to two no 
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barrier configurations, one in each speed limit zone. It was found that the 

differences in the observed and predicted mean speeds were not as expected. With 

the exception of one site, the mean speed and 85
th

 percentile speed were generally 

higher than the control sites. Their findings were consistent with those found in 

Sweden (Bergh & Carlsson, 1999). It can be inferred from their results that 

“drivers perceived the median barriers more as a protective device than as a 

hazard and therefore adapt to their presence by increasing their speed to 

compensate for the perceived reduction in risks” (Tay & Churchill, 2007).  

In 2010, the Texas Transportation Institute (TTI) ran an experiment testing 

human comprehension of warning signs and lane closures in a driving simulator. 

It was found that iterative warning signs with no more than three units of 

information (with a unit equaling one word or a short line of two words) and 

orange traffic barrels work best to inform the driver of an upcoming event and 

guide them to a safe travel path. 

To determine the impact of various factors on work zone crashes and driver 

performance, McAvoy et al. (2011) conducted research using a driving simulator. 

Some of the various factors included roadway type (divided or undivided), traffic 

density (low, moderate, and high), and work zone type (lane or shoulder closure). 

Crash frequency, speed, lane deviation, and deceleration were the primary 

performance measures collected and utilized to determine the most hazardous 

work zone configurations for drivers. It was found that traffic density for mean 
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speed and roadway type for lane deviation were not statistically different. It was 

also determined that the most hazardous work zone configuration involved a 

divided highway with a lane closure during low density traffic conditions.  

Not all driver performance variability in work zones can be attributed roadway 

and work zone characteristics. The greatest contributor to variability in a traffic 

stream is most likely the diversity of the driving population and the vehicle fleet. 

The two most expansive ways to categorize drivers are by age and gender. An 

examination of work zone crash data done by Li and Bai (2009) in Kansas 

showed that looking at these driver characteristics is important. This study looked 

at 85 fatal crashes between 1998 and 2004, as well as 620 injury crashes between 

2003 and 2004 in Kansas highway work zones. It was found that of the 85 fatal 

crashes, 64 were caused by male drivers, 24 were caused by drivers 55 and older, 

and 61 were caused by drivers between the ages of 15 and 54 (22 coming from 

people age 35-44). Of the 620 injury crashes, 398 were caused my male drivers, 

86 were caused by drivers 55 and older, and 534 were caused by drivers between 

the ages of 15 and 54 (126 coming from people age 25-34).  

2.6 Simulator Validation 

Validation of a driving simulator can occur on one of two levels, either absolute 

or relative, based on observed differences in any number of performance 

measures such as speed, acceleration, or deceleration. A driving simulator is 

relatively validated when the differences in observed performance measures in the 
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simulated environment are of similar magnitude and in the same direction from 

those observed in the real world. A simulator becomes absolutely validated when 

the magnitude and direction of these differences is not significantly different 

(Handbook of Driving Simulation for Engineering, Medicine, and Psychology, 

2011). 

 
(a) Relative Validity 

 
(b) Absolutely Validity 

 

Figure 3: Relative and Absolute Validity in Driving Simulation 

 

There is concern among researchers about the validity of using driving simulators 

to evaluate driver behavior, due primarily to differences in perceived risk between 

the simulated environment and the real world (McAvoy et al. 2007). For a 

simulator experiment to be useful, it is not required that absolute validity is 
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obtained: however it is necessary that relative validity is established (Tornos, 

1998).  

It has been repeatedly found (Godley et al., 2002, Bella, 2008) that drivers tend to 

travel at slightly higher speeds in simulated environments, which some have 

contributed to a difference in perceived risk. Hurwitz et al. (2007) determined the 

accuracy in which drivers could perceive their speed in both a real world 

environment and a driving simulator. It was found that drivers consistently 

travelled about 5 mph faster in the simulated environment compared to the real 

world, which was consistent with the findings of Godley (2002) and Bella (2008). 

The authors concluded that driving simulation could be an effective tool for 

speed-related research if the particular study was scoped appropriately for the 

driving simulator that would be used.  

Bella (2005) aimed to calibrate and validate the driving simulator of the European 

Interuniversity Research Center for Road Safety to enable its use for design and 

verification of the effectiveness of temporary traffic signs on highways. A work 

zone located on Highway A1 from Milan to Naples, Italy was surveyed, and 

speed measurements were conducted in the transition area, the activity area, the 

termination area, and in the advance warning area of the work zone. Speed data 

from the field and the simulator were analyzed using a bilateral Z-test. The 

analysis revealed that differences between the speeds observed in the work zone 

and those measured with the simulator were not statistically significant. 
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In 2010, Mathur et al. sought to validate a fixed-base driving simulator as a tool to 

study driver behavior in work zones. Field data for a work zone, including a 

partial lane closure, were collected using GPS and supplemented with video 

recordings of traffic at specific locations in the work zone. The work zone was 

modeled in the simulator and tested using 46 participants. Results indicated that 

the mean speeds measured in the simulator showed good agreement with those 

found in the field. The research also established the absolute and relative validity 

of the simulator. 

Reyes et al. (2010) studied the effect of work zone barrier type, lateral buffer, and 

work zone activity level by measuring speed and lane position. In the experiment, 

twelve middle aged and twelve senior participants drove in a National Advanced 

Driving Simulator (NADS) MiniSim. The results showed that the participants 

drove faster and with less variability in work zones with concrete barriers as 

compared to drums.  

Moore and Hurwitz (2012) used a driving simulator to collect driver response data 

at the onset of the circular yellow indication in an attempt to better understand and 

describe driver response to the circular yellow indication. The collected data were 

compared to several previous research studies conducted in different mediums 

(Gates and Noyce, 2006; Chang and Messer, 1985; Wortman and Matthais, 1983; 

Williams 1977; Caird et al., 2005; Rakha et al., 2007; Gazis et al. 1960). The 

comparisons provided evidence that driver response to phase termination (average 
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deceleration and brake response times) at traffic signals on tangent segments of 

roadway can be effectively evaluated and modeled in a driving simulator of a 

similar configuration to the platform at the OSU Driving and Bicycling Research 

Lab. 

2.7 Summary 

Numerous individual roadway and work zone characteristics can and do affect 

driver behavior in work zones. Each roadway user’s assessment of a work zone 

results in some level of comfort that is exhibited through their driving 

performance. Due to the high percentage of the NHS undergoing construction 

each season, the alarming number of work zone related crashes (across the 

spectrum of injury severity), and the lack of protection provided to workers, 

particularly in short-term work zones, it is of the utmost importance that engineers 

find ways to mitigate the safety concerns of both drivers and construction 

workers. It is also important that they do so while not overloading the capacity of 

the roadway and causing additional delay.  

 It has been stated in numerous studies that drivers distinguish barriers more as a 

protective device than as a hazard and therefore perceive a reduction in risks 

when they are present adjacent to the roadway. This has been shown by research 

subjects driving faster and with less variability in work zones containing concrete 

barriers than in those only having cones or drums. However, longitudinal barriers 

that provide solid protection for workers, such as concrete barriers, are not 
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commonly used for short-term work zones. The Mobile Work Zone Barrier was 

developed in response to this need. Extensive research has been done on the 

improved safety related to the use of the MWB; however, comparatively little 

research has focused on driver behavior in response to the presence of the MWB 

in work zones.  

Therefore it is critical to examine how drivers will respond to the presence of the 

MWB in work zones. It is essential for both roadway safety and capacity that the 

MWB does not adversely affect driver performance. Central driver behavior 

measures to observe are vehicle velocity and trajectory, as well as eye glance 

data. Providing a safe and controlled environment to observe this behavior is of 

the utmost importance. 

Since driving simulation has been proven as an effective means of collecting 

driver performance data in work zones in numerous studies, the research team at 

OSU decided to utilize their driving simulator as a means to do research on driver 

behavior in work zones. More specifically, to examine vehicle velocity and 

trajectory, as well as eye glance data, as drivers traverse work zones with and 

without the MWB longitudinal barrier separating the open lane of roadway from 

the activity area of the work zone. 
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3 Methodology 

This section reviews the specific research objectives as well as the experimental 

methods implemented to address them. It also provides information about the 

OSU driving simulator and the scenario control features used to develop the 

experimental scenarios. 

3.1 Research Objectives 

This research focuses on the following objectives to contribute to the 

understanding of driver behavior in WZs. Within the simulated environment, 

subjects were presented with four different work zones a right lane closure with a 

mobile barrier, a right lane closure without a mobile barrier, a left lane closure 

with a mobile barrier, and a left lane closure with a mobile barrier.  

 

1) Analyze the velocity of vehicles traversing work zones requiring a single 

lane closure as measured in a driving simulator and determine if there is a 

difference in the presence of mobile work zone barriers as compared to 

traditional channelization provided by a sequence of drums. 

H0: There is no difference in vehicle velocity while traversing a single left 

or right lane closure work zone with a mobile barrier or a sequence of 

drums positioned in the activity area of a work zone.  
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2) Analyze the lateral position of vehicles traversing single lane closure work 

zones as measured in a driving simulator and determine if there is a 

difference in the presence of mobile work zone barriers as compared to 

traditional channelization provided by a sequence of drums. 

H0: There is no difference in vehicle trajectory while traversing a single 

left or right lane closure work zone with a mobile barrier or a sequence of 

drums positioned in the activity area of a work zone.  

3) Analyze driver’s eye movements to see if there is a difference in their 

glance patterns or fixation points while traversing single lane closure work 

zones as measured in a driving simulator and determine if there is a 

difference in the presence of mobile work zone barriers as compared to 

traditional channelization provided by a sequence of drums. 

H0: There is no difference in the driver’s glance patterns or fixation points 

while traversing a single left or right lane closure work zone with a mobile 

barrier or a sequence of drums positioned in the activity area of a work 

zone.  

3.2 Driving Simulator 

The OSU Driving Simulator is a high-fidelity motion base simulator. The 

simulator consists of a full 2009 Ford Fusion cab mounted on top of an electric 

pitch motion system with the driver's eye-point located at the center of the 
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viewing volume. The pitch motion system accurately reflects acceleration and 

deceleration cues on tangent road segments. Three projectors are used to project a 

180 degree front view and a fourth projector is used to display a rear image for the 

driver’s center mirror. The two side mirrors also have embedded LCD displays. 

The vehicle cab instruments are fully functional and include a steering control 

loading system to accurately represent steering torques based on vehicle velocity 

and steering angle. The computer system consists of a quad core host running 

Realtime Technologies SimCreator Software with an update rate for the graphics 

of 60 Hz. The simulator software is capable of capturing and outputting 

performance measures such as instantaneous velocity, position, brake, 

acceleration, and time and space headways. The simulator is pictured in Figure 4 

from the interior and exterior of the vehicle. 

    

Figure 4: OSU Driving Simulator 

Researchers build the environment and track subject drivers at the operations 

station shown in Figure 5, which is out of view from subjects within the vehicle. 
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Figure 5: Driving Simulator Operator Workstation 

 

3.3 Eye Glance Data 

Eye tracking data was collected using the Mobile Eye-XG platform from Applied 

Science Laboratories (Figure 6). The advanced Mobile Eye-XG allows the subject 

to not only have unconstrained eye movement but also unconstrained head 

movement, generating a sampling rate of 30 Hz and an accuracy of 0.5 to 1.0 

degree. The subject’s gaze is calculated based on the correlation between the 

subject’s pupil position and the reflection of three infrared lights on the eyeball. 

Eye movement consists of fixations and saccades where fixations are points that 

are focused on during a short period of time and saccades are when the eye moves 

to another point. The Mobile Eye-XG system records a fixation when the 

subject’s eyes have paused in a certain position for more than 100 milliseconds. 

Quick movements to another position, saccades, are not recorded directly but 

instead are calculated based on the dwell time between fixations. For this 
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research, these saccades or dwell times were not analyzed due to the specific 

research questions being considered. 

 

 

Figure 6: OSU Researcher Demonstrating Both the Mobile Eye XG Glasses 

and Mobile Recording Unit 

3.4 Scenario Layout  

The experiment was designed using simulator software (Internet Scene 

Assembler, SimCreator, and Google Sketch-Up) and the OSU Driving Simulator 

was used to project the virtual environment around the driver. The purpose of this 

environment was to put drivers in situations in which observations could be made 

and measurements taken in a controlled and repeatable laboratory setting to help 

answer our exact experimental questions. The course was designed to take the 

subject 10 to 15 minutes to complete. The entire experiment, including the 

consent process and post-drive questionnaire, lasted approximately 45 minutes. In 

an effort to reduce the chances of simulator sickness, the driving scenario was 

built with no stops and no ambient traffic.  
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Four types of work zones were presented to the subjects. These included a right 

lane closure with a mobile barrier (work zone 1), a right lane closure without a 

mobile barrier (work zone 3), a left lane closure with a mobile barrier (work zone 

2), and a left lane closure without a mobile barrier (work zone 4). Each work zone 

was located on the tangent section of a four-lane, divided, rural highway with 

travel in both directions. In order to test one of the most hazardous work zones 

involving a divided highway with a lane closure during low density traffic 

conditions, the ambient traffic in the environment was set to zero (McAvoy et al., 

2011). Figure 7, below, shows a plan view of the experimental test track. Each of 

the four work zones are identified as well as the four billboard locations.  
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Figure 7: Aerial View of the Simulated Test Track 

Figure 8 illustrates a typical right lane closure for a work zone containing a 

mobile barrier (left panel), as well as a work zone that does not contain a mobile 

barrier (right panel). 
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Figure 8: Right Lane Closure with Mobile Barrier (left) and Without (right) 

 

A data collection sensor was placed over the advance warning, transition, activity, 

and termination areas of each work zone. The instantaneous velocity, position, 

and acceleration were recorded with time stamps at roughly 15 Hz (15 times a 

second). 

A new text file was created each time the test vehicle entered a sensor in the 

advanced warning area of the next work zone. This allowed for an organized and 

efficient transfer of data to a spreadsheet application for further analysis. 
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3.5 Texting as a Distractor 

To reduce the likelihood that participants deduced the primary research questions 

of the study, thereby potentially altering their driving behavior, they were asked to 

complete several texting tasks while traversing the experimental route. As driver’s 

approached the horizontal curves, they were presented with a picture on a 

billboard. The participants were asked to send a text message containing the name 

of the animal they saw on a billboard (Figure 10) to a phone number they were 

given prior to experimentation. Participants navigated a total of four horizontal 

curves each requiring a short response. In post experiment debriefing, nearly 

every driver supposed that the experiment was concerned with texting while 

driving.  
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Figure 9: Example of Billboard Image 

 

3.6 Procedure 

Participants for this study were selected from the OSU and surrounding 

community. Participants were required to possess a valid driver’s license, not 

have vision problems, and be physically and mentally capable of legally operating 

a vehicle. Participants also needed to be deemed competent to provide written 

informed consent.   

Recruitment of participants was accomplished through the use of flyers posted 

around campus and emailed to different campus organizations, as well as 
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announcements during transportation engineering classes. Interested participants 

were screened to ensure that they possess a valid driver license and were not 

prone to motion sickness. 

Participants met a student researcher in the OSU Driving Simulator Office, 

located in room 206A of Graff Hall. They were then given the informed consent 

document, asked to read through it with the student researcher, and provided the 

opportunity to ask any clarifying questions. During this time, participants were 

also informed of the risk of simulator sickness, that they had no obligation to 

finish, and that they could stop participating in the experiment at any time without 

monetary penalty.  

Upon entering the lab, each participant was briefly introduced to the equipment 

being used in the experiment, fitted with the ASL Mobile Eye-XG equipment, and 

asked to position themselves in the driver’s seat of the driving simulator. The 

subjects were informed about driving in the simulated environment, and 

instructed to behave as natural as possible while following all traffic laws as they 

normally would. Each participant was then given approximately three minutes to 

drive in a four-lane, divided, rural highway practice environment to become 

familiar with driving in the simulator and to assess the potential for simulator 

sickness.  

If the participant completed the practice drive without signs of simulator sickness, 

the researchers calibrated the eye tracking equipment by mapping the participant’s 
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pupil to fixation points projected on to the screen directly in front of the vehicle 

(Figure 10). If the equipment could not be properly calibrated, which was 

dependent upon eye positioning and other physical attributes, the equipment was 

removed and the subject was allowed to continue without it. 

 

Figure 10: Eye tracking calibration image 

After calibration, participants were given further instructions on how to drive in 

the experimental scenario. Participants were reminded to behave as they normally 

would and to react to all traffic control devices in a manner consistent with their 

typical driving behavior. They were then given instructions on how to traverse the 

course and perform the texting task. After verbal confirmation of their 

understanding of the instructions, they were allowed to begin the experiment. 

Upon completion of the experiment, drivers were escorted back the office where 

they completed a post-test questionnaire, received a $20 cash compensation for 

participating, and were debriefed on the purpose of the experiment. 
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3.7 Participants 

This study targeted an enrollment of 40 participants with a balance of gender. 

Researchers did not screen interested participants based on gender until the quota 

for either males or females had been reached, at which point only the gender with 

the unmet quota was allowed to participate. Although it was expected that most 

participants would be OSU students, however an effort was also made to 

incorporate participants of all ages within the specified range of 18 to75. While it 

was desired to vary the age of the participants it was not a requirement of this 

particular effort.   

Throughout the entire study, information related to the participants was kept 

under double lock security in conformance with accepted IRB procedures.  Each 

participant was randomly assigned a number to remove any uniquely identifiable 

information from the recorded data. 

A total of 36 participants were used in this experiment; however, 40 participants 

actually partook in the experiment. Four participants withdrew due to simulator 

sickness. Table 5 provides the basic demographic information describing the 

driver population used in this experiment.  
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Table 5: Subject Demographics 

How many years have you been a licensed driver? 

Possible Responses 
Number of 

Participants 

Percentage of 

Participants 

0-5 years 6 16.67% 

5-10 years 14 38.89% 

10-15 years 4 11.11% 

15-20 years 0 0.00% 

20+ years 12 33.33% 

How many miles did you drive last year? 

0-5,000 miles 11 30.56% 

5,000-10,000 miles 11 30.56% 

10,000-15,000 miles 8 22.22% 

15,000-20,000 miles 5 13.89% 

20,000+ miles 1 2.78% 

What type of vehicle do you typically drive? 

Passenger Car 25 69.44% 

SUV 5 13.89% 

Pickup Truck 6 16.67% 

Van 0 0.00% 

Heavy Vehicle 0 0.00% 

Gender 

Male 17 47.22% 

Female 19 52.78% 

Age 

Minimum Average Maximum 

17 36 65 
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4 Results  

This chapter presents the findings from the evaluation of driver behavior 

conducted in the OSU Driving Simulator. It explores various aspects of the 

observed driver response to the simulated MWB as a barrier situated in the 

activity area of single lane drop work zones, including vehicle velocity, trajectory, 

and eye glance data.  

Of the 38 subjects who participated in the experiment, 2 could not complete the 

experiment due to simulator sickness, and 16 subjects could not be calibrated for 

eye tracking data. This resulted in the collection of velocity and position data for 

36 subjects, and eye tracking data for 22 subjects. In total, 152 work zones were 

traversed by 36 subjects, all of which were deemed acceptable for further analysis 

of the velocity and position data. Additionally, 88 of these work zones were 

deemed acceptable for eye tracking analysis.  

4.1 Data Reduction 

4.1.1 Vehicle Trajectory and Lateral Position 

Using default output data from the OSU driving simulator, each individual 

driver’s key performance measures were saved as a text file. Once all the subjects 

had been tested, the text files were compiled and imported in to a Microsoft Excel 

spreadsheet. The data was then organized by relative position and time stamps. 

Next, the data was filtered to only include performance measures observed in this 

particular study (velocity and trajectory). Finally, the data was aggregated by the 

corresponding work zone. 
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Several time-space diagrams were developed to help visualize driver responses to 

the MWB positioned as a barrier in the activity area of maintenance work zones. 

Each line on the figures represents the path of a single vehicle traversing the work 

zones. Figure 11 depicts an aerial view of the path of the centroid of a single 

vehicle as it traverses a right lane drop with a MWB in the activity zone. In Figure 

12, the slope of the line at any point represents the instantaneous velocity of 

travel, and curvature indicates acceleration/deceleration.  

 

Figure 11: Lateral Position for a Single Subject (Centroid) – Work Zone 1 
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Figure 12: Space-Time Diagram for a Single Subject – Work Zone 1 

Another way to visualize this type of data is to display the trajectories for all of 

the drivers on a single plot. By making each figure represent a single work zone, 

the entire spectrum of driver responses to a single scenario can be visually 

inspected. Figures 13 and 14 provide trajectory data for all 36 drivers.  

 

Figure 13: lateral Position for All Subjects (Centroid) – Work Zone 1 
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Figure 14: Space-Time Diagram for All Subjects – Work Zone 1 

4.1.2 Eye Glance Data 

Using the ASL Results Plus software suite provided with the ASL Mobile Eye-

XG equipment, each subject’s fixations were analyzed using Area of Interest 

(AOIs). This process required researchers to watch each tangent section of 

roadway video that was successfully collected (4 per subject) and draw AOI 

polygons on a sequence of individual video frames separated by intervals 

measuring approximately 5 to 10 frames. Once each AOI was moved manually, 

an “Anchor” is created. The change in distance and size of AOIs between these 

Anchors is interpolated to ensure that all fixations on the AOIs, in this case the 

activity area of the work zone, are captured. Examples of the AOIs considered can 
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be found in Figure 15 and 16. Figure 15 depicts a subject passing through work 

zone 2.  

 

Figure 15: Subject Passing Through Work Zone 2 with AOI 

Another example of a subject fixating on an AOI, in this case the workers inside 

the activity area of the work zone can be found in Figure 16. This figure 

exemplifies a possible visual distraction for a driver as they pass through a work 

zone with no visual barrier secluding the activity area.  
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Figure 16: Subject Passing Through Work Zone 4 with AOI 

 

Once the AOIs have been coded for each individual video file, ASL Results Plus 

is used to output spreadsheets of the all fixations and their corresponding AOIs. 

Fixations outside of coded AOIs were collectively defined as OUTSIDE and were 

not used further in this analysis. Researchers exported these .txt spreadsheets and 

imported them into different software such as Microsoft Excel and R for further 

analysis. A portion of one subject’s fixation data set can be found in Table 6. This 

table is a summary of the fixations during four 12 second videos and includes the 

number of fixations, total fixation durations, average fixation durations, and time 

of first fixation within each AOI created while passing through all four work zone 
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scenarios on four separate tangent segments of roadway. Saccades, quick eye 

movements where no fixations are made by the subject, were not exported and 

analyzed. 

Table 6: Example of Raw Fixation Data Output 

AOI Name 
Fixation 
Count 

Total 
Fixation 
Duration 

Average 
Fixation 
Duration 

First 
Fixation 

Time 

Right Lane - Mobile Barrier 11 3.88 0.353 275.49 

Right Lane - No Mobile Barrier 10 2.36 0.236 642.26 

Left Lane - Mobile Barrier 11 4.03 0.366 457.99 

Left Lane - No Mobile Barrier 12 5.01 0.418 827.03 

 

AOIs include the activity areas of a work zone with a mobile barrier requiring a 

right lane closure, without a mobile barrier requiring a right lane closure, with a 

mobile barrier requiring a left lane closure, and without a mobile barrier requiring 

a left lane closure. 

4.2 Data Analysis 

The reduction of eye tracking video data allowed for a variety of descriptive 

statistics and statistical tests to be performed. Several performance measures were 

available to analyze including glance behavior, vehicle velocity, and vehicle 

trajectory. 
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4.2.1 Average Total Fixation Duration 

For each scenario, average total fixation duration (ATFD) and fixation counts 

were collected for each AOI. Figure 17 shows the ATFD for each AOI. 95% 

confidence intervals were calculated for the ATFDs, and are included in Figure 

17. The 95% confidence interval defines an interval that contains the true mean 

with a statistical confidence of 95%.  

 

Figure 17: AFTD with 95% CIs for all Four Work Zones 

 

Figure 18 shows the average fixation counts (AFC) from all subjects traversing all 

four work zone scenarios. Again, 95% confidence intervals are displayed.   
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Figure 18: AFC with 95% CIs for all Four Work Zones 

 

Useful graphical comparisons can be performed based on the ATFD, AFC, and 

the corresponding 95% CIs. For example, Figure 17 shows the ATFD on AOIs for 

four experimental scenarios. The graphical comparison between work zones 1 and 

3, as well as 2 and 4, show that, with 95% confidence, the ATFD on the activity 

areas of the work zones do not significantly differ with the presence of a mobile 

barrier. To confirm this visual inspection, a paired t-test assuming equal variances 

(verified by two-sample F-tests) resulted in a p-value of 0.201 and 0.375, 

respectively.  
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4.2.2 Vehicle Velocity 

To understand the influence of the MWB on vehicle velocities the first null 

hypothesis found in Section 3.1 was explored: 

H0: There is no difference in vehicle velocity while traversing a single left or right 

lane closure work zone with a mobile barrier or a sequence of drums positioned 

in the activity area of a work zone.  

This resulted in the consideration of the work zones in sections (Tangent, Taper, 

and Activity Area) and four work zones (1, 2, 3, and 4). This isolated the impact 

of individual variable levels. For example, one possible test could determine the 

difference between the mean velocity of vehicles in the activity areas of work 

zones 1 and 4. To find out if the mean velocity is in fact different between 

specific work zones, paired t-tests were conducted. Table 7 presents the results of 

these paired t-tests. For two variables to be identified as statistically different with 

95% confidence, the resulting p-values should be less than 0.05. 
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Table 7: Statistics Summary Table Comparing Mean Velocity of Different 

Roadway Sections between Work Zones 

Work Zone  
Work Zone  

Section 

Mean Velocity (MPH) Paired T-Test 

WZ 1 WZ 3 p-value Significant 

1 vs 3 

Tangent 58.47 58.79 0.647 NO 

Taper 55.41 56.93 0.105 Suggestive 

Activity Area 54.40 55.95 0.112 Suggestive 

Work Zone  
Work Zone  

Section 
WZ 2 WZ 4 p-value Significant 

2 vs 4  

Tangent  59.44 59.46 0.976 NO 

Taper  56.71 56.91 0.742 NO 

Activity Area 55.90 56.21 0.642 NO 

 

Between work zones 1 and 3, as well as 2 and 4, no statistically significant 

differences were found with respect to velocity. This suggests that the mean 

velocity of vehicles traversing the different sections of a work zone do not change 

depending on the presence of the MWB However, it can be said that there is 

suggestive evidence of a difference in mean velocity in the taper and activity 

areas of work zones 1 and 3.  

4.2.3 Lateral Position 

Next, the influence of an MWB in the activity area on lateral position was 

considered. Specifically the second null hypothesis, found in Section 3.1 was 

examined: 

H0: There is no difference in vehicle trajectory while traversing a single left or 

right lane closure work zone with a mobile barrier or a sequence of drums 

positioned in the activity area of a work zone.  
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The average lane position, as measured from the centroid of the vehicle to the 

centerline of the roadway section, of all vehicles passing through the work zones 

were compared with paired t-tests (Table 8). 

Table 8: Statistics Summary Table Comparing Average Lane Position through the 

Activity Area between Work Zones 

Roadway  
Section 

Mean Position (Feet) 

Work Zone  

Paired T-Test 

WZ 1 WZ 3 WZ 2 WZ 4 
p-

value 
Significant 

Activity 
Area 

8.63 8.73 6.63 5.97 
1 vs 3 0.419 NO 

2 vs 4 0.0056 YES 

 

Statistically significant differences (with 95% confidence) were found between 

the average lane position of vehicles passing through the activity areas of work 

zones 2 and 4. This suggests that lane position does change, shifting eight inches 

further away, on a left lane drop with a mobile barrier present compared to when 

there are only drums. No statistically significant difference was found between the 

average lane position of vehicles passing through the activity areas of work zones 

1 and 3. 

4.2.4 Eye Glance Data 

The last set of analyses involved comparing the AFTD and AFC between the four 

work zones as described by the third null hypothesis in Section 3.1: 

H0: There is no difference in the driver’s glance patterns or fixation points while 

traversing a single left or right lane closure work zone with a mobile barrier or a 

sequence of drums positioned in the activity area of a work zone.  
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Once again, paired t-tests were used to determine if the AFTD (Table 9) and the 

AFC (Table 10) varied between work zones when subjects interacted with a 

mobile work zone barrier versus drums.  

Table 9: AFTD 

ATFD (Sec) 

Work Zone  
Paired T-Test 

WZ 1 WZ 3 WZ 2 WZ 4 
p-

value Significant 

2.82 2.27 2.35 2.02 
1 vs 3 0.2701 NO 

2 vs 4 0.4575 NO 

 

Table 10: AFC 

AFC (number) 

Work Zone  
Paired T-Test 

WZ 1 WZ 3 WZ 2 WZ 4 
p-

value Significant 

7.36 5.86 6.91 6 
1 vs 3 0.5745 NO 

2 vs 4 0.8760 NO 

 

No statistically significant differences were found for any of the work zones. This 

suggests that the glance patterns (AFTD) and fixation points (AFC) do not change 

when there is a mobile barrier present compared to when there are only drums. 
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5 Conclusions 

Transportation facilities, when designed appropriately, attempt to provide a 

balance between safety and efficiency while acknowledging the design 

implications on their most vulnerable users. Driving simulation has been 

recognized as a safe, efficient, and effective method to evaluate driver behavior 

within these facilities. In work zones, workers are considered to be amongst the 

most vulnerable. When working in an activity area without a lateral barrier, 

workers are particularly at risk from adjacent vehicles traversing the work zone.  

5.1 Research Objectives Review 

This research was aimed at better understanding how drivers behave while 

traversing a work zone with a MWB lateral barrier. More specifically, how a 

driver’s velocity, later position, fixation duration, and number of fixations are 

affected by the presence of the MWB. Three null hypotheses were tested in the 

OSU Driving Simulator. 

1. H0: There is no difference in vehicle velocity while traversing a single left 

or right lane closure work zone with a mobile barrier or a sequence of 

drums positioned in the activity area of a work zone.  

2. H0: There is no difference in vehicle trajectory while traversing a single 

left or right lane closure work zone with a mobile barrier or a sequence of 

drums positioned in the activity area of a work zone.  
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3. H0: There is no difference in the driver’s glance patterns or fixation points 

while traversing a single left or right lane closure work zone with a mobile 

barrier or a sequence of drums positioned in the activity area of a work 

zone.  

A driving simulator experiment was conducted in which a sample of 36 drivers 

was collected representing 152 work zone incursions. The following subsections 

highlight the most meaningful research findings. 

5.2 Findings 

The results found in section 4.3.1 compare the average vehicle velocity of three 

roadway sections of all four work zones, which include a right lane drop with a 

MWB, a left lane drop with a MWB, a right lane drop without a MWB, and a left 

lane drop without a MWB. Findings include: 

 No statistically significant differences were found in 10 of the 12 roadway 

sections. 

 Evidence suggestive of a difference in mean velocity was found between 

the tapers and activity areas of work zone 1 and work zone 3. 

 

These results suggest that drivers do not change their velocity when traversing a 

work zone using a MWB as a longitudinal barrier when compared to work zones 

without a MWB.  
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Section 4.3.2 focuses on vehicular lateral position. Findings include: 

 A statistically significant difference (p-value < 0.05) was found in the 

lateral positioning of vehicles traversing work zones 2 and 4. 

 No statistically significant difference was found in the lateral positioning 

of vehicles traversing work zones 1 and 3.  

These results suggest that when the driver is required to change lanes due 

to a lane drop on the left side of the road the presence of a MWB results in 

an 8 inch shift away from the barrier as compared to a work zone without 

a MWB. This is possibly due to the additional proximity of the driver to 

the barrier in a left lane drop.  

The results presented in section 4.3.3 were concerned with the glance patterns 

(ATFD and AFC) of drivers as the traversed work zones both with and without a 

MWB longitudinal barrier. Findings include: 

 No statistically significant difference was found in the average total 

fixation duration of drivers in work zones with and without a MWB 

longitudinal barrier. 

 No statistically significant difference was found in the average fixation 

counts of drivers in work zones with and without a MWB longitudinal 

barrier. 

The number of subjects who failed to fixate on any part of the activity area of the 

work zones was also collected. It was found that 5 percent of the subjects failed to 
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fixate on the MWB in their first encounter with the longitudinal barrier; that 

number increased to 14 percent on their second encounter. These findings suggest 

that driver attention is not taken away from the roadway by the presence of the 

MWB. 

5.3 Future Work  

This research has provided unique insight into driver behavior in work zones both 

with and without an MWB longitudinal barrier. Preliminary evidence regarding 

the influence of the MWB longitudinal barrier was successfully produced in a 

driving simulator experiment. With that said, there is additional work that could 

be conducted to advance this line of research: 

 Further analysis could be performed on the effect of ambient traffic on 

driver behavior in work zones.  

 Increasing the number of different barrier types presented to the subjects 

as they traverse the work zone. 

 A larger, more diverse sample size could result in more broadly adoptable 

results. 

 Validation of the simulator data using real world data. 
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