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EXECUTIVE SUMMARY

Work zone safety is a major concern for the Federal Highway Administration
(FHWA), American Association of State Highway and Transportation Officials (AASHTO),
and state departments of transportation (DOTs). Recent data indicate that highway
construction and maintenance work zone crashes cause an average of 745 fatalities and
40,700 severe injuries per year in the United States.

To address these critical safety concerns, the lllinois Department of Transportation
(IDOT) developed and implemented the Safety Engineering Policy (3-07) to comply with the
FHWA Work Zone Safety and Mobility Rule (FHWA 2005). One of the main safety goals of
this newly implemented policy is to reduce the number of motorist fatalities in traffic-related
work zone crashes by 10% each year and to reduce the number of work zone crashes by
5% from each prior year. To improve work zone safety, the lllinois Strategic Highway Safety
Program (ISHSP 2008) proposed a number of strategies, including identifying factors that
contribute to injury and fatal work zone crashes.

This report presents the findings of a research project, funded by the lllinois Center
for Transportation, under project number ICT-R27-52, to study and develop
recommendations to minimize work zone crashes in lllinois. The objectives of this project
are (1) to provide in-depth comprehensive review of the latest literature on traffic-related
work zone crashes and conduct site visits of work zones in lllinois, (2) to analyze the
frequency and severity of traffic-related work zone crashes in lllinois, (3) to quantify the
impact of layout parameters on the risk of crash occurrence and develop practical
recommendations to control the factors contributing to work zone crashes in lllinois, and (4)
to evaluate the practicality and effectiveness of adding temporary/portable rumble strips
within and before work zones. To achieve these objectives, the research team carried out
six major tasks: (1) conducting a comprehensive literature review, (2) collecting and fusing
all available data and reports on work zone crashes in lllinois, (3) analyzing work zone
crashes and identifying their contributing factors, (4) identifying the impact of layout
parameters on the risk of crash occurrences and developing practical recommendations to
improve work zone layouts, (5) performing field experiments to evaluate the efficiency of
using temporary rumble strips in work zones, and (6) evaluating the effectiveness of
temporary rumble strips before work zones begin and at the edge of work zones.
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CHAPTER 1 INTRODUCTION

1.1 WORK ZONE SAFETY

Work zone safety is a major concern for the Federal Highway Administration
(FHWA), American Association of State Highway and Transportation Officials (AASHTO),
and state departments of transportation (DOTs). Recent data indicate that highway
construction and maintenance work zone crashes cause an average of 745 fatalities and
40,700 severe injuries per year in the United States (FARS 2008) as shown in Figure 1.1.
To control and minimize work zone fatalities and injuries, the FHWA and AASHTO continue
to seek improvements in the design practices of work zones that can directly reduce work
zone crashes. Similarly, many state DOTs developed work zone safety and mobility policies
to reduce work zone crashes (IDOT 2002; TxDOT 2009; Caltrans 2006; FHWA 2009b).

Figure 1.1. Total number of fatalities in construction/maintenance
zones in the United States (FARS 2008).

In lllinois, the total number of fatalities caused by work zone crashes from 1995 to
2007 is shown in Figure 1.2. The lllinois Strategic Highway Safety Program (ISHSP 2008)
reported that a “disproportionate number of work zone fatalities in lllinois occur on the
interstate system and involve large trucks” and “the majority of recent crashes are occurring
late at night or during early morning hours.” The ISHSP (2008) also reported that the
percentage of work zone-related fatalities in lllinois is higher than the national average.

To address these critical safety concerns, the lllinois Department of Transportation
(IDOT) developed and implemented an important Safety Engineering Policy (3-07) on
October 12, 2007, to comply with the FHWA Work Zone Safety and Mobility Rule (FHWA
2005). One of the main safety goals of this newly implemented policy is to reduce the
number of motorist fatalities in traffic-related work zone crashes by 10% each year and to
reduce the number of work zone crashes by 5% from each prior year.



Figure 1.2. Total number of construction/maintenance zones fatalities in
lllinois from 1995 to 2007 (FARS 2008).

1.2 PROBLEM STATEMENT

To investigate and enhance work zone safety during highway construction
operations, this project focuses on two important research thrusts: (1) analyzing and
identifying factors contributing to injury and fatal work zone crashes, and (2) studying the
efficiency and effectiveness of using temporary rumble strips before work zones begin and
at the edge of work zones.

First, a number of research studies investigated and analyzed fatalities and injuries
in the work zone to identify factors contributing to unsafe conditions caused by work zones
(Daniel et al. 2000; Garber and Zhao 2002; Mohan and Zech 2005). Other studies analyzed
the impact of work zone design parameters on traffic safety and mobility (Daniel et al. 2000;
Bryden and Mace 2002; Garber and Zhao 2002; Mohan and Zech 2005; Mahoney et al.
2007; Harb et al. 2008). The National Cooperative Highway Research Program (NCHRP)
Report 581 developed guidelines for the design of construction work zone geometric
features including horizontal and vertical alignment, cross-sectional features, and temporary
concrete barrier placement (Mahoney et al. 2007). The NCHRP Report 476 recommended
guidelines to help transportation agencies develop and implement plans for night work
zones (Bryden and Mace 2002). Despite the significant contributions of the aforementioned
studies, there is little or no reported research that studied the impact of work zone
characteristics such as layout, type, duration, temporary traffic control (TTC) devices, traffic
volumes, median types, lane width, and vision obstructions on work zone crashes.

Second, several state DOTs use different sets of temporary rumble strips that are
generally placed in different patterns in advance of highway segments where reduced speed
or elevated driver alertness is required (Zech et al. 2005). Research studies were conducted
to study the effectiveness of rumble strips in two main areas: rumble strip application in
terms of minimizing run-off-the-road and intersection crashes (Miles and Finley 2007) and
the effect of rumble strip characteristics on alerting inattentive drivers (Fontaine and Carlson
2001; Miles and Finley 2007; Meyer 2000; Morgan 2003). Despite the significant
contributions of the aforementioned studies, the effectiveness and constructability of various
arrangements of temporary rumble strips before work zones begin and at the edge of work
zones have not been investigated.



To address these research gaps and to maximize work zone safety, there is a
pressing need to conduct additional research that focuses on (1) providing better
understanding of the factors contributing to injury and fatal work zone crashes, (2) creating
new understanding and quantifying the impact of work zone layout parameters on the risk of
crash occurrence, and (3) analyzing the efficiency and effectiveness of using new and
innovative traffic control devices such as temporary rumble strips.

1.3 RESEARCH OBJECTIVES

The primary goal of this research is to create new knowledge that addresses the
aforementioned research needs in order to maximize work zone safety while minimizing
severe work zone crashes. To accomplish this goal, the main research objectives of this
study are to

1. Perform an in-depth, comprehensive review of the latest literature on traffic-
related work zone crashes and conduct site visits to work zones in lllinois.

2. Analyze the frequency and severity of traffic-related work zone crashes in
lllinois.

3. Quantify the impact of layout parameters on the risk of crash occurrence and
develop practical recommendations to control the factors contributing to work
zone crashes in lllinois.

4. Evaluate the practicality and effectiveness of adding temporary/portable rumble
strips within and before work zones.

1.4 RESEARCH METHODOLOGY

A research team from the University of lllinois at Urbana-Champaign investigated
and analyzed all factors contributing to work zone crashes in lllinois and conducted field
experiments to evaluate the effectiveness and efficiency of using temporary rumble strips in
work zones. The research team conducted the research work in six major tasks: (1)
conducting a comprehensive literature review, (2) collecting and fusing all available data and
reports on work zone crashes in lllinois, (3) analyzing work zone crashes and identifying
their contributing factors, (4) identifying the impact of layout parameters on the risk of crash
occurrence and developing practical recommendations to improve work zone layouts, (5)
performing field experiments to evaluate the efficiency of using temporary rumble strips in
work zones, and (6) evaluating the effectiveness of temporary rumble strips before work
zones begin and at the edge of work zones. These research tasks and their outputs are
summarized in Figure 1.3.

In the first task of the project, a literature review was conducted to establish baseline
knowledge of the latest research and developments on work zone characteristics and their
effect on the frequency and severity of work zone crashes. The review of the literature
focused on (1) work zone layouts, traffic control strategies, and temporary management
plans; (2) temporary traffic control devices and their applications; (3) work zone parameters,
merge techniques, and queue detection systems; (4) federal and state departments of
transportation rules and standards for work zone safety and mobility; and (5) work zone
crash data reporting and statistical methods for data analysis.

The second task of the project focused on gathering data and reports on work zone
crashes in lllinois and fusing them into a single comprehensive dataset. Crash data sources
included (1) National Highway and Traffic Safety Administration (NHTSA) crash data, (2)
Highway Safety Information System (HSIS) crash data, and (3) police crash reports.



In the third task of the project, a comprehensive analysis of work zone crashes was
conducted to identify the factors contributing to work zone crashes in lllinois. First, crash
frequency analyses were performed to investigate and compare the impact of work zone
parameters on the frequency and severity of (1) fatal work zone crashes, (2) multi-vehicle
injury crashes, and (3) single-vehicle injury crashes. Second, a correlation analysis was
performed among work zone crash parameters to identify factors contributing to work zone
crashes. Third, a set of practical recommendations to improve work zone layouts, strategies,
and standards was developed based on the results of work zone crash analyses.

The fourth task of this project focused on identifying the impact of work zone layout
parameters on the risk of crash occurrence. First, the research team visited several
construction work zones in lllinois to gather data on current practices in and around highway
work zones to identify practical parameters that affect work zone safety. The impact of these
work zone parameters was then quantified using the results of an online survey on work
zone practices that was developed to capture IDOT resident engineers’ feedback on the
perceived risk level associated with various work zone parameters. The recommendations
provided by IDOT resident engineers to improve current work zone practices were analyzed
and organized in five main categories: (1) work zone layouts, (2) work zone strategies, (3)
work zone standards, (4) temporary traffic controls in work zones, and (5) placement of
temporary rumble strips within the work zone layout.

Field experiments were conducted in the fifth task of the project to analyze the
efficiency and constructability of using temporary rumble strips before work zones begin and
at the edge of work zones. During these experiments, 27 different arrangements of
temporary rumble strips were tested on the taxiways at the old Chanute Air Force base in
Rantoul, Illinois. The installation and removal processes for three different types of
temporary rumble strips were analyzed and new prototypes of using temporary rumble strips
at the edge of work zones were developed.

The sixth and final task of this project focused on evaluating the effectiveness of
temporary rumble strips in generating adequate sound levels to alert inattentive drivers. A
total of 351 sound-level readings that represented different configurations of study
parameters was collected. This experimental data was analyzed to identify the impact of
temporary rumble strip layout and vehicle characteristics on the generated sound levels and
to develop practical guidelines to improve the effectiveness of using temporary rumble strips
in work zones. Correlation analysis of study parameters and change in sound levels was
conducted to quantify the impact of (1) rumble strip spacing, (2) rumble strip type, (3) vehicle
speed, and (4) vehicle type on the effectiveness of temporary rumble strips before work
zones begin and at the edge of work zones. A set of practical recommendations to improve
the use of work zone temporary rumble strips was developed based on this analysis.



Task 1: Conduct a comprehensive literature
review

Task 2: Collect and fuse data on work zone
Crashes

Task 3: Analyze work zone crashes

Task 4: Identify the impact of layout parameters
on the risk of crash occurrence

Task 5: Perform field experiments to analyze the
efficiency of utilizing temporary rumble strips

Task 6: Evaluate the effectiveness of temporary
rumble strips prior to and at the edge of work zones

Literature Review
(Chapter 2)

Data Collection and Fusion
(Chapter 3)
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Impact of Layout Parameters
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(Chapter 5)
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Strips Field Experiments
(Chapter 6)

Effectiveness of Temporary
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(Chapter 7)

Figure 1.3. Research tasks and outputs.



CHAPTER 2 LITERATURE REVIEW

2.1 INTRODUCTION

A comprehensive literature review was conducted to establish the baseline
knowledge of existing research and practices of work zone characteristics and their effect on
the frequency and severity of work zone crashes. Literature pertaining to research studies
conducted by state departments of transportation (DOTs) and federal standards was also
obtained. This chapter provides a summary of the collected information and organizes the
literature review results in seven sections: (1) work zone layouts and strategies, (2)
temporary traffic control devices and typical applications, (3) work zone parameters and
transportation management plans, (4) nighttime work zones and merge techniques, (5)
federal rules concerning work zone safety and mobility, (6) literature review of work zone
crash studies, and (7) literature review of statistical methods applicable for analyzing work
zone crashes.

2.2 WORK ZONE LAYOUTS

The layout of a work zone must provide a clear separation between travel and work
activity spaces, and provide buffer spaces for protecting motorists and workers who
unintentionally stray from their intended work areas (Bryden and Mace 2002). The work
zone is divided into four areas: (1) advance warning, (2) transition, (3) activity, and (4)
termination, as shown in Figure 2.1 (FHWA 2009c).

Figure 2.1. Major components of a temporary traffic control zone (FHWA 2009c).



2.2.1 Advance Warning Area

The advance warning area is the section of roadway where road users are informed
about the upcoming work zone. Because two or more advance warning signs are regularly
used, the advance warning area should extend 1,500 ft (450 m) or more for open highway
conditions and may extend on freeways and expressways as far as 0.5 miles (800 m) or
more (FHWA 2009c). The first warning sign in advance of the taper should be placed at a
distance 8 to 12 times the speed limit in mph (1.5 to 2.25 times the speed limit in km/h)
(FHWA 2009c).

2.2.2 Transition Area and Tapers

The transition area is the section of roadway where road users are redirected outside
their normal path. Transition areas usually involve strategic use of tapers. Tapers are
created by using a series of channelizing devices and, in some cases, pavement markings
to move traffic from the normal path. Figure 2.2 illustrates different types of tapers. The
appropriate taper length (L) is determined using Tables 2.1 and 2.2, and the maximum
distance in feet (meters) between devices in a taper should not exceed 1.0 times the speed
limit in mph (0.2 times the speed limit in km/h) (FHWA 2009c).

Table 2.1. Formulas for Determining Taper Length (FHWA 2009c)

Taper Length Taper Length (L)
Speed Limit (S) (L) Meters Speed Limit (S) Feet
60 km/h or less L= ws* 40 mph or less L= ws*
155 60
70 km/h or more L= % 45 mph or more L=WS

L = taper length, W = width of offset, and S = posted speed limit

Table 2.2. Taper Length Criteria for Temporary Traffic Control Zone (FHWA 2009c)

Type of Taper Taper Length (L)
Merging Taper At least L
Shifting Taper At least 0.5L
Shoulder Taper At least 0.33L
One-Lane, Two-Way Traffic Taper 100 ft (30 m) maximum
Downstream Taper 100 ft (30 m) per lane




Figure 2.2. Different types of tapers and buffer spaces (FHWA 2009c).

2.2.3 Activity Area

The activity area is the section of the roadway where the work activities take place. It
comprises the work space, the traffic space, and the buffer space. The work space could be
stationary or mobile depending on the progress of work. Buffer spaces, as shown in Figure
2.1, are positioned longitudinally and laterally with respect to the direction of traffic flow. The
allowable values of the longitudinal buffer length are determined based on the allowable
stopping sight distance, which varies according to the design speed (FHWA 2009c).

2.2.4 Termination Area

The termination area is the section of the roadway that returns road users to their
normal path. It extends from the downstream end of the work area to the last temporary
traffic control (TTC) device. The termination area was found to have the lowest number of
crashes in the work zone (Bai and Li 2006).

2.3 WORK ZONE STRATEGIES

A work zone strategy is developed to regulate traffic through or around the facility
under construction via a system of infrastructure and a set of temporary traffic controls
(Mahoney et al. 2007). Nine strategies are widely employed for construction work zones on
highways, and are outlined in the transportation management plans (TMPs) for specific



projects (IDOT 2002; Mahoney et al. 2007). These strategies include (1) alternating one-way
operation, (2) detour, (3) diversion, (4) full road closure, (5) intermittent closure, (6) lane
closure, (7) lane constriction, (8) median crossover, and (9) use of shoulder. Each of these
nine strategies has its own characteristics and offers a unique set of advantages and
disadvantages, as summarized in Table 2.3 (IDOT 2002; Mahoney et al. 2007). The
selection process of a work zone strategy is governed by many factors, such as the number
of lanes, geometric and structure design, highway and worker safety, accessibility, capacity
and queues, constructability, and cost consequences (Mahoney et al. 2007).

Table 2.3. Summary of Work Zone Strategies: Advantages

and Disadvantages (Mahoney et al. 2007)

Strategy

Summary

Advantages

Disadvantages

Alternating one-
way operation

Mitigates for full or
intermittent closure
of lanes. Used
primarily with two-
lane facilities.

Low agency cost and low
non-transportation
impacts; flexible, several
variations available.

Requires stopping of traffic;
reduces capacity.

Reroutes traffic onto

Flexible: cost varies
depending on

Usually reduces capacity; service
and infrastructure on existing roads

Detour other existing improvements to detour mav be dearaded: mav need
facilities. route; in some cases, y 9 f ’h y
only TTC needed. agreement of another agency.
Provides a Separates traffic from Cost may be substantial, especially
. . temporary roadway P - if temporary grade separation of
Diversion construction: reduced

adjacent to
construction.

impact on traffic.

hydraulic structure involved; right-
of-way often required.

Full road closure

Closes the facility to
traffic a specified
(limited) duration.

Generally also involves
expedited construction;
separates traffic from
construction.

Some form of mitigation is needed
(detour, diversion, etc.); potentially
significant traffic impacts.

Intermittent
closure

Stops traffic for a
short period.

Flexible and low agency
cost.

Useful only for activities that can be
completed in short time; requires
stopping traffic.

Lane closure

Closes one or more
travel lanes.

Maintains service; fairly
low agency cost if
temporary barriers are
omitted.

Reduces capacity; may involve
traffic close to active work.

Traveled way width is less than

Lane . Reduqes traveled Maximizes number of desirable; may involve traffic close
construction way width. travel lanes. .
to active work.
'V'a'r.“a'”s two-way . Reduced capacity; not consistent
. traffic on one Separates traffic from . ) !

Median S with approach roadway; relatively

roadway of a construction; right-of-way m ;
crossover costly; interchanges need special

normally divided
highway.

not required.

attention.

Use of shoulder

Uses shoulder as a
travel lane.

Fairly low cost,
depending on shoulder
preparation.

Displaces tradtional refuge for
disabled vehicles; debilitates
shoulder pavement structure; cross
slopes may be problematic.




2.4 TEMPORARY TRAFFIC CONTROL DEVICES AND TYPICAL APPLICATIONS

Traffic control devices are defined as all signs, signals, markings, and other devices
used to regulate, warn, or guide traffic, placed on, over, or adjacent to a roadway (FHWA
2009c¢). The MUTCD manual includes ten parts; Part 6 focuses on all temporary traffic
control (TTC) devices. When the regular function of the roadway is suspended, TTC
planning provides movement continuity of motor vehicles and transit operations, and
accessibility to property and utilities (FHWA 2009c¢). The manual identifies a number of
factors that govern the TTC planning, including (1) type of highway, (2) road user conditions,
(3) duration of operation, (4) physical constraints, and (5) proximity of the work space or
incident management activity to road users.

The MUTCD manual provides guidance on the use and implementation of diverse
types of devices. A partial list of these devices includes (1) temporary control signs, (2)
arrow panels, (3) channelizing devices, (4) temporary raised pavement markers, (5) high-
level working devices, (6) portable changeable message signs, (7) temporary traffic barriers,
(8) delineators, (9) lighting devices, (10) crash cushions, (11) vehicle-arresting systems, (12)
rumble strips, and (13) screens (FHWA 2009c). The implementation of TTC devices
regularly follows agency guidelines for roadway safety, considering different factors such as
traffic conditions, site conditions, traffic volume, and the cost effectiveness of candidate
safety alternative devices (Wolff and Terry 2006).

The choice of TTC typical application needed for a construction site depends on the
nature of the work (FHWA 2009c). The closer the work is to road users, the greater the
number of TTC devices needed. Forty-six typical work zone applications are presented in
the manual, with illustration of the signs required and detailed information about the order,
location, and spacing of these signs. An example of a typical work zone application is the
stationary lane closure on a divided highway, as shown in Figure 2.3 (FHWA 2009c). The
distances A, B, and C for the typical applications are calculated using Table 2.4 (FHWA
2009c).

Table 2.4. Dimensions A, B, C Used on Typical Application Diagrams (FHWA 2009c)

Distance Between Signs
Road Type A B C
Urban (low speed) 100 ft 100 ft 100 ft
Urban (high speed) 350 ft 350 ft 350 ft
Rural 500 ft 500 ft 500 ft
Expressway/Freeway 1,000 ft 1,500 ft 2,640 ft
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Figure 2.3. Stationary lane closure on divided highway
(typical application 33) (FHWA 2009c).

2.5 WORK ZONE DESIGN PARAMETERS

The American Association of State Highway and Transportation Officials (AASHTO),
the Federal Highway Administration (FHWA), and state departments of transportation
(DOTs) consider improving design practices of work zones a high priority that can directly
enhance work zone safety and mobility (Mahoney et al. 2007). The fifth edition of the
AASHTO Policy on Geometric Design of Highways and Streets “Green Book” contains the
latest design practices for permanent highways and street facilities (AASHTO 2004). The
AASHTO roadside design guide also provides current operating practices for roadside
safety focusing on safety measures that can minimize the likelihood of serious injuries when
a motorist runs off the roadway (AASHTO 2002). Neither AASHTO manual provides detailed
guidance for design criteria of highway work zone geometries (Mahoney et al. 2007), and
accordingly many state DOTs have developed work zone safety and mobility policies (IDOT
2002; TxDOT 2009; Caltrans 2006; FHWA 2009b).

A number of research studies investigated the impact of work zone design
parameters on traffic safety and mobility (Hauer 2000). For example, the NCHRP Report
581 “Design of Construction Work Zones on High-Speed Highways,” contains guidelines for
the design of construction work zone geometric features, including horizontal and vertical
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alignment, cross-sectional features, and temporary concrete barrier placement (Mahoney et
al. 2007). The study identified eight design principles that should guide work zone design
decisions, namely (1) safety impact to account for the probability of crash occurrence, (2)
design consistency to avoid unexpected geometric conditions, (3) priority of how drivers
process information from various sources, (4) speed reduction measures, (5) work zone
design speed, (6) sight distance, (7) forgiving roadside; and (8) risk exposure principles that
increase the probability of a vehicle’s departure including construction equipment and
materials, edge drop-off, severe roadside slopes, concrete barriers, and excavations
(Mahoney et al. 2007).

Another study investigated and generated guidelines to help transportation agencies
develop and implement plans for night work that help increase the safety of motorists and
workers while minimizing waste and other problems associated with nighttime construction
(Bryden and Mace 2002). The guidelines (NCHRP Report 476) were designed to help users
identify the minimum specification, setup, and maintenance of each nighttime work zone
design element, including traffic control devices, barriers, lighting, and other safety features
(Bryden and Mace 2002).

Other studies have identified a number of work zone design parameters that have a
direct impact on work zone design decisions, including (1) roadway functional classification
(interstate, expressway, and principal arterial), (2) area type (urban, suburban, and rural), (3)
traffic demand and travel characteristics (lanes affected, average daily traffic, expected
capacity reduction, and level of service), (4) type of work (new construction, reconstruction,
rehabilitation, or maintenance), (5) complexity of work (duration, length, and intensity), (6)
climate of the region, (7) level of traffic interference with construction activity, and (8)
potential impacts on local network and businesses (Karim and Adeli 2003; FHWA 2009c;
Scriba et al. 2005).

2.6 WORK ZONE TRANSPORTATION MANAGEMENT PLANS

Transportation management plans (TMPs) for road projects are required for all
federal-aid highway projects to study work zone impacts (Scriba et al. 2005). A full TMP
includes the following three components (IDOT 2007):

1. Traffic control plan (TCP): a plan of traffic control devices used for guiding traffic
through a work zone, it is prepared for most construction and maintenance
projects. This plan focuses on (1) work zone traffic control, (2) specific work zone
strategy, (3) construction procedures, and (4) traffic demand on the facility under
construction (Bryden and Mace 2002).

2. Public information plan (PIP): strategies to inform the public of the expected
impacts of a work zone.

3. Transportation operation plan (TOP): strategies to mitigate work zone impacts.

2.7 NIGHTTIME WORK ZONES

Nighttime construction is recommended as a way to decrease the impact of
construction operations on the traveling public and to shorten the duration of construction
operations (Bryden and Mace 2002). Despite the advantages of nighttime construction,
some studies indicated that it may create additional hazardous conditions for drivers and
construction personnel (EI-Rayes et al. 2003). Existing nighttime construction specifications
recommend a minimum level of average illuminance and light uniformity in work areas to
ensure adequate lighting for all planned nighttime construction tasks (Hyari and El-Rayes
2006; El-Rayes et al. 2007). A recent study identified associated nighttime problems, based
on a survey of resident engineers’ experience in lllinois (EI-Rayes et al. 2003). The results of
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the survey indicated five nighttime lighting problems: (1) insufficient lighting, (2) lack of
lighting uniformity of the work area, (3) glare experienced by drive-by motorists next to the
construction zone, (4) glare experienced by workers, and (5) light trespass (El-Rayes et al.
2003). DOT officials in various states classified glare for road users as the number one
lighting problem, while contractors classified glare for workers as their most serious problem
(El-Rayes et al. 2003). To control lighting problems in nighttime work zones, advanced
lighting equipment and supplemental hardware can be used to minimize or mitigate the
impact on construction workers and the traveling public in the work zone (El-Rayes et al.
2007). New lighting technologies such as balloon lights are now available to help reduce
glare and other nighttime lighting problems (El-Rayes et al. 2007).

2.8 MERGE TECHNIQUES AND QUEUE DETECTION SYSTEMS IN WORK ZONES

For work zones that require lane closures, drivers need to be advised by advance
lane closure signs placed on both sides of the roadway one-half mile in advance of the taper
(FHWA 2009c). Additionally, lane reduction symbol signs are placed on both sides of the
roadway, and a flashing arrow panel is usually placed at the beginning of the taper. This
temporary traffic control (TTC) plan works well during most hours of the day when traffic
demand is less than the capacity of the open lane. However, when the demand surpasses
the open lane capacity, congestion develops and problems occur (Yulong and Leilei 2007).
When the congestion extends upstream beyond the advance lane closure signs, the
potential for work zone rear-end accidents increases (McCoy and Pesti 2001). To deal with
this safety problem, several alternative lane merge strategies have been developed in
recent years to better control traffic at work zone lane closures. Two basic merging
approaches have been considered by many state DOTs for directing drivers into the open
lane: early lane merge and late lane merge (McCoy and Pesti 2001). The early lane merge
directs drivers to merge into the open lane sooner than the regular merge. The late lane
merge directs drivers to remain in their lanes until they reach the merge point at the lane
closure taper. Many research studies have investigated new lane merge strategies such as
“smart” lane merge to determine the improvement on safety and efficiency of the merging
operations in advance of work zone lane closures (McCoy and Pesti 2001; Beacher et al.
2004). The “smart” lane merge is a strategy for detecting congestion and providing real-time
advisory information to motorists, directing them to divert to an alternate lane or different
route.

Recent advances in the use of intelligent transportation systems (ITS) and their
applications in temporary work zones are providing new tools that can be used for
developing smart lane merge to effectively manage queue congestion in and around work
zones. Innovative and smart queue detection systems include adaptive queue-warning
devices (Wiles et al. 2003) and dynamic message signs that are trailer mounted or portable.
The adaptive queue-warning system is a distributed system that can automatically adapt to
the current traffic-flow situation within and upstream of the work zone. It is equipped with an
inexpensive but accurate speed sensor, a simple and adjustable signaling system, and
equipment for communication to a central controller (Sullivan et al. 2005). A recent study of
ITS device implementation in highway work zones showed that drivers found the adaptive
systems more helpful than static road signs, which could potentially increase driver alertness
and reduce work zone rear-end collisions (Sullivan et al. 2005). Dynamic warning message
signs (DMS) are traffic control devices consisting of sensors that are activated when
hazardous roadway, environmental, or operational conditions are detected by the sensors
(Pesti et al. 2007). These signs can be used as an end-of-queue device that warns motorists
against work zone hazards (Sisiopiku and Elliott 2005).
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Computer simulation programs can also be used to determine the freeway work zone
capacity and to estimate motorist queue delays associated with TMP alternatives (Jiang and
Adeli 2004). Motorist delay costs may be very expensive and may exceed maintenance
expenditures by highway administrators (Chien and Schonfeld 2001). Computer models
such as QUEWZ (Queue and User Cost Evaluation of Work Zones) and Quick Zone are
being used to assist highway agencies create effective TMPs by estimating the impact of
work zone queue lengths and associated traveler delay. QUEWZ can be used to estimate
travelers’ queues based on empirical speed-flow-density relationships. Quick Zone is based
on deterministic queuing models that estimate the hourly delay considering the time of the
day and seasonal variation (Karim and Adeli 2003).

However, most of these computer models estimate traveler queues independent of
the work zone characteristics such as work zone layout, work zone intensity, and work zone
capacity. For example, Quick Zone does not yield accurate estimates of queue length
delays if the input traffic volumes are less than the capacity of the interval, even though
congestion and delay are anticipated in a part of the interval (Benekohal et al. 2010). To
overcome this limitation, a recent study was performed using lllinois work zone field data to
develop speed-flow curves for different work zone strategies at different speed limits
(Benekohal et al. 2010). These newly developed speed-flow curves can be used to
accurately calculate the length of moving queues and better estimate user delay costs
(Benekohal et al. 2010). Jiang and Adeli (2004) developed a computer model for freeway
work zone capacity and queue delay and length estimation that considered work zone
characteristics such as (1) percentage of trucks; (2) pavement grade; (3) number of lanes
and closed lanes; (4) lane width; (5) work zone layout and intensity; (6) work zone speed,
duration, time, and day; and (7) weather, pavement, and driver conditions.

2.9 FEDERAL RULES ON WORK ZONE SAFETY AND MOBILITY

Work zone safety continues to be a priority and major concern for the Federal
Highway Administration (FHWA) as well as all state departments of transportation (DOTs)
(FHWA 2009b; IDOT 2007). The FHWA is actively improving work zone safety and mobility
through new regulations, better engineering, education, enforcement, and communication
with concerned public safety agencies (FHWA 2009b). On September 9, 2004, the FHWA
updated work zone regulations in 23 CFR 630 Subpart J under the Work Zone Safety and
Mobility Rule that affect all state projects as well as federally funded local highway projects
starting on October 12, 2007 (Scriba et al. 2005). The main goal of the updated rule is to
reduce work zone crashes and congestion at three main implementation levels: (1) policy
level by developing general work zone policies that suit state transportation agencies, (2)
process level by developing agency work zone processes and procedures, and (3) project
level by identifying significant project requirements and developing appropriate
transportation management plans (TMPs) to manage these requirements (Scriba et al.
2005). For each of these three implementation levels, the rule includes provisions and
guidance to assist transportation agencies in addressing work zone considerations from
early in the planning stage and progressing through project design, implementation, and
performance assessment (FHWA 2009b).

The FHWA has also developed the National Highway Work Zone Safety Program
(NHWZSP) to reduce fatal and injury crashes in work zones in order to enhance traffic
mobility and safety within work zones (FHWA 2009a). This program is designed to review
the standards of traffic control devices, operational features, traffic control plans, and
contract specifications to identify and improve work zone management practices. The
program consists of four main components: (1) standardization, (2) compliance, (3)
evaluation, and (4) implementation (FHWA 2009a). The National Work Zone Safety
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Information Clearinghouse (NWZSIC) can also be used to retrieve and analyze data on work
zone crashes, statistics, laws and regulations, news and events, research, safety products,
standards and practices, and training programs (FHWA 2009a). The following section
highlights a collection of work zone policies adopted by five state DOTs to comply with the
federal Work Zone and Mobility Rule.

2.10 STATE DEPARTMENTS OF TRANSPORTATION WORK ZONE RULES

Several state DOTs have developed special policies to comply with the federal Work
Zone Safety and Mobility Rule. This section provides a brief review of a number of basic
features of the existing policies in five states: lllinois, Texas, Florida, California, and Ohio.

2.10.1 lllinois

The IDOT Bureau of Design and Environment publishes and maintains a manual that
establishes uniform policies and procedures for the location, design, and environmental
evaluation of highway construction projects on the state highway system (IDOT 2002). The
lllinois Work Zone Safety and Mobility Rule SAFETY 3-07 memo (IDOT 2007) has identified
work zone safety as a priority area and seeks to provide a high level of safety for motorists
and construction workers. The plan outlines IDOT guidelines to comply with the FHWA Work
Zone Safety and Mobility Rule. The main safety goal of this plan is to reduce fatalities on
lllinois roads to zero in the long term. To achieve this goal, IDOT has developed significant
route location maps and work zone safety and mobility process flow charts, as shown in
Figure 2.4 (IDOT 2007). First, the work zone significance is determined using the significant
route location maps that classify routes into three categories: (1) non-significant, (2)
significant, short term (fewer than 3 days), and (3) significant, long term. The work zone
safety and mobility process flow chart sets forth the necessary steps to implement the
federal Work Zone Safety and Mobility Rule.
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Figure 2.4. Work zone safety and mobility process flow chart (IDOT 2007).

For significant long-term projects, impact analysis is required to determine the
greater impact that work zones may cause to traffic (FHWA 2009b). The impact analysis
should involve the safety and mobility impacts of the construction/maintenance project using
hourly volume maps, district knowledge and experience, site reviews, and computer
simulation programs such as QUEWZ, TSIS-CORSIM, and Quick Zone (IDOT 2007). To
address the expected impacts, TMP strategies are developed, and the resulting impacts of
delays and queuing are evaluated.

The lllinois Work Zone Safety and Mobility Rule SAFETY 3-07 memo (IDOT 2007)
also seeks to assess and improve the safety of work zones by requiring the submission of a
detailed work zone crash summary report for any fatal work zone crash within 10 days to the
Bureau of Safety Engineering. This report analyzes the crash and includes the following
information: (1) summary of the type of construction, (2) description of the traffic control in
place at the time of crash, (3) description of the traffic conditions at the time of the crash, (4)
description of the contractor’s operations at the time of the crash, (5) description of the
weather conditions, (6) pavement conditions and time of day, (7) description of changes
made to the traffic control as a result of the crash, (8) recommendations for change to IDOT
standards, and (9) photos of the traffic control throughout the project before and after the
crash (IDOT 2007).
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2.10.2 Texas

The Texas Department of Transportation (TxDOT) produced a project development
process manual for work zones that includes details of major steps involved in a
transportation project starting from the phase of identifying project needs through the
construction and implementation phase (TxDOT 2009). The manual provides guidance on
the use of accelerated construction strategies to expedite project delivery and construction
completion. To achieve this acceleration goal, contractors and designers are required to
perform a thorough analysis for the construction time using new contracting strategies that
emphasize timely completion (TxDOT 2009).

2.10.3 Florida

The Florida Department of Transportation (FDOT) provides procedures, training, and
awareness programs that foster safe work practices and workplaces for road projects on
interstate highways for motorists and construction workers (FDOT 2009). One of the
distinctive aspects of FDOT policies relates to lane closure for roadway projects on
interstate highways—the agency requires that work zone design plans maintain the existing
number of lanes throughout the various work phases (FHWA 2009b). This means that no
lane closures strategies are permitted on any interstate construction work zone where only
two travel lanes exist. The implementation of this policy resulted in reduced driver delay and
frustration and therefore better public relations (FHWA 2009b).

2.10.4 California

The California Department of Transportation (Caltrans) uses a standard specification
manual that contains several chapters including general provisions, grading, sub-bases and
bases, surfacing and pavements, structures, drainage facilities, right-of-way, and traffic
control facilities and materials (FHWA 2009b). In addition, a chapter on miscellaneous
provisions contains traffic-related work zone standards about use of temporary traffic control
devices such as barricades, flashing arrow signs, portable delineators, portable flashing
beacons, and construction area signs. The Caltrans standards require that all temporary
traffic control devices conform to MUTCD provisions and the MUTCD California Supplement
(Caltrans 2006). Caltrans has also developed specific criteria for identifying significant
projects based on traffic impact when delays are 30 minutes more than normal recurring
traffic delays on the existing facility or above the delay limit set by the district resident traffic
engineer (Scriba et al. 2005).

2.10.5 Ohio

The Ohio Department of Transportation (ODOT) uses the Ohio Manual of Uniform
Traffic Control Devices (OMUTCD), which includes a description of the standard traffic
control devices used in work areas and traffic incident management areas, guidelines for the
application of the devices, and typical application diagrams (ODOT 2003). The ODOT
manual lists eight major traffic control considerations that impact any transportation
management plan of a work zone: (1) time, (2) location, (3) type, (4) speed, (5) traffic
volume, (6) nature of traffic, (7) law enforcement agencies, and (8) temporary traffic control
signs.

2.11 REPORTING OF WORK ZONE CRASHES

Work zones create conflicts between construction activities and traffic, which often
cause hazardous conditions for motorists and construction workers, resulting in high number
of crashes. Work zone crashes are defined as crashes that occur in the terrain of a work
zone, whether it is a construction, maintenance, or utility work zone, including any crashes
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that occur within an area marked by signs, barricades, or other work zone signs (FHWA
2009c). A number of research studies were conducted to investigate the characteristics of
work zone crashes in many states (Daniel et al. 2000; Garber and Zhao 2002; Harb et al.
2008; Mohan and Zech 2005). This section summarizes the findings of six major studies that
analyzed work zone crashes in Florida, Kansas, Georgia, Virginia, lllinois, and New York, as
shown in Table 2.5.
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Table 2.5. Work Zone Crash Research Studies

Crash Classification Contributing Factors
Researcher(s) Study Subject (Category and Variables) (Category and Variables) State
Raub et al. (2001) | Traffic Control Systems in Crash o Fatal Time Information: Time, Day lllinois
Construction Work Zones Severity e Injury Climatic Environment: Light, Weather, Surface
o Property Driver Condition: Vision
Damage Only Vehicle Type: Passenger Car, Pickup
(PDO) Crash Events: At-Fault Driver Action
Number of | ¢ Single-Vehicle
Vehicles e Multi-Vehicle
Collision e Rear End
Manner ¢ Fixed Object in
Road
e Angle
e Sideswipe
Harb et al. (2008) | Freeway Work-Zone Crash Work Zone | e Work Zone o Driver: Age, Gender Driving Under the Florida
Analysis and Risk Identification ¢ Non-Work Zone Influence, Residence Code
Using Multiple and Conditional e Vehicle: Speed, Vehicle Speed
Logistic Regression Number of | e Single-Vehicle | o+ Environment: Speed Limit, Road Surface
Vehicles * Multi-Vehicle Condition, Rural/Urban, Road Characteristics,
Event Location, Weather, Lighting Condition,
Number of Lanes
Bai and Li (2006) Comparison of Characteristics Crash e Vehicle e Driver: Age, Gender Kansas
between Fatal and Injury Crashes | Information Maneuver o Time Information: Time, Day, Month, Year
in Highway Construction Zones o Crash Severity | e Climatic Environment: Light, Weather, Surface
e Crash Type e Road: Class, Character, Number of Lanes,
¢ Vehicle Type Speed, Crash Location, TCD, Terrain
¢ No. of Vehicles | ¢ Human: Alcohol, Fall Asleep, Follow Too Close,
Failed to Yield
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Table 2.5 (continued). Work Zone Crash Research Studies

Crash Classification Contributing Factors
Researcher(s) Study Subject (Category and Variables) (Category and Variables) State
Garber and Distribution and Characteristics of Crash o Fatal Highway Type: Virginia
Zhao (2002) Crashes at Different Work Zone Severity | o Injury Urban Interstate
Locations in Virginia e Property Damage | Rural Interstate
Only (PDO) Urban Primary
Collision | » Rear end Rural Primary
Manner | o Fixed Object in
Road
e Angle
e Sideswipe
o Fixed Object Off
the Road
Work e Advance Warning
Zone e Transition
Area e Longitudinal Buffer
o Activity
e Termination
Daniel et al. Analysis of Fatal Crashes in Work e Work Zone Roadway Functional Classification: Georgia
(2000) Georgia Work Zones Zone e Non-Work Zone Rural Principal Arterial — Interstate
Work |+ e Wark Zone | Rl LIRSl Ll - Ot
ig?i\?ity * Active Work Zone | Ryra Major Collector
Urban Principal Arterial — Interstate
Collision | ¢ Rear End Roadway Characteristics: Profile, Alignment
Manner e Angle Other: Truck Percentage, Lighting Conditions
e Sideswipe
e Other
Mohan and Zech | Characteristics of Worker Crash o Fatal Traffic-Related Accidents: New York
(2005) Accidents on NYSDOT Severity | o Severe Injury Work space intrusion, worker struck by vehicle
Construction Projects inside work space, flagger struck by vehicle,
worker struck by vehicle entering/exiting work
space, construction equipment struck by vehicle
inside work space.
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2.11.1 lllinois

Raub et al. (2001) studied 7,749 work zone crashes in 1994 and 6,206 crashes in
1995 that the State of lllinois coded as work zone crashes. The analysis examined
similarities and differences in crashes between these two years and between work zone and
non-work zone crashes to identify contributing factors. The main findings of this study
including the following: (1) rear-end crashes were the most common type of collision for
vehicles within work zones and involved more than two vehicles, (2) the main contributing
human factor was driving too fast for conditions, (3) work zone crashes were more likely to
result in an injury, (4) 83% of work zone crashes occurred in clear weather and 70% during
the daylight hours when the road was dry, and (5) most of the vehicles involved in work
zone crashes were passenger vehicles. Moreover, the report compared the crash data in
[llinois to seven other states and showed that lllinois had more rear-end collisions, more
angle collisions, and fewer crashes related to sideswipes and fixed objects. The study
reported that the discrepancies in police crash reports covering work zone characteristics
negatively affected the accuracy of the study results.

2.11.2 Florida

One of the more recent studies was conducted by Harb et al. (2008), which focused
on the analysis of work zone crashes in Florida. The objective of this research was to
conduct a statistical analysis to study the impact of a number of factors on work zone
crashes, including driver-related factors, types of vehicles, and work zone features. The
authors employed the Florida Crash Records Database for the years 2002, 2003, and 2004
for their study. The study evaluated freeway single-vehicle and two-vehicle crashes in work
zones. For the single-vehicle crash analysis, the most significant contributing factors were
(1) vehicle type (passenger car, SUV), (2) truck and large truck involvement, (3) roadway
geometry (straight, upgrade/downgrade), and (4) lighting conditions. As for the multi-vehicle
crash analysis, the most significant contributing factors were (1) driver age, gender, and
resident code; (2) driving under the influence of narcotics/alcohol; and (3) geometry and
lighting conditions.

2.11.3 Kansas

The characteristics of fatal and injury accidents in Kansas construction zones were
investigated by Bai and Li (2006). The authors of this study analyzed 157 fatal crashes that
occurred in Kansas between 1992 and 2004. The crash data were collected from the
Kansas DOT accident database and combined with the original accident reports. The
Kansas DOT’s database was used to identify the responsible drivers/vehicles for each fatal
crash studied, then the original accident report was used for adding detailed crash
descriptions. The crash frequency distribution resulted in the following main findings: (1)
inattentive driving and misjudgment/disregarded traffic controls were the two most frequent
human errors for all age groups under varying light conditions, (2) work zones on two-lane
highways in rural areas had the highest fatal crash frequencies, and (3) most single-vehicle
crashes occurred during nighttime.

In another study performed by Li and Bai (2009) to determine whether there were
any potential characteristic differences between fatal and injury crashes in Kansas, five main
characteristics were studied: driver at fault, crash time, location, type, and causal factors.
The comparative analysis resulted in the following findings: (1) rear-end was the dominant
type of injury crashes, while head-on was the dominant type of fatal crashes; (2) the majority
of the injury crashes occurred on straight and level highways when light conditions were
favorable; and (3) the majority of fatal crashes occurred in complicated road geometrics
when unfavorable light conditions existed.
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2.11.4 Virginia

A clear understanding of work zone crash characteristics helps identify appropriate
countermeasures to reduce work zone hazards. Garber and Zhao (2002) investigated the
characteristics of 1,484 work zone crashes that occurred in Virginia from 1996 through
1999. The main findings of this study were that (1) the activity area was the most prevalent
crash location in a work zone (70%), (2) property damage only (PDO) was the most
prevalent severity type, and (3) rear-end crashes were the predominant collision type.

2.11.5 Georgia

Fatal crashes occur more frequently in construction work zones than in maintenance
work zones. Daniel et al. (2000) examined the difference between fatal crash activity within
work zones compared with fatal crashes in non-work zone locations. The analysis used the
data of a previous study performed by Georgia DOT that identified the manner of collision,
location, and construction activity associated with fatal crashes in work zones. In addition,
the research study investigated the influence of work zone activity on the frequency of fatal
crashes. The main conclusions of this study are as follows:

¢ Work activity had no impact on work zone crashes.

e High proportions of work zone crashes were rear-end crashes.

e Percentage of trucks was a significant contributing factor.

e Most work zone crashes occurred on rural principal roadways.

¢ Roadway geometry did not influence fatal crashes in work zones.

e The primary human factors of work zone crashes were driver lost control, failed
to yield, and drove too fast for conditions.

o Fatal crashes were correlated with lighting conditions.

2.11.6 New York

Mohan and Zech (2005) studied worker accidents in New York State Department of
Transportation (NYSDOT) construction projects. The goal of their study was to provide cost-
effective safety measures to protect construction workers in highway work zones. The study
analyzed work zone crashes involving 36 fatalities and 3,055 severe injuries to construction
workers from 1990 to 2001 in the state of New York and classified work zone crashes into
two major types: construction work-area accidents and traffic crashes involving construction
workers. The detailed analysis of the traffic-related crashes revealed that work space
intrusions are the most fatal, representing 35.7% of all fatal traffic crashes involving
construction workers. The researchers recommended that highway authorities and
contractors invest more in worker protection to reduce the number of traffic-related crashes.

2.12 ANALYSIS OF WORK ZONE CRASHES

This section presents descriptions of three statistical methods that have been applied
in previous studies to analyze work zone crashes. They are used to find patterns and
relationships to identify factors contributing to work zone crashes. These statistical methods
are (1) multiple logistic regression, (2) binary logistic regression, and (3) proportionality
tests.

2.12.1 Multiple Logistic Regression

Logistic regression is an alternative method to classical regression techniques that
can be applied to a large family of parametric distributions, involving both discrete and
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continuous variables (Harb et al. 2008). Logistic regression can be classified as multiple
logistic regression and binary logistic regression. Harb et al. (2008) used multiple logistic
regression along with stratified sampling to analyze work zone freeway crash characteristics.
The State of Florida crash database during the years 2002 to 2004 was used for this study.
The main objective of that study was to identify the characteristics and risk factors (driver,
environment, and vehicles) that impact single- and multiple-vehicle crashes on highway
work zones. The multiple logistic regression analysis was used to model and compare work
zone with non-work zone crashes for single-vehicle crashes and for two-vehicle at-fault-
driver crashes. The SAS procedure known as LOGISTIC was used for developing the
model, and 14 variables were identified using the relative accident involvement ratios (RAIR)
as follows:

RAIR; = £24 (2.1)
Y.D2i

where

RAIR; = relative accident involvement ratio for type i drivers/vehicles/environment

D1i = number of at-fault drivers of type i in work zone crashes

D2i = number of at-fault drivers in non-work zone crashes

2.12.2 Binary Logistic Regression

Binary logistic regression analysis is a statistical technique for describing the
relationships between a set of independent explanatory variables and a response variable or
outcome (Bai and Li 2006). The regression technique is a suitable method for analyzing
traffic crashes that involve establishing a relationship between the occurrence of a crash
and various contributing factors. Bai and Li (2006) applied binary logistic regression analysis
to investigate the characteristics of fatal crashes in Kansas. The regression analysis was
used to quantify the effectiveness of two commonly used work zone traffic control devices,
flagger and stop sign. The logistic models for using the flagger and stop sign are shown in
Equations (2.2) and (2.3), respectively. The outcome of this study revealed that the
presence of flagger control in work zones can reduce the probability of male drivers causing
fatal crashes by 15% and that the use of stop signs can reduce multi-vehicle fatal crashes
and lower the conditional probability of fatal crashes involving multiple vehicles by 13%.

logit{Y = 0\X} = 1.86 — 0.91X (2.2)
logit{Y = 0\X} = 1.33 — 0.68X (2.3)

where the response variable Y was assigned binary values 0 and 1 to denote single-vehicle
crashes and multi-vehicle crashes, respectively. The explanatory variable X is the presence
of a flagger or stop sign/signal (1 for presence and 0 for no presence).

2.12.3 Proportionality Tests

Garber and Zhao (2002) used proportionality tests to analyze work zone crashes that
occurred in Virginia from 1996 through 1999. Percentage distributions were determined for each
crash based on the crash locations, crash severities, and collision types. Proportionality tests
were performed to determine the significance of these distributions using the test statistic Z
value, which is calculated as shown in Equations (2.4) through (2.7).
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P1-P2

PP+l
P1 =2
nil
p2 =2
n2
_ Y1+Y2
T ni1+n2
where
P1, P2 = two proportions to be compared
P = pooled estimate
n1,n2 = population sample sizes
Y1,Y2 =

(2.4)

(2.5)
(2.6)
(2.7)

number of successes for populations 1 and 2. The null hypothesis HO: P1 = P2

was tested against that of H1: P1 > P2. The null hypothesis was rejected and H1
was accepted if the calculated Z statistic > Z (at 5% significance level)

The aforementioned research studies of work zone crashes examined fatal, injury,
and property damage crashes to identify factors contributing to unsafe conditions caused by
work zones. The most frequently cited factors contributing to work zone crashes based on
previous research studies are summarized in Table 2.6.

Table 2.6. Classification and Contributing Factors for Work Zone Crashes

Crash Classification Contributing Factors
Category Variables Category Variables

Work Zone Age

Work Zone Non-Work Zone Driver Gender

Driver's Fault At-Fault Driver Driving Under the Influence
Not At-Fault Driver Residence Code

Number of Vehicles | >ndie-Vehicle Vehicle Speed
Multi-Vehicle Vehicle Type
Head-On Event Location
Rear-End Environment Weather

Collision Manner Fixed Object Lighting Condition
Angle Number of Lanes
Sideswipe Road Surface Condition
Fatal Rural/Urban

Crash Severity Injury Road Profile/Alignment
PDO Roadway Road Class, Character
Advance Warning Number of Lanes
Transition Speed Limit

Work Zone Area Longitudinal Buffer Crash Location
Activity Surface Type
Termination Timeline Time, Day, Year

2.13 ANALYSIS OF ROADWAY CRASHES

Traffic Control Devices
Traffic Control | Traffic Control Plan

Work Zone Layout

Many studies have been performed in the past few decades to investigate the effects
of various highway designs on safety. The investigated highway design elements included
cross-section design, horizontal alignment, vertical alignment, roadside features, and
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pavement conditions (Hadi et al. 1995). Previous studies indicated that improvements to
these design elements could produce significant reduction in the number of crashes
(Bonneson et al. 2006; Harwood et al. 2000; Hong et al. 2005). Many research studies
quantified the effect of highway design elements on total crash rates for various types of
roadways using accident prediction models (Krammes and Hayden 2003). Several statistical
methods were applied to develop these accident prediction models. Generalized linear
modeling and tree-based regression are two such methods and are explained in the
following sections.

2.13.1 Generalized Linear Modeling

Generalized linear modeling is an extension of the linear modeling process that
allows models to be fit to data that follow probability distributions such as Poisson and
binomial distributions (McCullagh and Nelder 1989). A number of models for predicting
highway crashes were developed using generalized linear modeling, including three that
were based on crash datasets from California, Texas, and Canada.

2.13.1.1 California

Jonsson et al. (2007) studied roadway crashes by modeling different types of
crashes and intersections on rural four-lane highways in California. Four crash types were
studied: opposite-direction, same-direction, intersecting-direction, and single-vehicle
crashes. Two types of intersections were also studied: T-intersection and four-leg
intersection. Data were collected from the Highway Safety Information System (HSIS)
regarding intersection design, traffic volumes, number of accidents, and the vehicles
involved. The different models for predicting the number of crashes per crash type were
developed using generalized linear modeling and the GENMOD procedure in the statistical
software SAS with the assumption that the number of crashes followed a negative binomial
distribution (SAS 2004). Three different models were developed for each type of crash and
intersection: (1) basic model where the annual average daily traffic (AADT) was the only
single variable considered, (2) multi-variable model that included all significant variables
except the AADT, and (3) full model with all variables including the AADT. The authors used
two forms for each of the three models as shown in Equations (2.8) and (2.9). The
development of the multi-variable models was performed by adding one variable at a time
and choosing the variable that performed best. The study results showed that (1) the terrain
variable was found to be a good predictor variable for single-vehicle crashes, (2) single-
vehicle crashes had a practically linear relationship with the total number of entering
vehicles in the intersection, and (3) opposite- and same-direction crashes mostly are related
to major traffic flow.

Nye = AADTngzlzjor X AADTrﬁ?nor X @PO+ B3 X X3+ B4 Xx4t + fn xxn (2.8)
Nyge = (AADTmajor + AADTminor)Bl x B0+ B2 X x2+ B3 XXB+ + Bn xxn (2.9)
where

Nyce = predicted number of crashes per year and intersections

AADTpqjor = traffic flow on major road

AADT im0 = traffic flow on minor road

Bi = model parameters

X = variables describing intersections

2.13.1.2 Texas
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Bonneson and Zimmerman (2007) described a procedure for using accident
modification factors in the highway design process to evaluate the safety benefits
associated with alternative geometric designs. This procedure consisted of six steps and
should be repeated for each design alternative being considered to determine the safety
outcome benefit of each alternative. The six steps are (1) identify roadway section, (2) divide
section into separate facility elements, (3) gather data for subject element, (4) compute
expected crash frequency, (5) repeat steps 3 and 4 for all roadway sections, and (6)
cumulate all results for roadway section. The crash data for 567 roadway segments were
analyzed and the Generalized Modeling (GENMOD) procedure in SAS was used to
automate the regression analysis (SAS 2004). The analysis resulted in a number of crash
prediction models for different road types. The expected crash frequency was computed
using a safety prediction model that consisted of a base model adjusted using various
accident modification factors (AMFs) to tailor the resulting estimate to a specific highway
segment. The basic form of the safety prediction model is given in Equations (2.10) and
(2.11).

E[N] = E[N], x AMF, X AMF, .............. X AME, (2.10)
AMF =1— CRF (CRF: crash reduction factor) (2.11)
where

E[N] = expected crash frequency in crashes/year

E[N], = expected base crash frequency in crashes/year

AMF; = accident modification factor for geometry or traffic control variable i

The expected base crash frequency model E[N], depends on traffic volume and
segment length L as shown in Equation (2.12) for frontage roads (Bonneson et al. 2007).
The AMF for frontage roads depends on the average lane width as shown in Equation
(2.13).

E[N], = 0.00134 ADT%*1 [ (2.12)
AMF,,, = g —0.188(Wi-12.0) (2.1
where

AMF, lane width accident modification factor

wi = average lane width
2.13.1.3 Canada

Sawalha and Sayed (2001) developed an accident prediction model for estimating
the safety performance of urban arterial roadways in the Greater Vancouver Regional
District in British Columbia, Canada. The traffic- and road-related variables included in their
analysis were section length, traffic volume, unsignalized intersection density, driveway
density, pedestrian crosswalk density, number of traffic lanes, type of median, and type of
land use. The study made use of sample accident, traffic volume, and geometric data
representing 58 arterials in the British Columbia cities of Vancouver and Richmond through
the years 1994—-1996. Geometric data representing the previous variables were directly
collected from the field. The generalized linear modeling approach (GLIM) was used for data
analysis and led to the development of the accident frequency model shown in Equation
(2.14).

E(A) =€y X L% X V% XexpXiLbjx; (2.14)
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E(A) = predicted accident frequency

L = segment length

% = segment annual average daily traffic

X; = any of m variables additional to L and V
€0, 44, Ay, bj = model parameters

The estimation of the model parameters was performed using GLIM, and the error
structure was calculated by applying both the Poisson and negative binomial error
structures. The basic model expressed the relationship between accident occurrence and
the two exposure factors (segment length and AADT). The rest of the variables were added
to the basic model one by one in a forward procedure, then outlier analysis was performed
for the initial model.

2.13.2 Tree-Based Regression

Hierarchical tree-based regression (HTBR) is a statistical method that can be applied
to generate logical models for a number of datasets. The methodology is used for predicting
highway crashes by simulating the dataset into a tree-based diagram where the tree starts
with one parent node that can split into exactly two child nodes, and each node can split to
zero, one, or two more child nodes. Nodes are specified on the basis of the deviation from
the sample, and the splitting value is chosen so that the deviance in each of the two child
nodes is minimized. HTBR proves to be more effective in handling missing information by
treating a missing independent value as a valid response instead of ignoring the entire
observation, which means it can overcome one of the significant challenges of crash
analysis.

Abdel-Aty et al. (2005) studied the different factors that affect signalized intersection
crashes by type of collision. The study explored the hypothesis that different types of
collisions are affected by different independent variables. Several databases of different
counties in Florida were used to ensure the completeness of the data that included
information collected from crashes that were reported on long and short forms. The authors
of this study adopted the HTBR for their analysis to predict the expected number of crashes
reported on both long and short forms for eight different collision types. HTBR nodes
deviance was defined as shown in Equation (4.15). The analysis was performed using SAS,
where stepwise variable selection and splitting criterion were based on an F-test. The study
results showed that traffic volume along the major roadway was the most important
contributing factor only for predicting right-turn crashes in the restricted dataset and that
speed limit, number of lanes on minor roads, and exclusive left-turn lanes on minor roads
were the most important among other dependent and independent variables.

D= Z%:l(yia - Xa)z (215)

where
D

Yia
Xa

deviance (the sum of squared error) of y at node a
observation at node a
average of L observations in node a
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CHAPTER 3 DATA COLLECTION AND FUSION

3.1 INTRODUCTION

The objective of this chapter is to present the crash data sources used in the
analysis of work zone crashes and the methodology for extracting work zone injury and fatal
crashes. Crash data sources include (1) National Highway and Traffic Safety Administration
(NHTSA) crash data, (2) Highway Safety Information System (HSIS) crash data, and (3)
police crash reports. This chapter presents the methodology used for collecting and fusing
work zone crash data from all these sources. The frequency and crash severity analysis of
these fatal and injury work zone crashes are discussed in detail in Chapter 4.

3.2 ILLINOIS CRASH DATA COLLECTION

Work zone crashes are defined as crashes that occur in the terrain of a work zone
whether it is a construction, maintenance, or utility work zone (FHWA 2009c). The first
research task in the analysis of work zone crashes focuses on gathering available data and
reports on work zone crashes in lllinois from all available resources to build a
comprehensive dataset. This was accomplished by collecting the latest available data on
work zone crashes in lllinois from all available resources, including (1) the National Highway
Traffic Safety Administration (NHTSA 2007), (2) the Highway Safety Information System
(HSIS, no date), and (3) police crash reports for fatal work zone crashes.

3.2.1 National Highway Traffic Safety Administration (NHTSA) Data

The first source of data is the National Highway Traffic Safety Administration
(NHTSA) crash data files for the State of Illinois that contain data on approximately 400,000
accidents per year. The original source of this data contains police reports in Illinois that
document crash data in a standard format, which contains data on the characteristics of the
crash, the vehicles, and the people involved. These reports document accidents that involve
personal injury or total property damage of $500 or more (NHTSA 2007). The data recorded
in these reports are sent to the division of traffic safety where location codes from a series of
maps are identified and assigned to each crash, and the basic accident data are coded into
a central crash data file at the state level. lllinois crash data are sent annually to the National
Highway Traffic Safety Administration (NHTSA), where various data formats are converted
to Statistical Analysis System (SAS) data files (NHTSA 2007).

The latest available data from the NHTSA contained 62,197 work zone crashes that
caused 320 fatalities and 25,718 serious injuries during a 10-year period from 1996 to 2005,
as shown in Table 3.1. The annual number of work zone crashes over the analyzed 10-year
period (1996-2005) is presented in Figure 3.1. It clearly shows an increasing trend reaching
a peak in 2001, then the annual number of work zone crashes slightly decreases and
fluctuates over the following 4 years (2002—2005). The composition of lllinois work zone
crashes for the years 1996—-2005 is presented in Figure 3.2. The Property Damage Only
(PDO) crashes represent more than 70% of the total number of crashes. The number of
fatalities over this time period is also presented in Figure 3.3.
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Table 3.1. lllinois Work Zone Crashes (1996-2005)

Year No. of No. of No. of No. of No. of Total
Fatal Crashes Fatalities Injury Crashes Injuries PDO Crashes Crashes
1996 29 33 1278 1974 2292 3599
1997 33 38 1774 2643 3999 5806
1998 18 20 1603 2480 3437 5058
1999 15 17 1906 2786 4344 6265
2000 31 38 1822 2672 4963 6816
2001 31 36 2196 3043 5824 8051
2002 30 31 2023 2987 4919 6972
2003 31 44 1887 2794 5053 6971
2004 30 38 1514 2282 4470 6014
2005 22 25 1470 2057 5153 6645
Total 270 320 17473 25718 44454 62197
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Figure 3.1. lllinois work zone crashes (1996-2005).
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Figure 3.3. lllinois work zone fatalities (1996—-2005).

3.2.2 Highway Safety Information System Data

The second source of data in this study is the Highway Safety Information System
(HSIS) that contains only a subset of the aforementioned NHTSA crash data records as it
includes between 105,000 and 205,000 crashes per year (www.hsisinfo.org). The main
reason that the HSIS data was collected and analyzed in this study is the additional road
and traffic data that it provides that are not available in the aforementioned NHTSA data files
(Council and Mohamedshah 2009). The crash dataset provided by HSIS for the State of
lllinois has, in addition to the aforementioned three NHTSA files, a fourth file (Roadlog file)
that contains additional data on the road and traffic such as the number of lanes, lane width,
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median type and width, average annual daily traffic (AADT), commercial volume, and speed
limit. Each record in this file represents a section of homogeneous roadway where
characteristics remain constant, with an average section length of about 0.15 mile. The
Roadlog file is updated annually to report improvements (such as 3R improvements) or
modifications of the roadway (HSIS, no date). The data in this file usually represent the road
and traffic conditions experienced by drivers under normal operating conditions before the
start of the work zone. The Roadlog file is merged with the crash file using both “Cntyrte:
County Route” and “milepost” in the crash file and matched with “cnty_rte: County Route”
and “begmp: Beginning milepost” in the Roadlog file.

3.2.3 Police Reports on Fatal Crashes

The third source of data in this study is lllinois police reports on fatal work zone
crashes. These reports were collected from IDOT and were analyzed to identify and
incorporate any additional information on the crash characteristics that are not available in
the NHTSA and HSIS files.

3.3 ILLINOIS WORK ZONE CRASH DATA FUSION

Crash and road datasets from the aforementioned data sources need to be fused to
enable a comprehensive analysis of work zone crashes in lllinois and their contributing
factors. Data fusion was performed to compile all the relevant data of each work zone crash
case into one single line in a spreadsheet without missing any key data. This data fusion
was performed in two steps: (1) identifying all data on responsible vehicles and persons
involved in the work zone crash and merging them with other relevant crash and road data
from other files, and (2) identifying all changes and variations in data reporting over the
years and transforming them to a unified pattern in the entire analysis period that covered
data from 1996 to 2005. For example, the crash variable Accident Severity was used up to
2003 to indicate the most severe injury sustained by any occupant or non-occupant involved
in the crash using numbers 1, 2, and 3 to represent fatal, injury, and property damage,
respectively. Since 2003, the reporting of this variable has changed and now uses the letters
F, I, and P to represent fatal, injury, and property damage, respectively. Similarly, other
crash variables such as Alignment and Visual Obstruction were not included in years prior to
2004, and since then they have been documented and reported in the data files. Whenever
these variations in data reporting were encountered in the analyzed dataset, IDOT officials
and HSIS personnel were consulted to clarify and/or confirm these variations. The following
sections present in more detail the fusion of NHTSA crash data, and HSIS crash data.

3.3.1 National Highway Traffic Safety Administration Crash Data Fusion

The data fusion in this chapter used the most recent 10 years (1996-2005) of crash
records that were collected from the NHTSA for the State of Illinois. The released NHTSA
data files for the State of lllinois contained more than 4,000,000 crash records for the 10-
year period, including 62,197 work zone crashes, as shown in Table 3.1. The lllinois crash
dataset obtained from NHTSA was structured in three main files: (1) crash file, (2) vehicle
file, and (3) person file (NHTSA 2007). The crash file contains data on the environment and
roadway conditions at the time of the crash. A crash record in the crash file can be sorted
and organized using the Accident Number variable that represents a unique identification
number, and accordingly a single crash case appears only once in the crash file. The
vehicle file contains data on all responsible and non-responsible vehicles that are involved in
a crash, and accordingly a single crash case may appear more than once in the vehicle file
depending on the number of vehicles involved in the crash. A crash record in the vehicle file
can be sorted using both the Accident Number variable and Vehicle Number variable that is
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used as an identification number for each vehicle in the crash. The person file contains data
on all responsible and non-responsible persons who are involved in the crash. Crash
persons include pedestrians, pedal cyclists and other non-motorists involved in the crash. A
single crash case may occupy multiple rows in the person file depending on the number of
persons involved in a crash. To analyze all the injuries and damage caused by each
recorded crash, the vehicle file and the person file are merged in this study using the
Accident Number in the accident file and the Vehicle Number in the vehicle file.

Work zone crashes were grouped in three datasets to enable a comprehensive
analysis of three different types of work zone crashes: (1) fatal crashes, (2) multi-vehicle
injury crashes, and (3) single-vehicle injury crashes. The analysis of the third type of crashes
involving only one vehicle was performed to provide an additional investigation of these
crashes that have a higher probability of being caused by the work zone layout compared to
multiple-vehicle crashes that can be caused by other vehicles and not necessarily the work
zone. Accordingly, the following three datasets were extracted from the NHTSA data files for
detailed analysis: (1) fatal work zone crashes for a 10-year period from 1996 to 2005 that
include 270 crashes, (2) all injury work zone crashes involving one or more vehicles for a 5-
year period from 2001 to 2005 that include 9,090 crashes, and (3) injury work zone crashes
involving only one vehicle for a 5-year period from 2001 to 2005 that include 2,126 crashes.
It should be noted that the analyzed period for injury crashes was 5 years because it
contained an adequate number of crash records, while the equivalent period for fatal
crashes was 10 years because the available crash records in the 5-year period was not
adequate for the analysis.

The crash data in these three datasets were organized and grouped in five main
steps. The first step focused on extracting work zone related crash records from all the
available NHTSA crash records and combining them in a single spreadsheet. These work
zone crashes were identified as a subset of the entire crash dataset using the variable
RD_CONT1 in the crash file that represents roadway conditions and has 12 possible values,
as shown in Table 3.2. The values of 2, 3, 4, and 5 for this variable represent construction
zone, maintenance zone, utility work zone, and work zone unknown, respectively. All
crashes that had these values were extracted and listed under a new variable named Road
Condition. The second step involved extracting work zone injury and fatal crash records
after excluding property damage only (PDO) work zone crashes. Identifying injury and fatal
crashes was performed using the variable SEVERITY in the crash file that represents the
most severe injury sustained by any occupant or non-occupant involved in the crash. The
data files from 1996 to 2003 used the numerical values of 1 and 2 to represent fatal and
injury crashes, while the data files of 2004 and 2005 used the alphabetical values of F and |
to represent fatal and injury crashes, respectively as shown in Table 3.3. The third step
involved joining the crash, vehicle, and person files using both the Accident Number variable
in the accident file and the Vehicle Number variable in the vehicle file as described earlier.
Whenever ambiguous or incomplete data were encountered in the datasets, IDOT officials
were consulted to provide clarification and guidance. The fourth step focused on extracting
the aforementioned three data subsets that contain (1) fatal work zone crashes for a 10-year
period from 1996 to 2005 that include 270 crashes, (2) Injury work zone crashes involving
one or more vehicles for a 5-year period from 2001 to 2005 that include 9,090 crashes, and
(3) Injury work zone crashes involving only one vehicle for a 5-year period from 2001 to
2005 that include 2,126 crashes. The fifth step involved regrouping work zone crash
variables into five main categories as shown in Table 3.4.

To statistically identify the characteristics of work zones associated with the time of the
accident, the observations of time were regrouped and organized into four periods: (1) 6:01AM —
10:00 representing the peak morning hours, (2) 10:01 — 16:00 representing the daytime non-
peak hours, (3) 16:01 — 20:00 representing the afternoon/evening peak hours, and (4) 20:01 —
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6:00AM representing the nighttime hours. In a similar way, the observations associated with the
driver contributing causes include 31 categories representing all possible contributing causes of
a crash such as failed to yield, disregarded control devices, too fast for conditions, wrong
way/side, and followed too closely. These 35 different contributing causes were regrouped and
organized into six major categories: (1) improper driving, (2) distraction, (3) work zone
environment, (4) disregarding traffic control, (5) speed, and (6) unknown. The complete list of
contributing causes is listed in Appendix A., Table A.11.

Table 3.2. NHTSA Road Condition Variable

Variable Possible Values Description
Road Condition: 0 Not stated
indicates a deficiency in 1 No defects
the road where the crash 2 Construction zone
occurred. 3 Maintenance zone
4 Utility work zone
5 Work zone — unknown
6 Shoulders
7 Ruts/holes
8 Worn surface
9 Debris on roadway
10 Other
99 Unknown
Table 3.3. NHTSA Accident Severity Variable
Variable Possible Values | Description
Accident Severity: 1,F Fatal
indicates the most severe injury 2,1 Injury

sustained by any occupant or non-
occupant involved in the crash.

Property Damage

3P Only (PDO)

Table 3.4. Crash Data Categories and Associated Variables

Category Variable Observations
i 1. Time of the accident See Appendix A, Table A.1
1. Time Data -
2. Day of the week See Appendix A, Table A.2
3. Total number of fatalities and injuries Using actual numbers
2. Crash Data 4. Number of vehicles involved Using actual numbers
5. Type of collision See Appendix A, Table A.3
6. Class of traffic way See Appendix A, Table A4
7. Federal classification of highway See Appendix A, Table A5
8. Work zone type See Appendix A, Table A.6
3. Road Data 9. Road surface See Appendix A, Table A.7
10. Route prefix See Appendix A, Table A.8
11. Traffic control See Appendix A, Table A.9
12. Traffic control functionality See Appendix A, Table A10
4. g:ﬂ;‘:bg;'tgg 13. Contributing cause (1 and 2) See Appendix A, Tables A.11 and A.12
5. Light and 14. Light Condition See Appendix A, Table A.13
Weather Data 15. Weather See Appendix A, Table A14
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A sample of the spreadsheet that includes the first dataset of fatal work zone crashes
is presented in Table 3.5. The spreadsheet was designed to include all the available data in
the data files obtained from the National Highway Traffic Safety Administration (NHTSA).
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Table 3.5. Sample NHTSA Dataset of Fatal lllinois Work Zone Crashes in 2005

Crash Time Information Accident Severity Crash Information
Date of Time of Day of | Number of | Number of | Total number | County |Population | Enforcement | Intersection | Number of | Type of

Number Accident Accident Week | Fatalities | Injuries Inj & Fat Group Agency Related Vehicles | Collision
50000645 1172005 4 1 1 0 1 16 3 3 2 1 8
50056209 2272005 4 7 1 0 1 16 3 3 2 1 6
50075837 2272005 4 7 1 5 6 16 3 3 2 2 7
50150994 3022005 4 3 1 1 2 69 0 3 2 2 14
50199199 2282005 1 1 1 1 2 49 6 1 1 2 10
50301647 3072005 3 1 1 4 5 84 9 1 1 4 15
50349786 5072005 3 6 1 0 1 82 0 3 2 1 7
50442409 5182005 2 3 1 1 2 16 5 3 2 6 "
50514694 5182005 2 3 1 0 1 99 0 3 2 2 "
50780139 6242005 2 5 3 0 3 101 7 3 2 4 "
50808955 6122005 2 7 1 3 4 " 0 3 2 3 14
51648947 8052005 4 5 1 0 1 16 3 3 2 1 1
51653186 8292005 1 1 1 0 1 16 7 3 2 2 7
51685154 8312005 1 3 1 0 1 75 0 3 2 1 6
51731727 8312005 4 3 1 2 3 16 7 3 2 3 1
52009198 9052005 1 1 1 0 1 84 9 1 2 1 5
52154507 9272005 2 2 1 1 2 22 8 1 2 3 15
52155181 9262005 4 1 2 0 2 16 3 3 2 2 "
52376985 10142005 1 5 1 0 1 16 8 1 2 1 2
52807021 11162005 4 3 1 1 2 16 3 3 2 2 "
52807385 11192005 4 6 1 0 1 50 6 3 2 2 6
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Table 3.5 (continued). Sample NHTSA Dataset of Fatal lllinois Work Zone Crashes in 2005

Roadway Information

Contributing Causes

Climatic Information

Crash Class of [ Federal Classification Road Road Route Traffic | Traffic Cont | Contributing | Contributing Light Weather
Number | Trafficway of Highways Condition | Surface | Prefix | Control |Functionality Cause1 Cause2 Condition | Condition
50000645 5 1 2 1 9 12 4 15 0 5 1
50056209 5 1 2 1 9 11 4 1 20 5 1
50075837 5 1 2 1 9 12 4 8 27 5 1
50150994 2 3 2 1 1 12 4 19 20 4 1
50199199 6 3 2 2 5 3 4 25 99 1 3
50301647 6 3 2 1 5 3 4 2 99 5 1
50349786 5 1 2 1 9 99 2 19 20 1 1
50442409 8 1 2 1 9 12 4 28 27 1 1
50514694 1 1 2 1 9 12 4 28 27 1 1
50780139 5 1 2 1 9 1 1 28 18 1 1
50808955 2 4 2 2 5 1 1 20 15 1 2
51648947 5 1 2 1 9 12 4 24 99 5 1
51653186 8 1 2 1 4 1 15 15 1 1
51685154 2 5 3 1 5 10 4 18 0 1 1
51731727 8 1 2 1 9 11 4 28 3 5 1
52009198 7 14 2 1 8 1 1 0 0 1 1
52154507 6 3 2 1 5 11 4 18 99 1 1
52155181 5 1 2 1 9 12 4 1 2 5 1
52376985 8 17 2 1 1 1 0 0 1 1
52807021 5 1 2 1 9 11 4 1 99 5 1
52807385 8 17 2 1 11 4 24 50 4 1
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3.3.2 Highway Safety Information System Crash Data Fusion

The most recent 5 years (2003-2007) of crash records that were released from the
Highway Safety Information System database for the State of lllinois included 875,537
records from January 1, 2003, through December 31, 2007, including 1,729 work zone
crash records that represent all recorded injury and fatal work zone crashes. These crash
records were stored in three separate SAS subfiles: (1) crash data subfile that can be sorted
and organized using the crash case number, (2) vehicles and occupants data subfile that
can be linked to the first crash subfile using the crash case number and vehicle number, and
(3) Roadlog subfile that can be linked to the first crash subfile using three variables: county,
route, and milepost.

The HSIS work zone crash dataset was extracted and fused in five main steps. The
first step involved extracting work zone crash records from all the available records and
combining them in a single spreadsheet. These work zone crashes were identified as a
subset of the entire crash dataset based on the variable RD_DEF in the data file that uses
the values of 02, 03, 04, and 05 to represent construction zone, maintenance zone, utility
work zone, and work zone unknown, respectively as shown in Table 3.6. This variable was
renamed in the current analysis as Type of Construction. The second step involved
extracting work zone injury and fatal crash records excluding property damage only (PDO)
work zone crashes. Identifying injury and fatal crashes was performed using the variable
SEV_CDE that represent the crash severity and has four possible categories including
categories 01 and 02 that represent fatal and injury crashes, respectively, as shown in Table
3.7. The third step involved joining crash files and Roadlog files using both “Cntyrte: County
Route” and “milepost” in crash files and matched with “cnty_rte: County Route” and “begmp:
Beginning milepost” in Roadlog files. This link resulted in a dataset that included records of
1,729 work zone injury and fatal crashes with data on 31 different variables, as shown in
Table 3.8. Whenever ambiguous or incomplete data were encountered in the dataset, IDOT
officials and HSIS personnel were consulted to provide clarification and guidance. The
fourth step of preparing the dataset for the correlation analysis was to regroup the 31 crash
variables under six major categories as shown in Table 3.8. The fifth step involved
regrouping the observations of four variables into certain categories. The variables and their
new categories are shown in Table 3.9.

Table 3.6. Road Defects

Variable Number Description
RD_DEF: 0, 99 Not Stated or Unknown
indicates the road defects 01 No Defects
02 Construction Zone
03 Maintenance Zone
04 Utility Work Zone
05 Work Zone Unknown
06 Shoulder HGH, LO, SFT
07 Ruts, Holes, Bumps
08 Worn Surface
09 Debris on Roadway
10 Other
11 Loose Materials
12 Low Shoulder
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Table 3.7. Road Crash Severity

Variable Number Description
SEV_CDE: 0 Not Coded
indicates the crash severity 01 Fatal

02 Injury

03 Property Damage Only

Table 3.8. Dataset of Work Zone Injury and Fatal Crashes

SAS Variable Name Description Observations

1. CASENO CaseNumber Using actual numbers

2. ACCYR AccYear Using actual numbers

3. HOUR AccHour See Appendix A, Table A1
4. SEV_CDE Severity See Appendix A, Table A.15
5. SEVERITY InjurySeverity See Appendix A, Table A.16
6. TOT_KILLED TotalKilled Using actual numbers

7. TOT_INJ Totallnjured Using actual numbers

8. ACCTYPE_POST_93 TypeCollision See Appendix A, Table A.3
9. NUMVEHS NumberVehicles Using actual numbers

10. CAUSE1 Cause1 See Appendix A, Table A.12
11. CAUSE2 Cause2 See Appendix A, Table A.12
12. TRFCNTL TrafficContType See Appendix A, Table A.9
13. TC_COND TrafficContCondition See Appendix A, Table A.10
14. RODWYCLS RoadClassification See Appendix A, Table A.17
15. CLS_TFWY ClassTrafficway See Appendix A, Table A.4
16. RTE_PREF RoutePrefix See Appendix A, Table A.8
17. ONEWAY Onewaylndicator See Appendix A, Table A.18
18. INT_REL IntersectionRel See Appendix A, Table A.19
19. RD_DEF TypeConstruction See Appendix A, Table A.6
20. NO_LANES NumberLanes Using actual numbers

21. SURF_TYP SurfaceType See Appendix A, Table A.20
22. RDSURF RoadSurfaceCond See Appendix A, Table A.7
23. MED_TYPE MedianType See Appendix A, Table A.21
24. MEDWID MedianWidth See Appendix A, Table A.22
25. AADT AADT See Appendix A, Table A.23
26. MULTICNT MultipleUnitVolume See Appendix A, Table A.24
27. COMM_VOL HEAVY CommercialVolume See Appendix A, Table A.25
28. MVMT MilVehMiTrv See Appendix A, Table A.26
29. SPD_LIMT SpeedLimit Using actual numbers

30. LIGHT Light See Appendix A, Table A.13
31. WEATHER Weather See Appendix A, Table A.14
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Table 3.9. Regrouped Observations of Four Variables

Variable Regrouped Observations
1. Accident Hour (1) 6:01AM - 10:00

(2) 10:01 - 16:00

(3) 16:01 — 20:00

(4) 20:01 — 6:00AM

2. Contributing Cause (1) Improper Driving

(2) Distraction
(3) Speed

(4) Work Zone Environment
(5) Traffic Control

)
)
)
)
)
)
)
)
(6) Unknown
3. Annual Average Daily Traffic (AADT) | (1) AADT below 10,000
(2) 10,001 < AADT < 20,000
)
)
)
)
)
)
)
)
)
)

(3) 20,001 < AADT < 30,000
(4) 30,001 < AADT < 40,000
(5) 40,001 < AADT < 50,000
(6) AADT over than 50,001
4. CommercialVolume (CV) (1) CV below 2,000

(2) 2,001 < CV < 4,000

(2) 4,001 < CV < 6,000

(4) 6,001 < CV < 8,000

(5) 8,001 < CV < 10,000

(6) CV over than 10,001

All the data for the aforementioned variables had integer values, as shown in the
sample spreadsheet that includes the analyzed HSIS dataset and shown in Table 3.10. The
spreadsheet containing this data for the identified 1,729 work zone crash records including
the values of the aforementioned 31 variables was imported into the SAS software package
in order to identify all possible correlations among the 31 variables. The next chapter
presents the frequency and severity analysis of work zone crashes gathered by the two
aforementioned datasets as well as the contributing factors of correlated variables.
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Table 3.10. Sample HSIS Dataset of Injury and Fatal lllinois Work Zone Crashes in 2007

Crash Time Information Crash Information Contributing Causes
Number | AccYear | AccHour | Severity |InjurySeverity [ TotalKilled | Totallnjured | TypeCollision | NumberVehicles | Cause1 | Cause? | TrafficContType | TrafficContCondition
20070238803| 2007 4 2 3 0 1 10 2 1 6 2 2
20072528490| 2007 2 2 3 0 1 15 2 4 1 3 4
20072500002| 2007 3 2 1 0 2 10 2 1 1 5 4
20070983945| 2007 4 1 4 1 0 7 1 5 5 3 4
20071855084| 2007 4 2 2 0 2 10 2 1 5 3 4
20075138313| 2007 3 2 3 0 1 10 2 1 3 3 4
20074977539 2007 4 2 2 0 2 10 2 1 5 3 4
20073218505 2007 4 2 1 0 2 10 2 1 1 3 4
20072067127| 2007 4 2 1 0 3 15 2 1 4 3 4
20071376826| 2007 4 2 3 0 1 10 2 1 5 3 4
20074570516| 2007 2 2 2 0 3 10 3 4 1 3 4
20072756059 2007 3 2 2 0 1 5 1 3 5 3 4
20073295669 2007 2 2 3 0 1 10 2 1 5 3 3
20073702946 2007 1 2 2 0 1 11 2 1 5 3 4
20072630452 2007 2 2 2 0 1 12 2 1 5 3 4
20071454755 2007 2 2 3 0 1 10 2 6 5 3 4
20071049746 2007 2 2 1 0 1 10 2 4 1 3 4
20072916737| 2007 1 2 3 0 2 11 3 6 5 3 4
20073530040( 2007 1 2 2 0 1 11 3 1 5 2 2
20073755076 2007 2 2 2 0 3 11 2 1 5 2 2
20071252993 2007 2 2 2 0 1 2 1 5 5 3 4
20070102314 2007 1 2 3 0 1 1 1 4 6 3 4
20075375873| 2007 3 2 3 0 2 11 4 6 1 3 4
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Table 3.10 (continued). Sample HSIS Dataset of Injury and Fatal lllinois Work Zone Crashes in 2007

Crash Roadway Information
Number |RoadClassification | ClassTrafficway | RoutePrefix | Onewaylndicator | IntersectionRel | TypeConstruction | NumberLanes |LaneWidth | SurfaceType |RoadSurfaceCond |MedianType |MedianWidth
20070238803 8 2 5 2 1 2 2 12 560 1 5 3
20072528490 3 6 5 2 1 2 2 12 610 1 0 1
20072500002 4 7 8 2 1 2 4 12 720 1 2 2
20070983945 5 6 1 2 1 2 4 12 610 1 0 1
20071855084 4 6 1 2 1 2 4 12 700 1 7 4
20075138313 4 6 1 2 1 2 4 12 700 1 7 4
20074977539 4 b 1 2 1 2 4 12 700 1 7 4
20073218505 4 6 1 2 1 2 4 12 700 1 7 4
20072067127 4 6 1 2 1 2 4 12 700 1 7 4
20071376826 4 6 1 2 1 2 4 12 700 2 7 4
20074570516 4 6 1 2 1 2 4 12 700 1 7 4
20072756059 4 6 1 2 1 2 4 12 700 1 7 4
20073295669 4 6 1 2 1 2 4 12 600 2 7 4
20073702946 4 6 1 2 1 2 4 12 600 1 5 4
20072630452 5 6 1 2 2 2 6 12 600 1 0 1
20071454755 5 6 1 2 1 2 4 12 600 1 0 1
20071049746 5 6 1 2 1 2 4 10 600 1 0 1
20072916737 4 6 1 2 2 2 4 12 620 1 2 4
20073530040 4 6 1 2 1 2 4 12 600 1 5 4
20073755076 5 6 1 2 1 2 4 12 600 1 0 1
20071252993 3 6 1 2 1 5 2 12 600 1 0 1
20070102314 4 6 1 2 1 3 4 12 600 1 5 4
20075375873 4 6 1 2 1 2 4 12 700 1 7 4
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Table 3.10 (continued). Sample HSIS Dataset of Injury and Fatal lllinois Work Zone Crashes in 2007

Crash Traffic Information Climatic Information
Number AADT [ MultipleDailyVolume [CommercialVolume |MilVehMiTrv | SpeedLimit Light Weather
20070238803 1 1 1 1 55 4 1
20072528490 2 1 1 1 55 1 1
20072500002 1 1 1 1 40 1 1
20070983945 3 1 1 1 45 5 1
20071855084 3 1 1 1 40 5 1
20075138313 3 1 1 1 40 5 1
20074977539 3 1 1 1 40 5 1
20073218505 3 1 1 1 40 5 1
20072067127 3 1 1 1 40 5 1
20071376826 3 1 1 1 40 5 2
20074570516 3 1 1 1 45 1 1
20072756059 3 1 1 1 45 1 1
20073295669 3 1 1 3 50 1 4
20073702946 4 2 2 1 40 1 1
20072630452 4 1 1 1 30 1 1
20071454755 2 1 2 1 40 1 1
20071049746 3 1 1 2 35 1 1
20072916737 3 1 1 4 55 1 1
20073530040 4 1 2 1 35 1 1
20073755076 4 1 2 1 35 1 1
20071252993 2 1 2 1 25 1 1
20070102314 3 1 1 1 35 9 1
20075375873 5 1 2 6 55 5 1
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CHAPTER 4 ANALYSIS OF ILLINOIS WORK ZONE CRASHES

4.1 INTRODUCTION

The objective of this chapter is to present a comprehensive analysis of work zone
crashes in lllinois to identify their contributing factors. This chapter focuses on analyzing and
identifying factors contributing to injury and fatal work zone crashes. The three main
objectives of this analysis are to (1) conduct a statistical analysis to study the frequency and
severity as well as other characteristics of fatal work zone crashes, multi-vehicle injury
crashes, and single-vehicle injury crashes; (2) study correlations among all work zone crash
variables that were available in the gathered data to investigate the factors contributing to
work zone crashes in lllinois; and (3) develop guidelines to improve work zone practices in
terms of layout, strategy, standards, and temporary traffic control devices.

4.2 WORK ZONE CRASH CHARACTERISTICS

All relevant variables to work zone characteristics of the two crash datasets NHTSA
and HSIS were grouped in a single spreadsheet and a detailed analysis of crash frequency
distribution was conducted to study 20 work zone variables that were grouped in six
categories, as shown in Table 4.1. For each of these 20 variables in Table 4.1, a
comprehensive statistical analysis was conducted to investigate and compare its individual
impact on the frequency of (1) fatal work zone crashes (Fatal), (2) multi-vehicle injury work
zone crashes involving one or more vehicles (Injury), and (3) single-vehicle injury work zone
crashes involving only one vehicle (Injury, One Vehicle). The following sections present the
main findings of this analysis for each of the 20 variables.

Table 4.1. Work Zone Variables

Category Variable

1. Road Data . Federal Classification of Highway
. Work Zone Type

. Intersection Relevance

. Number of Lanes

. Lane Width

. Median Type

. Median Width

. Speed Limit

. Traffic Control

10. Traffic Control Functionality

2. Traffic Data 11. Annual Average Daily Traffic (AADT)
12. Commercial Volume

OOINO|ARWIN(=

3. Contributing 13. Contributing Cause

Cause Data
4. Crash Data 14. Total Number of Fatalities and Injuries
15. Number of Vehicles Involved
16. Type of Collision
5. Environment 17. Light Condition
Data 18. Weather Condition
6. Time Data 19. Day Hour

20. Weekday
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4.2.1 Road Data

This section presents the frequency analysis of the following road data variables: (1)
federal classification of highway, (2) work zone type, (3) intersection relevance, (4) number
of lanes, (5) lane width, (6) median type, (7) median width, (8) speed limit, (9) traffic control,
and (10) traffic control functionality.

Variable 1. Road Data (Federal Classification of Highway)

The impact of the class of the federal classification of highway on the frequency of
fatal and injury crashes in lllinois is shown in Figure 4.1(a). The results indicate that
interstates in the national highway system had the highest percentage of all types of
crashes. The results also show that the percentage of fatal work zone crashes on interstates
that are not in the national highway system was 11.5%, which is much higher than the
percentage of injury crashes on the same type of road, which was 1%. This suggests that
work zones on this class of interstate highways are more likely to contribute to fatal crashes
than to injury crashes.

Variable 2: Road Data (Work Zone Type)

The impact of the work zone type on the frequency of fatal and injury crashes in
lllinois is shown in Figure 4.1(b). The work zone variable in this analysis is classified into
four types: construction zone, maintenance zone, utility work zone, and unknown work zone.
The results clearly show that construction zones were the most dominant type of work zone;
they were encountered in 88% of fatal crashes, 90% of injury crashes involving one or more
vehicles, and 88% of injury crashes involving only one vehicle. Accordingly, the layout of
construction zones needs to be carefully designed and implemented to reduce the risks of
fatal and injury crashes and improve traffic safety.

Variable 3: Road Data (Intersection Relevance)

The intersection variable indicates whether the work zone crash occurred at an
intersection or not. The impact of the intersection variable on the frequency of fatal and
injury work zone crashes in lllinois is shown in Figure 4.1(c). Intersections were obviously
among the major factors contributing to work zone crashes because the majority of injury
crashes (77%) occurred at intersections. Similarly, more than 60% of fatal crashes occurred
at intersections. Assuming that intersection work zones are not overrepresented in the
overall volume of highway construction and maintenance in lllinois, this result indicates
higher risks of crash occurrence at intersection work zones and the importance of
emphasizing additional safety countermeasures at entrance and exit ramps to avoid
associated work zone crashes.

Variable 4: Road Data (Number of Lanes)

The impact of the number of lanes on the frequency of fatal and injury crashes in
lllinois is presented in Figure 4.1(d), which shows that more than 50% of fatal and injury
work zone crashes occurred on four-lane highways.
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Figure 4.1. Impact of road characteristics on the frequency of fatal and
injury crashes: (a) federal classification of highway, (b) work zone type,
(c) intersection relevance, and (d) number of lanes.

Variable 5: Road Data (Lane Width)

Lane width as an impact factor in the frequency of fatal and injury crashes in lllinois
is shown in Figure 4.2(a). The results clearly show that work zones of standard lane width of
12 ft had the highest percentage of work zone crashes. More than 84% of fatal crashes and
77% of injury crashes occurred on traffic lanes of 12-ft width from the dataset that were
studied. It should be noted that there are no available data in the analyzed datasets that can
be used to identify the percentage of work zones on roads with lane widths of 12 ft
compared to other lane widths. Further analysis of such data, if available, can be used to
identify and quantify the impact of lane width on the frequency of work zone crashes.

Variable 6: Road Data (Median Type)

The median type variable has seven observations: (1) no median; (2) unprotected,
treated earth; (3) curbed, raised; (4) positive barrier, such as fencing, guard rail, or retaining wall;
(5) rumble strips; (6) painted; and (7) mountable median. The impact of median type on the
frequency of fatal and injury crashes in lllinois is shown in Figure 4.2(b). The frequency analysis
shows that almost 40% of work zone fatal and injury crashes occurred on roadways with no
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median compared with 15% of crashes occurring on roadways that had a positive barrier,
whether it was fencing, a guard rail, or a retaining wall. Less than 3% of work zone crashes
occurred on roadways with rumble strips. It should be noted that there are no available data in
the analyzed datasets that can be used to identify the percentage of work zones using rumble
strips. The availability of such data can be used to identify and quantify the effectiveness and
impact of rumble strips on reducing the frequency of work zone crashes.

Variable 7: Road Data (Median Width)
The impact of median width on the frequency of fatal and injury crashes in lllinois is
shown in Figure 4.2(c). The frequency analysis shows that almost 40% of work zone fatal and
injury crashes occurred on roadways with no median to match the median type aforementioned
result. The increase of median width did not show a relevant decrease of either fatal or injury
work zone crashes, which indicates that median width has no significant impact on work zone

crashes.

Variable 8: Road Data (Speed Limit)
The speed limit variable represents the posted roadway speed limit in all lllinois work
zones. The impact of speed on the frequency of fatal and injury crashes in lllinois is shown in
Figure 4.2(d). The majority of fatal crashes (~62%) occurred at higher speed limits (+55 mph)
compared with fewer injury crashes (25%) at the same speed limits, which clearly indicates the
severity of work zone crashes at higher speed limits. The percentage of fatal crashes dropped
significantly to less than 8% for construction zones that had a speed limit of 40 mph or lower.
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Figure 4.2. Impact of road characteristics on the frequency of fatal and injury crashes:
(a) lane width, (b) median type, (c¢) median width, and (d) speed limit.
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Variable 9: Road Data (Traffic Control)

The impact of using various traffic control devices on the frequency of fatal and injury
crashes in lllinois is shown in Figure 4.3(a). The results show that approximately 40% of
fatal and injury work zone crashes had no traffic control. This finding was discussed with
IDOT personnel, and they clarified that police officers sometimes misinterpret the meaning
of “no traffic control.” Police officers often report “no traffic control” if they do not observe the
existence of traffic control devices that are listed in their accident report and are summarized
in Figure 4.3(a) despite the presence of other IDOT-specified traffic control devices that are
typically used in all lllinois work zones. The results also show that the presence of a police
officer or a flagger in a work zone is an effective traffic control measure; its use was reported
in only 5% of the fatal crashes and 3% of the injury crashes.

Variable 10: Road Data (Traffic Control Functionality)

The impact of traffic control functionality on the frequency of fatal and injury crashes
in lllinois is shown in Figure 4.3(b). The results show that 56% of fatal crashes and 53% of
injury crashes occur in work zones that have traffic control devices that are functioning
properly. Less than 2% of fatal and injury work zone crashes occurred in work zones that
had traffic control devices not functioning or traffic control devices functioning improperly.
Almost 50% of fatal and injury work zone crashes occurred in work zones that typically used
IDOT-specified traffic control devices.

(a) (b)

Figure 4.3. Impact of road characteristics on the frequency of fatal and injury crashes:
(a) traffic control type, and (b) traffic control functionality.

4.2.2 Traffic Data

This section presents the frequency analysis of the traffic data variables of annual
average daily traffic (AADT) and commercial volume.

Variable 11: Annual Average Daily Traffic

The AADT minimum value was 700, and the maximum was 293,600. Therefore, all
roads’ AADT values where crashes occurred were regrouped in six subcategories as shown
in Table 4.2. The impact of AADT on the frequency of fatal and injury crashes in lllinois is
shown in Figure 4.4(a). The results show that more than 30% of fatal work zone crashes
occurred at low AADT (below 10,000), which indicates that the AADT does not affect the
severity of work zone crashes. Almost 30% of injury work zone crashes occurred at AADT
between 10,000 and 20,000. Beyond that peak range, the rate of work zone crashes tends
to gradually decrease on roads with higher ranges of AADT.
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Table 4.2. Observations for AADT

Variable Number Description
AADT: 1 Below 10,000
indicates the annual 2 10,000 — 20,000
average daily traffic on 3 20,000 - 30,000
the roadway 4 30,000 — 40,000
5 40,000 — 50,000
6 More than 50,000

Variable 12: Commercial Volume

The commercial volume variable represents the percentages of truck-related heavy
commercial volume, which includes two-axle trucks with six or more tires, multi-axle
vehicles, single trucks, tractor-semi combinations, and buses (HSIS). Commercial volume
records were regrouped in six subcategories as shown in Table 4.3. The impact of
commercial volume on the frequency of fatal and injury crashes in lllinois is shown in Figure
4.4(b). The results show that the majority of work zone crashes, whether fatal or injury,
occurred on roads with commercial volume below 2000. The rate of work zone crashes
tends to gradually decrease as the commercial volume of the road increases.

Table 4.3. Observations for Commercial Volume
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Variable Number Description
Commercial Volume: 1 Below 2,000
indicates the annual 2 2,000 — 4,000
average daily traffic on the 3 4,000 — 6,000
roadway 4 6,000 — 8,000
5 8,000 — 10,000
6 More than 10,000
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Figure 4.4. Impact of traffic data on the frequency of fatal and
injury crashes: (a) AADT, and (b) commercial volume.
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4.2.3 Contributing Cause Data

The contributing cause variable represents various driver actions that contributed to
the crash. In the NHTSA data files, this variable has 31 possible values to represent all
possible contributing causes related to driver actions. In this analysis, these 31 possible
values are regrouped and divided into six major contributing causes related to driver actions:
(1) improper driving, (2) distraction, (3) work zone environment, (4) disregarding traffic
control, (5) speed, and (6) unknown (see Appendix A, Tables A.11, A.12).

Variable 13: Contributing Cause

The impact of these contributing causes on the frequency of fatal and injury crashes
in lllinois is shown in Figure 4.5. The results show that improper driving was the highest
contributing cause (36%) for both fatal and injury work zone crashes, followed by speed and
work zone environment causes. Improper driving is a major category used in this analysis to
group a number of driver actions such as following too closely, wrong side/way, improper
turn, and right turn on red, that are available in the crash database as shown in Appendix A,
Table A.12. Similarly, work zone environment is another category used in this analysis to
group a number of work zone factors such as road engineering /surface/markings/defects,
road construction, vision obscured, and improper lane usage that are available in the crash
database as shown in Appendix A, Table A.12. The work zone environment was responsible
for more than 30% of single-vehicle injury crashes and almost 20% of fatal and multi-vehicle
crashes. Accordingly, the layout of construction zones needs to be carefully designed and
implemented to minimize these contributing factors in order to reduce the risks of fatal and
injury crashes and improve traffic safety.
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Figure 4.5. Impact of various contributing causes
on the frequency of fatal and injury crashes.
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4.2.4 Crash Data

This section presents the frequency analysis of the following crash data variables: (1)
total number of fatalities and injuries, (2) number of vehicles involved, and (3) type of
collision.

Variable 14: Total Number of Fatalities and Injuries

Work zone crashes are classified as fatal crashes if they result in at least one fatality
and injury crashes if they cause only injuries. In this analysis, the severity of different types
of crashes is investigated using a new metric/variable that represents the total number of
fatalities and injuries caused by the crash. The results of this analysis show that the majority
of injury crashes (71% and 87% of the two analyzed injury crashes) caused only one injury,
as shown Figure 4.6(a). On the other hand, fatal crashes were more severe; the majority of
those (55.5%) caused two or more injuries and/or fatalities.

Variable 15: Number of Vehicles Involved

In this analysis, the severity of various types of crashes was analyzed using a
second metric that represents the total number of vehicles involved in the crash. A subset of
the dataset of injury and fatal lllinois work zone crashes in 2007 was presented in Table
3.10. The results of this severity analysis are shown in Figure 4.6(b). The results show that
almost half of fatal work zone crashes (45%) involved one vehicle only, while a small
percentage (20%) of those crashes involved three or more vehicles. On the other hand, 23%
of injury work zone crashes involved one vehicle only, while 58% of this type of crash were
caused by two vehicles. This indicates that fatal crashes are more likely to involve one
vehicle compared to injury crashes and that a significant majority of all types of crashes
involves one or two vehicles.
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Figure 4.6. Impact of crash data on the frequency of fatal and injury crashes:
(a) total number of fatalities and injuries, and (b) number of vehicles involved.

Variable 16: Type of Collision

This section analyzes the types of collisions caused by fatal and injury crashes, as
shown in Figure 4.7. The results of this analysis show that the most frequent type of collision
was rear-end for fatal crashes (22%) and injury crashes (43%). For injury crashes involving
only one vehicle, fixed-object collision was the most frequent type of crash (37%). The

50



results also indicate that rear-end and fixed object are the leading types of collisions for fatal
and injury work zone crashes in lllinois.

M Fatal (%)

H Injury (%)

Pedestrian
Pedalcyclist
Train
Animal
Overturned
Fixed object
Other object
Turning
Rear-end
Head-on
Angle

Sideswipe—same..

Other non-collision
Sideswipe—opposite..

Parked motor vehicle

Figure 4.7. Impact of type of collision on the frequency of fatal and injury crashes.

4.2.5 Environment Data
This section presents the frequency analysis of the environment data variables of
light condition and weather condition.

Variablel7: Light Condition

The impact of the light conditions on the frequency of fatal and injury work zone
crashes in lllinois is shown in Figure 4.8(a). The results show that 50% of fatal crashes and
71% of injury crashes occurred in daylight conditions. The remaining fatal and injury work
zone crashes (i.e., 50% and 29%) occurred during darkness, dawn, and dusk. The results
also show that 21% of fatal crashes occurred in darkness without road lighting compared to
9% of total injury crashes that occurred in a similar lighting condition. This suggests that
nighttime work zones on roads that are not lighted are more likely to contribute to fatal
crashes than injury crashes. Accordingly, the lighting conditions in these nighttime work
zones need to be carefully designed and implemented to improve visibility and traffic safety.

Variable 18: Weather Condition

The impact of the weather conditions on the frequency of fatal and injury crashes in
lllinois is shown in Figure 4.8(b). The results show that the majority of work zone crashes
occurred during clear weather conditions. Only 10% of total injury crashes occurred during
rainy conditions, which suggests that weather is not a major factor contributing to work zone
crashes in lllinois—because roadwork is normally suspended during rain and other
inclement weather conditions.
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Figure 4.8. Impact of environment characteristics on the frequency of
fatal and injury crashes: (a) light condition, and (b) weather condition.

4.2.6 Time Data
This section presents the crash frequency analysis of time data for hour of day and
day of week.

Variable 19: Hour of Day

The impact of the time of day on the frequency of fatal and injury crashes in lllinois is
shown in Figure 4.9(a). The results indicate that 44% and 40.5% of fatal crashes and injury
crashes involving only one-vehicle, respectively, occurred at nighttime hours (20:00—
6:00AM). These findings suggest that nighttime work zones create safety risks for traffic and
contribute to a significant percentage of the total number of fatal crashes and injury crashes
involving one vehicle only. These increased nighttime risks need to be carefully considered
and addressed in the layout and lighting design of nighttime work zones to improve their
visibility and improve the alertness of nighttime drivers. For injury crashes involving one or
more vehicles, the results show that 37.5% of these crashes occurred during the daytime
non-peak hours (10:01 — 16:00). One possible explanation for this finding is that higher
traffic volumes during the morning peak hours (6:01 — 10:00 AM) and afternoon hours
(16:01 — 20:00) often cause a slowdown in traffic, which reduces the risks of work zone
crashes during these periods compared to non-peak hours.

Variable 20: Day of Week

The impact of the day of the week on the frequency of fatal and injury crashes is
shown in Figure 4.9(b). The results show that there is no significant difference between the
different types of work zone crashes and their distributions over the seven days of the week.
For fatal work zone crashes, for example, the largest difference was only 5% and it was
encountered between the percentage of crashes occurring on Wednesday and Saturday
(17%) and those occurring on Thursday and Sunday (12%).
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Figure 4.9. Impact of time on the frequency of fatal and injury
crashes: (a) hour of day, and (b) day of week.

4.2.7 Summary of Work Zone Crash Characteristics

The statistical analysis of work zone crashes in the previous sections focused on the
impact of 20 work zone parameters that were gathered from two datasets (NHTSA and
HSIS) on the frequency of three types of work zone crashes: (1) fatal crashes, (2) multi-
vehicle injury crashes, and (3) single-vehicle injury crashes. The main findings of this
analysis include the following:

1. A significant percentage of fatal crashes (44%) and injury crashes involving one
vehicle (40.5%) occurred at nighttime (20:00 — 6:00AM). Further investigation is
needed to investigate whether this high percentage of crashes during nighttime
work zones can be attributed to the relative increase in vehicle speeds during
nighttime, especially in urban areas subject to daytime congestion, and/or to the
need for enhancing the layout and lighting design of nighttime work zones to
improve their visibility and driver alertness.

2. The day of the week is not a significant factor that affects the frequency of work
zone crashes in lllinois. The results also show that the lowest percentages of
fatal and injury work zone crashes occur on Sunday, which can be explained by
the typical low traffic on that day.

3. The majority of injury crashes (71%) caused only one injury, while fatal crashes
were more severe: the majority of them (55.5%) caused two or more injuries
and/or fatalities.

4. A significant majority of crashes involves one and two vehicles. Fatal crashes are
more likely than injury crashes to involve one vehicle.

5. Rear-end and fixed-object collisions are the leading types of fatal and injury
crashes in lllinois. The most frequent type of collision was rear-end for both fatal
crashes (22%) and injury crashes involving one or more vehicles (43%). For
injury crashes involving only one vehicle, fixed-object collision was the most
frequent type of crash (37%).

6. The type of roadway affects the rate of work zone crashes. Urban-city streets
had the highest percentage of all types of crashes. For fatal crashes, rural-other
marked state highway and urban-other marked state highway were the second
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10.

11.

12.

13.

and third types of traffic ways in terms of crash rates. For injury crashes, urban-
other marked state highway and urban-controlled access highway were the
second and third types of trafficways in terms of crash rates.

According to the federal highway classification system, interstates in national
highway systems had the highest crash rate for fatal and injury crashes. The
results also show that the rate of fatal work zone crashes on interstates not in the
national highway system was 11.5%—much higher than the rate of injury
crashes on the same type of road, which was 1%.

Interstate roads had the highest percentage of fatal crashes (40%), while U.S.
routes had the highest percentage of both types of injury crashes (42% and
50.5%).

The analysis of work zone crashes showed that the presence of a police officer
or a flagger in a work zone is an effective traffic control measure as its use was
reported in only 5% of the fatal crashes and 3% of the injury crashes. The finding
is also supported by recent studies that reported the effectiveness of police
presence in work zones and its impact on increasing driver attention and
compliance with work zone regulations (MSHA 2005).

The majority of fatal crashes (56%) and injury crashes (53%) occurred in work
zones that had traffic control devices that were functioning properly, while less
than 2% of fatal and injury work zone crashes occurred in work zones that had
traffic control devices not functioning or traffic control devices functioning
improperly. Almost 50% of fatal and injury work zone crashes occurred in work
zones that typically use IDOT-specified traffic control devices.

Improper driving was the highest contributing factor in both fatal and injury work
zone crashes, followed by speed and work zone environment factors. The
improper driving category covers a number of driver actions such as following too
closely, wrong side/way, improper turn, and right turn on red. The speed category
covers speed-related actions, while the work zone environment category covers
a number of subcategories such as road engineering/surface/ markings/defects,
road construction, obscured vision, and improper lane usage.

A significant percentage of fatal and injury work zone crashes (50% and 29%)
occurred during darkness, at dawn, or at dusk. Further investigation is needed to
investigate whether this high percentage of crashes during nighttime work zones
can be attributed to the relative increase in vehicle speeds during nighttime,
especially in urban areas subject to daytime congestion, and/or the need for
enhancing the layout and lighting design of nighttime work zones to improve their
visibility and improve driver alertness.

The majority of work zone crashes occurred during clear weather conditions, and
only 10% of total injury crashes occurred in rain conditions, which suggests that
weather is not a major contributing factor of work zone crashes in lllinois.
However, severe weather also means that there may be less traffic on roadways
and fewer construction activities in work zones.
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4.3 CORRELATION ANALYSIS OF WORK ZONE CONTRIBUTING FACTORS

Statistical analysis is used in this section to test the association and potential
correlation among work zone parameters. Two statistical tests for independence were used
in this study: Pearson's chi-square, and likelihood-ratio chi-square. Both tests were used to
identify whether a pair of factors is correlated or not. The following sections provide a brief
description of these two statistical tests:

4.3.1 Correlation Tests

4.3.1.1 Pearson’s Chi-Square Test

Pearson’s chi-square test, originally proposed by Karl Pearson, is widely used for
testing the differences between the observed and expected frequencies, where the
expected frequencies are computed under the null hypothesis of independence (Bai and Li
2006). To simplify the statistical method used, assume that the observations of crash
records are classified by two factors X and Y that are mutually independent and having x
and y values, respectively. Let x;; be the frequency of a result associated with both factors
X; and Y; where x; = Y x;;, and x; = ¥, x;;. Let n; and n; be the number of observations in
class i and class j, respectively for i =1, 2, ... C,and j =1, 2, ...R. For that, let

ey = M (4.1)

and the chi-square statistic be computed as:

(4.2)

(njj- ei]_)z
eij

P=%Y;

where Q has an approximate chi-square distribution with (C-1)(R-1) degrees of freedom
(SAS Institute Inc. 2006).

4.3.1.2 Likelihood-Ratio Chi-Square Test

The likelihood-ratio chi-square test involves the ratios between the observed
frequencies n;; and expected frequencies e;; . Using the same assumption discussed in the
previous test, the likelihood-ratio chi-square test is computed as:
nij

eij

where G2 has an approximate chi-square distribution with (C-1)(R-1) degrees of freedom
(SAS Institute Inc. 2006).

Now to test the independence between factor X and factor Y, the null hypothesis H,
and the alternative hypothesis H, are:

Ho:P(X; N Y;) = P(X)P(Y;), or factor X and factor Y are independent (4.4)
Hy:P(X;n Y;) = P(X)P(Y;), or factor X and factor Y are not independent (4.5)

where P(X; n Y;) is the probability of having X; and ¥; simultaneously, and P(X;) and P(Y;)
are the probabilities of having X; and Y}, respectively.
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Each factor contributing to the injury and fatal work zone crashes was tested against
all other factors. The p-values for both statistical tests were calculated to test whether a null
hypothesis could be accepted or not, and for a particular level of significance such as 5%, if
p-value is greater than or equal to 0.05, the null hypothesis H, will be considered, and the
two factors are not correlated. If the p-value is less than 0.05, the alternative hypothesis H;
will be considered, and the two factors are correlated. The two statistical tests were
performed to identify all possible correlations, and a dependent relationship was determined
if both tests supported it (i.e., p-value < 0.05). The test results and the correlated crash
factors are discussed in the following section.

4.3.2 Correlation Results of Work Zone Parameters

The aforementioned two correlation tests were performed to evaluate and identify all
possible correlations among work zone crash variables that are available in the analyzed
HSIS database. Nine variables out of the 31 available HSIS crash variables that are listed in
Table 3.8 were excluded from the correlation analysis because of the reasons listed in Table
4.4. All possible correlations among the remaining 22 HSIS variables were evaluated using
the aforementioned two correlation tests, and the results of this comprehensive analysis are
summarized in Table 4.5. A more detailed and focused analysis of these comprehensive
correlation results was then conducted to investigate the impact of all the analyzed 22 HSIS
variables on four critical crash variables that represent the severity and reported causes of
the crash, namely (1) injury severity, (2) total injured, (3) number of vehicles, and (4) crash
cause. This detailed analysis focused on 26 important correlations that provide useful
information on the contributing factors that affect the severity of work zone crashes, as
shown in Table 4.6 and in the highlighted green cells in Table 4.5. The remaining 92
correlations (see the yellow cells in Table 4.5) do not provide useful information on the
impact of work zone parameters on the frequency and severity of crashes. These 92
correlations do not add value to the current analysis as they confirm expected associations
between (1) road variables such as AADT and speed limit, and median type and median
width, (2) crash variables such as number of vehicles and total injured, or (3) variables such
as the type of collision and the number of lanes, as indicated by the yellow cells in Table
4.5. For each of the identified 26 important correlations in Table 4.6, a more detailed
analysis was performed and is summarized in the following sections of this chapter.

Table 4.4. Excluded Variables from the Correlation Analysis

Variables Reason

CaseNumber Unique number identifying each crash record
AccYear Constant variable

Severity Redundant, as Injury Severity was used
TotalKilled Most crash records had zero values

Cause?2 Most crash records had zero values

RoadClassification

Redundant, as RoutePrefix was used

ClassTrafficway

Redundant, as RoutePrefix was used

MultipleUnitVolume

Redundant, as AADT was used

MilVehMiTrv

Redundant, as AADT was used
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Table 4.5. Correlation Matrix for the Analyzed 22 HSIS Variables

Acc  [Injury-  [Total-  (Type-  Number- Traffic-  (TrafficCont-  |Route- [Oneway- (Intersectio |Type- Number-  |Surface-  [Road-Surface |Median-  |Median- Commercial-  |Speed-

Hour |Severity |injured |Collision |Vehicles |Cause1 |ContType |Condition  [Prefix |Indicator |n-Rel |Construction [Lanes  |Type Cond Type Width  |ADT  |Volume Limit Light |Weather
AccHour N N Y Y Y Y N Y N N N Y N N Y N Y Y N Y N
Injury- Severity Y Y Y Y N N N N N N N Y N Y N N N Y N N
Total- Injured N Y N N N N N N N N N N N N N N N N N
Type- Collision Y Y Y Y Y N N N Y Y N Y N Y N Y N N
Number-Vehicles Y Y N Y N N N N N N Y Y Y Y Y Y N
Causet Y Y Y N Y N Y Y N Y Y Y Y Y Y N
Traffic- ContType Y Y N Y N Y Y Y Y Y Y Y Y Y N
TrafficCont-
Condition Y N Y N N N N Y N Y Y Y N Y
Route- Prefix Y Y Y Y Y N Y Y Y Y Y Y N
Oneway- Indicator Y N Y Y N Y Y Y Y Y N N
Intersection- Rel N Y Y N Y Y Y Y Y Y N
Type- Construction N N N N N Y N N N N
Number- Lanes Y N Y N Y Y Y Y N
Surface- Type N Y Y Y Y Y N N
Road- SurfaceCond N N N N N N Y
Median- Type Y Y Y Y Y N
Median- Width Y Y Y Y N
ADT Y Y Y N
Commercial- Volume Y Y N
Speed- Limit N N
Light N
Weather
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Table 4.6. Twenty-Six Identified Correlations That Affect Crash Severity and Causes

Likelihood-Ratio

Correlated Crash Factors Pearson’s Chi-Square Chi-Square
P-Value Related P-Value Related

Injury Severity Type of Collision < 0.0001 YES < 0.0001 YES
Injury Severity Contributing Factor < 0.0001 YES < 0.0001 YES
Injury Severity Median Type 0.039 YES 0.0324 YES
Injury Severity Speed 0.052 YES 0.04 YES
Number of Vehicles | AccHour < 0.0001 YES < 0.0001 YES
Number of Vehicles | Type of Collision < 0.0001 YES < 0.0001 YES
Number of Vehicles | Contributing Factor < 0.0001 YES < 0.0001 YES
Number of Vehicles | Traffic Control Type < 0.0001 YES < 0.0001 YES
Number of Vehicles | Route Prefix < 0.0001 YES < 0.0001 YES
Number of Vehicles | Median Type < 0.0001 YES < 0.0001 YES
Number of Vehicles | AADT 0.0001 YES 0.0005 YES
Number of Vehicles | Commercial Volume < 0.0001 YES 0.0003 YES
Number of Vehicles | Speed Limit < 0.0001 YES < 0.0001 YES
Number of Vehicles | Light Conditions < 0.0001 YES < 0.0001 YES
Contributing Factor | AccHour 0.0004 YES 0.0006 YES
Contributing Factor | Type of Collision < 0.0001 YES < 0.0001 YES
Contributing Factor | Traffic Control Type < 0.0001 YES < 0.0001 YES
Contributing Factor | Traffic Control Condition || < 0.0001 YES < 0.0001 YES
Contributing Factor | Route Prefix < 0.0001 YES < 0.0001 YES
Contributing Factor | Intersection Related < 0.0001 YES < 0.0001 YES
Contributing Factor | Number of Lanes < 0.0001 YES < 0.0001 YES
Contributing Factor | Median Type < 0.0001 YES < 0.0001 YES
Contributing Factor | AADT < 0.0001 YES < 0.0001 YES
Contributing Factor | Commercial Volume < 0.0001 YES < 0.0001 YES
Contributing Factor | Speed < 0.0001 YES < 0.0001 YES
Contributing Factor | Light 0.0084 YES 0.0170 YES

4.3.3 Injury Severity Characteristics

The results of the correlation analysis show that the severity of work zone injuries is
correlated with four parameters: (1) type of collision, (2) contributing cause, (3) median type,
and (4) speed limit as shown in Table 4.6. A subset of the dataset of injury and fatal lllinois
work zone crashes in 2007 is presented in Table 3.10. The analysis of injury severity was
based on the HSIS variable Severity, which represents the collision severity using four
subcategories as shown in Table A.15 and Figure 4.10: (1) A-Injury (injury other than fatal
requiring hospitalization); (2) B-Injury (injury evident to others at scene); (3) C-Injury (no
visible injury but complaint of pain); and (4) Fatal. Different collision types tended to
contribute to different degrees of injury severity as shown in Figure 4.10. The majority of
rear-end crashes caused no visible injury but complaint of pain, while the most frequent
outcome of other collision types such as angle and fixed-object crashes was injury evident
to others at the scene as shown in Figure 4.10(a). A detailed analysis of the correlation
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between injury severity and crash contributing factors indicated that speed was the
dominant factor contributing to fatal crashes, while improper driving was the leading factor
contributing to injury crashes, as shown in Figure 4.10(b). The results also show that the top
three factors contributing to injury crashes were improper driving, speed, and work zone
environment. As shown in Figure 4.10(c), 30% of fatal crashes occurred on roadways that
had no medians, while no fatal crashes occurred on roads with rumble strips and painted
medians. The results also show that more than 50% of injury crashes occurred on roadways
that had no medians or curbed medians. An in-depth analysis of the correlation between
injury severity and speed limit indicated that more than 50% of fatal work zone crashes
occurred on roads that have a speed limit of 50 mph or higher as shown in Figure 4.10 (d).
On roads with a speed limit higher than 50 mph, more than 70% of work zone crashes had
evident injuries, while that percentage dropped to 57% on roads with lower speed limits.
This confirms that injuries sustained in work zone crashes are more severe on roads that
have higher speed limits.
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Figure 4.10. Crash frequency percentages by injury severity and
(a) type of collision, (b) contributing factor, (c) median type, and (d) speed limit.
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4.3.4 Number of Vehicles Involved

The results of the correlation analysis show that the number of vehicles involved in a
crash is correlated with ten work zone parameters: (1) accident hour, (2) type of collision, (3)
contributing factor, (4) traffic control type, (5) route prefix, (6) median type, (7) AADT, (8)
commercial volume, (9) speed limit, and (10) light condition. The analysis of the correlation
dependency between number of vehicles involved and the accident hour indicates crashes
that involved one vehicle were more likely to occur during the nighttime period (20:00 —
6AM), while crashes that involved two vehicles were more prone to occur during the non-
peak morning period (10:00AM — 4:00PM), as shown in Figure 4.11(a). The number of
vehicles involved in a crash is correlated with the type of collision. As shown in Figure
4.11(b), rear-end and turning crashes that involved two vehicles represent more than 50% of
overall work zone injury and fatal crashes, and fixed-object collisions are the leading type of
crashes involving one vehicle only, while rear-end collisions are the leading type of crashes
involving three vehicles or more. The leading two contributing factors in crashes involving
only one vehicle were improper driving and work zone environment, as shown in Figure
4.11(c). For crashes involving two vehicles or more, the leading two contributing factors in
crashes were improper driving and speed (approximately 70% of this type of crash). As for
traffic control type, Figure 4.11(d) shows that only 2.8% of total work zone crashes occurred
when a yellow flasher was in use compared with 10.2% when a police officer or flagger was
on site.
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Figure 4.11. Crash frequency percentages by number of vehicles involved and
(a) accident hour, (b) type of collision, (c) contributing factor, and (d) traffic control type.

The number of vehicles involved in a crash was found to be statistically correlated
with the type of route. As shown in Figure 4.12(a), crashes involving two vehicles represent
67% of total crashes, and almost half of those crashes occurred on lllinois routes. The
results also show that the top three types of routes with one-vehicle crashes were lllinois
routes, interstate routes, and U.S. routes, while the top three routes with crashes involving
two vehicles were lllinois routes, U.S. routes, and state-maintained routes. As shown in
Figure 4.12(b), 45% of work zone crashes that involved two vehicles occurred on roads that
had no medians, while roads with rumble strips had the lowest percentage of work zone
crashes. Almost half of work zone crashes occurred on roads that had no medians. The
number of vehicles involved in a crash was found to be statistically related to the AADT of
the road. As shown in Figure 4.12(c), the highest rate of work zone crashes occurred on
roads with AADT ranging from 10,000 to 20,000. Beyond that peak range, the rate of work
zone crashes tends to gradually decrease on roads with higher ranges of AADT. Similarly,
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the majority of work zone crashes occurred on roads with commercial volume below 2000,
as shown in Figure 4.12(d), while the rate of work zone crashes tends to gradually decrease
as the commercial volume of the road increases.

g)n 80.0 v 80.0
£ > 60 g, w0
FI §E
85 40 S g 40
-5 0 3
o e § 200
29 200 .:i.’ R f— —
T _— o 0.0 M. -
G 4 v 1Vehicle Vehicles Veh?cles Veh[ilcles
Vehicle | Vehicles | Vehicles | Vehicles .
I P  Pained (5) 17 55 12 0.5
ntersate Route 3) 40 1 26 07 1 Rumble Strip (4) 0.1 18 05 0.2
4 State Maintained Route 14 114 19 08 Positive Barrier (3)| 2.3 6.4 19 05
8) # Curbed (2) 1 14.9 2.8 0.8
B 1llinois Route (5) 42 314 6.4 13 B Unprotected (1) 28 50 14 03
BU.S.Route(1) 26 16.1 27 08 B No Median (0) 5.2 30.8 5.2 12
(a) (b)
o 80.0 ¢ 80.0
[T}
g5 00 B gy 60
(8]
[ s [T = 400
pg 40 i 557
a g 200 a g 200
< - — — < =
@ oo MR - @ 0.0
5] 1 2 3 4 o 1 2 3 4
Vehicle | Vehicles | Vehicles | Vehicles Vehicle | Vehicles | Vehicles | Vehicles
HOverthan50,000(6)| 3.2 7.5 24 0.8 H0verthan10000(6) 1.9 53 16 0.5
H40,000~50,000(5) | 0.7 5.5 11 0.2 E8000~10000(5) 03 08 0.1 0
30,000~ 40000 (4) 1 10.4 1.9 03 60008000 (4) 13 17 0.4 0.2
120,000~30,000(3) 33 16.1 34 0.8 #4000~ 6000 (3) 0.5 34 0.8 0.2
§10,000~20,000(2) | 33 20.4 35 13 52000~ 4000(2) 24 14.4 28 09
mBelow 10,000(1) 2.0 83 16 03 B Below 2000 (1) 71 427 8.1 19
(c) (d)

Figure 4.12. Crash frequency percentages by number of vehicles involved and
(a) route prefix, (b) median type, (c) AADT, and (d) commercial volume.

The speed limit of 55 mph experienced the highest rate of work zone crashes, and
the maijority of those crashes involved two vehicles [Figure 4.13(a)]. The results also show
that crash rates gradually increased as the speed limit of the road increased from 35 mph
until 45 mph, followed by a drop in these rates at the 50 mph speed limit, then they reversed
course and reached a peak at the 55 mph speed limit, as shown in Figure 4.13(a). As for the
light condition, Figure 4.13(b) presents the injury and fatal work zone crash frequencies
categorized by light conditions and number of vehicles involved. The results show that 51%
of one-vehicle crashes and 26% of two-vehicle crashes occurred in nighttime work zones
when the lighting conditions were reported to be darkness, dawn, or dusk. Considering the
fact that the total number of vehicles that drive by nighttime work zones is much less than
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those in daytime work zones, these percentages suggest that the rate of crashes per 1,000
vehicles that drive by work zones is higher during nighttime construction.

80.0 80.0

Q
e 80
X 60.0 & 5 600
22 : g
o £ 400 o 400
° 3 G 3
2T 00 a9 200

L 1S
WL o | e e wk oo . | [
g 1 3 4 S 1 2 3 4
© Vehicle | Vehicles | Vehicles | Vehicles Vehicle | Vehicles | Vehicles | Vehicles
over 55mph 5.7 16.2 5 1.2 DarknessLighted(5)| 4.1 12.7 1.9 0.6
50 mph 0.9 7.8 1.6 0.1 Darkness(4) 21 4. 09 03
% 45mph 13 123 27 0.5 % Dusk(3) 0.2 11 0.0 0.0
H40mph 12 96 13 0.7 HDawn(2) 02 07 0.1 0.1
mbelow35mph| 4.4 23 33 11 m DayLight(1) 6.9 493 10.9 27

(a) (b)

Figure 4.13. Crash frequency percentages by number of vehicles
involved and (a) speed limit, and (b) light condition.

4.3.5 Factors Contributing to Work Zone Crashes

The correlation analysis results show that the factor contributing to work zone
crashes is correlated with 12 work zone parameters: (1) accident hour, (2) type of collision,
(3) traffic control type, (4) traffic control condition, (5) route prefix, (6) intersection relevance,
(7) number of lanes, (8) median type, (9) AADT, (10) commercial volume, (11) speed limit,
and (12) light condition. Figure 4.14(a) shows that the top two factors contributing to crashes
during the three daytime periods from 6 AM to 8 PM were improper driving and speed, while
the top two factors contributing to crashes during the nighttime period from 8 PM to 6 AM
were improper driving and work zone environment. The relative significance of work zone
environment during the nighttime period suggests that work zone parameters, including
lighting conditions, have an important impact on the frequency of nighttime work zone
crashes. The contributing cause of the crash was found to be statistically correlated with the
type of collision. As shown in Figure 4.14(b), 44% of rear-end crashes were linked to speed,
while 64% of turning crashes were linked to improper driving. Work zone environment was
reported to contribute to more than 50% of sideswipe same-direction collisions and 36% of
fixed-object collisions. Figure 4.14(c) presents the crash percentage frequency of
contributing factors and traffic control type. Improper driving was the most reported factor
contributing to work zone crashes followed by speed. This analysis also shows that 69% of
the crashes linked to improper driving and 54% of crashes caused by speed occurred on
roads that had regular traffic control signals. The two traffic control measures that had the
lowest rates of work zone crashes were (a) yield sign or yellow flasher and (b) police officer
or flagger. As for the condition of traffic control countermeasures, Figure 4.14(d) shows that
the condition was not a major contributing factor of work zone crashes because 73.7% of
work zone crashes occurred when the traffic control was functioning properly.
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Figure 4.14. Crash frequency percentages by contributing factor and (a) accident hour,
(b) type of collision, (c) traffic control type, and (d) traffic control condition.

The crash contributing factor was found to be statistically correlated with the type of
route. As shown in Figure 4.15(a), 44% of work zone crashes linked to improper driving
occurred on lllinois routes, while 38% of work zone crashes linked to work zone environment
occurred on interstate routes. As shown in Figure 4.15(b), intersection crashes represented
72.7% of the total crashes; the top two leading factors contributing to these crashes were
improper driving and speed. The number of lanes of a roadway is a contributing factor in
work zone crashes. As shown in Figure 4.15(c), the majority of work zone crashes (55.7%)
occurred on four-lane roads, and the majority of those were linked to improper driving.
However, highways of eight lanes and improper driving are the leading factors contributing
to crashes. The median type was statistically correlated with the contributing cause of a
crash. As shown in Figure 4.15(d), work zone crashes caused by improper driving were
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more prone to occur on roads that had no medians or had curbed medians. The results
show that 32% of crashes linked to work zone environment occurred on roads with no
median, and only 1% of this type of crash occurred on roads with rumble strips. For crashes
that were affected by work zone environment, the percentages were calculated as a ratio
between the frequencies of the two median types shown in column 3 in Figure 3.15(d) and
the summation of all the frequencies in the same column. The results also show that the two
types of median that had the lowest number of reported crashes were rumble strips and
mountable median.
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Figure 4.15. Crash frequency percentages by contributing factor and
(a) route prefix, (b) intersection relevance, (c) number of lanes, and (d) median type.

The contributing factor for work zone crashes was found to be statistically correlated
with the AADT of the road. Figure 4.16(a) shows a steady decrease in crashes related to
improper driving as the AADT of the road increases. This suggests that drivers on roads with
heavy traffic volumes often experience a reduction in their travel speeds, especially during
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peak traffic hours, which in turn reduces the risks of work zone crashes occurrence. On the
other hand, the risk of crashes related to work zone environment increased on heavy traffic
roads with AADT exceeding 50,000. Similarly, Figure 4.16(b) shows a steady decrease in
crashes caused by improper driving as the commercial volume of the road increases. Once
more, this suggests that drivers tend to be more cautious in heavy commercial traffic
conditions. On the other hand, the risk of crashes linked to work zone environment
increased on heavy traffic roads with commercial volume exceeding 10,000. The statistical
analysis of dependence shows that the factor contributing most to work zone crashes was
the speed limit of the road. As shown in Figure 4.16(c), more than 50% of the crashes linked
to work zone environment occurred on roads with speed limits higher than 50 mph,
compared with 31% for crashes linked to improper driving on roads with the same speed
limits. The light condition of the road during the time of crash was correlated with the
contributing factor of work zone crashes. Figure 4.16(d) presents the injury and fatal work
zone crash frequencies categorized by light conditions and contributing factors. The results
show that 40% of work zone environment crashes and approximately 30% of the remaining
types of crashes occurred in nighttime work zones during darkness or at dawn or dusk.
Taking into consideration the fact that the total number of vehicles that drive by nighttime
work zones is much less than those driving by daytime work zones, these percentages
confirm that the rate of crashes per 1,000 vehicles that drive by work zones is higher during
nighttime construction.
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Figure 4.16. Crash frequency percentages by contributing factor and (a) AADT, (b)
commercial volume, (c) speed limit, and (d) light condition.

4.3.6 Main Findings of Correlation Analysis
The correlation analysis in the previous section used the most recent 5 years (2003—
2007) of crash data available from the Highway Safety Information System (HSIS). The
HSIS data files contained 875,537 records for lllinois during this 5-year period, including
1,729 work zone crash data for all recorded injury and fatal work zone crashes. The HSIS
crash data were analyzed to investigate and identify correlations among 22 important work
zone crash variables available in the HSIS database, such as crash severity, light
conditions, and type of collision. Statistical correlation methods were applied to test all
possible and meaningful combinations among these crash variables. Twenty-six important
combinations were identified and further investigated. The main findings of this
comprehensive and detailed correlation analysis are as follows:
1. The severity of work zone crashes was found to be correlated with and affected
by the type of collision, the driver actions that caused the crash, the type of road
surface, the type of median, and the speed limits of the road.

2. The number of vehicles involved in a work zone crash was found to be correlated
with and affected by the crash time, the road lighting conditions, the type of
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10.

11.

12.

13.

collision, the driver actions that caused the crash, the classification of the road,
the type and width of the median, the AADT and commercial volume on the road,
and the speed limits of the road.

The reported driver actions that caused work zone crashes was found to be
correlated with and affected by the crash time, the road lighting conditions, the
type of collision, the classification of the road, the type of road surface, the type
and width of the median, the traffic control type and its condition, the number of
lanes, the AADT and commercial volume on the road, and the speed limit of the
road.

The majority of rear-end crashes caused no visible injury but complaint of pain,
while the most frequent outcome of other collision types such as angle and fixed-
object crashes was injury evident to others at the scene.

Crashes that occur at work zones with higher speed limits are prone to be more
severe.

Speed was the dominant contributing factor of fatal work zone crashes, while
improper driving was the leading contributing factor of injury crashes. The results
also show that the top three factors contributing to injury crashes are improper
driving, speed and work zone environment.

Crashes that involved one vehicle were more likely to occur during the nighttime
period (8:00PM — 6:00AM), while crashes that involved two vehicles were more
prone to occur at the non-peak morning period (10:00AM — 4:00PM).

Rear-end and turning crashes that involved two vehicles represent more than
50% of the overall work zone injury and fatal crashes. The results also show that
fixed-object collisions are the leading type of crashes involving one vehicle only,
while rear-end collisions are the leading type of crashes involving three vehicles
or more.

The leading two factors contributing to crashes involving only one vehicle were
improper driving and work zone environment that contributed to 66% of this type
of crash. For crashes involving two vehicles or more, the leading two factors
contributing to crashes were improper driving and speed that resulted in
approximately 70% of this type of crash.

The majority of work zone crashes occurred when traffic control signals were on
site. Only 2.8% of total work zone crashes occurred when a yellow flasher was
used as a traffic control device and 10.3% of total work zone crashes occurred
when there was a police presence or when a flagger was on site.

Crashes involving two vehicles represent 68.2% of total work zone crashes and
almost half of these crashes occurred on lllinois routes. The results also show
that the top three types of routes that had one-vehicle and multi-vehicle crashes
were lllinois routes, interstate routes, and U.S. routes.

The majority of all work zone crashes (59%) occurred on roads that had no
medians or medians with a width less than 10 ft.

The highest rate of work zone crashes occurred on roads with AADTSs that range
from 10,000 to 20,000. Beyond that peak range, the rate of work zone crashes
tends to gradually decrease on roads with higher ranges of AADT.
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14.

15.

16.

17.

18.

19.

The majority of work zone crashes occurred on roads with commercial volume
less than 2,000. The rate of work zone crashes tends to gradually decrease as
the commercial volume of the road increases.

Work zone crash rates gradually increased as the speed limit of the road
increased from 20 mph until it reached a peak at 55 mph speed limit. .

The majority of one-vehicle crashes (51%) and 26% of two-vehicle crashes
occurred during nighttime in work zones when the lighting conditions were
reported to be darkness, dawn or dusk. Considering the fact that the total number
of vehicles that drive by nighttime work zones is much less than those in daytime
work zones, these percentages suggest that the rate of crashes per 1,000
vehicles that drive by work zones is higher during nighttime construction.

The top two factors contributing to crashes during the daytime periods from 6 AM
to 8 PM were improper driving and speed, while the top two factors contributing
to crashes during the nighttime period from 8 PM to 6 AM were improper driving
and work zone environment. The relative significance of work zone environment
during the nighttime period suggests that work zone parameters including lighting
conditions have an important impact on the frequency of nighttime work zone
crashes.

The majority of turning crashes (64%) were linked to improper driving, while 44%
of rear-end crashes were linked to speed. Work zone environment was reported
to contribute to more than 50% of sideswipes same-direction collisions and 36%
of fixed-object collisions.

The two types of road median that had the lowest number of reported crashes
were rumble strips and mountable median.

4.4 RECOMMENDATIONS BASED ON WORK ZONE CRASH ANALYSIS

This section presents a set of recommendations for improving work zone practices
based on the comprehensive data analysis of work zone crashes in lllinois. The
recommendations to improve work zone layouts based on this data analysis are grouped in
the following five categories: (1) work zone layout, (2) work zone strategies, (3) work zone

standards,

(4) temporary traffic control, and (5) other recommendations.

4.4.1 Work Zone Layout
This section presents the main findings and recommendations to improve work zone
layouts in order to increase safety and minimize work zone crashes.

1.

The analysis of work zone crashes revealed that the majority of work zone injury
crashes occurred at intersections. This important finding highlights the need to
enhance the design and implementation of work zone layouts at all intersections
on roadways including entrance and exit ramps on interstates.

The contributing factors of road engineering, markings, vision obscured, and
improper lane usage were found in the data analysis to contribute to more than
30% of single-vehicle injury crashes and almost 20% of fatal and multi-vehicle
crashes. This highlights the need to enhance the design and implementation of
work zone layouts to consider the impact of road defects in order to get the
traveling public through a work zone more safely.
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3. Construction work zones had the highest percentage of crashes compared to

maintenance and utility work zones. Construction zones accounted for 88% of
fatal crashes, 90% of injury crashes involving one or more vehicles, and 88% of
injury crashes involving only one vehicle. Accordingly, special attention should be
given to the layouts of construction zones and all their related safety measures.

The results of the crash analysis indicated that 44% and 40.5% of fatal crashes
and injury crashes involving only one-vehicle, respectively, occurred at nighttime
hours (8:00PM — 6:00AM). This indicates that nighttime work zones create safety
risks for traffic causing a significant percentage of the total number of fatal
crashes and injury crashes involving one vehicle only. These increased nighttime
risks need to be carefully considered and addressed in the layout and lighting
design arrangements of nighttime work zones to improve their visibility, reduce
their nighttime lighting glare and increase the alertness of nighttime drivers.

Four-lane highways have high percentages of work zone crashes. This finding
calls for enhanced transportation management plans for this type of roadways.

4.4.2 Work Zone Strategy
This section presents recommendations to improve work zone strategies based on
the main findings of the data analysis of work zone crashes in lllinois.

1.

Intersections were found to be one of the major contributing factors to work zone
crashes because the majority of injury crashes (77%) occurred at intersections.
Accordingly, various work zone strategies such as road closures and detours,
especially at interstate entrance ramps should be considered and used whenever
possible to minimize this risk.

Work zone crashes at higher speed limits were more frequent and severe
compared to those at lower speed limits. The percentage of fatal crashes
significantly dropped for construction zones with speed limits of 40 mph and
lower. To reduce the severity of work zone crashes, speed limits need to be
carefully identified and enforced to balance safety and mobility needs in open
traffic lanes near the work area.

A significant percentage of fatality and injury work zone crashes occurred during
darkness, dawn and dusk. Accordingly, work during these nighttime periods
needs to be carefully planned to minimize the hazards of nighttime construction.

lllinois routes experienced a high percentage of crash frequencies at a 45 mph
speed limit, while interstate routes experienced a high percentage of crash
frequencies at 55 mph speed limit.

4.4.3 Work Zone Standards
This section focuses on recommendations to improve work zone standards based on
the findings of work zone crash data analysis.

1.

Special attention should be given to work zones on interstates in national
highway systems because they have the highest percentage of fatal and injury
work zone crashes.

Almost 30% of injury work zone crashes occurred at AADT between 10,000 and
20,000. Beyond that peak range, the rate of work zone crashes tends to
gradually decrease on roads with higher ranges of AADT. The majority of work
zone crashes whether fatal or injury, occurred on roads with commercial volume
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below 2,000 and the rate of work zone crashes tends to gradually decrease as
the commercial volume of the road increases. These findings recommend that
current standards should be altered to reflect the potential hazard of work zones
on roadways with AADT between 10,000 and 20,000 and having commercial
volume below 2,000.

The majority of fatal crashes (62%) occurred at higher speed limits (55 mph or
more) compared to only 25% of injury crashes that occurred at these same
speed limits. The percentage of fatal crashes also significantly dropped to less
than 8% for construction zones that had a speed limit of 40 mph or lower. This
indicates that higher speed limits increase the severity of work zone crashes.
Accordingly, speed limits need to be carefully identified and enforced to minimize
the frequency and severity of work zone crashes.

4.4.4 Work Zone Temporary Traffic Control
This section presents a set of recommendations to improve the use of temporary
traffic control (TTC) measures in work zones in order to improve safety.

1.

The effectiveness of current TTC measures needs improvement in order to
minimize the frequency and severity of work zone crashes. The data analysis
showed that 54% of speed-related work zone crashes occurred on roads that
had regular traffic control signals and that 69% of work zone crashes were linked
to improper driving. This indicates that current TTC practices need improvement
to maximize compliance with speed limits and to alert inattentive drivers.
Accordingly, the use of police patrols and automated photo enforcement of
speeding violations needs to be increased. In addition, innovative TTC
countermeasures such as temporary rumble strips, speed displays, and message
boards should be adopted to increase driver alertness.

The analysis of work zone crashes reveals that approximately 40% of fatal and
injury-related work zone crashes occurred in work zones that had standard
temporary traffic controls at the scene of the crash. This highlights the need to
increase the use of advanced warning signals such as message boards, digital
speed displays, flashing arrow boards, and temporary rumble strips.

Only 5% of the fatal crashes and 3% of the injury crashes occurred in the
presence of a police officer or flagger. This confirms the significant impact of
police enforcement and flaggers in reducing work zone crashes.

The results of the analysis show that the most frequent type of collision was rear-
end for fatal crashes (22%) and injury crashes (43%). Moreover, the analysis
shows that 40% of rear-end crashes occurred on lllinois routes. This highlights
the potential benefits of TTC and ITS devices to alert drivers approaching work
zones of the potential slowdown and traffic backup.

The correlation analysis of crash contributing factors and collision types revealed
that almost half of rear-end crashes were due to speed. This highlights the need
to use more effective TTC ahead of work zones to reduce speed, such as
temporary rumble strips and speed displays.

The crash analysis results showed that 21% of fatal crashes occurred in
darkness without road lighting compared to 9% of total injury crashes that
occurred in similar lighting conditions. This suggests that nighttime work zones
on dark roads are more likely to contribute to fatal crashes than to injury crashes.
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Accordingly, the lighting conditions in nighttime work zones need to be carefully
designed and implemented to improve visibility and traffic safety.

4.4.5 Other Recommendations
This section presents a set of general recommendations to improve work zone

practices.
1.

3.

The analysis of work zone crashes shows that improper driving represents the
highest contributing factor for fatal and injury work zone crashes, followed by
speed and work zone environment factors. Improper driving covers a number of
driver actions such as following too closely, wrong side/way, improper turn, and
right turn on red. Speed-contributing factors represent a number of observations
such as “exceeded authorized speed limits,” “exceeded safe speed for
conditions,” and “failure to reduce speed to avoid a crash.” These findings
highlight the need for improving public awareness of work zone hazards and the
consequences of exceeding the speed limit.

Driver distraction was the contributing factor to almost 10% of fatal work zone
crashes, which highlights the need to control and minimize potential causes of
driver distraction such as using cell phones or texting while driving.

As with any typical study based on traffic crash databases, the findings of data
analysis have limitations due to lack of information regarding various work zone
layout parameters such as work zone duration, layout, and strategy. Accordingly,
future reporting and data collection of work zone crashes needs to be expanded
to report work zone parameters that can be used in the future to support
identification and documentation of potential factors contributing to work zone
crashes.

72



CHAPTER 5 IMPACT OF LAYOUT PARAMETERS ON THE RISK
OF CRASH OCCURRENCE

5.1 INTRODUCTION

The FHWA Work Zone Safety and Mobility Rule highlights the importance of
analyzing work zone crash data and the role it can play in improving work zone layouts
(FHWA 2005). This FHWA rule also reports that field diaries of construction operations often
log incidents and actions such as the need to replace channelization devices into their
proper positions after knockdown by an errant vehicle, which provide indications of safety or
operational deficiencies. These deficiencies should be appropriately addressed, and the
knowledge gained should be spread to other zones to control any potential hazards of work
zones in future projects. To gather and analyze this valuable field information on work zone
layouts and their impact on safety, two research tasks were conducted: site visits of highway
work zones and an online survey of lllinois resident engineers. This chapter presents the
results of these site visits followed by a detailed analysis of the survey results.

5.2 SITE VISITS OF WORK ZONES

To identify practical factors that affect the safety of highway construction zones,
three highway construction sites in lllinois were visited and studied in October 2009. During
these site visits, data were gathered on (1) the type of construction operations that were
performed during daytime hours, (2) the layout of work zones designed for these operations,
and (3) the type of traffic control countermeasures being used. The locations of these site
visits were Bloomington (I-74), Bloomington (1-55), and Downs (I-74). The following sections
present a brief description of the data gathered during each of these three site visits.

5.2.1 Bloomington (I-74)

This work zone, located on |-74 near Bloomington, was visited October 1, 2009. The
observed construction operations on that highway construction project were paving,
compacting, and milling operations. The main types of traffic devices that were used on site
included (1) direction indicator barricades, (2) vertical barricades, (3) drums, (4) arrow
boards, (5) work zone speed limit signs, and (6) a flagger to alert and slow traffic. These
traffic control devices and the running construction operation are shown in Figures 5.1, 5.2,
and 5.3. The transportation management plan (TMP) of this construction operation IDOT
Standard 701406-05, Lane Closure, Freeway/Expressway, Day Operations Only. This
standard was used whenever construction operations would encroach on the lane adjacent
to the shoulder. Work zone speed limit signs and flagger signs should be moved as
necessary to maintain 200-foot spacing between the signs and the workers in each separate
work activity (IDOT Standard 701406-05). The layout described in this standard is shown in
Figure 5.4. Other temporary traffic control (TTC) signs followed MUTCD typical application
33, as shown in Figure 2.3 (FHWA 2009c). The distances A, B, and C for this typical
application are calculated using Table 2.4, while the taper length L is calculated using Table
2.1 and Table 2.2 (FHWA 2009c).
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Figure 5.1. Direction indicator barricades, drums, and arrow boards.

Figure 5.2. Flagger with a “slow” sign.
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Figure 5.3. Vertical barricades at a resurfacing operation.

Figure 5.4. IDOT Standard 701406-05, Lane Closure Day, Operations Only.

5.2.2 Bloomington, IL (I-55)

This project, which is located on I-55 in Bloomington, was visited October 2, 2009.
The construction operation on that project was bridge rehabilitation at the entrance of the
ramp. On the day of the visit, there were no running operations; however, one lane was still
closed and the other one was reduced. This work zone had experienced a large number of
work zone crashes (> 20 crashes in 15 days) until the authority decided to close the ramp to
the public. The main types of traffic devices that were used on site included (1) direction

75



indicator barricades, (2) vertical barricades, (3) drums, (4) arrow boards, (5) work zone
speed limit signs, and (6) temporary concrete barriers. These traffic control devices and the
running construction operation are shown in Figures 5.5, 5.6, and 5.7. Before the decision
was made to close the ramp to the public, the TMP of this construction operation followed
IDOT Standard 701411-05, Application 2, Lane Closure, Multilane at Entrance Ramp for
Speeds = 45 mph. The layout described in this standard is shown in Figure 5.8. The resident
engineer stated that the high number of crashes in this work zone was caused by trees at
the entrance of the intersection that obstructed the clear vision of drivers in upstream traffic,
especially at night. Reduced traffic lanes were considered at this work zone, as well as use
of the outer shoulder.

Figure 5.5. Ramp closed on |-55.

Figure 5.6. Temporary concrete barriers.
