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1. General Questions of Work Zone
Traffic Operation and Safety

1.1 Problem Description

Texas has the most roadway mileage of any state in the nation, and comparable levels
of maintenance activity, which in turn result in increased accident frequency. During the
past several years, industrial development in Texas, as well as implementation of the North
American Free Trade Agreement (NAFTA), have led to population increases and
significant growth of freight transportation through Texas. This has caused an overload on
the existing highway network in many Texas regions, and created the need for
improvements to bring the transportation system up to date. The large number of work
zones currently cause significant changes in traffic operation and safety. Identification of
solutions to improve work zone design standards and traffic control plans is one of the
major priorities of the Texas Department of Transportation (TxDOT).

Much research has been conducted on various work zone problems. Many problems
stem from conditions such as the ineffectiveness of assorted traffic control devices, traffic
delays, and work zone capacity. Through-traffic in work zones is affected by many factors,
such as type of work activity, work zone geometry, and traffic volume. For significant
improvements to occur, a thorough investigation of work zone traffic is necessary.
Presently, there is little ongoing research for the development of a systematic method for
selection of appropriate traffic control strategies. An understanding of road work activities,
work zone types, accident statistics, and general principles of traffic through work zones is
necessary for the development of a systematic approach to the problem of safety in the
work zone.

Work zone traffic control plans define how signs, pavement markings, barricades,
channelizing devices, object markers, and flashing warning lights are to be combined to
delineate a specific situation, such as a temporary lane closure or pavement drop-off.
However, many work zones involve a combination of these “situations,” some of which
overlap. Often this results in a large number of devices being implemented in order to meet
the requirements of each of the applicable traffic control plans. In some cases the combined
set of devices can be visually overwhelming and, in actuality, cause confusion and safety
problems for drivers trying to navigate through the zone. Research is needed to determine
the extent of this type of problem and the conditions under which it typically occurs.
Research is also needed to develop guidelines that better address complex work zone traffic
control situations as an overall system.

Tasks to be included in this research are as follows:

e Determine the extent and key causes of the complex work zone traffic control
problem in Texas.

e Identify and evaluate opportunities for improving traffic control systems in
complex work zones.



e Develop recommendations for changes to TxDOT’s traffic control standard
sheets and the Texas Manual on Uniform Traffic Control Devices (MUTCD),
and for supplemental guidelines on traffic control plan development.

1.2 Typical Sections of Work Zones

Depending on what sort of activity is taking place, work zone areas fall into three
categories: construction, maintenance, and utility zones. Maintenance and road repair are
major functions of state departments of transportation (DOTs). Taking into account labor
and energy consumption, economic properties, and purpose of work, the activities taking
place in work zones can be classified as maintenance; current, partial, or major repair; and
utility work. Based on traffic management strategies, work zones can be characterized by
lane closures, crossovers, temporary bypasses, and detours. Depending on the effect on
traffic conditions, roadwork may be subdivided into two groups. In the first group the work
takes place adjacent to the road (road shoulders, earth slopes, medians, etc.) and not on the
road itself. These projects present little possibility of danger for motorists or workers and
are not considered in this study. In the second group, the work takes place directly on the
pavement, with the work zones channeling the traffic flow. The second group may be
further divided into three subgroups:

1. There are no lane closures. The traffic lanes are directly adjacent to the work
zone, and although lane configuration has changed, work can proceed without
impacting the traffic stream.

2. Traffic continues through the work zone with one or more lane closures but
with normal directional lane flow. For this particular subgroup, there may be
three principal diagrams of traffic flow, depending on where the work zone is
located on the roadway. Those major traffic flow schemes are represented in
Figure 1.1.

3. Complete permanent roadway closure, with traffic rerouting to the detour.

a) b) c)

a — traffic passes work zone on the left
b — traffic passes work zone on the right
¢ — traffic passes work zone on both sides

Figure 1.1  Principal Traffic Work Zone Arrangements

The three arrangements affect traffic flow differently and require different traffic
control strategies.
The typical work zone consists of the following elements (as depicted in Figure 1.2):



user information zone

approach zone, including detour exits
non-recovery zone

work zone

termination zone

Speed/
Zone Driver Response

Information Desired / Alert

Approach Slowing / Braking
Dm/

Slowing / Braking
and Maneuvering

Posted Speed/
Stress

Terminati Acceleration /
ermination Alertness

Figure 1.2 Work Zone Elements and Associated Driver Responses

Work

Information via User Information Zone

In this area of the work zone, the user is provided with information that warns about
an approaching work zone and given directions with respect to traveling safely through the
work zone. Typically, the length of the information zone depends on the type of highway
and the geometry of the approach to the work zone. Such lengths can vary significantly,
from over one mile on freeways and highways to just a few hundred feet on other
roadways.
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Approach Zone

The approach zone consists of a variable portion of the work zone where vehicle
behavior, particularly speed and direction, may require adjustment. It includes a site
distance related to these maneuvers and is related to the distance from which a driver can
recognize the emerging hazard and select the appropriate speed, path, and lane choice in a
safe and effective manner. The approach zone should be of adequate length to enable users
to detect any hazards and thus react safely.

Non-Recovery Zone

This zone comprises the distance required to execute an avoidance maneuver or the
point beyond which the motorist cannot avoid the hazard unless erratic maneuvers are
undertaken. The distance corresponds to the stopping site distance and the speed of the
vehicle. The hazard zone incorporates transitions to the lane configurations over the work
zone site and configurations at the work zone activity site itself. In this zone, traffic is
channeled from normal traffic lane flow to that required through the work zone itself.

Work Zone

At the work zone activity site itself, there are typically two components. First, a
buffer zone is established where there is no work activity or equipment and materials. This
allows the recovery of errant vehicles that stray into work zones. Buffer zones are
particularly important where semipermanent deflection barriers cannot be implemented, as
they act as another safety device for construction workers. Second the heavy equipment
required for typical roadwork can be a distraction for many motorists.

Termination Zone

As the name implies, this zone directly follows a work zone where vehicles can
accelerate back to their normal cruising speeds. The complex work zones usually related to
metropolitan area highway construction or reconstruction projects require complete or
partial highway closure and have a major effect on the normal traffic operation. Given
heavy traffic volume and high speeds on the urban freeways, adequate advance information
to the driver and safe redistribution of traffic flow from the existing roadway to the
temporary detour are of great importantance. Of course, such deterioration of traffic
conditions has a significant effect on motorists and causes a high probability of accidents.

Effects of Lane Closure

Many studies (Refs 1, 2, 3, 4, 5) have indicated that lane closures at approaching
work zone sites cause motorists to change from an upcoming closed lane to an open lane at
a distance of 2,500 to 3,000 feet. Forty percent of motorists change from the approaching
closed lane 3,000 ft. (915m) to 2,000 ft. (610m) from the work zone, 30% change at 2,000
ft. (610m) to 1,000 ft. (305m), and 30% wait until 1,000 ft. (305m) to O ft. Observations of
motorists (Ref 6) indicated that approximately half of drivers (50.7%) change lanes at the
first opportunity. Twelve percent attempt to pass vehicles in the adjacent lane prior to
changing lanes, and 18% wait until they actually see construction. Analysis of the field data
indicated that under low-volume conditions (less than 1,000 vph), drivers wait even longer
to merge (Ref 6).
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Researchers next investigated the point at which drivers begin to reduce speed in
work zones (Ref 6). About half of drivers (46.5%) indicated that they begin to reduce speed
when they see signs directing them to do so. Twenty-one percent said that they wait until
they actually see construction work, and 17.3% watch the behavior of other drivers for
cues. Speed reduction for different road and traffic conditions on work zones with lane
closures was from 16% to 50% (Refs 1, 2, 4, 5, 7). Further data revealed that the mean
speed reduction for right-lane closures was 16% and for left-lane closures was 21% (Ref
1). Standard deviation for speed distribution on road sections affected by work zones was
4.695 to 9.81 mph (Ref 8). Mean acceleration values ranged from 0.26251 to 1.10840 feet
per second squared, and the mean velocity gradient range was 0.00053 to 0.03745 feet per
second squared per mile per hour, depending on work zone design and traffic volume (Ref
9).

Accidents in Work Zones

Data indicates that the number of accidents in work zones is three to ten times greater
than that in areas with no roadwork (Refs 10, 11). U.S. data indicates that total accident
rates during construction increased from 7.5% to 21.4% above rates experienced before
construction (Refs 12, 13, 14). Even higher accident rate increases occur on urban streets.
An analysis of traffic accidents in Virginia indicated a 74% increase in accident rates in
urban work zone locations (Ref 15).

Accident analyses were conducted for seventy-nine construction projects in seven
states (Ref 16). This data indicate that 31% of the projects experienced reduced accident
rates during construction, while 24% experienced rate increases of 50% or more. The
following data (Ref 16) show how road configuration affects accident rates:

six- or eight- lane interstate reduced to two lanes in each direction +5.3%
six- or eight- lane interstate reduced to one lane in each direction + 114.6%
four lane interstate reduced to one lane in each direction + 68.6%
four lane interstate reduced to two lanes, two way +147.2%

The data below illustrate changes in mean accident rates by types of construction
activities (Ref 13).

bridge work + 50 %
reconstruction of existing roadway +33%
median barrier work +9 %
resurfacing, patching + 8 %
pavement widening +3 %

Accidents are not distributed evenly in the areas influenced by a work zone, with 65
to 74% of the accidents occurring at the work zone approach. Most of the accidents occur
during daytime (Ref 17). The number of accidents occurring during nighttime increased by
9.4% (Ref 16), but the percentage of night accidents to total accidents remained at 30%,
both before and during construction. Between 60 and 65% of the total number of accidents
during a typical day and night occur between 9 a.m. and 6 p.m. When comparing daytime
and nighttime accidents, it is necessary to take into account traffic volume differences. The



index of relative number of accidents (number of accidents per million
automobile/kilometer) can be used. In this case the nighttime accident rate will be
characterized at a higher level because traffic is more dangerous under insufficient lighting
conditions.

Data from the U.S. show the following changes in collision type during construction
(Ref 16).

right angle - 18.8%
rear end +16.6%
sideswipe -9.6%
head on +15.2%
turning + 15.0%
running off road -26.3%
roll +10.3%
fixed object +38.9%

Investigations in three states indicated that an overwhelming percentage of work zone
accidents involve rear-end collisions (Ref 18). The main accident types occurring in work
zones are distributed as follows (Ref 17):

vehicles running into the road-building materials and equipment 19.5%
vehicles colliding with the road-building machines and mechanisms 4.9%
joint collisions of vehicles 42.7%
running into road workers 8.5%
running into pedestrians 7.3%
getting into the pits and potholes 11.0%
other accidents 6.1%

National research (Ref 16) showed that around 31% of all accidents in work zones are
multivehicle collisions, and 38.9% involve vehicles running into immovable objects. Other
research indicates that 8.5% of accidents involve road workers and 7.3% involve
pedestrians (Ref 17).

In contrast to accidents occurring during usual traffic conditions, accidents occurring
in work zones are characterized by heavier consequences. The average number of fatalities
in road and street accidents is roughly 10% of all people injured. In terms of the work
zones, this index is 16.7% or greater (Ref 19). Approximately 81% of the total number of
accidents in work zones result in injuries and 19% in property damage. The increase in the
fatal accident rate to 132.4% during construction (Ref 12) is very alarming. The most
advanced work zone fatal accident analysis was conducted in Georgia (Ref 20). It showed
that during the period between 1995 and 1997, a total of 181 fatal crashes, or about 60 fatal
crashes per year, occurred within highway work zones in the state of Georgia. Table 1.1
represents the fatal crashes by manner of collision. Fatal crashes occurred primarily in
construction work zones, rather than maintenance work zones. More than half of the fatal
crashes occurred in work zones that were idle, compared to about 30% of crashes occurring
in work zones in progress. More fatal crashes occurred in work zones where roadway



resurfacing and widening were undertaken, compared to work zones with any other type of
activity.

Fatal crashes within work zones in Georgia primarily involved passenger vehicles.
These vehicles accounted for 80% of vehicles involved in fatal crashes.

Table 1.1 Fatal Crashes by Manner of Collision

Manner of Collision Percentage of Fatal Crashes
Work Zone Non-Work Zone

Single-vehicle 48.6 56.3
Rear-end 12.1 5.0
Head-on 17.7 16.1
Angle 17.7 20.7
Sideswipe, same direction 2.8 1.1

Sideswipe, opposite direction 1.1 0.8

A significantly higher proportion of fatal crashes occurred during dark conditions in
the work zone compared with non-work zones with 42% of fatal crashes occurring in dark
conditions in work zones and 32% in non-work zone. Table 1.2 shows the functional
classification of roadways on which fatal crashes occurred in work zones and non-work

zone locations in Georgia.

Table 1.2 Fatal Crashes by Highway Functional Classification

Functional Classification Percentage of Fatal Crashes
Work Zone | Non-Work Zone
Rural Principal Arterial - Intersate 6 5
Rural principal Arterial - Other 22 10
Urban Principal Arterial - Interstate 18 6
Urban Principal Arterial — Other Freeway 1 2
Urban Principal Arterial - Other 12 10

Supporting Factors for Traffic Accidents

An accident analysis for Kentucky work zones determined the work-zone-related
factors that contributed to accidents (Ref 21). The most common factor was congestion,
which agrees with the previous findings that rear-end collisions make up the most common
type of work zone accidents. Restricted lane width was the second most common factor.
Other frequently occurring factors were striking or avoiding construction equipment;
material, such as gravel or oil, on the roadway; uneven pavement; pavement (shoulder)
drop-off; and late-merging vehicles. The second phase of the study involved evaluation of
traffic control and accident analyses at twenty case study locations (Ref 21). Accident
analyses included a three-year period before construction and the time period during
construction. At 14 of the 19 locations where accident rates were calculated, rates during
construction exceeded those in the period before construction. When analyzing the fourteen



locations where accident rates during construction exceeded those before construction, ten
had rates during construction that exceeded statewide averages for their respective highway
types. Analysis by accident type showed that the most frequently occurring types were
sideswipes and rear-end collisions. Contributing factors most frequently listed were driver
inattention, failure to yield right-of-way, and following too close. Similar results were
found by J. W. Hall and V. M. Lorenz in their studies in New Mexico (Ref 22), and by S.
Venugopal and A. Tarko for Indiana work zones (Ref 23).

During traffic accident investigations the most common accident causes are usually
determined to be driver errors, inattention, or traffic regulation violations. Drivers' full
responsibility for accidents was found in 82% of all cases in Germany, 75% in Brazil, 74%
in Hungary, 41% in Italy, 96% in Poland, 56% in the United Kingdom, 92% in Spain, 86%
in France, 81% in Sweden, and 44% in Japan (Ref 24). Road and traffic conditions were
identified as major reasons for accidents in much fewer cases, for example, approximately
7% in the United Kingdom, Spain, and Sweden; 8% in Germany; 10% in France; and 17%
in Japan (Ref 24). But only roadway damages, lack of guardrails, slippery pavement, and
bad weather were considered to be road conditions. The above-mentioned statistics are
based on police records. However, engineering accident investigations identified road and
traffic conditions as one of the significant accident supporting factors (Ref 25). The
methodologies for traffic safety estimation utilized by practically all developed countries
provide evidence of greater significance of road and traffic conditions. For example, “black
spot,” “black mile,” and similar methods identified highway sections as dangerous, if
during some period of time (usually one year) the number of accidents exceeded some
fixed value (usually three). So it is concluded that those road and traffic conditions on such
highway sections lead drivers to unsafe behavior.

Each traffic accident is the result of some disturbance in the complex driver-vehicle-
road-weather system. Studies conducted in Germany and Sweden concluded that each
accident has 1.5 to 1.6 supporting factors (Ref 24). During accident investigations it is very
simple to classify the reason as driver error or as violations such as speeding, failure to
yield right-of-way, and red-light running. But errors and violations can be caused by
drivers' conscious violations of the traffic regulations, as well as by the limited human
ability to perceive and analyze information while driving.

Modern traffic conditions are complicated and stressful for drivers. High traffic
volumes, high speeds, and people or obstacles near the roadway require a high level of
attention from drivers, especially when roadwork is present. Under such conditions it is
important to provide drivers with the information they need, with sufficient time for them
to respond. A proper traffic control strategy is one of the most important components of
safety improvement in work zones. Again, some effect of drivers' limited abilities can be
noted. For example, the maximum number of words that can be read and clearly
understood by drivers at vehicle speeds of around 60 km/h (37 mph) is three, if the total
number of syllables is not greater than fifteen (Refs 26, 27). If the total number of syllables
exceeds fifteen, drivers will read only two words. A Canadian investigation of drivers’
perceptions of guide signs indicated that with four or five guides per sign, approximately
one in eight subjects reported an incorrect direction for their target destination (Ref 28).
The next component of typical work zone conditions is a group of signs in close proximity
to each other. Drivers perceive a single sign more easily than a group of signs; with too
many signs in one place, individual signs are not easily recognized by drivers. Drivers took
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0.42 to 1.25 seconds to recognize and understand single signs, but 1.8 to 2.3 seconds to
recognize and understand a group of four signs (Refs 26, 27). More such results on the
physiological limitations of human perceptions during vibration, high temperature, high
visual noise, personal illness, etc. can be given. Therefore, highway design and traffic
control systems should help drivers understand traffic conditions adequately and respond

properly.

Traffic Control on Work Zones

Traffic control strategies and services must operate efficiently to ensure the safety of
motorists, their passengers, and road workers. Road workers must be separated and
protected from oncoming traffic, and motorists must be adequately informed in order to
adapt to the changing road configurations in a timely fashion.

As mentioned above, a work zone includes a user information zone, an approach
zone, a non-recovery zone, a work zone, and a termination zone. Typically, the information
zone begins at the first warning sign, which identifies the hazard and posts the speed limit,
and ends just before the approach zone. Because temporary signs are often difficult to see
and do not convey information in a comprehensive way, they can be ineffective in
changing driver behavior. Recently, mobile electronic signboards have been used to alert
motorists and have been more successful than traditional temporary signing. Some state
agencies have been able to use media in order to inform the users of impending work
zones. Intelligent transportation systems (ITS) are being developed that have great potential
to convey information to the driver in advance.

The next phase is to direct traffic from its normal flow to the detoured route through
the placement of tapers in the closing lane(s), thereby shifting travel paths using devices
such as cones, barrels, and barriers. There is ample literature on how such devices should
be installed and maintained, together with information on the kinds of tapers and
arrangements for channeling traffic.

Finally, for protection workers must be shielded from oncoming traffic, and this is
accomplished with the aid of a variety of devices such as barriers, cones, and barrels. The
Texas Transportation Institute surveyed different traffic control devices being used
throughout the U.S. to improve worker safety in order to evaluate their appropriateness in
Texas (Ref 29). Based on a detailed analysis of the reviewed devices, two devices were
judged to be ready for implementation: opposing traffic lane dividers and drum wraps. Two
other devices appear to have potential for implementation but will require some change or
modification to TxDOT policy in order to be implemented. The devices are referred to as
“direction indicator barriers” and “water-filled barriers” (Ref 29).

It is necessary to note that if traffic flow characteristics do not correspond to given
conditions, it is impossible to ensure safety even with strong protective devices. For
instance, work zones with lane closures and heavy traffic volumes cannot guarantee
motorist safety because there are not enough acceptable gaps for merging from a closed
lane to an open one.

The goal of this research is to analyze traffic control and devices, with the focus on
determining how to inform motorists about work zone traffic conditions and compel them
to adjust their driving behavior accordingly. At work sites various devices are employed to
provide motorists with information and warn them about possible detours. Some of these
include signs, lights, pavement markings, rumble strips, and noise strips. Each of these



devices is utilized based on where and what type of work activity is taking place at a work
zone. The literature search provided some solutions for improvement that are discussed
below.

Road Signs. Road signs have little effect on the driving behavior of motorists. There
are several reasons for this: (1) road signs may be poorly placed, (2) information provided
on the sign may not agree with motorists' perception of the situation, and (3) motorists’
visual ability may be limited. Often there are numerous warning signs placed at sites
approaching the work zones, and research of motorists’ psycho-physiology indicates that
they cannot adequately read more than two signs at once. One solution is to place signs
displaying a multistage speed reduction. For better results signs can be supplemented by
other devices. Some agencies use durable orange fluorescent sign sheeting on which the
warning signs are mounted, and the literature indicates that such sheeting is more
conspicuous than standard nonfluorescent orange sheeting. A comparative investigation
showed significant reduction of speed variance and traffic collisions when fluorescent signs
were used (Ref 30).

Rumble Strips. Rumble strips are one of the most effective traffic control devices.
Transverse or in-line rumble strips are used to alert drivers of an upcoming change or
hazard in the roadway. They are used to warn drivers of needed lane changes, the need to
slow down or stop, or changes in the roadway alignment. Rumble strips are intended to
provide motorists with an audible and tactile warning that their vehicles are approaching a
decision point of critical importance. An audible warning to drivers is provided by the
noise generated by the vehicle tires passing over the rumble strip. A tactile warning to the
driver is provided by the vibration induced in the vehicle by the rumble strip; the driver
senses this vibration through contact with the steering wheel and the vehicle seat. Such
advanced warning improves drivers' attention, provides extra time to analyze the situation
and take appropriate corrective action, and has the potential to improve operation and
safety.

A review of the effectiveness of rumble strips in work zone applications prepared by
Noel, Sabra, and Dudek indicates that rumble strips in work zones have been studied only
under a limited number of applications and that these studies have produced inconsistent
findings (Ref 31). As on approaches to intersections, studies indicate that rumble strips
have minimal effectiveness for controlling work zone speeds. For example, investigations
conducted in Kansas found that the greatest reduction in mean speeds was 1.7 mph for
passenger cars and 2.9 mph for trucks (Ref 32). At the same time rumble strips installed in
advance on work zones reduce the number of late merges from closed lanes. Pigman and
Agent reported that rumble strip installation decreased the percentage of traffic in the
closed lane at 0.1 mile in advance of the taper from 11% to 4.1% (Ref 33).

D. W. Harwood's nationwide literature survey suggested that rumble strip installation
can reduce by at least 50% the most correctable types of accidents and should be
considered at locations where rear-end accidents and other accidents involving an apparent
lack of driver attention are prevalent (Ref 34). An Iowa investigation of daytime and
nighttime effects of rumble strips found that the nighttime accident rate declined by 51% at
lighted locations and by 83% at locations without lights (Ref 35).

Pavement Markings (longitudinal and diametrical). Research has indicated that
motorist behavior depends on parameters of pavement marks and that a noise frequency of
greater than 5 hertz communicates to them that they are driving too fast. An investigation
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demonstrated that motorists feel comfortable at a level of noise frequency no greater than 3
hertz (Refs 26, 27). Simultaneously changing the length of pavement marks and gaps will
affect motorists’ perceptions of speed. The same result can be obtained with diametrical
marks on pavement with varying gaps between the marks. Research conducted in the U.S.
and Canada further reported that the use of optical speed bars could be an effective tool for
the enforcement of speed reduction and could have a positive impact on reducing the
accident rate (Ref 36).

A critical problem of the modern traffic control system is how to motivate motorists
to comply with traffic regulations, especially speed limits. Controlling speeds through
posted speed zones requires a process for simultaneously establishing reasonable speed
limits as well as enforcement, sanctions, and public education. It has been mentioned
previously that road signs have the least influence on motorists' behavior because of
ineffective placement of signs, failure of information to affect motorists’ perceptions, and
limitations on visual ability. A Center for Transportation Research (CTR) investigation of
Texas highways determined that more than 80% of vehicles exceeded speed limits even
though all the observed highway sections were well marked with speed limit signs (Ref
37). These results correspond to previous research of road sign effectiveness that also
concluded that signs have very little effect on motorists’ behavior (Ref 38). A better
solution appears to incorporate a multistage speed reduction and to supplement road signs
with other devices such as photo radar. Automated speed enforcement (ASE) equipment
has been in use for over thirty years, and recent improvements in technology have
enhanced its effectiveness. With computer technology advances, sophisticated
photographic and video equipment is now available for speed detection purposes.

Other innovative technologies for speed management include: (a) unmanned radar
drones that activate in-vehicle radar detectors, (b) unmanned decoy police vehicles with
cruiser lights, (c) dynamic message signs with auxiliary radars that identify and warn
drivers with excessive speeds, (d) pavement detectors upstream from work zones that
detect erratic driver behavior and provide advance warning to workers, and (e) speed
cameras that photograph speed limit violators within the work zone and fax the photo to
police vehicles downstream from the work area. The last is practiced in Australia, where
signs advise drivers of speed cameras ahead, and has been effective in controlling approach
speeds to work zones. Although the use of speed cameras to enforce speed limits is
controversial in the U.S., no restrictions exist on using such devices for issuing warnings to
drivers.

Research in the U.S. and Europe showed that an effective way to encourage drivers to
observe speed limits is the use of psychological influences, which stimulate involuntary
speed reduction. Possible sources are rumble strips, shaky strips, longitudinal and
diametrical pavement markings, and painting or striping to create illusions of narrower
roads or increasing speed.
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2.1

2. Traffic Control Improvements on Complex Work Zones

The analysis of the complex work zones traffic control problems—described in detail
in CTR’s first-year research report for project 0-4021 (Report 1, unpublished)—helps to
formulate four general strategies for improvements:

Safely redirecting traffic flow from the permanent to the temporary roadway
Adequate advance information to road users

Proper traffic control through work zone detour

Effective inspection of traffic control devices

This chapter presents recommendations for traffic control improvements developed
by the Center for Transportation Research (CTR) during its studies of work zone operation
and safety.

Safe Redirecting of Traffic Flow from the Permanent to the Temporary
Roadway

The first question is how traffic flow can be redirected from the permanent roadway
to the detour safely and with minimal effect on traffic operation. CTR researchers, on the
basis of a review of investigations of traffic characteristics around the world and their own
research, developed two methodologies for the estimation of traffic safety in work zones
not entailing a reduction in lane numbers and in work zones with a reduction in lane
numbers (Ref 39).

The first method is based on analysis of lane width, work zone geometry, approach
speed, and speed in the work zone. Depending on different combinations of these
parameters, the maximum values of deceleration corresponding to normal traffic were
determined, and the requirements for an appropriate transition zone design were
formulated.

The second method is based on analysis of the redistribution of vehicles from the
closed lane to the open one. Vehicle distribution in traffic lanes and headways in the traffic
flow at different traffic volumes were investigated. Analysis of traffic safety was made
comparing traffic volume in closed lanes, headways available for lane changing, and
number of headways of different duration in the flow on the open lane. This research
allowed for estimation of traffic conditions on work zones if lane number reduction was
selected.

Using knowledge of traffic volume on the open and closed lanes, headways
acceptable for lane changing, and the number of headways of different duration in the flow
on the open lane, the volumes at which there would be no feasible gaps that allow for safe
vehicle merging were estimated. The following estimation procedure was used:

1. For the given total traffic volume in one direction, determine the traffic
volume on lanes.

2. For the obtained traffic volume on an open lane, determine the number of
headways equal to and greater than the critical value (two seconds).
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3. Compare the traffic volume on the closed lane and the number of headways
equal to and greater than the critical on the open lane.

If traffic volume on a closed lane is greater than the number of headways acceptable
for lane changing on the free lane, traffic will be blocked, or vehicles will have difficulty
merging. This takes into consideration that not all drivers change lanes at the same time. As
described in the section “Effects of Lane Closure” in Chapter 1, there are three sections
where vehicles merge upstream from the lane closure. Therefore, calculations were made
using the above-mentioned procedure for those three sections separately, considering
traffic volume changes on lanes.

e The first section is 3,000 to 2,000 feet upstream from the lane closure. The
number of vehicles trying to merge is 40% of the traffic volume on closed
lanes.

e The second section is 2,000 to 1,000 feet upstream from the lane closure.
Traffic volume on open lanes increases by the number of vehicles merged in
section 1. The number of headways equal to and greater than critical on open
lanes must be corrected accordingly. The number of vehicles trying to merge
in this section is 30% of the traffic volume on closed lanes, without the
influence of the work zone. This number is increased because of vehicles that
wanted to, but did not, merge in the first section.

e The third section is up to 1,000 feet upstream from the lane closure.
Estimation procedures and the required corrections are similar to those in the
second section.

Based on the results of the research (Refs 39, 40) regarding traffic flow distribution
by lanes (Figure 2.1) and frequency of headways equal to and greater than two seconds
(Figure 2.2), an analysis of traffic conditions at different traffic volumes was conducted.
The mathematical description of the relations between total traffic volume in one direction
and traffic volume on lanes is graphically represented in Figure 2.1.

Two-Lane, One-Direction Freeways

N;=86.797 +0.36035 * N R =0.96917

N2=(-86.797) + 0.63965 * N R =0.98956
Three-Lane, One-Direction Freeways

N1 = (-106.4) + 0.57665 * N+ (-0.000051447) * N* R=0.97133

N, =27.125 + 0.41179 * N + (-0.000013961) * N* R =0.98788

N3 =79.28 + 0.011559 * N + 0.000065408 * N* R =0.98628

Four-Lane, One-Direction Freeways
N1 = (-31.976) + 0.18605 * N+ (-0.0000057058) * N* R =0.73883
N, = 63.296 + 0.39741 * N+ (-0.000025553) * N? R =0.95675
N3 = (-41.027) + 0.42193 * N+ (-0.000019115) * N* R =0.96333
N4 =9.7075 + (-0.0053915) * N+ 0.000050374 * N* R =0.97589
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where: Nj, N», N3, and N4 = traffic volume on lane, vph

Lanes are marked as 1, 2, 3, and 4 starting from the right side (outside) of
freeway.

N = total traffic volume in one direction, vph

R = coefficient of regression

Average error of volume estimation varies from -0.08% to 3.87%.

The mathematical description of the relationship between number of headways equal
to and greater than two seconds and traffic volume on lane is graphically represented on
Figure 2.2.

H, =93.709 - 0.0332 * N; R =0.867
where: H, = percentage of headways equal to and greater than 2 seconds
N; = traffic volume on lane, vph

R = coefficient of regression

Average error of headways frequency estimation is -1.61%.

Detailed calculations are presented in Appendix A, and the results are summarized in
Table 2.1. For example, 5,000 vph on four-lane divided highways with one lane closed
does not provide sufficient merging opportunities.

These calculations show that even at heavy volume traffic flow, there exists a high
proportion of gaps between vehicles appropriate for lane changing. In reality it is necessary
to take into account the complex effect of lane closure on drivers' perceptions that cause
impacts, such as speed reduction when waiting for an appropriate gap and inadequate
estimation of gaps, and significantly reduce work zone capacity.

Table 2.1 Threshold Traffic Volumes that Limit Required Merging

Number of Traffic Lanes in One Direction
Number of Closed
2 3 4
Lanes

Total Traffic Volume in One Direction (vph)
1 2,800 3,800/4,200 * 5,000
2 n/a 2,800 3,800 /4,200 *
3 n/a n/a 2,800

* The first traffic volume is related to the right-side closure and the second to the left-side closure.
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The research conducted by the Texas Transportation Institute (TTI) indicated the
following values of work zone real capacity depending on lane closure strategy:

2 lanes in one direction with 1 lane closed — 1,340 vph
3 lanes in one direction with 1 lane closed — 2,980 vph
3 lanes in one direction with 2 lanes closed — 1,170 vph
4 lanes in one direction with 2 lanes closed — 2,960 vph
4 lanes in one direction with 1 lane closed — 4,560 vph.

Currently these values are recommended by the Highway Capacity Manual for work
zone traffic control plan designs. A comparison of the CTR research findings and MUTCD
requirements indicate that current design standards are generally providing drivers with
opportunities to safely merge from closed to open lanes.
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Figure 2.2 Number of Headways Equal to and Greater than Two Seconds
at Different Traffic Volumes on Lane

The next question is how to adequately design the transition section. It is necessary to
determine a comfortable regime for speed reduction, taking into consideration the
difference in speeds in the work zone detour and on the preceding highway section. Many
researches have established that in normal traffic conditions (except critical situations that
preceded accidents) deceleration varies from 0.5 m/s2 to 3.5 m/s2 (1.65 - 11.55 fi/s2).
Based on the “Speed Reduction Coefficient” method (Ref 41), the maximum permissible
values of deceleration corresponding to comfortable traffic were determined (Table 2.2)
(Ref 39). These values depend on the different combinations of speed in the work zones
and the speed on the road section before the work zones.

Table 2.2 Maximal Desirable Deceleration at Different Speed Reduction

Speed Speed in the Work Zone, km/h / mph
before W.Z. [ 110/65[100/60] 90/55 | 80/50 | 70/45 | 60/35 | 50/30 | 40/25
km/h / mph Maximum Desirable Deceleration, m/s2 / ft/s2
120/75 |2.5/82|1.5/49 |0.5/1.6 u.c. u.c. u.c. u.c. u.c.
110/ 65 2.5/8211.5/49]05/1.6] uc u.c. u.c. u.c.
100/ 60 2.5/82125/82]1.5/49[05/1.6] uec. u.c.
90 / 55 2.5/82125/82]05/1.6[05/1.6] u.c.
80/ 50 2.5/8212.5/82]1.5/49]0.5/1.6

* u.c. = undesirable condition, excess driver tension.

Using the knowledge of speed before the work zone, speed on the work zone detour,
and maximum permissible deceleration, the minimal desirable length for the transition zone

was calculated (Table 2.3) (Ref 39).
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Table 2.3 Minimal Length of Transition Section from Desirable Speed Reductions Perspective

Speed Speed in the Work Zone, km/H / mph
before W.Z. [ 110/65[100/60] 90/55 | 80/50 | 70/45 | 60/35 | 50/30 | 40/25
km/h / mph Minimum Length of Transition Zone, m, ft.
120/ 75 34/112 | 100/329 | 430/1412 u.c. u.c. u.c. u.c. u.c.
110/ 65 29/95 | 91/298 |309/1012 u.c. u.c. u.c. u.c.
100/ 60 29/95 | 49/160 | 116/381 | 438/1435 | u.c. u.c.
90 /55 24/78 | 447143 [ 308/1009 | 384/1257 | u.c.
80/ 50 21/69 | 39/126 | 90/292 | 329/1078

* u.c. = undesirable condition, excess driver tension.

From the point of view of movement on the road, the transition zone is perceived by
drivers as inverse curves (Fig 2.3).

Work
Zone

Transition section

Figure 2.3 The Scheme of Transition Section

The minimum length of a transition zone, determined on the basis of desirable speed
reduction, was recalculated according to the minimum recommended radius criteria. Then
the comparison of results, determined on the basis of desirable speed reduction and
recommended curvature of the transition zone, was made. The higher value of the two
transition zone lengths was taken. Finally, the corresponding taper length was calculated
(Table 2.4) (Ref 39).

Table 2.5 gives the results of calculations of minimal taper length based on current
MUTCD requirements for combinations of posted speed limits on work zones and width of
offset similar to those above. For data comparison it is necessary to take into account that
the MUTCD requirement restricted speed reductions of more than 16 km/h (10 mph). If
necessary, greater speed reduction must be designed in several steps. Comparisons show
that current MUTCD requirements of taper length (Table 2.5) exceed minimal values
shown in Table 2.4 and therefore, correspond well to both criteria speed reduction and
curvature.
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Table 2.4 Minimal Taper Length

Speed Width of Speed on Work Zone Detour, km/h (mph)
before W.Z.|  offset, 110 (70) | 100 (60) | 90(55) | 80(50) | 70 (45)
km/h (mph) m (ft) Minimal Taper Length, m (ft)

7.5 (24.5) 87 (284) | 87(284) 215 (706) u.c. u.c.
120 (75) 3.75 (12.3) 62 (201) | 62 (201) 215 (706) u.c. u.c.
3.5(11.5) 59 (194) | 59 (194) 215 (706) u.c. u.c.
7.5 (24.5) n/a 78 (254) 78 (254) 155 (506) u.c.
110 (70) 3.75 (12.3) n/a 55 (180) 55 (180) 155 (506) u.c.
3.5(11.5) n/a 53 (174) 53 (174) 155 (506) u.c.
7.5 (24.5) n/a n/a 67 (220) 67 (220) 67 (220)
100 (60) 3.75 (12.3) n/a n/a 48 (156) 48 (156) 58 (191)
3.5(11.5) n/a n/a 46 (151) 46 (151) 58 (191)
7.5 (24.5) n/a n/a n/a 62 (201) 62(201)
90 (55) 3.75 (12.3) n/a n/a n/a 44 (142) 44 (142)
3.5(11.5) n/a n/a n/a 42 (137) 42 (137)

* u.c. = undesirable condition, excess driver tension.

Table 2.5 Minimal Taper Length Based on MUTCD Requirements

Taper Width of Posted Speed Limit on Work Zone, km/h (mph)
T P . Offset, | 110(70) | 100 (60) | 90(55) | 80(50) | 70 (45)
b m (ft) Minimal Taper Length, m (ft)
Shifting 7.5(24.5) | 258 (864) | 234(767) | 211(692) | 188 (616) 164 (538)
T 3.75(12.3) | 129 (423) | 117(384) | 105 (344) 94 (308) 82 (269)
aper 35(11.5) | 120(393) | 109(357) | 98 (321) 88 (289) 77 (252)
Merging 7.5(24.5) | 516 (1,692)] 469 (1,538)| 422 (1,384) | 375(1,230) | 328 (1,075)
T 3.75(12.3) | 258 (846) | 234(767) | 211(692) | 188 (616) 164 (538)
aper 35(11.5) | 241(790) | 219(718) | 197 (646) 175 (574) 153 (502)

2.2 Adequate Advance Information to Road Users

As accident statistics show (see Chapter 1), the most crashes occur on the approach
section, where driving behavior requires adjustment. Therefore, it is possible to conclude
that drivers were not ready for the significant traffic condition changes. Excluding the
conscious violation of traffic regulations, the principal driver problem is inadequate
perception of advance information.

Part 6, "Temporary Traffic Control," of MUTCD (Ref 42) requires that warning signs
should be placed in advance of the temporary traffic control zone at varying distances
depending on roadway type, condition, and posted speed. Section 6C.04, "Advance
Warning Area," formulates that "Typical distances for placement of advance warning signs
on expressways and freeways should be longer because drivers are conditioned to
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uninterrupted flow. Therefore, the advance warning sign placement should extend on these
facilities as far as 800 m (0.5 mi.) or more."

Due to heavy traffic volume on urban freeways, long vehicle queues typically are
created upstream from work zones. Many studies show that queue length on urban
multilane freeways caused by complex work zones varies from 0.5 to 2 miles or higher
(Refs 43, 44, 45). During field observation a situation was identified where the queue
covered the advance warning sign locations. Thus TCP designers need more detailed
recommendations for advance information placement. For this purpose, the model “Queue
and User Cost Evaluation of Work Zones” (QUEWZ-92) developed by the TTI (Ref 46) is
recommended as a tool for queue length determination. QUEWZ-92 compares traffic flow
through a freeway segment with and without a work zone lane closure and estimates the
changes in traffic flow characteristics (average speeds and queue length). This model can
be applied to freeway facilities or multilane divided highways with as many as six lanes in
each direction and can analyze work zones with any number of lanes closed in either one or
both directions. Depending on highway design and lane closure configuration, the model
calculates work zone capacity, and the model determines the queue length with an input of
hourly traffic volumes approaching the highway section. Using this method, a designer can
now develop an adequate advance information placement scheme.

Two solutions for advance information placement take into consideration vehicle
queuing. One is to duplicate advance warning signs corresponding to maximum queue
length or typical queue dimensions. The other is to implement a dynamic advance
information concept. This concept foresees installation of several special changeable
message boards on highway sections under possible queue influence. Based on real-time
measurements of traffic flow, these special devices determine the queue growth and
activate the next upstream sign. For a sample of such devices, see "Dynamic Work Zone
Safety System," developed by International Road Dynamics Inc. (Canada).

During traffic control design it is also necessary to take into consideration the
limitations of human abilities while driving. Major metropolitan areas, where complex
work zones typically exist, are composed of a complex highway network with numerous
directional signs. The addition of temporary work zone signs can cause driver information
overload and reduce the probability of adequate information perception. Much research on
driver perception of road signs summarizes requirements that state that the number of signs
displayed at one location should not exceed three. Here it is necessary to clearly understand
what "one location" means. A sign’s effect on drivers involves processes described as
recognition, identification, reading, perception, intellect, evolution, volition, and reaction.
The distance through which a vehicle passes when all these processes happen can be
defined as a sign’s zone of influence. If zones of influence of the neighboring signs
overlap, then for the purposes of the current research, these signs can be considered to be at
one location. Based on the limit of three signs per location and taking into account other
traffic control devices, it is possible that a greater number of signs with overlapping
influence zones may cause driver perception difficulty. With the purpose of determining
the zone of sign influence, the CTR research team conducted a literature review regarding
drivers' perceptions of road signs. A brief summary of the review results is presented
below.

Drivers’ perceptions of road signs can be divided into three stages:
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e Detection, which involves the driver seeing the sign among other objects but
not being able to determine sign characteristics exactly

e Identification and understanding, when the driver determines form, color, and
other characteristics of the sign and can classify the sign

e Judgment, which involves a decision-making process

Sign identification and understanding start when the size of a sign exceeds the
threshold of human visual perception. This process depends on numerous factors, such as
sign brightness and color, size ratio between the sign symbol and its background, form of
the symbol, and speed of the vehicle. Research conducted in the United States determined
the threshold values for sign identification and sign understanding (six to seven angular
minutes for sign identification, eight to ten angular minutes for sign understanding).
Similar values were obtained in Germany, Holland, Russia, and other countries (Refs 26,
27). These values change significantly as the speed of the vehicle increases (1.3 to 1.6
times the threshold value at speeds greater than 60 km/h). A reduction in the driver's visual
concentration zone with an increase in speed has been observed. Most people have clear
vision within a conical angle of 3° to 5° and fairly clear vision within a conical angle of
10° to 12°. Vision beyond these ranges is usually blurred. Therefore, to be identified

accurately by the driver, signs must fall within a visual cone of 10". The data obtained
allows calculation of the approximate distance from a sign when drivers begin to perceive
it. For large overhead signs common on urban freeways, this distance is around 600 meters,
and for temporary work zone signs it is around 200 meters.

Other studies of drivers' perceptions of a group of signs indicated that, depending on
a sign's dimensions, color, contrast, type of signs in the group, and travel speed, the
distance between signs when drivers perceive them separately varied from five to ten
seconds of driving time (Refs 26, 27). Taking into consideration the specifics of freeway
signs, one might assume a minimum of five seconds of travel time for distance upstream
from the sign at the point when drivers start to analyze it. Based on this assumption, it is
possible to calculate values of zones of sign influence for the most frequent speeds on
freeways and complex work zones (Table 2.6).

Table 2.6 Zone of Road Sign Influence

Units Posted Speed Limit
mph 70 | 65 | 60 | 55 | 50 | 45
Zone of Sign Influence
feet 508 475 443 393 361 328
meter 155 145 135 120 110 100

Figure 2.4 represents a sample of information load estimation based on the above-
calculated zones of sign influence. A sample section is interstate freeway with a speed limit
of 65 mph at the time of analysis. For the given speed limit, the zone of sign influence will
be 145 meters or approximately 0.1 mile. Corresponding to limitation of three signs in one
location, all locations (excluding one) provide minimal levels of increased driver
information. So, the following changes in placement of signs are recommended:
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2.3

e Taking into consideration that permanent guide signs on positions 1.3 and 1.4
are perceived by drivers continuously, it is better to relocate signs from 1.3 to
another upstream location, for example at 1. 1 miles

e Relocate "Road Work Ahead" sign from the position at 1.4 miles to a position
at 1.2 miles

e Relocate "Right Lane Closed" signs from the positions at 2.3 and 2.4 miles to
the positions at 2.2 and 2.3 miles, respectively

The proposed concept for information load checking can help TCP designers in the
placement of temporary work zone signs to better reflect human abilities.

Proper Traffic Control through Work Zone Detours

Observations have shown that the principal reasons for frequent weaving were
operating on and off ramps, numerous accesses to local businesses, and insufficient
information about the directions of traffic lanes. Better traffic control plan design can
eliminate such problems.

We recommend that TCP predesign include an analysis of surrounding areas affected
by work zones and determine possibilities for redistribution of local traffic to alternative
routes to close available on- and off-ramps. Any ramp closure will lead to alterations in the
proposed traffic control plan, such as changes in signal cycles at affected intersections,
placement of additional signs providing information about ramp closure, and recommended
alternative routes.
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Under normal traffic conditions local accesses have little impact on traffic. During
increased traffic flow as a result of work zone, the effect of local accesses increases
significantly. Therefore, it is necessary to analyze alternative accesses to the affected
businesses, close all accesses whose closure will not affect the businesses, and place
special signs informing motorists about the closure and new access.

Summary of Recommendations

1. Lane Closure Strategy

A comparison of CTR research findings with MUTCD requirements indicates that
current standards related to work zone design correspond well to safety criteria. CTR
research shows that utilization of work zone capacity depending on the ratio of open lanes
to total lanes recommended by MUTCD ensures the presence of adequate frequency of
large headways in the traffic flow, allowing motorists to merge from closed to open lanes.

The TTI research determined the maximum delay acceptable by drivers to be twenty
minutes. Incorporating this lane closure strategy in TCP design would help minimize the
effect of lane closures and aid in the selection of the most appropriate hours of the day for a
given number of lanes to be closed without causing excessive queuing.

2. Transition Area Design

Analysis of vehicle movement in the work zone transition area shows that MUTCD
requirements of minimal taper length ensure normal speed reduction as well as smooth
redirection of traffic flow from normal paths.

3. Traffic Control in Advance Warning Area

It is very important to take into consideration queuing of vehicles when determining
locations for advance information signs. We recommend that be used at the TCP predesign
phase to estimate the available queue length for the selected work zone design the
QUEWZ-92 model or similar model and to determine the queue length for the work zone
active time. Following this additional warning device specifications corresponding to the
typical queue dimension can be developed.
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3. Samples of Drivers' Behavior and Reactions
at Different Information Loads

3.1 Introduction

Each traffic accident is a result of some disturbance in the complex driver-vehicle-
road-environment system. During accident investigations the most common causes are
usually determined to be driver errors, inattention, or violations such as speeding, failure to
yield right-of-way, or red-light running (see Chapter 1). Furthermore, errors and violations
can be caused by the conscious violation of traffic regulations by drivers, as well as by the
limited human ability to perceive and analyze information while driving.

Engineering psychology has formulated the general rule that each type of labor
activity has its own corresponding optimal operator’s emotional tension. When information
is absent, an operator of any system has very low emotional tension and a high probability
of errors in performing duties. On the other hand, when an operator has too much
information at once, emotional tension significantly escalates, and this causes an increase
in the probability of errors as well. Studies have found similar effects on the emotional
states of drivers that, in turn, influence the driver’s reactions (Figure 3.1) (Refs 26, 27).
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Figure 3.1 Probability of Driver Errors at Different Levels of Emotional Tension

The modern driving environment, especially in urban areas, is very complicated and
can be extremely stressful for drivers. Multilane roadways, high traffic volumes and
speeds, numerous exits and entrances causing weaving of vehicles, and a visually noisy
environment cause information overload, require a high level of driver attention, and
provide limited time for decision and behavior correction. Paradoxically, drivers may
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suffer from insufficient information when signs are not provided or cannot adequately be
recognized. These situations cause unsafe driver behavior, such as sudden braking, last
moment merging, and high variability in speed. In turn, these elevate driver stress even
more and thus increase the probability of errors, accidents, and congestion.

Work zone traffic control plans define how signs, pavement markings, barricades,
channelizing devices, object markers, and flashing warning lights are to be combined to
delineate a specific situation, such as a temporary lane closure or a pavement drop-off.
However, many work zones involve the combination of these situations, some of which
overlap. Often this results in a large number of devices being implemented in order to meet
the requirements of each of the traffic control plans. In some cases the combined set of
devices can be visually overwhelming and actually cause confusion for drivers trying to
navigate through the zone.

Therefore, engineers need guidance as to the combined effects of roadway, roadside
environment, and traffic flow characteristics on driver information loads and safety, so that
they can make well-grounded design decisions that accommodate human abilities. As a
first step in this complex study, the present investigations were conducted. The research
goal was to quantitatively describe drivers’ behavior and reactions at different information
loads and to make a comparative analysis with the purpose of determining the applicability
of the proposed approach for further experimental observations.

3.2 Methodology of Field Observations

First, it is very important to highlight the definition of “information” used in this
study. “Information” was determined as all objects in a driver’s field of view that have an
impact on traffic operation and require driver analysis for appropriate behavior selection.
“Information” includes all traffic control devices, roadway parameters, and traffic volume.

For this initial study the quantitative description of information load was not
formulated. Three qualitative levels of information load were investigated: low, medium,
and high. Three different highway sections were selected for field observations. All
sections were located on the same urban freeway in Texas.

Section 1, an exit freeway area, exemplifies a low information level (Fig 3.2). There
are three signs informing drivers of further connections placed at 1,400, 750, and 290
meters upstream from the exit ramp gore. Because of the significant effect of the
intersection, traffic flow begins to get compressed in the area of the first guide sign. When
drivers unfamiliar with this area recognize directional guidelines, they try to merge, but
compressed flow on the right lane limits their ability to select appropriate gaps. Pilot
observation of traffic operation indicated frequent unsafe and last-moment merging of
vehicles on the given section.

Section 2 was determined to represent a medium information level. This section is a
temporary roadway through the work zone (Fig 3.3). Narrowed lanes, the absence of
shoulders, and concrete barriers on both sides were the major traffic-affecting factors. At
the same time, a well-developed traffic control plan and the absence of exit and entrance
ramps on the relatively long freeway section create stable traffic conditions with minimal
weaving of vehicles between lanes.

Section 3, classified as a high information environment, is an entrance ramp from city
arterial street to freeway (Fig 3.4). Work zone influence, the absence of shoulders, and
numerous control devices such as barricades, drums, and concrete barriers increase the
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negative impacts of the given ramp on highway traffic, and, in turn, affect traffic on the
ramp. For appropriate behavior selection drivers need to analyze many factors
simultaneously, such as gaps available for merging on the freeway lane, the distance to the
end of the acceleration lane, vehicle’s lateral clearance relative to the heavy traffic control
devices, and behavior of the leading and following vehicles. Therefore, such conditions
require a high level of driver attention and provide very limited time for decision making
and behavior corrections.
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Figure 3.2 General View of Section 1
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Figure 3.3 General View of Section 2

Figure 3.4 General View of Section 3
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Because direct comparison of these different highway sections is not available, the
relative characteristics were compared. Drivers’ behavior and reactions on the investigated
sections were compared to their values on the control sections, and the “investigated-to-
control” ratio was used for comparative analysis. Control sections were similar to
investigated highway sections with adequate traffic volumes, but with ideal design features.
The following control sections were selected:

Section 1lc. Freeway exit area (Fig 3.5). Adequate signage and stable traffic flow in
this area allow drivers to easily select the appropriate gap and merge to the exit.

Section 2¢. Located upstream from section 2 and outside of work zone influence, this
section has three 12-foot traffic lanes in one direction and full-size shoulders on the both
sides (Figure 3.6).

Section 3c. The entrance ramp from city arterial street to freeway was selected as a
control sample for section 3 (Figure 3.7). A large sight distance, together with a wide
multilane roadway, full-size shoulders, and stable freeway flow, can be noted as major
criteria for this selection.

A comparison of sections 3 and 3¢ provides information regarding changes in the
investigated parameters under major increases in information, sections 2 and 2c for light
information differences, and sections 1 and 1¢ for low information.

Figure 3.5 General View of Section Ic
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Figure 3.6  General View of Section 2c

Figure 3.7 General View of Section 3¢
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3.3

Observations of all sections were made in similar weather conditions and with
adequate traffic volume. Test driving with each driver was conducted twice, once at normal
business hours and once at peak hours, in other words, at medium and heavy traffic
volumes. A total of eight drivers participated in the experimental observations. Ages of test
drivers ranged from 22 to 36 years, and their driving experience ranged from 5 to 20 years.
Each driver was directed to drive to some destination point on the given route, which
included all investigated and control sections. Test drivers had no other instructions and did
not know about the purpose of the observations or the locations of the investigated highway
sections. To avoid the impact of fatigue on drivers' reactions, the total trip time did not
exceed fifty minutes.

The vehicle was equipped with a digital camcorder for recording the driver’s field of
view, a portable device for the driver’s electrocardiogram (wave form) registration, and a
special device connected to the vehicle's on-board diagnostic system for registering speed,
acceleration, and deceleration history.

Based on the review of other investigations of drivers’ psycho-physiological reactions
to real driving, the drivers' pulse rates were selected as the most informative ECG
characteristic for this study. To allow for differences in drivers’ psycho-physiological states
at the time of observation, their basic or pretest electrocardiograms were recorded before
each test drive at nondriving conditions. For further analysis relative characteristics, such
as, drivers’ pulse rates at the investigated conditions as a percent of basic value, were used.

For the determination of a driver’s emotional state, results from previous
investigations of probability of driver errors at different emotional tension levels
(represented in Figure 3.1) were used. The research showed that if a driver’s pulse rate as a
percentage of basic value is less than 100%, it indicates that the driver has a low attention
level and a high probability of errors. The variation of this characteristic between 100%
and 120% means a good attention level with minimal probability of errors, and exceeding
120% indicates high emotional tension and a high probability of errors.

Collected Data

As has been noted, information loading was divided into three qualitative groups:
low, medium, and high. Thos, collected data were classified into three groups, and they are
represented in Appendices B, C, and D, respectively.

3.3.1 Test 1. Low Information Level

Observations of speed history on section 1 (representing low information) and section
Ic (control section) showed that for practically all drivers and under both investigated
traffic conditions, mean speed values were greater on the control section. At medium traffic
volume for different drivers, mean speed varied from 20 to 42 km/h on section 1, and from
55 to 89 km/h on the control section. The corresponding values for heavy traffic volume
were from 31 to 45 km/h and from 47 to 86 km/h. The average for all drivers' mean speed
on section 1 was 45 km/h or 56% less at medium traffic volume and 42 km/h or 50% less at
heavy traffic volume than on the control section. Speed variation was also greater on the
control section for the majority of drivers (six out of eight). Standard deviation of speed
distribution at medium traffic volume varied from 5.4 to 28.07 kmv/h on section 1 and from
18.74 to 36.8 km/h on the control section. For high volume corresponding values were
from 6.19 to 17.92 km/h and from 10.23 to 32.02 km/h. The average of standard deviations
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of speeds for all drivers on sections 1 and lc was observed to be around 9 km/h, or 40%
higher, for the control section.

Combined data on acceleration and deceleration distribution indicate less stability of
traffic flow on section 1, which is reflected by smaller mean values and greater standard
deviations for section 1 than for the control section. Separate analysis of those
characteristics leads to the same conclusion. While mean values of realized accelerations
and decelerations showed no significant differences for investigated sections, at high
volume their standard deviation was typically higher (around 0.45 m/sec.sq. on average)
for the insufficient information section than for the control section.

Data of mean values for the ratio of driver pulse rate to basic value do not indicate
significant differences between sections or for investigated traffic volume intervals for all
drivers. At the same time, the standard deviation of pulse rate for four of the eight drivers
was greater in section 1 by 25% and 27% on average, respectively, at medium and high
traffic compared to the control section. The other four drivers had no significant differences
for medium volume, but for heavy traffic on section 1 they had low standard deviation of
pulse rate on an average of 19%.

Detailed analysis of pulse rate distribution showed that at medium volume on section
1, four of the eight drivers (versus only two on the control section) had pulse rates greater
than 120% compared to basic, indicating that they experienced high emotional tension. At
high volume on both sections, the same emotional state was observed for two drivers. For
all of the above-mentioned cases, high emotional tension did not happen for more than
10% of the total driving time. Data also indicated a significant amount of time when the
drivers had low attention levels. On average, for around 40% and 50% of total driving time
at medium and heavy traffic volumes, respectively, low attention was identified (pulse rate
as a percentage of basic is less than 100%). At heavy volume on section 1, five of the eight
drivers had low attention for an average of 71% of total driving time, versus 58% on the
control section.

3.3.2 Test 2. Medium Information Level

Observations of speed history through the work zone (section 2) and non-work zone
(section 2c¢) showed differences for all drivers. At medium traffic volume, the mean speed
varied from 26 to 102 km/h in the work zone, and from 83 to 110 km/h in the control
section. Those values for heavy traffic volume were from 37 to 65 and from 54 to 102
km/h, respectively. The average of mean speed for drivers in the work zone was 26 km/h or
25% less at medium volume and 25 km/h or 28% less at heavy traffic volume than in the
control section. At medium traffic volume speed variance was greater for the majority of
drivers (six out of eight) in the work zone, and standard deviation of speed distribution
varied from 4 to 18 km/h. For heavy volume traffic, the opposite situation was observed,
with five of the eight drivers showing a speed variance significantly greater in the control
section. Standard deviation of speed distribution for those drivers varied from 9 to 19 km/h
in the work zone compared to 26 to 33 km/h in the control section. Comparison of standard
deviation of speed for all drivers showed that there was greater difference between sections
2 and 2c at medium volume (6.27 km/h or 201% on average higher on section 2) than at
heavy volume (7.74 km/h or 140% less on section 2).

One of the very important characteristics of traffic operation in the investigated
sections is “acceleration noise,” which is represented by the standard deviation of
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acceleration/deceleration distribution. Data showed that this characteristic at medium
traffic volume varied from 0.55 to 0.98 m/sec.sq. in the work zone and from 0.56 to 0.8
m/sec.sq. in the control section. Corresponding values for heavy traffic volume were from
0.78 to 1.32 and 0.74 to 1.26 m/sec.sq. On average, standard deviation on section 2 was
0.14 m/sec.sq. or 23% greater at medium volume and 0.06 m/sec.sq. or 8% greater at heavy
volume than on control section.

Separate analysis of acceleration showed that there is no significant difference
between mean acceleration for all drivers at both observed traffic conditions. At medium
volume the majority of drivers (five out of eight) had greater standard deviation of realized
accelerations: on average, 131% in the work zone compared to control section. For those
drivers, such values varied from 0.24 to 0.64 m/sec.sq. and 0.12 to 0.26 m/sec.sq.,
respectively. At heavy volume acceleration variation was greater in the control section for
five of the eight drivers than in the work zone, and the observed difference in standard
deviation was 28% on average. The duration of acceleration as a percentage of total driving
time was greater in section 2 for practically all drivers. At medium volume, acceleration
duration in section 2 on average was 3% longer than in section 2¢. For heavy volume this
difference was 2%.

Analysis of deceleration distribution also failed to show a significant difference
between mean deceleration values in the work zone and control section, and identified
differences in standard deviation at medium and heavy traffic volume, similar to
acceleration. At medium volume six of the eight drivers had the standard deviation of
utilized deceleration on average 125% greater in the work zone than in the control sections,
and for five of the eight drivers this characteristic was on average 16% greater in the
control section. It is necessary to note that in both cases average differences of standard
deviation were around 0.25 m/sec.sq. Duration of deceleration as a percentage of total
driving time was also longer in section 2 at medium volume (3.5% average), and
practically no difference was observed at heavy volume.

No significant differences between sections, nor for investigated traffic volume
intervals, were observed for mean values of the drivers’ pulse rates. Analysis of pulse rate
variations showed that at both investigated traffic conditions, drivers' pulse rates on section
2 had greater dispersion compared to the control section. Standard deviation of pulse rate
distribution for five of the eight drivers was on average greater by 15% at medium volume
and 21% at high volume in section 2 compared to section 2c.

Detailed analysis of pulse rate distribution showed that at medium volume in section
2, three of the eight drivers, versus two in the control section, had a short-term high
emotional tension reading (pulse rate in percentage to basic greater than 120%). At high
volume in both sections, such emotional states were observed for three drivers. On average
for all drivers, for around 40% and 60% of the total driving time at medium and heavy
traffic volumes, low attention was identified (pulse rate as percentage of basic was less
than 100%). In section 2 the majority of drivers (five out of eight) had shorter low-attention
duration than in the control section. On average this duration was 37% of total driving time
in section 2 and 47% on the control section.

3.3.3 Test 3. High Information Level

Significant speed differences between sections 3 and 3¢ were observed for all drivers.
At medium traffic volume mean speed for different drivers varied from 18 to 47 km/h in
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section 3 and from 61 to 73 km/h in the control section. At heavy volume those values were
9 to 50 km/h and 62 to 106 km/h, respectively. Comparison of mean speed difference
between sections for all drivers showed that in section 3 mean speeds were 33% to 75%
lower than in section 3¢ at medium volume and from 37% to 87% lower at heavy volume.
Generally, an individual driver had greater speed differences in sections 3 and 3c at heavy
volume.

Some differences in speed variation were observed as well. At medium traffic
volume, the majority of drivers had greater variance in speed in section 3, where standard
deviation of speed distribution was observed as 9% to 49% higher than in the control
section. The collected data does not allow any conclusions, regarding difference in speed
variance at heavy volume. Three drivers had no significant differences, two drivers had
greater, and the other three drivers had lower speed variation in section 3 compared to
section 3c.

Collected data clearly indicate that acceleration is predominant in the control section,
while deceleration is prevalent in section 3 for all investigated traffic conditions for all
drivers. Because the investigated highway sections are entrance ramps, one of the major
characteristics of traffic operation is acceleration rate. Logically, vehicles should accelerate
more steadily and smoothly in normal driving environments than in overloaded
environments. Collected data showed that there was no significant difference between
mean acceleration values for sections both at medium and heavy traffic volumes for almost
all drivers. Variation of acceleration was greater in section 3¢, where standard deviation of
acceleration distribution was observed as 6% to 88% higher than in section 3. This can be
explained by the speed difference on the ramps described above. At the same time the
analysis of stability of acceleration showed that for all drivers at both traffic volumes, the
percentage of time when drivers constantly accelerated was much greater in the control
section and varied from 20% to 49%, compared to 5% to 20% in section 3. This clearly
indicates a less stable traffic operation in high-information environment.

Analysis of deceleration distribution on the investigated ramps leads to the same
conclusion. Drivers in section 3 were forced to reduce speed more frequently and
intensively. Mean value of deceleration was around 2 m/sec.sq and percentage of total time
related to speed reductions was up to 25%, while in the control section these values did not
exceed 1.6 m/sec.sq. and 5%.

Data regarding mean values of drivers' pulse rates do not indicate significant
differences between sections, and neither do data regarding traffic volume intervals. At the
same time analysis of pulse rate variations shows the differences in distribution of drivers'
pulse rates in section 3 compared to those in the control section. Standard deviation of
pulse rate distribution for four of the eight drivers was on average 59% greater at medium
and 31% greater at high volume in section 3 compared to section 3c. The inverse situation
was observed with the other four drivers, for whom had value was greater in the control
section by 29% and 22% on average at medium and high volumes, respectively.

Detailed analysis of pulse rate distribution shows that at medium volume in section 3,
two of the eight drivers (versus three drivers on the control section) experienced high
emotional tension (pulse rate as a percentage of basic was greater than 120%). At high
volume in sections 3 and 3c, the same emotional state was observed for four and two
drivers, respectively. On average for 35% (section 3) and 20% (section 3c) of the total
driving time at medium volume, low attention was identified (pulse rate as a percentage of
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3.4

basic was less than 100%). At heavy volume those values were 35% and 42%. In section 3
four of the eight drivers had much longer low-attention duration than in the control section
(on average 56% of total driving time versus 27%). At heavy volume for the majority of
drivers (six of eight), this duration on average was 35% of total driving time in section 3
and 53% in the control section.

Data Comparison

As has been noted, in this study only the qualitative description of information
loading was used, based on “lower-higher” criteria. The informational increase is greater
from section 3 to 3c than from section 2 to 2c. Thos, the section 3 to 3c comparison was
classified as representing a high information level, and section 2 to 2¢ as medium. Again,
this classification does not mean that a “high” information level has a really high value; it
is merely higher than the other one, classified as “medium” level. The major differences
between section 1 and its control section, 1c, is that the first one provides limited motorist
advance information regarding the given traffic conditions. Therefore, compared to other
data sets, this section 1 to 1c comparison represents the lowest information level and was
classified as “low” level.

The purpose of the comparative analysis was to determine available relations between
the level of information loading and drivers’ behavior and reactions. Tables 3.1 and 3.2
summarize the obtained results. Data represented in those tables characterize the
differences in investigated characteristics on the main sections (1, 2, and 3) compared to
corresponding control sections (lc, 2c, and 3c) at medium and heavy traffic volumes.
Figures 3.8 and 3.9 graphically represent samples of test-to-control differences of driver
reactions at different levels of information loading.

For deciding whether the three observed independent samples (low information,
medium, and high information increase) are from different populations, the Kruskal-Wallis
analysis was used. In all cases the null hypothesis was formulated as: There is no difference
in the given characteristic (speed, acceleration, etc.) at low information, medium, and high
information increase. Due to limited data, the tables represent the probability of null
hypothesis acceptance, instead of simple acceptance or rejections at the standard
significance level (0.05).

Analysis of the investigated characteristics has demonstrated a relationship between
drivers’ behavior and reactions and the level of information loading. There is lower
probability of such relationships at heavy traffic volume, which can be explained by the
reduction of general differences in traffic conditions between the investigated sections and
control sections.
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Figure 3.8 Test-to-Control Difference of the Selected Characteristics
of Driver’s Reactions at Medium Traffic Volume
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3.5

Conclusions

This limited research was not aimed at drawing correlations between drivers’
behavior and reactions and information levels. The main purposes were to investigate the
existence of such relationships and to examine the experimental approach for further
detailed research. The following conclusions can be formulated:

1.

2.

With high probability, significant impact of information levels on the
investigated characteristics can be expected.

The data obtained allowed hypothesizing the form of those relations as
parabolic. Both low and high information levels cause similar changes in
drivers’ behavior and reactions. Minimal impacts were observed at a medium
information increase. Therefore, the existence of an optimal information level
can be assumed.

The effect of information loading decreased at heavy traffic volumes. This
phenomenon can be explained by the lower flow speed and by the reduction
of drivers’ behavioral choices in condensed traffic flow.

Observed situations did not indicate a significant increase in drivers’
emotional tension. At the same time, long durations of low driver attention,
even in complicated traffic conditions, were observed for practically all
drivers. If further investigations prove this phenomenon, it will lead to the
development of special countermeasures for ensuring a fair level of drivers’
attention.

Investigations showed that the implemented approach for experimental
observations is sensitive enough and applicable for use in further studies.

The investigations reviewed in this report clearly indicate the need for further studies
in order to improve the traffic control system. The next step in determining optimal
information levels should be the development of a methodology for quantitatively
describing different information levels and detailed investigations of corresponding
drivers’ responses.
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