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Abstract

For decades, the importance of highway work zone safety has increased considerably with the continual
increase in the number of highway work zones present on highways for repairs and expansion. Rural
work zones on two-lane highways are particularly hazardous and cause a significant safety concern due
to the disruption of regular traffic flow. In this study, researchers determined motorists’ responses to
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warning signs in rural, two-lane highway work zones. The researchers divided vehicles into three classes
(passenger car, truck, and semitrailer) and compared the mean change in speed of these classes based
on three different sign setups: portable changeable message sign (PCMS) OFF, PCMS ON with the
message of Slow Down, Drive Safely, and a temporary traffic sign (W20-1, “Road Work Ahead”). Field
experiments were conducted on two two-lane work zones with flagger control. Statistical analyses were
performed to determine whether there was a significant interaction between motorists’ responses and
the sign setups. Data analysis results show that a visible PCMS, either turned on or off, was most
effective in reducing truck speeds in rural, two-lane work zones. The temporary traffic sign (W20-1) was
more effective in reducing the vehicle speeds of passenger car and semitrailer. Results of this research
project will help traffic engineers to better design the two-lane work zone setup and take necessary
safety countermeasures to prevent vehicle crashes.
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1. Introduction

Safety within highway work zones has been an important issue and a major concern of engineers,
government agencies, the highway industry, and the public for decades due to the disruption of regular
traffic flows. This safety concern has been a focus of both government organizations and researchers
alike. Recently, the federal government of the United States has recognized its importance and
addressed the issue with the Safe, Accountable, Flexible, Efficient Transportation Equity Act: A Legacy
for Users (SAFETEA-LU).

Though researchers have published numerous studies on various safety-related work zone issues, there
are still numerous challenges to be addressed and practices to be improved upon. Safety in work zones
on two-lane rural highways is one such challenge and the focus of this study. A driver’s safe driving
practices are a big factor in the safety of other motorists and construction workers. Temporary traffic
control (TTC) measures are used to inform drivers of upcoming road conditions. Work zone safety is also
affected in large part by the type of vehicles passing through the work zone. Benekohal and Shim
(1999) found that 90% of tractor—trailer truck drivers surveyed considered travelling through a work
zone to be more dangerous than travelling on roads not under construction. In this study, researchers
evaluated the effectiveness of TTC measures based on motorists’ responses to signage by placing the
motorists in one of three classes based on the length of their vehicle: passenger car, truck, and
semitrailer.

2. Literature review

A study conducted in the United States found that average fatalities per crash and fatal crash frequency
were higher in work zones than in non-work zones (AASHTO, 1987). The study found that rural highways
accounted for 69% of all fatal crashes. Another study found that accident rates on highways are 7-9%
higher in work zones than on roads without any construction (Wang et al., 1996). In the State of Kansas,
63% of the fatal crashes and one-third of all injury crashes took place in two-lane highway work zones (Li
and Bai, 2008a). With the increased likelihood of crashes and fatalities in work zones and the rising
number of work zones across the nation, it is obvious that work zone safety must be improved.
Numerous studies have been conducted on the subject of work zone safety in the United States



(AASHTO, 1987, Pigman and Agent, 1990, Wang et al., 1996, Garber and Zhao, 2002, Schrock et al.,
2004, Li and Bai, 2008b). These studies have focused on a broad range of topics from safety implications
and risk analysis of highway work zones to analyzing crashes within work zones to the evaluation and
development of technologies and signage in work zones. Besides the studies conducted in the United
States, researchers in Europe, Japan, and China have investigated the work zone safety issue and
recommended countermeasures to mitigate the vehicle crash risks (Steinke et al., 2000, Wu and Wu,
2004, Takemoto et al., 2008).

According to the Manual on Uniform Traffic Control Devices (MUTCD) a work zone is divided into four
areas: the advance warning area, the transition area, the activity area, and the termination area (FHWA,
2003). Previously published studies agree that there is an unbalanced distribution of crashes within
these four areas. In different literature the advanced warning area (Pigman and Agent, 1990), the
activity area (Garber and Zhao, 2002, Schrock et al., 2004), the transition area, and the termination area
(Nemeth and Migletz, 1978, Hargroves, 1981) were recognized as being the most dangerous area in
terms of severe crash frequency. There have been plenty of studies on the development, use, and
effectiveness of changeable message signs (CMS) in reducing speeds and informing traffic of the pending
work zone ahead. Various studies have shown that using a CMS is more effective than traditional work
zone traffic control devices at reducing the number of speeding vehicles in work zones (Garber and
Patel, 1994, Garber and Srinivasan, 1998, Brewer et al., 2006). However, Richards and Dudek

(1986) state that CMS could result in only modest reductions (less than 10 mph) when used alone and
that they would lose their effectiveness if operated continuously for long periods with the same
message. Other researchers have decided to concentrate their efforts on examining the actual vehicles
and drivers passing through the work zone. A major work zone safety concern is the frequent
involvement of heavy trucks in work zone crashes. Studies have found that the percentage of truck-
involved crashes was much higher in work zones (AASHTO, 1987, Pigman and Agent, 1990). Studies also
found that heavy truck-related crashes were more likely to involve multiple vehicles, and thus frequently
resulted in fatalities and large monetary loss (Pigman and Agent, 1990, Schrock et al., 2004). However, a
study completed in Georgia found that single-vehicle crashes, angle, and head-on collisions were the
dominant type of fatal work zone crashes (Daniel et al., 2000).

Though there has been a substantial amount of research conducted and studies published on work zone
safety around the world, questions remain particularly in the areas of CMS use and vehicle type causality
of crashes. A vast majority of studies focus their efforts on the interstate highway system and on rural
primary roads. There have been only a handful of studies which focus their efforts on rural, two-lane
highways. Few of these studies have attempted to evaluate CMS or focus on vehicle size. However,
study on rural two-lane work zone safety is urgently needed due to the fact that many vehicle crashes
occur in these work zones around the world each year.

3. Objectives

The primary objective of this research project was to determine motorists’ responses to temporary
traffic signs in rural, two-lane highway work zones. These signs include a portable changeable message
sign (PCMS) and a temporary traffic sign (TTS), specifically W20-1 (“Road Work Ahead”). The motorists’
responses were measured by vehicle speed change before and after passing the signs. Findings of this
research project will help traffic engineers to better design the temporary traffic control devices in rural,
two-lane work zones and take necessary safety countermeasures to prevent vehicle crashes.



4. Data collection and preliminary analysis

4.1. Data collection

To achieve the research objective, field experiments were conducted in two rural, two-lane work zones
on US-36 and US-73 in Kansas following a construction company as it moved from one segment to
another down each road to resurface the highway. Both US-36 and US-73 had a statutory speed limit of
65 mph and a posted work zone speed limit of 45 mph. The field experiments and data collection were
conducted for 4 days (June 3—6, 2008) on US-36 and for 1 day (June 13, 2008) on US-73. Two traffic
signs, a PCMS and a TTS (W20-1), were utilized and setup in three cases in the field experiments
including:

1. PCMS turned off,
2. PCMS turned on (“Slow Down, Drive Safely”),
3. TTS: W20-1 (“Road Work Ahead”).

Data for each case were collected at the same location on the same day. Each case was setup in the
work zones in about two hours per day. After the 2 h period, the setup was switched to another case. In
addition, the order of the treatments was varied each day to account for time-of-day biases. For
example, on the first day, data of PCMS OFF were collected first, followed by PCMS ON and TTS.
However, on the second day, data of PCMS ON were recorded first, followed by TTS and PCMS OFF. This
pattern was utilized through the entire data collection process.

Two radar sensor systems (SmartSensor HD Model 125) were setup one in front of and another behind
the PCMS or TTS to collect vehicle speed and length data. Fig. 1, Fig. 2 provide a detailed description of
the layout and spatial referencing of materials for each case. The distance between W20-1 and Flagger
for cases 1 and 2 was about 800 feet, same as the distance between W20-4 and flagger for case 3. Fig.
3 shows the PCMS and the typical setup of the speed sensor system.

PCMS
Sensor | W20-1 Flagger
Sensor 2
- »e .'.=|='. > i
30fc T 200ft 550 ft
1050 ft
Fig. 1. Location of speed sensors and PCMS sign in work zone for cases 1 and 2.
Sensor | W21 Sensor 2 W24 Flagger
j=| ® o @
+ EJ':". .‘:|: P
300 ft 200 ft T 200 fi
700 fi

Fig. 2. Location of speed sensors and TTS (W20-1) in work zone for case 3.



Fig. 3. PCMS and setup of the speed sensor system.

The authors would like to indicate that the vehicle speed changes were due to the combination of the
influence of the traffic signs and drivers’ awareness of work zone conditions. In this research project,
traffic signs include the PCMS, the W20-1 (Road Work Ahead), and the W20-4 (One Lane Road Ahead).
For case 3 as shown in Fig. 2, because the W20-4 was placed in 200 feet apart from the W20-1 which
was within the typical distance of many motorists, therefore, these two signs should be considered as
one configuration in the TTS case. Both of them might have impact on drivers’ behavior. In this research
project, authors did not directly measure the impact of the W20-4 sign due to the resource limitation.
The impact of the W20-4 sign on drivers’ behavior is a research topic that should be investigated in the
future.

4.2. Preliminary data analysis

The raw data collected from the field experiments went through an extensive screening and analysis
process. The raw data was first thoroughly screened by matching individual vehicle data points recorded
on both sensors 1 and 2. Any vehicle that was recorded on one sensor but did not have a corresponding
data point on the other sensor was discarded. Also, if both sensors had two corresponding data points
but one sensor did not record an accurate vehicle length, speed, or was missing any other necessary
value, the data point was discarded from the data population. Finally, if either sensor recorded a vehicle
speed less than 20 mph, the point was excluded from the data set because the sensor’s specifications
stated that the device could not properly record speeds under 20 mph. Through this initial data
screening and analysis, the raw data was narrowed down and sorted before using a statistical program
to perform further analyses.

The values of speed and length for each vehicle collected by the two sensors were then inserted into a
statistical analysis program along with a corresponding numerical value to represent which sign was
present when the values were recorded. The differences in the values of speed and length between
sensors 1 and 2 were then calculated and a frequency analysis was performed based on these calculated
values. The results show that the values of vehicle length measured by sensors were not consistent due
to the vehicle speed changes. The standard deviation of vehicle length was 3.5 feet. It was decided that



the majority of values were within two standard deviations (7 feet), and therefore all other points with a
positive or negative change greater than 7 feet were discarded. This was done to account for errors in
the ability of the sensors to accurately read a vehicle’s length. The final population consisted of 876
vehicle data points, broken down by case in Table 1 and by class in Table 2.

Table 1. Break down of data points by case.

Case No. of data | Percent of total (%)
PCMS OFF | 409 47

PCMSON | 334 38

TTS 133 15

Total 876 100

Table 2. Break down of data points by vehicle class.

Vehicle class | No. of data | Percent of total (%)
Passenger car | 394 45

Truck 381 43

Semitrailer 101 12

Total 876 100

The vehicle classes were determined using AASHTO Green Book definitions. A passenger car is defined
as being 19 feet long and the smallest semitrailer (WB-12[WB-40]) is defined as being 45.5 feet long
(AASHTO, 2004). Therefore, class 1 (passenger car) includes any vehicle with an average length of

19 feet or less and class 3 (semitrailer) includes any vehicle with an average length equal to or greater
than 45 feet. Class 2 (truck) is defined as any vehicle with an average length greater than 19 feet and
less than 45 feet. After the individual data points were sorted by length and assigned a class, statistical
analyses were performed.

5. Frequency analysis

The frequencies of individual vehicle speed changes, sorted by vehicle class, are shown in the histograms
in Fig. 4. Vehicle speed changes were assumed to be normally distributed. This assumption is generally
accurate enough for the statistical analyses when the data points are large enough under non-perfect
field conditions. Table 3 shows the results of the data collected during field experiments. Researchers
break the data down by vehicle class and then display the results for each case based on the vehicle
class.
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Table 3. Mean speed values based on class for each case.

Vehicle Case No. Sensor 1 Sensor 2 Mean speed Speed change
class speed (mph) | speed (mph) | change (mph) | percentage (%)
Passenger PCMS OFF | 188 60.2 57.9 24 39
car

PCMS ON 132 58.5 54.5 3.9 6.7

TTS 74 50.5 45.3 5.2 10.3
Truck PCMS OFF | 174 594 55.7 3.7 6.2

PCMS ON 154 57.0 52.3 4.7 8.3

TTS 53 48.2 45.4 2.8 5.8
Semitrailer PCMS OFF | 47 61.6 58.6 3.0 4.8

PCMS ON 48 59.1 56.1 3.1 5.2

TTS 6 49.2 44.2 5.0 10.2

When the PCMS was turned off, the passenger car, truck, and semitrailer classes experienced speed
reductions of 2.4 mph, 3.7 mph, and 3.0 mph over a 500 foot distance, respectively. These speed
reductions showed that the PCMS, though turned off, could still affect a vehicle’s speed. The inactive
PCMS produced the highest speed reduction of 3.7 mph, or a 6.2% reduction, in the truck class over a
500 foot distance.

When the PCMS was turned on, the passenger car, truck, and semitrailer classes experienced speed
reductions of 3.9 mph, 4.7 mph, and 3.1 mph over a 500 foot distance. These speed reductions
demonstrated that when the PCMS was on, the speed reductions of the passenger car and truck classes
increased by 1.5 mph and 1.0 mph over a 500 foot distance, respectively. If measured in percentage, the
use of a PCMS caused the greatest speed reduction in the truck class, up to 8.3%.

When a TTS (no PCMS) was present on the highway, the passenger car, truck, and semitrailer classes
experienced speed reductions of 5.2 mph, 2.8 mph, and 5.0 mph over a 500 foot distance, respectively.



These speed reductions showed that of the vehicles approaching the advance warning area, the
passenger car class slowed down the most.

As seen in Table 3 above, the greatest speed reduction for the passenger car class occurred when
approaching the TTS in the advance warning area with a 10.3% reduction. The greatest speed reduction
for the truck class occurred when the PCMS was on, with an 8.3% reduction. The semitrailer class
experienced the greatest speed reduction of 10.2% when approaching the advance warning area with a
TTS.

For two of the three conditions, the average speed of the semitrailer class was greater than the other
two classes. This indicates that the semitrailer drivers usually maintain their high speeds when on rural
highways. The PCMS was not effective in reducing semitrailer vehicle speeds in rural highway work
zones. Based on the analysis results, the PCMS, when either on or off, had a greater effect on the truck
class than the TTS (8.3% vs. 5.8% or 6.2% vs. 5.8%). The change in speed for different vehicle classes is
shown in Fig. 5.

&

o Passenger Car
L Truck =

O Semitrailer

Mean Speed Change (mph)
w

PCMS OFF PCMS ON TS
Case
Fig. 5. Mean speed change of vehicle classes for three cases.

Fig. 5 provides a visual of the breakdown of mean speed changes for each case based on vehicle class.
The bar chart in Fig. 5 indicates that the truck class was the most responsive vehicle class to cases 1 and
2, both involving the PCMS in rural work zones. The chart also indicates that the truck class was the least
responsive vehicle class to case 3, involving the TTS in rural work zones. Another correlation that can be
drawn from the chart is that the passenger car and semitrailer classes were more responsive to warning
messages than to the inactive PCMS on the roadside in rural work zones.

6. Significance of test analysis

Hypothesis tests were also conducted during the data analysis process. The null hypothesis of this
research was that there was no change between cases in the mean speeds of the three vehicle classes.
The alternative hypothesis was that there was a difference between cases in the mean speed of one or
more of the vehicle classes. A univariate analysis of variance (UNIANOVA) was performed on the data to



determine whether or not the interaction between the three cases and the three vehicle classes was
significant. UNIANOVA is a two-way analysis of variance with vehicle class and case as the two factors.
The results of the UNIANOVA test are shown in Table 4. For the null hypothesis to be rejected and for
there to be a significant interaction between the two effects (vehicle class and case) the value of
significance must be less than 0.05 (for a 95% confidence level). Table 4 shows that testing vehicle class
and case separately, none of them is significant. Testing the interaction of vehicle class by case, the
result is significant. Since the test returned a significance value of 0.019 for the interaction of vehicle
class and case, the null hypothesis was rejected in favor of the alternative hypothesis.

Table 4. UNIANOVA test of between-subjects effects.

Source Type Il sum Degrees of | Mean F Significance
of squares freedom square

Corrected model 764.395° 8 95.549 3.072 .002

Intercept 4264.488 1 4264.488 | 137.097 | .000

Vehicle class 1.713 2 .856 .028 973

Case 142.241 2 71.121 2.286 .102

Interaction (vehicle class by case) | 367.435 4 91.859 2.953 .019

Error 26968.540 867 31.106

Total 39255.000 876

Corrected total 27732.935 875

Note: Dependent variable = mean speed change.
2R squared = .028 (adjusted R squared =.019).

Further UNIANOVA tests were performed to determine which factors were causing the significance in
the interaction between vehicle class and case. Table 5 shows a comparison of each individual vehicle

class with the cases. It indicates that the significance is between one or more of the three sign cases and
the passenger car and truck classes only, with significance values of 0.000 and 0.060, respectively.

Table 5. Comparison of individual vehicle classes with cases.

Vehicle class Analysis type | Sum of Degrees of | Mean F Significance
squares freedom square
Passenger car Contrast 478.505 2 239.252 | 7.692 | 0.000
Error 26968.54 | 867 31.106
Truck Contrast 175.1 2 87.55 2.815 | 0.060
Error 26968.54 | 867 31.106
Semitrailer Contrast 22.268 2 11.134 0.358 | 0.699
Error 26968.54 | 867 31.106

Note: Each F tests the simple effects of sign case within each level combination of the other effects
shown. These tests are based on the linearly independent pairwise comparisons among the estimated

marginal means.

Table 6 shows a more in-depth pairwise comparison of both the passenger car and truck classes with the
three cases. This analysis was performed by taking the data from the specified vehicle class and

comparing the mean speed change between only two of the cases at a time to determine significance.




The results in Table 6 indicate that for the passenger car class there was a significant in the difference
between the PCMS OFF case and both the PCMS ON and TTS cases, but no significance in the difference
between the PCMS ON and TTS cases. Table 6 also indicates that for the truck class there was a
significant difference between the PCMS ON case and TTS case, but no significance in the difference
between the PCMS OFF case and the PCMS ON and TTS cases. The most important thing to note about
the results in Table 6 is that the PCMS ON case caused a significantly greater mean speed change than
the TTS case. This is important because 43% of vehicles measured during this research were in the truck
class.

Table 6. Pairwise comparison of class by case.

Vehicle ()] () Mean Std. Significance® | 95% Confidence
class Case Case difference error interval for
(1-J) difference®
Lower bound Upper
bound
Passenger | PCMS | PCMS | -1.588* 0.636 | 0.013 -2.839 -0.338
car OFF ON
PCMS | TTS -2.825* 0.769 | 0.000 -4.336 -1.313
OFF
PCMS | TTS -1.236 0.813 | 0.129 -2.836 0.363
ON
Truck PCMS | PCMS | -1.043 0.642 | 0.105 -2.305 0.219
OFF ON
PCMS | TTS 0.886 0.910 | 0.331 -0.904 2.675
OFF
PCMS | TTS 1.928* 0.924 | 0.038 0.112 3.745
ON

*The mean difference is significant at the .05 level.
2Adjustment for multiple comparisons: least significant difference (equivalent to no adjustments).

7. Conclusions

Preservation, rehabilitation, and expansion of rural, two-lane highways require the setup of a large
number of work zones. To improve safety in work zones, many types of signage have been developed
and employed. However, the effectiveness of some signs has not been quantified. Researchers of this
project determined motorists’ responses to signage (PCMS and TTS) in rural, two-lane highway work
zones using field experiments. The message displaced on the PCMS was Slow Down, Drive Safely. The
data analysis results show that the PCMS was effective in reducing vehicle speeds in two-lane work
zones. When the PCMS was turned on, the device reduced passenger car vehicle speeds by 3.9 mph,
truck vehicle speeds by 4.7 mph, and semitrailer vehicle speeds by 3.1 mph over a 500 foot distance.
When the PCMS was turned off, passenger car vehicle speeds were reduced by 2.4 mph, truck vehicle
speeds by 3.7 mph, and semitrailer vehicle speeds by 3.0 mph over a 500 foot distance. When a TTS (no
PCMS) was on the road and the vehicles approached the advance warning area, passenger car speeds
dropped by 5.2 mph, truck speeds by 2.8 mph, and semitrailer speeds by 5.0 mph over a 500 foot
distance. The TTS (W20-1) had more effect on passenger car and semitrailer speeds than the PCMS ON
at reducing these types of vehicle speeds. Also, based on the results of the UNIANOVA tests and the
pairwise comparison, researchers concluded that the mean speed reduction of truck vehicles caused by



PCMS ON was significantly greater than TTS and PCMS OFF. This is important because 43% of vehicles
measured during this study were in the truck vehicle class. A reduction in vehicular speed allows for
greater reaction time to avoid crashes and potentially creates a safer environment for drivers and
workers in the work zones. Thus, the authors recommend that both the PCMS and the TTS (W20-1)
should be utilized in the work zones. Currently, the PCMS is an optional sign in the work zones. As
indicated in this study, deploying PCMS will reduce the mean speed of truck vehicles approaching the
work zones.

The authors would like to indicate that the vehicle speed changes were due to the combination of the
influence of the traffic signs and drivers’ awareness of work zone conditions. In this research project,
traffic signs include the PCMS, the W20-1 (Road Work Ahead), and the W20-4 (One Lane Road Ahead).
Because the W20-4 was placed right after the W20-1 within the typical distance of many motorists,
therefore, these two signs should be considered as one configuration in the TTS case. Both of them
might have impact on drivers’ behavior. In this research project, authors did not directly measure the
impact of the W20-4 sign due to the resource limitation. The impact of the W20-4 sign on drivers’
behavior is a research topic that should be investigated in the future. In addition, the drivers’ awareness
of work zone conditions was difficult to measure using the existing technologies. In this project, authors
only measured the influence of the traffic signs with the understanding that drivers’ awareness of work
zone conditions may also have impact on the speed changes. Additional research is needed to quantity
the impact of drivers’ awareness of work zone conditions on the vehicle speed changes. Furthermore,
existing knowledge cannot explain exactly what reasons caused the effects on speed reduction differ
between passenger cars and semitrailers under TTS configuration (W20-1 and W20-4) and trucks under
PCMS ON condition. Further research is needed to unlock the secret.
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