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Abstract

Annually, there are over 120,000 crashes in work zones in the United States.
High speeds in construction zones are a well-documented risk factor that in-
creases the frequency and severity of crashes. This study used connected ve-
hicle data to evaluate the spatial and temporal impact that regulatory signs,
speed feedback displays, and construction site geometry had on vehicle speed.
Over 27,000 unique trips over 2 weeks on a 15-mile interstate construction
work zone near Lebanon, IN were analyzed. Spatial analysis over a 0.2-mi
segment before and after the posted speed limit signs showed that the regula-
tory signs had no statistical impact on reducing speeds. A before/after analy-
sis was also conducted to study the impact of radar-based speed feedback that
displays the motorists” speed on a sign below a regulatory speed limit sign.
Results showed a maximum drop in median speeds of approximately 5 mph.
Speeds greater than 15 mph above the speed limit dropped by 10% - 15%. The
reduction in speeds began approximately 1000 feet ahead of the sign and re-
sults were found to be statistically significant. The analysis also revealed that
larger speed drops inside the work zone were due to geometric constraints
that required additional driver workloads, especially during shoulder width
changes and lane shifts. The results from this study will be helpful for agen-
cies to understand driver behavior in the work zones and to identify proper
speed limit compliance techniques that significantly reduce driver speeds in
and around work zones.
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1. Introduction

Annually, there are over 120,000 crashes and nearly 800 fatalities in work zones
in the United States [1]. More than 120 worker fatalities occur every year in con-
struction work zones [2]. Reducing the frequency and severity of crashes, and
the overall amount of congestion in work zones is an important goal for agen-
cies. High speeds in construction zones are a well-documented risk factor that
increases the frequency and severity of crashes. There are several speed com-
pliance measures adopted by agencies to limit speeds in work zones including
traffic control devices, design alterations and enforcement. Although the impact
of various speed compliance techniques and enforcement using spot measure-
ments are well documented, their impact throughout the work zone has been
challenging to analyze. The motivation of this paper is to use an anonymous
connected vehicle data set that provides a large sample covering all hours of the
day to assess the impact of the following on speed:

* Regulatory speed limit signs;

* Speed feedback displays;

*  Work zone features such as the change in shoulder width and lane shifts.

2. Literature Review

Speed limit compliance in work zones is a major concern for agencies as higher
speeds are correlated with the frequency and severity of crashes [3] [4] [5]. There
are plenty of studies that evaluate the impact of different speed compliance tech-
niques in work zones including flagging [6], reduced speed limits [7] [8] [9], va-
riable message signs [6] [7] [8] [10] [11], design alterations such as lane merge
and lane drops [12] [13] [14], innovative signs [15] [16], automated speed photo
enforcement [17] [18] [19] and transverse striping/rumble strips [20] [21] [22].
Several studies have found law enforcement to have the largest impact on speed
compliance [7] [23] [24] [25]. Brewer et al. found that in the absence of en-
forcement, drivers are more likely to drive at their own comfort level, regardless
of the posted speed limit [8].

Several studies have also looked at the impact of speed limit signs with speed
displays [15] [26] [27] [28] [29]. McCoy et al studied the effectiveness of the
speed display sign on an interstate highway work zone in South Dakota and
found that mean approach speeds reduced by 4 - 5 mph and the percentage of
vehicles exceeding the advisory speed limit of 45 mph reduced by 20% - 40%
[26]. Another study conducted between two work zones on I-80 found that the
speed monitoring displays were effective in lowering the speeds and increasing
the uniformity and speed limit compliance [27]. Few studies reported that
changeable message signs with radar speeds significantly reduced the speeds in
the immediate vicinity of the sign and did not demonstrate any novelty effects
[15] [29].

Most of the above studies were conducted using spot speeds and required the

DOI: 10.4236/jtts.2021.114034

546 Journal of Transportation Technologies


https://doi.org/10.4236/jtts.2021.114034

J. K. Mathew et al.

investment of considerable amount of time and resources for data collection.
Very few studies have used connected vehicle data to study the speed limit com-
pliance in work zones [30] [31]. Wasson et al. used segment-based probe data to
evaluate the spatial and temporal effect of enforcement on speed compliance in
work zones and found that space mean speeds decreased by approximately 5
mph throughout the 12-mi study segment [31]. The above study also found that

space mean speeds increased within 30 minutes after the enforcement ended.

3. Study Scope

The main objective of this study is to use connected vehicle data to evaluate the
speed compliance of different post-mounted speed limit signs and a radar-based
speed limit sign with motorist speed feedback display in a work zone (Figure 1).
A secondary objective is to identify locations in the work zone with major speed
drops and understand the factors that affect the driver behavior at these loca-
tions.

The study site is a 15-mi reconstruction project on Interstate I-65 near Leba-
non, IN (Figure 2). This study focused on the southbound (SB) direction be-
tween mile markers (MM) 153 and MM 138. There are five speed-limit transi-
tions in the work zone as seen in Figure 2, callout i from 70 mph to 55 mph,
callout ii from 55 to 45 mph, callout iii from 45 to 55 mph, callout iv from 55 to
45 mph (when flashing) otherwise 70 mph and callout v where speed limit re-
sumes to 70 mph. An additional radar-based speed limit sign with the motorist
speed feedback display (Figure 1) was placed near MM 148.5 (callout vi on Fig-
ure 2) during the first week of June 2021 to evaluate its impact on speed com-

pliance.

Figure 1. Radar-based speed limit sign with motorist speed feedback.
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Figure 2. Overview map of work zone and location of speed limit signs.
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4. Connected Vehicle Data

There are several third-party commercial data providers that aggregate and

anonymize original equipment manufacturers (OEM) connected vehicle data to

provide high-fidelity vehicle trajectories with reporting intervals of 3 - 5 seconds.

This anonymized data consists of a unique trip and data point identifier with
geo-positional coordinates, timestamp, speed, heading and ignition status. Indi-

ana ingests over 11 billion anonymized connected vehicle records per month

[32] that represents around 4% penetration [33]. For this study, approximately 4

million data points were extracted over a two-week period (May 25-31, 2021,

and June 7-13, 2021) that corresponded to approximately 27,000 unique trips

passing through the study area. To remove any potential bias, congested condi-

tions were discarded from the data set so that free flow conditions could be used
for the statistical analysis.

5. Impact of Posted Speed Limit Signs
5.1. Work Zone Configuration

Figure 3 shows an interquartile range plot or boxplot of the speeds at every
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Figure 3. Boxplot of speeds every 0.1-mi with location of road signs.

0.1-mi increment along the work zone for a 1-week period (May 25-31, 2021).
The x-axis highlights the southbound mile markers in the direction of travel and
y-axis highlights the interquartile range of the speeds, with the bottom end
representing the 25™ percentile speeds, midpoint representing median speed and
top end representing the 75" percentile speed. This plot is overlaid with dotted
lines illustrating the location of warning and posted speed limit signs placed
throughout the work zone. Table 1 shows a list of all the signs and their corres-

ponding miler marker location.

5.2. Spatial Analysis

Figure 4(a) shows the same boxplot of speeds from Figure 3, with just the loca-
tion of posted speed limit signs. Callouts i, ii, iii, iv and v denotes the location of
different speed limit signs posted along the work zone. Callouts i and ii are re-
duced speed limits from 70 mph to 55 mph and 55 mph to 45 mph, respectively.
Callouts iii and v are increased speed limits from 45 mph to 55 mph and 45 mph
to 70 mph, respectively. Callout iv shows the sign 45 mph when flashing or 70
mph otherwise. As seen, the speed limit signs have little to no impact near the
boundary conditions, except when speed limit increases. It is interesting also to
note that median speeds were mostly above 70 mph except between callouts ii
and iv, where geometric constraints such as lane shifts (callout q and x from
Figure 3) resulted in lower speeds. Additionally, the lowest 25 percentile of
speeds for any 0.1-mi section was above 50 mph, even though posted speed lim-
its were below 45 mph for more than 3 miles.

To evaluate the impact of posted speed limit signs at boundary locations, fur-
ther spatial analysis within a 0.2-mi (~1000 ft) upstream and downstream of the
sign is conducted. Figure 4(b) shows the boundary condition at callout i from
Figure 4(a), where the posted speed limit reduces from 70 mph to 55 mph.
Speed records on a 0.2-mi section before (MM 148.8 - 148.6) and after (MM
148.6 - 148.4) the speed limit sign (MM 148.6) are compared.

Figure 5 illustrates cumulative frequency diagrams (CFDs) comparing the

speeds in the before and after section for the five speed-limit transitions (callout i -
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Figure 4. Spatial analysis of posted speed limit signs. (a) Boxplot of speeds with location
of posted speed limit signs; (b) Spatial analysis adjacent to MM 148.6 over a 0.2-mi
(~1000 ft) before and after section from the speed limit sign at callout i.
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Figure 5. CFDs illustrating distribution of speeds on the 0.2-mi section before and after

posted speed limit sign.
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Table 1. Road signs from Figure 3.

Figure 3 Callout Mile Marker Road Sign
i 148.6 Speed Limit 55 MPH
i 144.4 Variable Speed Limit 45 MPH
iii 141.6 Speed Limit 55 MPH
iv 139.6 Speed Limit When Flashing 45 MPH; Speed Limit 70 MPH
v 138.2 Speed Limit 70 MPH
a 152.0 Road Work Ahead (Variable Message Sign)
b 151.8 Speeding Fine
c 151.5 Road Construction 2 Miles
d 151.3 Speeding Fine
e 151.2 Road Work 2 Miles
f 150.5 Road Construction 1 Mile
150.2 Road Work 1 Mile
h 150.0 Road Construction 0.5 Miles
j 149.7 Road Work 0.5 Miles
k 149.6 Road Construction Ahead
1 149.2 Road Work Ahead
m 149.0 Road Work Ahead (Variable Message Sign)
n 148.9 Speed Limit 55 MPH Ahead
o 146.0 Speed Limit 55 MPH
P 145.0 Speed Limit 55 MPH
q 144.1 Lane Shift Ahead
r 143.6 Speeding Fine
s 143.4 Road Construction Ahead
t 143.0 Lane Shift Ahead
u 142.3 Speed Limit When Flashing 45 MPH
X 141.2 Lane Shift Ahead

v from Figure 4(a)) in the work zone. Overall, none of the reduced speed limit
signs (callout i and ii) had any significant impact on reducing speeds.

Median speeds remained around 72 mph after the posted speed limit dropped
from 70 mph to 55 mph (callout i). In the second location, where speed limit
reduced from 55 mph to 45 mph, the observed median speeds also remained
around 72 mph. Less than 7% of the speeds were below 45 mph in the after sec-
tion (callout ii)—an increase of 2% from the before section. The third location,
where speed limit rose from 45 mph to 55 mph, also had similar distributions in
the before and after section. In contrast to the previous two locations, median
speeds for both the sections in this location dropped to 62 mph (callout iii). As
seen earlier, this is due to the geometric constraints in this section of the work
zone. In location 4, where speed limit increased from 55 to 70 mph (or 45 mph

when flashing), the observed speeds in the after section also increased, as ex-
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pected. The median speeds in the after section increased to 70 mph, an increase
of more than 2 mph compared to the before section (callout iv). The speed dis-
tributions for before and after speeds in the final location also did not vary
much, possibly because of similar speed limits. However, median speeds for both

sections rose to 72 mph (callout v).

6. Impact of Radar-Based Speed Feedback Display with
Speed Limit Sign

Figure 6 shows two boxplots, similar to Figure 4(a), comparing the speeds be-
fore (Figure 6(a)) and after (Figure 6(b)) the placement of the radar-based
speed feedback display sign with a 55 mph speed limit advisory (referred to as
speed feedback display sign from hereafter) (Figure 1). The speed feedback dis-
play sign was deployed on June 2, 2021 at MM 145.8 (callout vi). Data was com-
pared between the before period extending from May 25-31, 2021 and the after
period extending from June 7-13, 2021. Comparing callout vi on Figure 6(a)
and Figure 6(b), there is a clear sharp drop in speeds near the sign during the
after period, indicating that the speed feedback display sign had some impact on
driver behavior. It is also interesting to note that the speed drops begin a few

tenths of a mile ahead of the sign.
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Figure 6. Boxplots comparing speeds before and after the placement of speed feedback
display sign (callout vi). Sign was placed at MM 145.8 on June 2, 2021. (a) Before (May
25-31, 2021); (b) After (June 7-13, 2021).
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To further evaluate the spatial impact, CFDs of speeds are plotted for sections
before and after the speed feedback display sign, as shown in Figure 7(a). Each
panel represents a 0.1-mi section. Callout i shows the CFD for the section be-
tween MM 145.8 and MM 145.7, where the speed feedback display sign was
deployed. As seen, there is no considerable difference in distributions for the
panels between MM 146.3 (0.5 mi before the sign) and MM 146.1 (0.3 mi be-
fore). The reduction in speeds begins around MM 146, approximately 0.2-mi
(~1000 ft) upstream of the sign (callout ii), as shown by the “After” curve that
begins to shift slightly towards the left indicating the drop in speeds. This is

0.5 mi before 0.4 mi before 0.3 mi before
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50% : 50% 1 : 50% 1 :
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Figure 7. Distribution of speeds before and after the deployment of speed feedback dis-
play sign. (a) Spatial distribution of speeds every 0.1-mi upstream and downstream of the
sign; (b) Density plot comparing speeds on a 0.2-mi (~1000 ft) section before and after
the sign.
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intuitive as motorists possibly react as soon as they see the signs. Speeds contin-
ue to decrease downstream of the sign, as shown by the “After” curve shifting
further left. Although the speed limit in this region was 55 mph (callout iii), the
observed median speeds on both before and after sections were still around 70
mph. The highest reduction in median speed was observed between a 0.1 to
0.2-mi section downstream (callout iv) of the sign, with a 5-mph reduction be-
tween the before and after deployment.

A t-test conducted on these segments also confirmed that the mean reduction
in speeds near the sign was statistically significant (Table 2). The reduction in
mean speeds was found to be only statistically significant from 0.2 mi (~1000 ft)
upstream of the sign.

To understand where the shift in speeds occur, a density plot of speeds for a
0.2-mi before and after section near the sign is plotted. The kernel density plots,
which are smooth curves estimating the probability density function of the con-
tinuous variable, help compare the distributions in an effective way. The area
under each curve always adds up to 1. Figure 7(b) compares the density plot for
before and after deployments. The “After Deployment” distribution is slightly
flatter and shifted to the left of the “Before Deployment” distribution, indicating
a dip in speeds. The shift in the right tail also shows that the upper speeds
dropped in the after period (callout v). Analyzing the area under the curve, this
translates to a proportion of around 10% - 15% reduction in sample speeds

greater than 70 mph (callout vi).

7. Noteworthy Speed Reductions Inside Work Zone

This spatial data also provides an opportunity to identify locations in the work
zone with large speed drops. Callouts i-iii on Figure 8 (similar to Figure 6(b))
highlights some of the major speed drops. The first drop occurs around MM 144
(callout i) due to a lane shift in the geometry. This closely follows the “Lane Shift
Ahead” warning sign (callout q on Figure 3 and Table 1) and ground truth im-
ages with mile markers from the work zone also confirms this geometry change

(callout x on Figure 9(a)). The second drop happens around MM 143.8 (callout

HﬂHHHHHHHHHH?HHHHHHHHHHHHHHHHHHHHHHHHHHHjHHHHHHHHHHHHHBm MHW}H HHHHH@HHHQHHHHHHHH}H}HHH{HHE{HH{ il

150 149 148 147 146 145 144 143 142 141 140 139 138
Mile Marker

Figure 8. Identifying major speed drops inside the work zone.
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Table 2. t-test comparing mean speeds before and after the deployment of speed feedback

display sign.
Sar'nple 2;1)221; ;:Z:zz(i Signiﬁc'ant
Mile Marker Size (MPH) (MPH) p-value r'eductlon
in mean
Before = After  Before After Before  After speeds

147.0 - 146.9 11,946 11,729 7197 72.46 7.67 6.68 1.000 -
146.9 - 146.8 12,036 11,764 72.16  72.39 7.43 6.82 0.995 -
146.8 - 146.7 11,983 11,747  72.35 72.43 7.36 7.03 0.792 -
146.7 - 146.6 11,944 11,833 7222  72.09 7.59 7.36 0.09 -
146.6 - 146.5 11,988 11,770 7226  72.26 7.37 7.09 0.515 -
146.5 - 146.4 11,928 11,716 7238  72.64 7.42 6.70 0.998 -
146.4 - 146.3 11,986 11,748  72.01 72.41 7.72 6.72 0.999 -
146.3 - 146.2 12,033 11,814 7155 72.10 8.33 7.18 1.000 -
146.2 - 146.1 11,923 11,636  71.20 71.55 9.04 7.79 0.999 -
146.1 - 146.0 11,029 10,774 7191 71.77 8.78 7.36 0.093 -
146.0 - 145.9 11,015 10,956  71.83 70.37 8.59 7.85 <0.001 Yes
145.9 - 145.8 11,035 11,340 71.66  68.46 8.77 8.16 <0.001 Yes
145.8 - 145.7* 11,122 11,380 7149 67.70 8.89 8.26 <0.001 Yes
145.7 - 145.6 11,945 12,147  70.66  67.27 9.57 8.59 <0.001 Yes
145.6 - 145.5 11,894 12,062 70.65 67.64 9.83 8.76 <0.001 Yes
145.5 - 145.4 12,038 11,988 69.96 67.32 10.52 9.29 <0.001 Yes
145.4 - 145.3 12,005 11,925 69.82 67.39 10.21 9.41 <0.001 Yes
145.3 - 145.2 11,939 11,842 70.17 67.72 9.99 9.51 <0.001 Yes
145.2 - 145.1 11,855 11,667 7030  67.92 10.07 9.61 <0.001 Yes
145.1 - 145.0 11,684 11,546 70.65  68.38 9.79 9.46 <0.001 Yes

*location of speed feedback display sign.

ii), where the left shoulder is closed due to construction (callout y on Figure
9(b)). The largest speed drop around MM 142.4 (callout iii) is due to a narrow
lane without both shoulders (callout y and z on Figure 9(c)) on the Prairie
Creek bridge. It is interesting to note that the larger speed reductions are not due
to speed limit regulations, but due to geometry changes that require additional

driver workloads, especially during shoulder drops and lane shifts.
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(©

Figure 9. Images corresponding to callouts in Figure 9 with speed drops. (Callout x
shows the lane shift; callout y shows the left shoulder closed; callout z shows right shoul-
der closed). (a) Lane shift (callout i on Figure 9); (b) Left shoulder closed (callout ii on
Figure 9); (c) Narrow lane bridge with no shoulders (callout iii on Figure 9).

8. Conclusions

High speeds in construction zones are a well-documented risk factor that in-

creases the frequency and severity of crashes. This study analyzed over 27,000

anonymous connected vehicle trajectories to evaluate the impact on vehicle

speed of the following work zone features:

* Regulatory speed limit signs;

* Speed feedback displays;

*  Work zone features such as the change in shoulder width and lane shifts.
Spatial analysis over a 0.2-mi segment before and after the posted speed limit

signs over a one-week period showed that the signs had no impact on reducing

speeds (Figure 5).
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A one-week before/after analysis was also conducted to study the impact of a
radar-based speed feedback display with a regulatory speed limit sign. Interquar-
tile range plots showed a significant speed reduction beginning approximately
1000 ft upstream of the radar speed sign (Figure 6) and density plots showed
that the upper extreme speeds (15 mph above the speed limit) in this region
dropped by 10% - 15% (Figure 7(b)). The maximum drop in speeds occurred at
1000 ft downstream of the sign (median drop of 5 mph) and overall results were
found to be statistically significant (Table 2).

The analysis also revealed that the larger speed drops inside the work zone
were due to geometric constraints that required additional driver workloads, es-
pecially during shoulder drops and lane shifts (Figure 8). Speeds were found to
be the lowest when there were no shoulders on both sides (Figure 9(c)).

Results from this study show that the most substantial reduction in speeds
occurred during two cases—when shoulder widths were reduced and/or lane
shifts occurred. Even though multiple speed limit signs and reduced speed ahead
warnings were placed throughout the work zone (Table 1), this had little to no
impact on motorist speed. However, speeds were found to increase when normal
speed limit conditions resumed.

Although this paper focused on using connected vehicle data to assess the
temporal and spatial impact of speed feedback displays, the connected vehicle
data was also valuable for identifying other features of the work zone that had
(or did not have) statistically significant impacts on speed. As agencies continue
to explore new work zone management techniques, the connected vehicle data
processing techniques described in this paper can be readily adapted to evaluat-
ing other concepts such as variable message signs, arrow board placement, rum-
ble strips, alternative pavement markings, alternative shoulder widths, and per-

haps in vehicle messaging/feedback.
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