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Abstract
The Federal Highway Administration (FHWA) reported between 2016 and 2017, fatal crashes in work zones increased by 
3%, while fatal crashes outside of work zones decreased by 1.5%. The FHWA also reported that work zones account for 
approximately 10% of the nation’s overall congestion and 24% of unexpected interstate delays. This paper reports on a study 
of 23 construction work zones that covered approximately 150 centerline miles of Indiana interstate roadway in the sum-
mer of 2019. Approximately 50% of all interstate crashes for the period of May to September 2019 occurred within or in 
an approach upstream or downstream of one of these work zones. Commercially available vehicle hard-braking event data 
is used for the study and geofenced to the work zone approaches and limits. This research examined 196,215 hard-braking 
events over a 2-month period in the summer of 2019 and 3132 crashes over the same 2-month period in 2018 and 2019 for 
the 23 interstate work zones. The study found there were approximately 1 crash/mile for every 147 hard-braking events in 
and around a construction site. The R2 was approximately 0.85. The paper concludes by recommending that hard-braking 
event data be used by agencies to quickly identify emerging work zone locations that show relatively large number of hard-
braking events for further evaluation.

Keywords Braking · Crash rate · Highway safety · Vehicle probe data

Introduction

Motivation

There are approximately 800 fatal work zone crashes in 
the US annually, most of which occur in the summer and 
fall, and over 25% of those crashes involve large trucks or 

buses (FHWA, 2018). The Federal Highway Administra-
tion (FHWA) reported between 2016 and 2017 (FHWA, 
2018) fatal crashes in work zones increased by 3%, while 
fatal crashes outside of work zones decreased by 1.5%. The 
FHWA also reported that work zones account for approxi-
mately 10% of the nation’s overall congestion and 24% of 
unexpected interstate delays (FHWA 2018). Historically, 
crash report data has been used to identify opportunities to 
improve the design of future construction zones. However, 
the infrequency of crashes and the time it takes for personnel 
to read crash narratives makes it difficult and infeasible to 
use crash data for tactical monitoring of work zones. Fur-
thermore, crash reports are often reported with a time delay 
due to associated investigation time, and the exact location 
and time reported in the crash reports varies by investigating 
agency. In contrast, hard-braking event data can be obtained 
daily from commercial providers with a precise timestamp 
and geo-location information. This paper investigates the 
feasibility of using hard-braking event data to identify 
opportunities to improve the safety and operating efficiency 
of construction work zones.
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Literature Review

Work zone safety and mobility have been measured in the 
past using a variety of metrics, including number of injury 
crashes, motorist complaints, safety inspection scores, 
closure, and delay times (Ullman et al. 2011) and crash 
severity indexes (Li and Bai 2008). Probe vehicle data has 
been effectively leveraged to measure travel time delays 
in work zones and establish correlations among crashes 
and queue times (Haseman et al. 2010; M. Mekker et al. 
2018a, b). However, crashes are often reported with a time 
lag and underreported due to a variety of reasons (Janstrup 
et al. 2016; Tarko 2019; Yamamoto et al. 2008), includ-
ing unwillingness of involved drivers to report a crash 
(Blincoe et al. 2002), or reporting delays due to ongoing 
investigations that may lead to a change in the documented 
crash severity. This can potentially hamper or render unre-
liable any near real-time measurement of safety perfor-
mance in work zones. Moreover, not all locations with 
safety challenges have crashes early in the construction 
season to help identify problem areas. Drivers making 
evasive maneuvers to avoid conflicts, such as decelerating 
in advance of stopped traffic, have been well studied and 
modeled (Davis et al. 2011; Tarko 2012). Finding a way to 
detect near-misses before crashes accumulate can be useful 
to proactively develop operating strategies.

Multiple studies in the past have analyzed braking 
behavior and reaction times at the individual driver level in 
a variety of hazardous driving situations. Using simulated 
driving environments, hard-braking by distracted motorists 
was found to have significant impacts on following vehi-
cles in traffic, increasing the risk of a rear-end collision 
(Haque and Washington 2015). Investigations into the use 
of harsh braking incidents as a surrogate for truck crash 
counts using truck telematics data have shown promise in 
identifying potential hot spots with high crash risk (Kamla 
et al. 2019). A 6-month study of drivers in Georgia trave-
ling on freeways, arterials, and local roads found that those 
involved in a crash incident tend to more frequently hard 
brake (8.8 ft/s2) than those not involved in crashes (Jun 
et al. 2007). An analysis of undesirable driving events such 
as hard braking, sharp turning and sudden lane changes 
showed that looking at the frequency of occurrence of 
such events could prove to be a valuable surrogate for 
determining driver behavior and accident risk (Musicant 
et al. 2010). Others have reported the linkages between 
hard-braking and driver performance, crash severity and 
driver fatigue (Kiefer et al. 2005; Mollicone et al. 2019). 
Although the existing literature has focused on driver 
behavior and its correlation to crash risk, we propose 
using aggregate hard-braking event counts as a surrogate 
safety measure instead of crash counts, for transportation 

system elements. Although this study focuses on hard-
braking activity within work zones on interstate roadways, 
the relationship established here between hard-braking and 
crash incident counts encourages future research into using 
hard-braking as a surrogate safety measure for other ele-
ments of transportation systems as well (arterials, local 
roads, roundabouts).

Enhanced Probe Data

Commercial probe data that provides real-time average seg-
ment speeds every minute at approximately 1-mile fidelity 
has been available for several years. In fact, in Indiana, the 
state ingests approximately 32 billion records per year and 
uses that data for a number of historical and real-time dash-
boards (Day et al. 2016).

Enhanced probe data that contains vehicle acceleration 
attributes has become available in the past 2 years. One 
example of enhanced probe data generated by anonymized 
passenger vehicles includes the time and the latitude and 
longitude attribute of a hard-braking event experienced with 
a deceleration greater than 8.76 ft/s2 (defined by original 
equipment manufacturer). As a surrogate safety measure, 
and when considered in aggregate form, hard-braking activ-
ity has the potential to provide timely information to agen-
cies in evaluating the safety performance of a work zone 
by quantifying near-misses. However, there are no reports 
in existing literature of agencies using information such 
as hard-braking for operation-oriented management of 
roadways.

Objectives

The objectives of this study are:

1) To evaluate the relationship between hard-braking activ-
ity and crashes in and around Interstate construction pro-
jects in Indiana

2) To investigate causal factors for increased hard-braking 
activity

Data Description

Study Locations

The study evaluated 23 construction zones spanning 6 differ-
ent interstate routes across the state of Indiana. Construction 
on these work zones was carried out in the summer of 2019, 
however crash incidents in these zones were recorded for 
2018 as well as 2019 for comparing the impact of construc-
tion activity on crash frequency. Table 1 summarizes the 
approach start and end mile markers (MM) for each of these 
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23 work zones and assigns them a unique label that is used 
as a reference in the graphics that follow. Figure 1 shows 
statewide spatial distribution of 11 interstate work zones, 
while Fig. 2 shows a distribution of the remaining 12 inter-
state work zones that were concentrated in the Indianapolis 
metro area.

Statewide Crash Data

Crash data was aggregated from a review of all crashes in 
the study area. 5-mile approaches to each work zone wher-
ever possible (both upstream and downstream) were also 
included in our analysis to account for tapers, transition 
areas, and merging resulting in crashes. In addition, impact 
on traffic from queuing resulting from construction activ-
ity in a work zone may potentially extend well beyond a 
work zone’s extent thus underlining the need for including 
approaches in such an analysis. Owing to close proximity of 
work zones on interstate 465, it was not feasible to include 
5-mile approaches for the Z12, Z13, Z20, Z21, and Z22 work 
zones. To account for this, any gap (if existing) between 
pairs of adjacent work zones was split equally to create a 
lesser than 5-mile approach for both work zones. To pre-
vent double counting of crashes on overlapping work zone 

approach extents, an open limit on the mile marker loca-
tion for one work zone and a closed limit for the subsequent 
work zone were chosen. For example, hard-braking events 
and crash counts for Z12 were captured for MM >  = 0 and 
MM < 12.5 while for Z22 were captured by MM >  = 12.5 
and MM < 20. This procedure was then applied to all cases 
on I-465 and I-65 where work zone limits overlapped at a 
mile marker location to arrive at the crash counts shown 
in Table 1. Table 1 shows the total crash counts for both 
directions of each of the 23 construction work zones for the 
months of July and August in 2018 and 2019, along with 
percentage change in crash counts. Construction activities 
occurred in 2019 and crash data from the same 2 months in 
2018 was used to visualize if a change in crash counts was 
seen between the two years owing to construction activity. 
An overall decrease of 2.4% in crash counts was seen over 
the 23 work zones for the 2-month analysis period. Compar-
ing changes in crash counts for individual zones between 
2018 and 2019, 13 work zones showed an increase in crash 
counts, 1 zone showed no change, and 9 zones showed a 
decrease in crash counts.

One of the major hurdles with using crash data as a per-
formance measure for work zone safety is that crash reports 
often do not get filed in real time, some agencies still use 

Table 1  Summary details and 
crash counts for areas studied 
from July 1 to August 31 for 
2018 and 2019

Work Zone Route Approach Start MM Approach 
End MM

July and August % Change

2018 Crashes 2019 Crashes

Z01 I-65 170 183 32 32 0%
Z02 I-74 27 45 13 9 − 31%
Z03 I-70 1 11 16 17 6%
Z04 I-70 29–41 & 43–55 25 23 − 8%
Z05 I-69 259 275 14 30 114%
Z06 I-69 326 347 26 30 15%
Z07 I-69 214 232 67 81 21%
Z08 I-65 245 262 116 88 − 24%
Z09 I-65 218 242 78 35 − 55%
Z10 I-74 137 162 22 19 − 14%
Z11 I-65 45 73 71 91 28%
Z12 I-465 0 12.5 156 129 − 17%
Z13 I-465 34 49 214 217 1%
Z14 I-65 101 110.5 107 121 13%
Z15 I-65 110.5 115.5 123 125 2%
Z16 I-70 78 94 165 169 2%
Z17 I-65 126 130 5 13 160%
Z18 I-65 130 138 19 23 21%
Z19 I-865 0 5 20 16 − 20%
Z20 I-465 20 25 52 54 4%
Z21 I-465 25 34 148 105 − 29%
Z22 I-465 12.5 20 74 58 − 22%
Z23 I-65 115.5 126 22 62 182%

Total 1585 1547 − 2.4%
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paper-based reporting methods, and serious crashes often 
require several days of investigation before reports are avail-
able online. On average, only 80% of the crash reports are 
available in a statewide database within 1 week of the crash 
and some crash reports take as long as 6 months to appear in 
the database. Thus, any real-time road safety analysis using 
aggregate collision counts will have an underrepresentation 
of crash data.

Crash Count Comparisons

For the period of July 1 to August 31 in 2018 and 2019, 
crash reports were obtained and individually mapped to 

the 23 work zones under consideration. Across all 23 work 
zones for the analysis period, 2018 saw 1585 crash inci-
dents while 1547 crashes were seen for the corresponding 
period in 2019. Crash counts were normalized across work 
zones by dividing the total number of crashes occurring in 
a zone by the length of the zone calculated as the differ-
ence between the approach start and end mile markers as 
listed in Table 1. Figure 3 shows a sorted stacked column 
chart of normalized crash counts for the 23 work zones 
compared for the period of July 1 to August 31 for 2018 
and 2019. Work zones are ordered from left to right in 
descending order of number of crashes per mile for 2019. 
Each column shows crash counts per mile categorized by 

Fig. 1  Statewide view of inter-
state work zone projects with 
approaches
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severity between property damage only (PDO) and per-
sonal injury (PI). Owing to small numbers of fatal crashes 
on interstates and for privacy reasons, personal injury and 
fatality data in this study is combined into and referenced 
by the PI category. In addition, it was observed that PI 
crashes only account for approximately 14% of the total 
number of observed crashes in this study. Segregating the 
analysis by crash severity category would not have resulted 
in a good sample for the PI category to arrive at reliable 
results. Hence, crashes from both categories (PDO and PI) 
were combined and the aggregate crash count per mile was 
used for each work zone for the analysis described in the 
sections that follow.

The work zone labelled Z15 which shows the highest 
crash per mile value for both years, covers a 5-mile stretch 
of I-65 that overlaps with I-70 near downtown Indianapolis. 
An average percentage change of 15.24% in crash counts 
from 2018 to 2019 was observed across all 23 work zones. 
Three work zones in particular showed far higher percent-
age change in crash counts than this average, namely Z23 
(182%), Z17 (160%) and Z05 (114%). Figure 3 highlights 
how the peak of the construction season resulted in an 
increase in crashes in most of the work zones. However, it is 
worth noting that 7 out of the 23 work zones (Z01, Z03, Z04, 
Z07, Z08, Z09 and Z11) witnessed construction activity in 
both years for the months of July and August. Although the 

Fig. 2  Indianapolis metro area 
view of interstate work zone 
projects with approaches

Fig. 3  Crash counts normalized 
by work zone length and cat-
egorized by severity for 23 work 
zones for July 1 to August 31 
for 2018 and 2019 (highlighted 
work zones in red indicate work 
zones that showed an increase 
in crash count from 2018 to 
2019)
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comparison drawn here is not a direct comparison of active 
and inactive work zone periods, it is instrumental in under-
lining the need for an efficient safety performance analysis 
of work zones. The underlying assumption in making this 
assertion is that all other external factors (such as traffic 
volumes, weather conditions) remained the same from 2018 
to 2019. Annual growth rate of Annual Average Daily Traffic 
(AADT) from 2018 to 2019 averaged over all 23 work zones 
in both directions of travel was found to be − 0.2%. The 
months of July and August in total observed precipitation 
greater than 0.01 inches on 20 out of 62 days (32%) in Cen-
tral Indiana (home to 12 out of the 23 work zones) in both 
years (Central Indiana Local Climate Info, n.d.). The overall 
crash counts decreased by 2.4% for the 2-month period from 
2018 to 2019. This decrease can be attributed to a number 
of factors including: improved early warning systems imple-
mented by agencies and contractors for motorists, reduced 
vehicle volumes, underreporting and delayed reporting of 
crash incidents, a number of work zones that observed con-
struction activity for both years may have resulted in learn-
ings from 2018 contributing to better decision making and 
work zone design in 2019 resulting in lower crash counts.

Statewide Hard‑Braking Data

As indicated in previous sections, there is considerable vari-
ation in the time and location of reported crashes, as well as 
delay in that data being available in a database. In contrast, 
modern connected vehicles can provide GPS location and 

accurate time stamps of hard-braking events. Hard braking 
is an event in which a driver applies more force than is typi-
cally needed to slow or stop a vehicle using the vehicle’s 
brake system. For this study, crowdsourced hard-braking 
event data for the state of Indiana was made available 
wherein any deceleration of 8.76 ft/s2 or greater occurred.

For every hard-braking event, a geolocation, timestamp 
and speed value were provided to spatially and temporally 
map these events. Approximately 12.7 million unique hard-
braking events were recorded throughout the state of Indiana 
for the period of July 1 to August 31, 2019. Figure 4 shows 
a statewide map summarizing spatial distribution of hard-
braking event activity seen in Indiana during the months of 
July and August in 2019. Among these, more than 196,000 
hard-braking events in total were found to have occurred 
over the 23 work zones as a result of spatial joins performed 
on the dataset to zero in on events occurring in 46 created 
geofences (one per direction of travel per work zone). AADT 
values for 2019 were compared with trip counts in each work 
zone for July 2019 to arrive at an average penetration of 
4.7%. The third-party crowdsourced hard-braking event data 
showed highest penetration rates for urban interstate work 
zones.

Fig. 4  Plot of 12.7 million hard-
braking events in Indiana for 
July 1 to August 31 2019
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Methodology

Capturing Hard‑braking Event Counts by Work Zone 
and Direction of Travel

Owing to the computational complexities involved in 
handling this large hard-braking dataset of 12.7 million 
events, matching each event individually to its nearest 
interstate location was infeasible. Similar hard-braking 
event counts available for the month of August 2020 
for 11 states—California (25,441,595), Connecticut 
(2,048,510), Georgia (8,704,155), Indiana (6,683,366), 
Minnesota (3,254,094), North Carolina (6,546,877), 
Ohio (10,012,453), Pennsylvania (9,831,815), Texas 
(26,300,993), Utah (948,931) and Wisconsin (4,049,073), 
underlined the need for a quicker procedure for capturing 
hard-braking activity at specific locations on roadways of 

interest. Owing to this, an alternate approach was devel-
oped wherein 46 separate geofences were created to spa-
tially outline the area for every work zone analyzed in 
this study in two directions of travel. From the statewide 
dataset of hard-braking events shown in Fig. 4, spatial 
joins were then used to effectively narrow down the hard-
braking dataset to events that occurred within the virtual 
perimeter defined by any of the 46 geofences mentioned 
earlier. A temporal join was next applied to this dataset 
to further narrow down the events to those that occurred 
within the period from July 1 to August 31, 2019. Call-
out (i) on Fig. 5 shows such a set of geofenced polygons 
capturing hard-braking events on I-65 in the northbound 
direction of travel in the vicinity of mile marker 102. Each 
hard-braking event represented by a colored dot on Fig. 5 
has been colorized by the initial speed recorded in miles 
per hour at the time of hard braking. When this procedure 
was repeated individually 46 times for each work zone by 

Fig. 5  Geofenced polygons 
showing hard-braking events 
colorized by initial speed in 
miles per hour on I-65 in the 
northbound direction of travel in 
the vicinity of mile marker 102
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direction, the dataset of 12.7 million hard-braking events 
was narrowed down to the 196,215 hard-braking events 
used for the analysis in this study.

Visualizing Relationship Between Congestion, 
Crashes, and Hard‑Braking Events

Figure 6a shows a spatial and temporal heatmap of traffic 
speeds for the period of July 1 to August 31, 2019 for a 
nine and a half mile stretch of I-65 northbound from MM 

(a) Spatial-temporal heat map showing speed profiles by mile marker and day

(b) Crash count column plots stacked by severity

(c) Hard-braking events by day

Fig. 6  I-65 MM 101—110.5 in the northbound direction of travel from July 1 to August 31, 2019
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101–110.5. Work zone Z14 makes up the stretch of I-65 
depicted in the heatmap in Fig. 6a.

The legend at the top shows the color for speeds ranging 
from greater than 65 mph (green) to less than 14 mph (pur-
ple). The heatmap is generated from commercially available 
probe data consisting of average vehicle speeds for 1-mile 
interstate segments at 1 min fidelity (Li et al. 2015). This 
visualization easily helps segregate recurring congestion 
from nonrecurring events as highlighted by red dashed 
lines in Fig. 6a. For the 2-week period beginning August 
12, 2019, significant weekday recurring congestion can be 
seen between mile marker 106 and 110 (Work zone Z14) in 
the northbound direction of travel.

Crashes are shown on the heat map in Fig. 6a as circles. 
Property damage (PDO) crashes are indicated by hollow 
circles, while personal injury (PI) crashes are indicated by 
gray circles. Figure 6b shows a stacked bar graph tabulation 
of the number of crashes occurring each day using the same 
color grey shading as the circles in Fig. 6a, with elevated 
crash counts for the 2-week period starting August 12, 2019 
highlighted by red dashed lines.

Hard-braking event counts by day for this stretch of I-65 
northbound are shown in Fig. 6c with the corresponding 
region of elevated crash counts and congestion highlighted 
by red dashed lines. It can clearly be seen from Fig. 6a, b, c 
how hard-braking activity clusters correspond to regions of 
elevated crash counts and congestion.

In this study, congested conditions are defined as lengths 
of interstate roadway that are operating below a speed 
threshold of 45 miles per hour (Brennan et al. 2013; Day 

et al., 2016). Long queues that often build up on interstate 
work zones, such as those highlighted by red dashed lines 
in Fig. 6a, would result in motorists having to swiftly slow 
down or hard-brake which increases the risk of a rear-end 
collision. Figure 7 shows the manner of collision percent-
ages for the 92 crashes recorded for this work zone in 
Fig. 6b. From the congestion seen in the region of MM 
106–110 in Fig. 6a, significant hard-braking activity is seen 
to have occurred in this same region shown in Fig. 6c, some 
of which may have contributed to back-of-queue collisions. 
This is validated by the 49% of crashes occurring in the 
two-month period being rear end collisions shown in Fig. 7. 
Lane closures, lane shifts, crashes, sweeping and painting in 
work zones, and inclement weather are some of the leading 
causes that are expected to result in hard-braking activity as 
motorists adjust to changing roadway conditions.

In this particular instance, the region of heavy congestion 
and elevated crash counts was only able to be identified in 
an after-action review once crash reports were filed. Using 
hard-braking events as a surrogate for crash counts could 
have pinpointed this region of concern within 24 h instead of 
having to wait for a crash history to develop. This is visibly 
verifiable by the strong relationship observed between crash 
activity and hard-braking events in Fig. 6b, c.

Evaluating Relationship Between Hard‑braking 
and Crashes Within Work Zones

Hard-braking events for each work zone occurring during 
July 1 to August 31, 2019 were totaled and divided by the 
extent of the work zone in miles (including approaches) to 
arrive at a value of hard-braking events per mile as shown 
below:

Fig. 7  Crashes by manner of 
collision percentages for Z14 
in the northbound direction of 
travel, from July 1 to August 
31, 2019
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Mile markers and directional information were used 
from statewide crash reports to spatially determine if a 
crash occurred within any of the 23 work zones’ bounda-
ries. The total 2-month crash count was then calculated 
and divided by the extent of the work zone in miles 
(including approaches) to similarly arrive at the crashes 
per mile value defined as:

These numerical quantities together form the basis for 
evaluating the relationship between hard-braking activity 
and crash occurrences.

Figure 8 shows a scatter plot of crashes per mile against 
hard-braking events per mile for each of the 23 work 
zones, calculated separately for each direction of travel, 
for data totaled over the 2 months of July and August in 
2019. A linear trendline is plotted over the data points 
which returned an R2 value of 0.85. The plot shows that 
in general, 1 crash per mile is to be expected for approxi-
mately every 147 hard-braking events per mile within a 
work zone. With the exception of a few outliers visible in 
Fig. 8, it can be safely said that crashes per mile increase at 
a steady rate with respect to hard-braking events per mile. 

(1)Hard-braking Events

mile
=
Hard − braking EventsJuly 2019+Hard − braking EventsAugust 2019

Approach End MM - Approach Start MM

(2)Crashes

mile
=

CrashesJuly 2019 + CrashesAugust 2019

Approach End MM - Approach Start MM

Our approach to determining the correlation between hard-
braking event and crash incident counts involved the use 
of the linear regression method. The regression resulted 
in an adjusted R2 value of 0.845 with a p value of 0.000 
(rounded to three decimal places) reinforcing the statistical 
significance of obtained results.

Using this established relationship between crashes per 
mile and hard-braking events per mile and having accom-
plished the first objective of this study, one of the 23 work 
zones needed to be chosen for a case study in order to look 
at causal factors for increased hard-braking activity, the sec-
ond objective of this study. The availability of an independ-
ent dataset, namely a mobile LiDAR map of the pavement 
profiles in work zone Z11 made it an ideal candidate for 
further analysis. Secondly, work zone Z11 was an area that 
had observed construction activity both in 2018 and 2019 
and saw a 28% increase in crash count in 2019 pointing to a 
cause of concern for INDOT. This led to a case study analy-
sis of crashes and hard-braking activity in this work zone 
described in detail in the following section.

Fig. 8  Scatter plot showing crashes and hard-braking events per mile across all 23 work zones for July 1 through August 31, 2019 with a linear 
trendline
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Results

Application Case Study: Work Zone Z11 (I‑65 MM 
50–68)

As seen from Fig. 3 and Table 1, Zone 11 (Z11) experienced 

a modest increase in crashes and was representative of a 
common rural interstate construction work zone and there 
was a mobile LiDAR map available for detailed analysis 
during the time period. The northbound direction experi-
enced approximately 70 hard-braking events/mile and 1.57 
crashes per mile for the 2-month analysis period of July and 
August 2019. Figure 9 shows hard-braking event counts and 

(a) Hard-braking events by tenth of a mile for July 1 through August 31, 2019

(b) Crashes by mile and severity, for July 1 through August 31, 2019

(c) Crashes by manner of collision percentages, for July 1 through August 31, 2019

Fig. 9  Northbound I65 Work zone Z11 (MM 50—68)
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crash counts for work zone Z11, categorized by severity and 
manner of collision, in the northbound direction of travel. 
Callouts (i) in Fig. 9a, b indicate an elevated frequency of 
crashes were in the vicinity of MM 61, the same region that 
exhibited an elevated number of hard-braking event counts. 
In fact, almost 60 hard-braking events within a 0.1-mile sec-
tion of road in 2 months suggested an opportunity for further 
investigation.

To safely conduct this evaluation, a wheel-based mobile 
mapping system was used to capture images and lane width 
data in the vicinity of mile marker 61 on I-65 in the north-
bound direction on July 17, 2019 (M. M. Mekker et al., 
2018a, b). Figure 10a and Fig. 11a show images collected 
using the mobile mapping system with cross sections of 
interest highlighted. Callouts (i), (ii) and (iii) in Fig. 10 
and Fig. 11 correspond to the left, middle and right edges 
of traveling lanes used as reference points for lane width 
computations. Callout (i) has not been marked on Fig. 10a 
as the left edge line of the roadway was not visible in this 

particular image. Figure 10b and Fig. 11b show cross sec-
tional pavement profiles colored by the intensity of LiDAR 
data aiding in feature visualization and specifically lane 
width measurement. A single cross-sectional pavement pro-
file has been used in Fig. 10 to depict narrow lane widths. 
Two different cross-sectional pavement profiles are used in 
Fig. 11 to depict narrow lane widths (cross Sect. 1) and edge 
drop-offs (cross Sect. 2) separately. Figure 10b shows that 
at MM 61.196 the left lane and right lane have widths of 
11.6 ft and 10.6 ft respectively. Figure 11b similarly shows 
that at MM 61.262 the left and right lanes have lane widths 
of 11.8 ft and 10.7 ft, respectively. The skid marks pointed 
to by callout (v) in Fig. 10a provide additional evidence of 
hard-braking events in this area. 14 crashes were observed 
on I-65 northbound between mile marker 50 and 68 for July 
1 through August 31, 2019. Figure 9c shows the manner of 
collision for those crashes split into five distinct categories 
based on obtained crash reports namely—rear end, collision 
with object/animal, same direction sideswipe, ran off road 

Fig. 10  I-65 northbound MM 
61.196 as seen on July 17, 2019

(a) Skid marks indicative of hard-braking activity

(b) Pavement profile at cross section colored by intensity showing lane widths

(c) Pavement profile at cross section colored by height
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and other. 29% of the 14 crashes involved vehicles that ran 
off the road which points to a validation of the assertion 
that pavement edge drop-offs were a causal factor for crash 
incidents and hard-braking activity. The same direction side-
swipes were the second leading manner of collision which 
points to narrow lane widths being a potential explanation as 
motorists would be forced to maintain far lesser lateral spac-
ing when driving through the work zone resulting in a risk 
of sideswipes. Although the skid marks pointed to by callout 
(v) in Fig. 10a provide visual evidence of hard-braking activ-
ity, the 14% of crashes caused by a rear end collision provide 
further confirmation of the same.

Slightly further North, callout (vi) in Fig. 11a depicts 
broken pavement which results in the right edge line being 
11.02 inches from the edge of pavement. Measurements 
in Fig. 11c using LiDAR data indicate an edge drop-off of 

2.36 inches at the pavement boundary identified with callout 
(vi). Freeway design standards established by the American 
Association of State Highway and Transportation Officials 
(AASHTO) in ‘A Policy on Geometric Design of Highways 
and Streets’, more commonly referred to as the Green Book, 
state that through-traffic lanes on freeways must be 12 ft 
wide (AASHTO 2001). This leads to the conclusion that 
observed lane widths in Fig. 10b and Fig. 11b are narrow 
lane widths. The combination of these narrow lanes and 
close proximity of a lane to the pavement edge provide a 
potential explanation for the high number of hard-braking 
events seen in this region on Fig. 9.

Fig. 11  I-65 northbound MM 
61.262 as seen on July 17, 2019

(a) Cross sections used to observe lane widths and edge drop-off

(b) Pavement profile at cross section 1 colored by intensity showing lane widths

(c) Pavement profile at cross section 2 colored by height showing edge drop-off
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Conclusions

This paper presented a quantitative analysis of hard-brak-
ing events and crash incidents conducted on 23 work zones 
across the state for a 2-month period that demonstrates the 
observed near-linear relationship between the two quanti-
ties. Image captures of skid marks, ambiguous lane markings 
and broken pavement resulting in edge drop-offs on one of 
the I-65 work zones in addition to LiDAR data were used 
to help validate high density of hard-braking events. This 
correlation helps to make the case for tracking hard-braking 
events in real-time which, when fused with traffic speeds, 
can aid in identifying opportunities for improvements in and 
around work zones. Use of hard-braking data can poten-
tially help prioritize safety investments for agencies, without 
having to wait for crash history to develop over time on a 
stretch of road that is under evaluation. The study found that 
approximately 1 crash occurred for every 147 hard-braking 
events per mile with an average probe penetration of 4.7%. 
Due to the challenge in accessing construction work zones 
for detailed measurements, mobile mapping technology is 
important for safely conducting measurement of lane widths 
and/or edge drop offs.

Some of the limitations of this analysis include the 
assumption of construction activities taking place in both 
directions of travel, inconsistencies with the reporting of 
crash locations and times, aggregate analysis conducted 
owing to unavailability of exact construction schedules 
and crash incident timestamps. Although this study only 
observed a set of 23 work zones to demonstrate feasibility, 
the methodology described herein can be easily scaled to a 
statewide level to monitor multiple work zones at a time due 
to the widespread availability of hard-braking event data.
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