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ABSTRACT

Every year, approximately 34,000 indivalsarefatally injured in crashesn USroadg[1]. These
fatalities occur across many types of crash scenarios,veifttlits own causation factors. One way to
prioritize research on a preventive technology isampare thenumber of occupant fatalities relative to
the total number of occupants involvedaiorash scenarid-our crash modes are overrepresented among
fatalities: single vehicle road departure crashes, control loss crashes;artestine heawn crashes, and
pedestrian/cyclist crash¢2]. Interestingly threeof these crash scenarios require the subject vehicle to
depart from the initial lane of travélane departure warning (LDW) systems tréokvehiclelane position
andcanalert the driver through audible and haptic feedl@aforethe vehicle crosses the lane lih@ane
departure prevention (LDP) systems can perform an automatic steering mangueeed the departure.

Another method oprioritizing research is to determine factors common among the fatal crashes.
In 2017, 30.4% of passenger vehicle crash fatalities involved a vehicle rdligvelalf of al fatal single
vehicle road departure crashes resulted in a rollover yet only 12% of fatal/ehittie crashes involved a
rollover [1]. These often occur after the drivershiost control of the vehicle and departed the road.
Electronic stability control (ESC) can provide different braking to each wheel and allow the vehicle to
maintain heading. While ESC is a promising technology, some rollover crashes still occur. Rédssive s
systems such as seat belts, side curtain airbags, and stronger roofs work to protect occupants during rollover
crashes. Seat belts prevent occupants from moving inside the occupant compartment during the rollover
and both seat belts and side curtairbags can prevent occupants from being ejected from the vehicle.
Stronger roofs ensure that the roof is not displaced during the rollover and the integrity of the occupant
compartment is maintaingd prevent occupant ejection

The focus of this dissetian is to evaluatéhe effectiveness ofehiclebased countermeasures,
such as lane departure warning and electronic stability cofdgrgirevening or mitigaing single vehicle
road departure crashes, crassiterline hean crashes, and single veldollover crashesThis was
accomplished bynderstanding how drivers respond to both road departure anecerdssline events in
realworld crashes. These driver models were used to simulate real crash scenarios with LDW/LDP systems
to quantify their ptential crash reductiorihe residual crashes, which aret avoided with LDW/LDP
systems or ESQvere analyzed to estimate the occupant injury outcome. For rollover crashes, a novel injury
model was constructédatincludes modern passive safety coumeasuresThe results for road departure,
headon, and control loss rollover crashes were used to predict the number of crashes and injured occupants
in the future. This work is important for idéfying the residual crashebatrequire further research to

reduce the number of injured crash occupants.
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GENERAL AUDIENCE ABSTRACT

Every yeaiin the US approximately 34,000 individuatsefatally injuredin many different types
of crashesHowever, some crash types are more dangerous than other crashDiyftesut-of-lane
(DrOOL) road departure crashespntrol loss road departure crashieadon crashes, and pedestrian
crashesare more likely taesult in an occupant fatality than otheash modesin threeof these more
dangerous crash typdhge vehicledeparts fronthe lanebefore the crash occuisane departure warning
(LDW) systemgandetect when the vehicle is about to criteslane linendnotify the driver with beeping
or vibrating the steering wheél different system calledlane departure prevean (LDP), can provide
automatic steering to prevent thehiclefrom leaving the lane or retutane.In control loss crashes, the
vehicldd s mdstnia different direction thnt h e v e h i c Dwidgscontiotlassl it in easier for
the vehicle to roll over which is very dangerous. Electronic stability control (ESC) can prevent control loss
by applying selective braking toeedchetcitient askeé)
heading. If arollover still occurs vehicles are equipped with passive safety systems and designs such as
seat belts, side curtain airbags, and stronger rmofsotect the people insid8eat belts can prevent
occupants fronstriking the vehicle interior during the rollover and both seat belts and side curtain airbags
can prevent occupants from being ejected from the vehicle. Stronger roofs ensure that the roof is not
displaced during the rollover to prevent occupants froimgogjected from the vehicle.

The focus of this dissertation isestimatehow many crashesDW, LDP, and ESC systems could
prevent This wasaccomplishedoy understanding howdrivers respond after leaving their lane in real
crashes. Therthese realcras scenariosvere simulatedvith an LDW or LDP systento estimate how
many crashes were preventéthe occupants of residuarastes, which were not prevented by the
simulated systems, were analyzed to estitfenumber of occupants with at least one matgeinjury
Understanding which crashes ainjuries thatwere not preventedith this technologycan be used to
decide where future research should occyréwent mordatalitiesin road departure, heazh and control

losscrashes.
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1 INTRODUCTION

Every year, approximate 4300 individualsare fatally injured in crashem roads in the UH].
These fatalities occur across many types of crash scenarios, each of which has its own set of causation
factors. One way to prioritizeesearclon apreventive technologfpr a specific crash scenario is to look at
number of occupant fatalities relative to the total number of occupants involved in this crash scenario.
According to Kusano, four crash modes are overrepresented among fatalities: single vehicle road departure
crashes, control loss crashes, cromsterline heatn crashes, and pedestrian/cyclist crasfis
Interestingly, two of these crash scenarios require the subject vehicle to depart from the initial lane of travel
before the crash occusnother method of prioritizing research is to determine factors common among the
fatal crashedn 2017,30.4% of passenger vehicle crash fatalities involved a vehicle rollbjeralf of
all fatal single vehicle road departure crashes resulted in a rollover yet only 12%l ohiéti-vehicle
crashes involved a rollovét].

The focus of thiglissertatioris to evaluatesehiclebasedcountermeasure® prevent or mitigate
single vehicleoad depdure crashes, crogenterlineheadon crashes, ansingle vehicleollover crashes.

1.1 Crash Scenarios
1.1.1 Road Departure Crashes

Drift-out-of-lane (DrOOL) road departure crashes typically consist of an unaware driver
unintentionally leaving their lane of travel, departing from th&d,and colliding with a fixedoadside
object such as a tree or guardrBibad departure crashes are one of the most darggerash modefrom
2007 to 2011, drifobut-of-lane road departure crashes accounted fottling of all crash fatalities despite
accounting for less than 10% of all crasfs

1.1.2 Cross-Centerline Head-On Crashes

DrOOL crosscenterline heatn crashes consist of a vehicle unintentionally crossing the centerline
and colliding with a vehiclé&ravelingthe opposite directiotdeadon collisions are particularly danger®u
due to the large deceleratiaxperienced upommpact since the vehicles were moving in opposite
directions.Headon collisions are overrepresented in fatal outcorkiEsadon crashes comprise only 4%

of norrintersection crashes but account for 49% of fatalities inrint@nsection crashgs].

1.1.3 Rollover Crashes
A vehicle rollover can be either emderend or lateral. Endverend rollovers are extremely rare
and consist of a very large pitch such that the vehicle daesemain on its wheels. More commonly,

rollovers occur in the lateral direction due to significant vehicle roll. Rollovers can occur after an impact
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with another vehicle, but they are more common in single vehicle colligignsn 2017, 30.4% of
passenger vehicle crash fatalities involved a vehicle rolldyeEjection is a key cdributor tooccupant

injury with over 40% of the fatalities in rollovers due to occupant ejection. However, not every fatally
injured occupant involved in a rollover was ejected from the vehicle. Another confounding factor is that
the vehicle may collide with fixed @dxts or other vehicles in addition to the rollover.

1.2 Countermeasures
1.2.1 Lane Departure Warning/Prevention Systems

The high severity obrOOL road departure and head crashebas been a key motivation for the
development of active safety systems, such @ departure warning (LDW) systems. LDW systems are
designed to alert the driver, through audible, visual or haptic signals, that the vehicle has inadvertently left
the lane of travgd]. Ideally, the driver reacts to the warning and returns to the lane, preventing an impact
(Figurel). However, the effectiveness of a warning system is limited by the reaction time of the driver and
the ability of the driver to return to the road without impacting any roadside opjgcte reaction time
of a driver to a haptic or audible LDW system can vary from as low as 0.38s tqg].3additionally,
LDW effectiveness is dependent on the evasive action taken by the dainerdeparture pwention (DP)
systemgemove the need for the driver to reacpteventDrOOL crashes by automatically steering the
vehicle back toward theriginal lane.Some LDP systems can provide steering input before departing the
lane and may also be referred sdane keeping assist (LKA) systems. Unlike lane centering systems, LKA

systems may oscillate within laaad may stop any maneuver after departing the lane

Without LDW

With LDW

A

Figure 1. Example of a LDW system preventing a road departurerash by inducing a driver
maneuver.

From 2011 to 2015, almost 50% of albderate to fatahjuries occurred in crashébat could

benefit from LDW/LDP system§]. Over 65% of these LDW/LDP applicable scenarios ie@OL road
2



departure crashesidXinger found that roughly 80% of drivers in dwiftit-of-lane road departure crashes
responded with a steering maneujgjt Kusano estimated that betweer3® of driftout-of-lane road
departure crashes could be prevented with an LDW sy§ter8imilarly, Scanlon estimated that 26% of
drift-out-of-lane road dparture crashes could be prevented with an LDW system and 32% with an LDP
system[8]. Several studies have estimated the effectiveness of LDWAthdepartures, however due to
the higher relative speed that the subject vehicles approach each other duringoa belidion, the
effectiveness of LDW and LDP systems may be different in this mode than in road defadbies).
Cicchino estimated the number of lane departure crashes, includingteaashes, that were prevented

by LDW/LDP systems using insurance claim information. The estimated benefit is tloarerother

simulatedstudies since drivers can disable the LDW system and it combines the effect of many system

types.

Table 1. Summary of LDW/LDP effectiveness estimates in the literature

Source System Type Effectiveness
Single vehicle road departur
Cicchino 20149] headon, sideswipe crashes 11% (LDWI/LDP)
us
Single vehicle road departur
Sternlund 201T710] headon crashes on high 53% (LDW/LDP)
speed roads in Sweden
. Single Vehicle Road 16.7%21.5% (LDW)
Riexinger 201§4] Departure crashes in US 24.3% (LDP)
Single Vehite Road 26.1% (LDW)
Scanlon 201%] Departure crashes in US 37.3% (LDP)
Single Vehicle Road 04290
Kusano 20147] Departure crashes in US 29%-32% (LDW)

1.2.2 Infrastructure

The geometry and construction of the road and roadside environment is carefully considered to
reduce the number and severity of these lane departure crasheRoddside Design Guide (RDG)
specifies design countermeasures such as rumble strips, a cleawidth, traffic barrier§ll]. Rumble
strips are an infrastructure countermeasure similar to a LDW system. When a vehicle crosses the lane and
contacts the@umble strip, an audible and haptic warning is delivered to the driver. Often this allows the
driver to safely return to the lanj&2, 13] The RDG also specifies a clear zone along the road where
potential roadside hazards should either be removed or protected by a traffic barrier. For highways, the
recommended clear zone width is 1QIrh]. For hazards that cannot be removed, the RDG can recommend
the installation of a traffic barrier such as a guardrail, concrete barrier, or cable [id{ti€@ne method
for supporting the installation oflangitudinal barrieuses the RSAP program to estimatéhdre is an

overall reduction in the crash cost that offsetsittis&allation of the barrigil4]. The installed barriers are



tested to conform with the crash standards indicated in the Manual #ssthesment of Safety Hardware
[15].

1.2.3 Electronic Stability Control

Electronic stability control (ESC) is an active safety feattirat detects wheel slip and applies
selective braking to each tite maintain vehicle headindrevious studies have shown that ESC systems
are effective in preventing control loss crashes. B&Cheen estimated to prevent up to 50% of all crashes

with serious or fatal injuries and could prevent 20% of allrear end crashe34ble2).

Table 2. Summary of ESC effectiveness values and methods in the literature

. ESC
Source Method Population Effectiveness

All crashes 1%
Induced exposure metho SingleVehicl 50%
Farmer, 200416] compared identical make !ng eve '9 € 0
and models Single Vehicle 24%

Rollover
Combined multiol | Single Vehicle 49%
ombined muliple values Loss of control 41%
Erke, 200417] computed across many — .
studies Rollover, injuries 69%
All, nonrearend 22%
Quastinduced exposure Single Vehicle 0
S 35%

compared to mukvehicle Passenger Cars
crashes Single Vehicle SUVs 67%
Single Vehicle
Dang, 200418 .

g 418] Quastinduced exposure Passenger Car 30%

compared to mukvehicle fatalities
crash fatalities Single Vehl_cle SUVs 63%

fatalities

Simulator study with SUV
Papelis, 201(19] and passenger vehicles tg 180 cases 24.6%
test loss of control

All, non-rearend 16.7%
Serious/fatal, non 21 6%
rearend
Induced exposure method Single vehicle, wet 56.204
Lie, 2006[20] compared identical makes roads a7
and models i i i

Single vehicle, icy 49 2%

roads
Single vehicle, dry 24 8%

roads

1.2.4 Rollover Passive Safety
In the event of a rollover, passive safety featusegh as seat belts, side curtain airbags, and
stronger roofsmay reduce the risk of serious injury to the passen@eat belts can prevent occupant
ejection and injury by restraining the occupant to the seat rather than exiting or moving arourttiénside
4



vehicle during a rollover crash. Side curtain airbags deploy during a rottiséwck common occupant
ejection portals such as the side windows. Stronger roofs prevent injury by reducing the amount of roof
deformation during a crash. Stronger roofs can also prevent occupant ejection by providing additional
support to the widows andimdshield from breaking open.

Five main studies have attempted to relate occupant injury to rollover characteristics. The first, by
Digges, sought to characterize rollover injuries based on the vehicle class, occupant belt use, ejection, and
number of quaer turns using cases from NASS/CDS 129®1. The analysis was limited to front seat
occupants over the age of 12. Digges found that occupants not wearing their seatbelt or occupants that were
ejected had a higher risk of injui@l]. However, tis study did not report an injury risk model. The second
study, by Conroy, did construct an injury risk model but did not include the coefficients. Conroy used
CIREN cases from 1998004 and NASS/CDS cases from 19882[22]. The cases were restricted to
rollovers in which the vehicle had no other significant impacts during the crash. Additionally, only non
ejected, front seat occupants were included in the analysdogistic injury model used multiple predictor
variables including belt use, intrusion, -Fde position, age, height, rollover initiation type, number of
quarterturns, vehicle body type. Conroy found that roof intrusion was a significant indicaligjuif.

Funk et al. found that belt use was the best predictor of ejection likelihood, with side curtain airbags the
next best predictd23]. Using the Abbreviated Injury Score (Al®)medically relevant injury scaleunk,

Cormier, and Manoogian developed a fatality model and nmfodederious injuries with maximum AIS

greaer than 3 (MAIS 3+]24, 25] The model they developed for predictingSA3+ injuries included the

number of quarter turns, ejection, BMI, and age as predictors. However, the model did not use seat belts as
a predicting variableFlannagan constructed a logistic model to predict MAIS3+F injury during a rollover
based on the @apant age, belt use, roof intrusion, model year, rural road, occupant ejection, and occupant
sex|[26].

1.3 Driver PRT

Driver perceptiorresponse time (PRT) is a key component in many human factors ardoyses
during the investigation and reconstruction of automotive crashes. Krauss identified four basic stages of
PRT: detection, identification, decision, and resp¢2gg Once a potential hazard enters the field of view,
the driver must first detect the hazard and then acquire enough information about the scenario to determine
whether an evasive action is required. Next, if necessaryriver must decide and execute an evasive
action such as braking or steering.

Understanding the PRT of a truly unexpected situation, like a-cevgerline encroachment, is
difficult to accurately assess. Research on the topic of PRT has tended te stuadlies using simulators

or closed tracks (which by their nature can detach the driver from feeling a sense of connection to the road
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and risks that come with real driving) or retrospective analyses of crashes in which parameters such as PRT
can only besstimated rather than directly measured. Olson and Sivak assessed PRT to unexpected roadway
hazards when cresting a Hi8].

as the t

i me

Il n a

Asurpriseo

condi ti

on, t he

pedal release to brake pedal application, was approximately 0.4 seconds, summingtdbPRT of

approximately 1.1 seconds. The researchers also found that the 95th percentile PRT was approximately 1.6

seconds. Lerner released crash barrels in front of unsuspecting 2887?46 of drivers reacted, with

50t

di fferbheesfgbhmi hpeofift het opsesacl eod
pedal, was found to be 0.6 to 0.7 seconds. The 50th percentile response time, measured from accelerator

43% steering and braking, 36% steering only, and 8% braking only. Mean brake PRT was 1.5 seconds with

an 85th percentile PRT of 1.9 seconds. In a study by Broen and Ghiengverage brake response time

of 100 drivers in a simlator reacting to an undefined unexpected obstacle was found to be 1.33 seconds

[30 Do Add

ario

estigated braka ane steeriremaction times to three different hazards (a left

turn across path, a pedestrian entering the roadway, and andgtgion vehicle) while in a driving

simulator[31]. The median brake reaction times were 0.88 seconds (pedestrian), 1.32 seconds (right

incursion vehicle), and 2.02 seconds {tefin across path). The researchers stated that only tHerkeft

across pdithazard had sufficient data to assess steer reaction times, for which a median time of 1.87 seconds

was reported.

To better understand the effect of distractions on the driver reaction time in car following scenarios,

Gao and Davis used a naturalisticvidrg study[32]. Naturalistic studies may provide more accurate

measurements of driver reaction time since evemfgpening during a normal driving scenario rather than

in a controlled environment such as a test track or simy@®pr For 40 attentive drivers responding to a

lead vehicle, the meaneasured reaction time was 1.57 seconds for crash andrashrevents.

Table 3. Summary of some previously measured PRT response times

Source Experimental Design Situation Type Driver PRT (s)
OI?fSSaGng;ivak Controlled Test Site ObjdeS:iLnglﬁﬂleCrri\g?aled 1.1
(153;?[659] Controlled Test Site Barrels released 15
Bro(iggg)?3%;1 lang Simulator Obstacle 1.33
Do A(goggz):l[gl]i °c a Simulator Pedestrian 0.88
Gf‘z%i"?‘)‘j[3[;‘j‘Vis SHRP 2 Car Following Events 1.57
Most studies that measur e -impaetcrdshes oresingiehicleP RT

collisions. In particular, the current driver models of detection in car following scenarios are based on
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changes in the visual angle of the lead veH@4#. However, in crossenterline crashes, the detection of
an encroaching, oncoming vehicle may not require an increase in visual angle. Additionally, the commonly
studied PRT scenarios may have different evaaot®ns than crossenterline scenarios. Based on the
100-Car Naturalistic Driving Study, drivers applied the brakes alone in 70% of car followingnasar
scenarios, but only 19% in oncoming vehicle r@ashe$35]. Based on event data recorders from cross
centerline crashes, Riexinger (2019) showed that 80% of drivers performed both a brakistgering
evasive action before the impact with the encroaching vel3i6le

The most comprehensive and pertinent analysis to the current study is the 2006 Markkula
et al., who used the Second Strategic Highway Research Program (SHRP 2) and Analysis of Naturalistic
External Datasets (ANNEXT) projects to investigate braking in emergency situations during-readfon
driving [37]. Looking at reaimpact crashes and neenashes, the researchers found that brake onsesalm
always occurred within a haffecond of some visually discernible physical reaction by the driver to the
collision threat such as a change in posture, facial expression, or leg position. That research group also
expressed that brake reaction times may be a meaningful measure of driver behavior in surprise
emergencies, such as path intrusions, and that reaction times determined in one study may not generalize

to other scenarios.



2 DATA SOURCES

2.1 Summary

To estimate the future benefit of LDP and ESQesyss for lane departure crashes, this dissertation

utilizes multiple datasethatare detailed in the following sectioriBaple4).

Table 4. Summary of data sources.

Travel Survey

vehicle age, miles travelled

. Chapter
Dataset RepresentedPopulation Data Type Utilized
FARS All fatal, police-reported Basic cras_hvehlcle_, and 3.7, 12
crashes occupahinformation
NASS/GES Sample of all policeeported Basic crash_, VehIC|Q, and 37,12
crashes occupant information
Sample of all policeeported In-depth investigation:
NASS/CDS crashes with a vehicle towe( scendliagram, photographs, 3-10, 1215
due to damage injury records
Sample of all policeeported In-depth investigation:
CISS crashes with a towed vehicll  SC€N€ pll_agram, photography 6, 10, 13, 15
injury records
Virginia Tech EDR data extracted from | Vehicle measurements befor 46 810 1315
EDR Database | NASS/CDS and CISS case| and during the crash ' ’
Drool road departure crashg Detailed road, roadside, ang
NCHRP 1743 from NASS/CDS encroachment information 36
CrossCenterline Headon crashes from | Detailed road and encroachm 710
Database NASS/CDS information
SHRP 2 Naturalistic driving Ve_hlcle dy”a'.“'cs and_ muIt_lpI 11
video recordings during trips
IIHS IIHS safety ratings and availak
Vehicle Dataset Passenger vehicles safety technology byehicle 12-15
model
NHTSA Componen Passenger vehicles Roof SWR by vehicle model| 12, 13, 15
Test Database
. Basic driving/vehicle
National Household US households information: 6, 10, 15




2.2 FARS

The FatalityAnalysis Reporting System (FARS) is a census of every fatal vehicle crash in the US
since 197438]. Because every crash in FARS includes at least one fatality, FARS includes only the most
severe vehicle crashes. Based on the police reports, FARS contains useful iofoahatit theroad,

environment, vehicles, armtcupantsnvolved in the crash.

2.3 NASS/GES and CRSS

The National Automotive Sampling System General Estimation System (NASS/GES) is a database
containing a probability sample of police reported cradrma 1988 to 2015[39]. Every crash in the
database is assigned a weight such that the entire database is representative of all police reported crashes in
the US.Based on the police reportdASS/GES contains useful information about thad, environrant,
vehicles, and occuparits/olved in the crasiThe Crash Report Sampling System (CRSS) is the successor
to NASS/GES and contains crashes after theymee2015Both NASS/GES and CRSS are useful datasets

for understanding the overall crash populagiin the US.

2.4 NASS/CDS and CISS

The National Automotive Sampling System (NASS) Crashworthiness Data System (CDS) data set
is a representative sample of all crasheshichat least onpassengerehiclewastowed away40]. Every
case in NASS/CDS is assigned a weight to represent the total nunderilaf crasheghatoccurred in
the US during that case year. NASS/CDS provides detailed information on each case including vehicle
deformation, crash causari factors, a scaled scene diagram of the crash, and occupant injury information
records.Each case in the data set includes a scaled scene diagram with the vehicle trajectory and impact
locations. If possible, the vehicle deitas calculated from an ergy reconstruction based on the crush
profile of the vehicle using Wismash41-43]. NASS/CDS containsrashdata from 19730 2015. The
Crash Investigation 8apling System (CISS) is the successor to NASS/CDS and currently contains crash
since2017[44].

2.5 EDR Database

The Virginia Tech Event Data Recorder (EDR) Database is a collection of the information retrieved
from EDRs in vehicles involved in realorld crasheshatwere invesgated in NASS/CDSrom 2000 to
2015. The EDR database is continuing to expand to also include caseSIB&R017. Most recently
manufactured vehicles have BDR installed, which records basic vehicle information in the event of a
crash.The EDR databasis a unique source of direct measurements of vehicle speed before and during a
crash.The EDR records datauch as delts, during the crasto capture the crash pulse. Additionally, five

seconds of prerash information, such as vehicle speed, thrptikition, brake activation and engine RPM,

9



are also recorded. Some advanced EDRgord information such as the steerimigeel position, the
activation of electronic stability control (ESC) and the activation of the antilock brakes system (ABS).
EDRs have been shown to accurately measure the crasiv @éttan 14%[42] and are frequently used to
understand driver precrash behayis, 46]

2.6 NCHRP 17-43

The National Cooperative Highway Research Program (NCHRPJ3ldatabase is under
development at Virginia Tech as a part of a grant from the National Academies of $4ient@] The
NCHRP 1743 database contains suppkntary data for a total of 1,5&Ingle vehick road departure
crashes from NASS/CD&ase year2011 to 2015. The supplementary data includes numeric trajectories,
speed reconstructions, and detailed roadside informakimacted from the NASS/CDS caskdas been
used to understand the nature @did departure crashes into barrig@], understand driver behavifs,

36], and to predict the benefits of LD, 50].

In the NCHRP 173 database, there were 97 cases with reconstructed impact speedscaashpre
speeds captured by an associated event data recorder (EDR). The reconstructed impact speed was compared
to the last recorded prerash speedihe reconstructed impact speed was on average 14% lower than the
EDR impact speed-{gure2). Most of this error can be attributemlthe known 13% underestimation of the
deltav using WinSMASH42].
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Figure 2. Comparison of reconstructedmpact speeds with EDR recorded speeds.

2.7 Cross-Centerline Database
The Virginia Tech CrossCenterlinedatabase contains 232ASS/CDS crosgenterline crashes

where at least onpassengewrehicle ha EDR information availablel developed this dataset for to
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understand the nature of heawl crashes and to evaluate possible countermeaSurekar to the NCHRP
17-43 database, this contains the trajectory positions and headings of every vehicle involved.
The crashes in the Cre€enterline database were selected from NASS/CDS-201%. Every
case was categorized into a crash scenario based on the ACCTYPE, PREMOVE, and PREEVENT
variables. This crash scenario excludes loss of control crashes but caa nodlovers.To be included in
the database, the crash scenario must be a lane deplaatuesulted in a crash with a vehigtavelingin
the opposite direction. Additionally, at least one vehicle involved in the crash must have EDR information
availabe (Table5).

Table 5. CrossCenterline database inclusion criteria

Number of Cases Weighted Number of Cases|
NASS/CDS 20142015 16,536 7,468,762
Lane Departure: Opposite Direction Cra 694 184,522
EDR Information for at Least One Vehicl 232 68,296
2.8 SHRP 2

The second strategic highway research program
dataset, containing nearly twaetpbytes of dat§l]. The primary vehicle of over 3,400 drivers was
equipped with a data acquisition system that recorded information fromakiseacelerometers, three
axis rate sensors, a global positioning system, forward radar, vehicle network data, lane position, and four
video feeds (front, rear , driver 6s f ace, and driv
the driver was distided or engaged in a secondary task based on a review of the driver video. Every trip
was recorded during the thrgear period and captured 8,769 crashes or-cr@ah events. The current
study utilized the forwarflacing video and the 10 Hz tirseries dta of vehicle acceleration, brake pedal

activation, yaw rate, and steering wheel angle from crash andassr scenarid$2].

2.9 NHTSA Component Test Database

The vehicle SWR was also retrieved from the NHTSA Component Test Dat@®sd his
database provided a collection of the roof crush tests completed to ensaleaahpliance with FMVSS
216.Test results are available up to model year 2008.FMVSS 216 testing procedure prescribesing
a rigid, unyielding test block at a rate of 13 mm/s to a maximum displacement of 1254inimhe roof
SWR is computed as the force divided by the unloaded weight of the vehicle. The FMVSS 216 test defines
the vehicle roof SWR as the maximum roof SWR within the first 127 mm of roof deformBNMWSS

216 requires both sides of the vehicle be tested

2.101IHS Vehicle Dataset

The Insurance Institute for Highway Safety (IIHB)aintains vehicle safety information and the

availability of safety systems in vehiclgsb]. Thesepublicly available records of makaodel specific
11



safety equipmentereused to determine thieof strength to weight ratio (SWRNhd ESCavailability. The

IIHS ESC availability dataset has four variables for each row: the model year, make, model information,

and ESC availability. The model information variable is a stifiagicontains the model of the vehicle and

may contain the trim, body type, numloéidoors, etc. The model information string was parsed into seven
variables: model, cab type, drive type, series, hybrid, number of doors, and body style. Possible ESC
availably options included, i St anda r ldbility dafaliapet i on al
did not include a vehicle and the model year was 2012 or newer, the wehéchssumed to lmompliant

with FMVSS 126. Otherwise, if the database did not include a vah@ke/modelit was assumed to not

have ESCIIHS measures the ré&WR following the FMVSS216 test procedures except the test block
displacement is limited to 5 mm86]. The SWR data from IIHS was organized by vehicle make, model,

and model year.

2.11National Household Travel Survey

The National Househol@ravelSurvey (NHTS) is a pulily available dataset containing personal
and household travel informatidd7]. The NHTS is conducted by the Federal Highway Administration
(FHWA) every five to eight year® collect basic information abotravel habits The survey data from
2001, 2009, and 2017 was used to estimate the age distribution of vehicles in the US fleet based on the
vehicle miles travelled (VMT)Each trip in the NHTS was weighted by the case weight (WTTRDFIN)
times the miles tnaelled during the trip (VMT_MILE). The age distribution by VMT was calculated for
each individual case year. The average vehicle age distribution was determined by averaging the proportion
of vehicles of a given model year. The average was used to smadtieceffects of the 2008 recession
which heavily influenced the sales of vehicles and the humber of miles travelled during th&tigane (
3).
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Figure 3. Age distribution of vehicles in the US fleet by survey year.

The average age distribution of vehicles based on the 2001, 2009 and 2017 NHTS data was
compared to the NASS/CDS age distribution for the corresponding case yeaiofd2@@l to 2015.
Overall, the vehicle age distribution of the US fleet, weighted by VMT, closely follows the age distribution
of vehicles involved in a crash with at least one towed vehtiipi(e4).
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Figure 4. The age distribution of vehicles in NASS/CDS 2062015 compared to the average
age from the 2001, 2009 and 2017 NHTS studies.
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3 CHARACTERIZATION OF ROAD DEPARTURE CRASHES

3.1 Purpose
The obgctive ofchapter 3was to determine the frequency of awndcharacterizedbrOOL road

departurecrashes in the U.S. as a basis for evaluating active safety countermeasures.

3.2 Approach
3.2.1 Data Selection

All recordedsingle vehicleroad departurerasheghat occurredbetween 2011 and 203gere
extracted from NASS/GES, NASS/CDS, and FARBese three databaseere selected toover a large
range of craskeveritiedrom police reported crashes (GES), and moderate to fatal injurious crashes (CDS),
to fatal crahes (FARS)Moderate injury is defined in NASS/CDS based on the Abbreviated Injury Scale
(AIS), a clinically relevant scale of injury severjgb]. Additionally, the NCHRP 143 database was used
to gain insight into the roadside features during DrOOL road departure crakheseighted number of
cases from NASS/CDS and NASS/GES were used for the analysis.

The two most commatypes of road departure crashes were DrOOL and control loss road departure
crashegFigure5). LDW and LDP systems are the primary countermeasure for preventing Dr@@L ro
departure crashes while ESC is the primary counter measure for control loss road departuréeigshes.
DrOOL road departure crashes were considered in this characterization since the following chapters will

focus on LDW and LDP countermeasu€able6).

B ces an [ cbs (Mais3+F) ] FARS (Fatal)

Other/Unknown 4

DrOOL A

Crash Type

Control Loss

Avoidance |

0% 25% 50% 75% 100%
Percent of Crashes

Figure 5. Distribution of types of single vehicle road departure crashes.
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Table 6. Number of analyzed caseacross each of the datasets.

. . Weighted
Dataset Population Slgjy e?/it W?Lgn'&ee? %{23;]63 Occupants
y 9 (unweighted)
All Police-Reported 2,160,271 2,817,202
NASSIGES | " '1,501 Crashes Al (24,497 (32,999
Tow-Away DrOOL 26,890 28,386
NASS/CDS Crashes MAIS 3+F (339 (374
DrOOL Crashes with g
FARS Fatally Injured Fatal 29,663 31,947
Occupant
NCHRP 17 Tow-Away DrOOL 17,366 18,352
43 Crashes MAIS 3+F (207) (231)

3.2.2 Analyzed Parameters

For everyDrOOL road departurerash in each database, factors were analyzed from four main
characteristics: road/environment, vehicle, driver, and occupants (Table 1). The road/environment
characteristic was analyzed for each case since every vehicle and occupant in the crashvirtteract

road/environment.

Table 7. Data elements for indepth characterization.

Characteristic Factors Data Source
Speed Limit All
Road Alignment All
Number of Lanes All
Weather Condition All
. SurfaceCondition All
Road/Environment Roadway Lighting All
Shoulder Width NCHRP 1743
Crash Causatior Clear Zone Width NCHRP 1743
Lane Markings NCHRP 1743
Obiject Struck NCHRP 1743
Avoidance Maneuver All
Demographics (age, sex) All
Driver Alcohol Involvement All
Drug Involvement All
Precrash Maneuvers All
Vehicle Model Year All
Rollover All
Injury Causation Demographics (age, sex) All
Occupants B?II use Al
Ejection All
Seat Location All
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3.3 Results

Fatal DrOOL road departure crashes warerrepresented on 55 mph roads and underrepresented
at speeds below 35 mpRigure6). This may be due to the fact that slower moving vehicles likely have a
lower crad deltav, which reduces the chance of a fatal injuvipst DrOOL road departure crashes occur
on straight sections of roadsigure7). Fatal road departure crashes are overrepresented on curved roads.
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Figure 6. Distribution of speed limit amongDrOOL road departure crashes
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Figure 7. Distribution of road alignment for DrOOL road departure crashes
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Two-lane roads were the most common location of DrOOL road departure crashes but these roads
are also one of the most common roadway types in th&iggré8). Following the NASS/CDS definition,
this counts all lanes on undivided roads and the lanes in the same direction for divideBatahdsashes
were nearly as common at night in theeldas during the dayrigure9). This may be due to an increased

number of drowsy or intoxicated drivers at night.
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Figure 8. Distribution of lanes forDrOOL road departure crashes
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Figure 9. Distribution of lighting conditions for DrOOL road departure crashes.
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Most crashes occurred during typical clear days with dry rdadsire 10 andFigure 11). Fatal
crashes may be underrepresented during the rain with wet roads because dralkng tndore cautiously.
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Figure 10. Distribution of weather conditions during DrOOL road departure crashes
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Figure 11. Distribution of surface conditions for DrOOL road departure crashes
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In dmost allcases in FARS, NASS/CDS, and NASS/GES, there was either no evasive maneuver
or the maneuver was unknowRigure 12). Because of the lack of insight from these datas#tapter 4
will characterize the evasive actions using EDR informatatal DrOOL road departure crashes were far
more likely to involve a rollover than less severashesKigure13).
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Figure 12. Distribution of driver evasive maneuversfor DrOOL road departure crashes.
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Figure 13. Occurrence of rollovers during DrOOL road departure crashes.
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Most drivers in these crashes were relatively youid§p of drivers were at most 25 yeald
(Figure14). More severe crashes tended to haverotitivers which may indicate that older drivers are
more susceptible to serious injuries. Most of the drivers were IFigigr€15).
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Figure 14. Distribution of driver age in DrOOL road departure crashes
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Figure 15. Distribution of driver sex DrOOL road departure crashes
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More severe crashes were overrepresented amongthasesolved alcohol or other impairing
drugs Figure 16 and Figure 17). However, it should be noted that these counts are based on police
assessment of alcohol or drug involvement and may not always rely on a test. This could bias the results

toward none or unknown involvement.
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Figure 16. Involvement of alcohol inDrOOL road departure crashes
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Figure 17. Drug use among drivers inDrOOL road departure crashes
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Before departing the road, nearly all drivers were not attempting anguwaer such as turning on
to a new roadRigure18). The model year of vehicles in fatal DrOOL road departure crashes is shifted left
from all DrOOL road departure heswhich may indicate that newer vehicles protect occupants better
(Figure19). CDS does not follow the same curve because NHTSA purposely sampled vehiolesr¢hat
less than 10 years old.
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Figure 18. Distribution of maneuversbefore departing the roadway
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Figure 19. Distribution of vehicle model yearin DrOOL road departure crashes
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Over threequarters of the occupants in DrOOL road departure crashes are in the drivieigseat (
20). Since most of these crashes single occupant crashes, there is a drastic increase in the age distribution
after occupants reach licensing ag&(re21). Similar to the driver age distributiomore severe crashes
tended to have older occupants.
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Figure 20. Distribution of occupant seating location.
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Figure 21. Age distribution of occupants inDrOOL road departure crashes
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Fatal and MAIS 3+Fnjured occupants were overrepresented among unbelted occupants and

ejected occupant&igure22 andFigure23).
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Figure 22. Distribution of occupant belt usein DrOOL road departure crashes
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Figure 23. Distribution of ejection occurrence in DrOOL road departure crashes
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Similar to divers, most of the occupants in DrOOL road departure crashes wereFigale24).
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Figure 24. Distribution of occupant sex in DrOOL road departure crashes.
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Narrow objects, such as poles and trees, were the most common hazard struck first in DrOOL road

departure crashegifure25). Curbs were 26%fo
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Figure 25. Distribution of the type hazard first contacted in DrOOL road departure crashes.
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Over 40% of theveightedDrOOL road departure crashes occurred in a location without a shoulder
(Figure 26). Additionally, half of the DrOOL road departure crashes occurred in locations wieere t
measured clear width was less than 2.5igure 27). Less than 5% of the crashes occurred in locations
with a measured clear zone width greater than 10 m. The faglslwoulder and a small clear zone may
limit the ability for drivers to recover from a departure.
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Figure 26. Distribution of the shoulder width at the road departure location.
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Figure 27. Distribution of the clear zone width at the road departure location.
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Solid white lines were the most common lane marking for right side departures and double solid
yellow lines were the most common lane marking for left side departtigrg€28). Over 20%

of the crashes occurred in a location with no lane marking. This could make it more challenging
for LDW and LDP systems to identify a road departure.
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Figure 28. Distribution of lane markings for left and right DrOOL road departure crashes.

3.4 Conclusions

Most DrOOL road departure crashes occur on straiglhn@ roads on clear days. Male drivers are
more likely to be involved ithese crashes. Older drivers are more likely to be fatally injured in the event
of a DrOOL road departure crash. This analysis revealed two potential challenges road departure
countermeasures. Missing lane lines may make it challenging to identify aulegaent. In addition, the
lack of a shoulder combined with a small clear zone may reduce the chances of the vehicle recovering back
onto the roadway.
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4 CHARACTERIZATION OF DRIVER EVASIVE ACTIONS IN
ROAD DEPARTURE CRASHES

4.1 Purpose

While driver reactioniine has been extensively investigated, little has been published on the type
of evasive maneuvers taken by the driver to recover from a road depéheneurpose of thishapteris
to understand what evasimegneuversirivers perform while attempting evoid roadside obstacles after a
road departurand to develop a driver behavior madel

4.2 Methods
4.2.1 Case Selection Criteria

To be included in the study, NASS/CDS cases with supplentesjidtory data from the NCHRP
17-43 databasenustalso have EDR informatin available At the time this study was completed, the
NCHRP 1743 was not completed and contained only 992 cdsesnsure that the EDR event recorded
corresponds to the impact described in the NASS/CDS case, only cases in which the EDR either recorded
an airbag deployment or had a deltgreater than 8 kptvere selected4, 6, 45, 50] When an airbag
deploys, the data is locked into the EDR and cannot be overwritten by lower siewpaitys. A deltav of
8 kph is a significant crash, and it is unlikely that a more significant event could occur to overwrite the data.
To ensure that the EDR events align with the NASS/CDS events, the first event in the NASS/CDS case
must have the largesleltav. This selection criteria is the same as that used by Scanlanalgze

intersection crashd45] and issummarizedn Table8.

Table 8. Caseselection criteria .

Criteria Cases Weighted Cases
NCHRP 1743 992 343,494
EDR Information Available 252 92,241
Airbag Deployment or Delt¥ > 8 239 88,422
kph
First Impact Most Severe 123 53,660
Precrash Information Available 97 44,439

4.2.2 EDR Reconstruction Methodology

To understandhe evasive actions attempted by the driver, only theragh data recorded after
the initial lane departure is relevaAssuming constant acceleration between EDR velocity measurements,
the distance traveled by the vehicle is computed. The time ofitia¢lane departure was calculated at the
moment when the EDRomputed distance is greater than the trajectory distdigeré 29). Additional

distance was addedrfoases in which the vehicle crossed at least one lane before departing the road. The
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additional distance was computed by assuming a straight path from the point of lane departure to the point
of road departure and that the vehicle departed the laneh&idatme angle as it departed the réad ().
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Figure 29. Example alignment of EDR precrash velocity with the trajectory information to
determine the time of initial lane departure. The red segment represents the tinteaveled
after departing the lane but before impacting the guardrail.

4.2.3 Steering Angle

In this study, evasive steering was defined as a yaw rate greater than 4 deg/s, using a convention
consistent with earlieraturalistic drivingstudieg35]. A criterion for evasive steering based on the steering
wheel angle was computed by relating the steering wheel angle to the yaw rate. EKib&spregata with
both yaw rate and steeritwgheel angle werased to determine the relationship between the two parameters.
This excluded rollover crashes because they often are not tracking before trippngmeseries data
from tentracking vehiclesn NASS/CDS and NCHRP 1Z3was used to forma linear modelelaing the
yaw rate to steering wheel angle before the crash. The stegnag angle is proportional to the yaw rate
by a factor of 4.4Kigure 30). The threshold foevasive steering based on steefiviteel angle was,
therefore, 17.5
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Figure 30. Average relationship between steeringvheel angle and yaw rate.

4.3 Results

The evasivenareuvers performed by the drivers and their frequency arensuized inTable9.
Steering was the most common driver response, followed by brakiege werel6 cases with

both steering and braking data. The majority of drivers responded by only st@atel(). The
combined maneuvers will be utilized in the following chapter as the foundation for the driver

behavior model.
Table 9. Evasivemaneuversin DrOOL road departure crashes

: Action : Percent of
Parameter Action Cgses Percent Performed Weighted Weighted
Performed | Available | of Cases . Cases
(weighted) Cases
Brake 40 92 43.4% 20,556 40,849 50.3%
Accelerate 27 52 51.9% 8,829 21,307 41.4%
Steer 15 17 88.2% 7,813 8,985 87.0%
Yaw 10 15 66.7% 2,493 4,671 53.4%
ABS 4 16 33.3% 329 9,029 3.6%
ESC 4 12 25.0% 752 3,680 20.4%
Table 10. Combination of evasive maneuverg DrOOL road departure crashes
Parameter Action Percent of Action I_Derformed I?ercent of
Performed Cases (weighted) Weighted Cases
No Avoidance 1 6.3% 1,111 17.5%
Brake and Steer 5 31.3% 485 7.6%
Steer Only 9 56.3% 4,694 73.9%
Brake Only 1 6.3% 60 0.9%

4.4 Discussion
As discussed in ChapterlSASS/CDS is inadequate for drawing conclusions about driver evasive

maneuvers because in over 50% of the cases, the response was uiiigorei?). The driver maneuver

was determined by the crash investigator based on physical evidence, such as tire marks. However, as the
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scene was investigated up to two weeks after the crash, much of the visible evidence was likely missing.
Therefore, NASS/CB is not an adequate source for understanding driver maneuvers. Unlike NASS/CDS,
the use of supplementary EDR information provides a direct measurement of the driver response to road
departure. This is why more cases in NASS/CDS record the driver asngagano evasive maneuver
before the crash than what was recorded in the EDR. Both the EDRs and NASS/CDS determine steering
and braking as the most common evasive maneuvers.

In the majority of road departure craslie87.1% of cases and 56.2% of weightedsties the
vehicle was travelling faster than the speed liFigre31). In 43 of the 82 cases, the vehicle was travelling
more than 8 kph (5 mph) over the speedtlithe median departure speed was determined to be 54.7 kph.

Very few road departure crashes occurred at speeds below 2Bigpte2).
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Figure 31. Vehicle speed compared to the posted speed limit. Cases above the line represent
vehicles travelling faster than the posted speed limit.
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Figure 32. Cumulative distribution of the departure speed.
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Thedistance traveled to the site of impact from the initial lane departure is related to the time from
the departure to the impadtigure 33). This is closely correlatedithh the departure speed, as expected.
Within each time to impact, vehicles travelling faster will cover more distance before impact than slower
vehicles. The difference between the distance traveled by almvfastmoving vehicles increases with
time. Thus, the variation in distance traveled to impact is larger with a longer time to impact.

1004

. Departure
* Speed (kph)

100

50

0

Distance to Impact (m)

’ 'I'im:e to Impaci(s) )
Figure 33. Relationship between the distance traveled and the time to impact. The slope of
the line represents the median departure speed 6#.7 kph.

As many of the crashes occurred close to the road and at high speeds, many drivers did not have
sufficient time to react. Typical reaction times to LDW systems are between 0.38 s an/®]L.B6erefore,
individuals with a fast reaction time of 0.38 s could not respond to an LDW in 23.4% of crashes. Individuals
with a slow reaction timefdl.36 s could not respond to an LDW in 71% of craskégute 34). LDW
systems require sufficient time for the driver to react to the warning and perform an evasuenaA
lane departure prevention (LDP) system may be more effective in avoiding these crashes by providing a

steering input immediately when the vehicle begins to leave the lane.
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Figure 34. Distribution of time from road departure to time of impact.
The deceleration was computed using a linear regression of the amount of time the driver was

braking as a function of the change in velocity. The average deceleration of the vehicle due to braking was
0.41 g Figure 35). This is less than the 0.58 g evasive braking present in intersection desh&ne
reason for this difference there is likely alower coefficient of friction between the tires and the ground
when off the road compared to when the vehicle is on pavemeaddition, evasive actions off the road
and in intersections may be differeith e br aki ng i s sidetaretatt beofeant

gdefined in AASH5BIO6s Green Book
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Figure 35. Vehicle deceleration from braking before impact.
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4.5 Limitations

Thisstudy analyzed only those road departures that resulted in cvaindswnloaded EDR data
Accordingly, conclusions cannot be made about what driver maneuvers are successful in avoiding a crash
in road departure scenarios. However, the purpose of LD\Wéragsis to reduce the number of road
departure crashes, which is represented in theseBitause of the low sampling rate of EDR precrash
data, the temporal error for the length of a braking or steering response can be up to 1 s. This is particularly
large for cases when the drive responded just before impact.

Within this dataset, more EDRs recorded steering wheel angle than yaw rate. However, the
threshold to indicate a steering maneuver based on steering wheel angle may not be accurate fosall vehicle
The yaw rate resulting from a given steering wheel angle is highly dependent on the vehicle geometry such
as the track width, the suspension, and the speed of the vetielever, a steering wheel angle of 17°
would be higher than necessary to maintaive positionwhich indicates a steering maneuver.

The majority of drivers responded to the road departure by performing some steering maneuver. In
over 70% of the cases in which the driver performed an evasive steering action, the driver turned in the
direction of the roadThis method cannot exclude the possibility of femasive steering actions such as
the driver falling asleep and causing the vehicle to turn away from theTioask results a@so Imited
by the small number of cases that hadElRER steering or yaw rate data available. The same limitation
applies to the activation of ABS and ESC before the crash.

4.6 Conclusions

LDW applicable crashes account for a small portion of crashes but comprised almost 50% of all
MAIS3+F injuries. Drivers ted to react to a road departure with an evasive steering action back in the
direction of the road. The second most frequent maneuver was braking, which had an average deceleration
of 0.41 g.The following chapter will utilize the driver model to predictiefhcrashes could be prevented
with LDW/LDP systems.
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5 ESTIMATED BENEFIT OF ROAD DEPARTURE CRASHES

BY LDW

5.1 Purpose

The purpose of thishaptemwas topredictthenumber of DrOOLroad departure crashafter fleet

wide deployment of LDW/LDP systems.

5.2 Approach
5.2.1 Data Selection

NASS/CDS driftout-of-lane road departure crashes from 2011 to 2015 were selected for estimating

the effectiveness of LDW/LDP systenThese ar¢he latest five years available in NASS/CDS. For each

of these cases, the NCHRR43 database was used to provide the associated coded trajectory of the vehicle

before the crastOnly cases with an associated EDR download were inclddedEDR precrash velocity

data was used to determine the

Vudeld in odr gtullys thesfipste e d

event had to be the most sevetg]. Additionally, the EDR needed to record either an airbag deployment

or a deltav greater thamr equal ta8 kph (5mph). The airbag deployment locks the EDR data preventing

subsequent events from overwriting EDR data. The -deteguiremenensures a crash with significant

damage. Another impact that did not deploy the airbag would be unlikely to overwrite these events. Finally,

the EDR must have recorded values for thegoash velocityto be used in this study.
If the vehicle departed ¢hroad more than once before the craskasassumed than LDW/LDP
system would have had no effect because the driver would already be aware of the d€vartaiiethere

were81 vehicles in the simulation dataset. After applying NASS/CDS samplaights, this represesd

an estimated 29,31'®al world crasheflable11).

Table 11. Case selection criteria

Number of Cases Weighted Cases
NCHRP 1743 1,580 504,999
With EDR 270 94,943
Air bag deployment or delta v > 5 mph 184 60,707
First event most severe 97 37,647
Single departure cases 81 29,315

5.2.2 Crash Environment

To accurately predict the benefits of LDW systems for road departure crashes, the environment

al

where the crash occurred must also be modeled. The most important aspect of the crash environment was

the road geometry. The road curvature at the point of depanas retrieved from the NCHRP -43

database. If the vehicle crossed at least one lane before departing the road, then the first lane line crossed
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was utilized. The roadside objebatwas impacted in the original crash was assumed to ba &yllm
boxlocated at the point of impact.

5.2.3 Vehicle Model

The vehicles in the crash were represented by a rectangle with a length and width equivalent to the
overall length and width from NASS/CDS of each vehicle. The vehicle dynamics were modeled as a point
with a ime step of 0.01s (EQ-7)
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The total force exerted by the tires was limited to 1g. Thezefory combination of steering and
acceleration could not exceed 1g (B). If the 1g limit was exceeded, thethe braking force was

maintainedand the steering was sedldownsuch that the magnitude was equal to 1g.
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5.2.4 Crash Reconstruction

Todefine the velocity al ong t-drashveleitywaslassiimed t r aj ¢
to be the impact velocity. The velocity was assumed to vary linearly between EDR measurements to
compute the distandeaveled[4]. Beginning at the point of impact, the gmexsh velocity was mapped to

the vehicle trajectoryHigure 36). The travel speed was defined to be the speed of the vehicle when its

center of mass crossed the lane line.
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Figure 36. Mapping EDR pre-crash velocity to crash trajectory.
5.2.5 Driver Model

The vehicle steering was controlled bgraportionalintegratderivative(PID) controller with the
following parameters: K= 0, Ki = 0.1, K, = 743.5 The PID controller parameters were determined by
manually tuning such that the error was reduced quickly, (Kith minimal offset (K), andwith minimal
overshoot (K) to a rightangle turn The PID controller was minimizing the distance between the predicted
vehicle center in half a second to the inahghath of the vehicle. The 0.5s leakead was used to more
closely resemble how humans drive; drivers do not steer based on their current position but where they will
be. Additional length equal to 0.5s of travel was added to the end of the trajeatangddhe steering
model looked ahead 0.5s. Initially, the PID controller keeps the vehicle on the crash trajectory but after the
driver reacts, the controller moves the vehicle back to the original lane of travel.

The vehicle starts at the reconstructeitidl velocity. The driver applies a constant deceleration
over the whole trajectory such that the vehicle would be travelling at the impact speed at the original impact
location. After the warning was deliveredhedriver did not react instantaneouslkherewasa reaction
periodduringwhich the vehicle continuetotravel as before until the driver reacts. Our model considered
two driverreaction times: 0.38snd1.36s. The 0.38znd 1.36s reaction timesodela fast and slow driver
reaction time to either a haptic or audible warrjbig

Once the drivehas reacted to the warning, our study considavedlifferent braking magnitudes
(0.0g,and 0459) and three different maximum turning rates (0 deg/s, 11.4 deg/s, and 34.1 deg/s) based on
EDR data from intersection and resrd crasheg45, 59] Thus, there wersix different possible driver
maneuverswhich includedno-brakingand mediumbrakingmaneuvers as well as 1steering, light, and
heavysteering maneuvers. Each of tig evasive maneuvers wethen weighted based on the overall

likelihood of a driver performing each specific maneuvased orthe driver model developed in Chapter
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4. (Table12). The steeringnaneuver was governed by the PID controliérich tried to steethe vehicle
back into the original lane of travel.

Table 12. Relative frequencyof driver evasive actions

No Braking (0g) HeavyBraking (0.459)
No Steering (0 deg/s) 17.5% 0.9%
Light Steering (11.4 deg/s) 36.95% 3.8%
Heavy Steering (34.1 deg/s 36.95% 3.8%

5.2.6 LDW/LDP Algorithm

LDW and LDP algorithms are highly proprieta®ur model investigate@ hypotheticalLDW
systens and zhypothetical LDP syems {Table13). There were two simulated activation speeds for the
LDW and LDP systems: a standard activation and an expanded activation. Thedssgstiam activated
when the vehicle was travelling faster than 50 krifis higher speed threshold is intended to prevent
activations in locations, such as intersections and parking lots, where there may be many laFieelines.
expanded activation systemould deliver a warning at speeds over 20 km/h if the driver was distracted and
over 50 km/h otherwise. There were four different activation time to lane crossing (TTLC) thresholds
simulated for the LDW and LDP systems. The standard LDW system activatedtiae vehicle crossed
the lane line or a TTLC of 0 s. The advanced LDW system activated when the TTLC was less than 0.5s.
The humanmachine interfaceHMI) LDW system delivered a warning at 0.5 s TTLC if the driver was
alertand 1.2s TTLC if the driverag distracted. The LDP system always activated at 1.0 s Tliddether,
these systems represent the range of real LDW/LDP system TTC thresholds and activatid6@p&eds
both the human driver and the LDP system, the goal of the vehicle was to return to the original lane of
travel.

Driver distraction data was determined by the CDS crash investigatlt 81 simulated cases in
the study. 1 f the investigator det eirwadassencdthah at t h
an HMI system would interpret that the driver is attentive. If the investigator was not sure if the driver was
distracted,it wasassumed that the driverasattentive. This assumption would give the driver the latest
warning and highest activation spe&dich is theleastfavorable system configuration. Based on this

assumption, of the data set, in approximately 67%etases the driver was distracted.
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Table 13. Eight simulated LDW and LDP systems with different activation speeds and times.

System Design Activation Speed Activation TTLC
LDW >50 km/h 0.0 s before lane crossing
LDW >20if distracted 0.0 s before lane crossing
with Expanded Speed >50 otherwise '
Advanced LDW >50 km/h 0.5 s before lane crossing
Advanced LDW >20 if distracted 0.5 s before lane crossing
with Expanded Speed >50 otherwise '
1.2s before lanerossing if distracted
HMILDW >50 km/h 0.5 s before lane crossing otherwise
HMI LDW >20 if distracted 1.2 s before lane crossing if distractec
with Expanded Speed >50 otherwise 0.5 s before lane crossing otherwise
LDP >50 km/h 1.0 s before lane crossing
LDP >20 if distracted 1.0 s before lane crossing
with Expanded Speed >50 otherwise '

5.2.7 LDW/LDP Effectiveness

The LDW effectivenesfor 8 different systemwas estimated based on theeaction timesand 6
different vehicle maneuvers for each of 8fecases. This redted in a total of7,776simulations of road
departure crashes collisio$iese simulations were performed on multiple CPU cores by a custom python
script. Each simulation waweighted based on the frequency of each driver evasive action if the system
was of the LDW model or weighted based on the case weight if the system was of the LDPAoalsh.
was predicted to be prevented with an LDW/LDP system if the vehicle successfully returned to the initial
lane of travel (Returned) or came to a stop (Stdpp& crash was predicted to not be prevented if the
vehicle impacted the roadside object (Crashed) or the vehicle was moving away from the road and not
decelerating (Parted).

5.3 Results

In our dataset, 52% of cases were travelling below 50 kph and wouldveteceived any warning
for the base LDW and LDP systeni&dure37). In cases where the driver was believed to be distracted,
6.2% of the cases weteveling below the advanced system activation speed of 20Fkgpir¢ 38). This
meant that in 6.2% of the cases the advanced LDW/LDP system would not have actidatedaiginal

crash would not have been prevented.
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Figure 37. Cumulative distribution of departure speeds for standard system models
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Figure 38. Cumulative distribution of departure speeds for expandedspeed models and
driver distraction data.

Each of the eight system types was analyzed and a general system benefit was determined. The
overall system benefit was defined to be the percentage of cases in which the system successfully avoided
a crash, compad to the percentage of cases in which the crash still occurred. The baseline model was
defined as a vehicle without an LDW or LDP system in which the vehicle followed the original crash
trajectory. The breakdown of the benefit of each system type isnsindwigure 39. The LDP modethat
could activate at 20 km/h if the driver was distracted, had the highest overall benefit of 67%. The LDW
model with theadvanced HMI system to provide earlier warning times and a lower activation speed had a
crash reduction comparable to the LDP system with an activation speed of 50 km/h. The baseline LDW

model provided the smallest benefit since it activated much |aterttie other systems.
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Figure 39. Summary of system benefits. Each group represents the overall benefit that would
be seen if all 81 simulated cases were equipped with each specific system type.
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The crash avoidance benefit of thBW system increased for systetet delivered an earlier
warning Figure 40). LDP systems always activated at 1.0 s TTLC and reacted immediataiyh
produced a greater crash reduction than LDW systBysems thatanactivate alower speedsvhen a
driver is distactedhavea higher benefithan its counterpart because gystem activates faa greater

proportion of cases.
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Figure 40. Weighted percent of crashes avoided for each system model and activation speed
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5.4 Discussion

For the baseline LDW system, the predicted crash benefil®éasIn 2018 Riexingerpredicted
the crash benefit of LDW systems to be betwki®6 and21.9% depending on the reaction timel9.1%
on averag§4]. The main difference between these two values is the current LDW system only activates if
the vehicle is travelling faster than 50 km/h, in which 52% of cases were travelling below 50 km/h and did
not receive any warning-{gure37). Sincethi s s tDWHsystemm activates for half as many cases as the
previous studieshe benefits are significantly reduced. Even with an HMI sydsteahallows the LDW
sygem to activate at 20 km/h, if the driver is distracted, still does not activae26érof the simulated
caseskigure38), which causes the benefibfn those systems to also be reduddu predicted benefit of

LDP systems was higher than the previous estimates by Kusano and $¢a8]¢mable14).

Table 14. Summary of previous LDW studieson road departure crashes

Study

Case Selection

LDWY/LDP Effectiveness

Riexinger 20184]

Single Vehicle Road Departur
crashes in US

16.7%21.5% (LDW)
24.3% (LDP)

Scanlon 201%8]

Single Vehicle Road Departur
crashes in US

26.1% (LDW)
37.3% (LDP)

Kusano 20147]

Single Vehicle Road Departur
crashes in US

29%32% (LDW)

This Study

Single Vehicle Road Departur
crashes in US

15% (LDW)
40% (LDP)

The base Advanced LDW system predicted a benefit of 22%, and the base HMI LDW system
predicted a benefit of 29%. This is a 7% and 14% increase in benefit compared to the base LDW model
Riexingershowed that the highest benefits are to be expected when driver reaction times are tl]lowest
The Advanced and HMI LDW systems, which activate some time before a lane crossing, effectively turn a
long reaction time into a quicker reactidithe driver is not distracted, then the Advanced LDW and HMI
LDW systems behave ihe same way and provide a warning at 0.5s TTLC. However, in the cases where
the driver is distracted, the HMI LDW system will provide the much greater warning time of 1.25 TTLC
which increases the crash benefit over the Advanced LDW system.

Expanded sped modeldada higher benefithanthe same model but with a standard 50 kph cutoff
speed The Advanced LDW system with the expanded activation speed had a benefit of 34%, which was
12% more than the base advanced LDW system. The HMI LDW system wétkiiieded activation speed
showed a benefit of 45%which is a 16% increase from the same sydfieahonly activated at speeds
greater than 50 km/IDespite activating forlaost 40% more cases, the highest benefit for expanding the
activation speed was rghly 27% in the LDP system

Similar to the previous study], many road departureashes were not avoided in the simulations

because there was very little time for the driver to respond. The time available for the driver to respond is
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largely dependent on the location of the roadside hazard and the speed of the vehiclineGétsies

driver reaction time (0.38s) amyenan early warning of 0.STTLC, left very little time for the driveto

steeror brake to avoid the objedFigure4l). There was a clear boundary below which the vehicle always
crashed in the simulatioifthese cases correspond to scenarios where the driver did not have enough time
to respond before impact.
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Figure 41. The outcome of each crash based on the departure speed and the strailyme
distance to the impacted object from the point of departure for each reaction timéor
Advanced LDW and Advanced LDW with Expanded Speed Simulations with Heavy
Steering and Heavy Braking

Figure42 displays the same relationshipFgure41 but for the HMI LDW and HMI LDW with
Expanded Speed systems, where the driver would be given a warning of either 0.5s or 1.2s before lane
departure, depending on if the driverdistracted or not. Fall the cases in which the driver was not
distracted, the HMI LDW system behaved the same way as Advanced LDW system and received the same
outcome. The added benefit of the HMI LDW system comes from the cases in which the dsver w
distracted, as this increases the TTLC that the warning is delivered. With a driver reaction time of 0.38s,
the driver response starts to approach that of the LDP systems and hazards close to the road are able to be
avoided. However, for a reaction tinoé 1.36s, the driver still does not start reacting until after the lane

crossing event, and many of the objects close to the road, especially where the vehicle is moving very fast,
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are stillnot avoidedvith the HMI LDW system. Despite the earlier warntirge for distracted drivers, the
HMI system was often limited by the driver reaction time.
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Figure 42. The outcome of each crash based on the departure speed and the strailyme
distance to the impacted object from the point of departure for each reaction time for
Advanced LDW and Advanced LDW with Expanded Speed Simulations with Heavy
Steering andHeawy Braking.

For LDP systemshe vehicle begins steering immediately and does not require driverlimile
the LDW systems, a lower boundary does not exist for avoided crdsbase(d3). This indicatesthata
LDP system with a 1.0 s TTLC is able to respond before each crash. Some road departure crashes still
occurred because thehiclewas unable to completelpaneuveput of the path of the hazartihe cases
in which the simulated vehicle crashed were based on the unigue circumstances of each crash. For example,
crashes in which the vehicle departed the roadway at a very large departure angle may be difficult to safely
return to the road.
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Figure 43. The outcome of each crash based on the departure speed and the strailiyme
distance to the impacted object from the point of departuréor LDP and LDP with Expanded
Speed Simulations

5.5 Residual Crashes

The discussiomhatfollows examines theesidual crashes remaining after installation of the LDP

with Expanded Speed@he LDP+Expanded Speed model predicted a crash reduction fraction of 68%, the

largest safety benefit of all investigated LDW/LDP systems. In our dataset of 81 original cashes,

simulations predicted that 55 cases could be avoided. However, in 26 cases the crash was not avoided. The

LDP system was not limited by the driver reaction time as the LDP system activates immediately. Based

on the indepth review of the 26 residuabshes, the crash related factors were grouped into four categories:

)l
)l

Cases where there was no system activation
Cases where the impacted object was within one vehicle width to the travel way/point of departure
Cases where the departure angle wetetively large

Cases where the vehicle misses the roadside object but does not successfully return to the road due

to a very fast departure speadcome to a stop.

Table 15 shows the completed breakdown of the residual crashes into each of these categories.

From each category, an example case was chosen for the discussion in this report.
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Table 15. Summary of LDP residualcrashes bycategory.

Category Crashes | Percent Weighted Crashes | Percent
No System Activation 13 46.4% 5509 57.4%
Close Roadside Object 4 14.2% 1358 14.1%
Large Departure Angle 8 28.6% 1789 18.6%
Parted due to fast speed 3 10.7% 946 9.9%

5.5.1 Cases where there was no system activation

In 13 of the 26 residual crashes, the system did not activate, and there was no difference in the crash
outcome, with or without the active safety system. The LDP system did not activate because the vehicle
was traveling below the speed threshdf the speed was under 50 kph, and the driver was not distracted,
or if the speed was under 20 kph and the driver was distracted, the system did not activate for these cases
and no maneuver was applied. Of the 13 cases in this category, the drivestiaased in 2 cases and not
distracted in 11Figure44 shows a sample case overlaid onto the original scene diagram for that case. Both
the original p¢h and the simulated path are displayed. For cases in which the system did not activate, both

the original and simulated vehicle trajectories were identical.

parking

|

System does not activate
and vehicle crashes

Case ID: 209017939
parking

Figure 44. Sample case showing simulated path for in which there wa® 13ystem activation

5.5.2 Cases where the impacted object was within one vehicle width to the travel
way/point of departure

In 4 of the 26 residual crashébe impacted object was found toveithin one vehicle width of the
point of departuren thesecases, e vehicledid not fully leave the roadway in the original crasH.five
cases wherthe vehicle CGlid notdepart the lane to contact the objele impacted object was a pdie.
thesecases, the vehiclioesnot need to leave the lane at hllthesescenarig, the vehiclevasnot traveling
on an interstate our highspeed roadway (median = 58 kph, max = 7&rigbgcause of this the system
tends to activate when the vehicle is already very close to the object.

Figure45displays an example residual crash in which the impacted object was located at the point

of departure. In this case, the vehicle begins to turn 1s before the crashyfaibles to travel laterally
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enough to move out of the way of the object. In these cases, the vehicle was still traveling in its original
lane when it struck the object.

Case ID: 763014395
(=)

Approximate
=D System Activation

Object Imparts

/ the Roadway

Figure 45. Sample case involving a rl_esidual crash in which thimpacted object was close to
the roadway/point of departure.

5.5.3 Cases where the departure angle was relatively large

In 8 of the 26 residual crashes, a large departure angle was the primary factor for the crash outcome.
These crashes are inherently diffidiol avoid because larger departure angles require longer recovery paths
than cases with smaller departure angles. For a given departure angle, the vehicle will attempt to traverse a
curved path of constant raditimtis determined based on the maximum yaw rate. Before travelling toward
the roadway, the vehicle will continue to travel towards the object until reaching the maximum lateral offset.
If the departure angle is large, the maximum lateral extent is also,largkthe recovery path may still
intersect the object. A shallower departure would shift the trajectory of the vehicle closer to the road so that

the path of the vehicle no longer intersects with the oblggti(e46).

\ ~
Large Departure Angle causes
path to intersect Object

Figure 46. Effect of departure angle on traversed path of the vehicle

Figure47 displays a sample case where the crash occurred because of steep angle. In this case, if
the vehicle had departed at a shallower angle, the impacted object is far enough away from the roadway
that the vehicles path would most likely steer clear of the object and return to the road.
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Figure 47. Sample case of a residual crash in which the vehicle departs at a steep angle

5.5.4 Cases in which the vehicle misses the object but does not successfully re-
enter the roadway due to large departure speed

In 3 of the 26 residual crashes, the vehicle avoided the impacted object, but the vehicle was unable
to return to its initial lane. This simulation is equivalent to a crash due tikéibood of the vehicle
impacting another roadside objdtivas assumed that parted outcomes were equivalent to a crash outcome
despite avoiding the object, since the vehicle does not return to the road and would likely collide with
another objecfThe vehicle was unable to return to the rdad to the speed at which the vehicle is traveling
andthe curvature of the roat@here are two aspects of vehicle physics that are involved in these scenarios.
For these simulations it was assumed that the \ehi@s neither accelerating or decelerating and
maintained its original departure spe€le first being the actual turning radius that the vehicle takes during
the simulation. EquatioBshows the relationship between vehicle speed and vehicle yait tlageturning
radius is larger than the road radius of curvature, then the vehicle will never return to the road.

001 DEQRET—— "

The second being that the total acceleration of the vehicle is limited tothg yjction between
the tires and the road. This limit affects the maximum possible turning radius that the vehicle may make.
Equation9 shows the relationship with how this effect turning radius based and turning speed.

pQ gfﬁ— w

In the parted outcomes, the roadway radius was smaller than the turning radius of the vehicle
calcul ated using Equation 2. I n these scenari os,
vehicle can turn towards the rodatdgure48 shows a sample case overlaid on the original scene diagram
that shows this relationship. When using equation 3 to calculate the maximum possibte raolnis for

the vehicle, based on the departure speed, it was found that two cases could have been able to return
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successfully if the yaw rate was increased, however in one case the maximum curvature that the vehicle

could take was still greater than tled the road.
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Figure 48. Sample case in which the vehicle misses the impacted object but does not return

to the roadway due to the curvature of the road
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5.6 Limitations

Our study excluded cases with multiple departures. Additipniiis study assumed that the first
impacted object was the only roadside object to be avoidddh may increase the effectiveness estimates.
The simulation also assumed that no drivers would overcorrect and departimg@aidition, this study
does noinclude other lane departure crash modes such as control loss arahleadhes.

For this analysis, the study assumed a uniform sizéht impaatd object across all trajectories.
In reality, the object size varies greatly between case to Thsewould then affecivhich case vehicles
would crash anevhich case vehiclesould miss the object as a small object is easier to miss than a larger
one. This method of analysis would roat idealfor longitudinal barriers, in which the vehicle may he i
contact for more than one trajectory point, however it does work well for treesipbiels make uf58.8%
the impacts used in this study.

Another limitation to the studyas thathe friction coefficient is assumed to be constant for every
case. This wald affect a select few cases where road conditisunsh as rain and snowr a change in
surface typedecrease the turning/braking effectshis study did not account for the grade of the road
which could alter the deceleration of the simulated vehitlesever, this effect is likely overcome by any

braking performed by the driver.
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The vehicle model limited the acceleration to 1 g. This represents the upper limit of the tire force
available for a maneuver. Due to tire tread, the driving surface, astiape of the vehicle, the actual tire
force is likely much lower.

The driver distraction during the original crash was determined based on the CDS investigator.
Driver distraction was often unknown and could be underreported during interviews withvéreldnless
the investigator indicated the driver was distractied,assumption wabat the driver was attentive. This
is a conservative assumption sireeery modeled systa would deliver the warning later or at higher
activationspeed

There are a nuber of sources of error which present a challenge to identify the error on the benefit
estimates for each system. These error sources include the CDS sampling error, vehicle location in the scene
diagram, EDR temporal sampling error, EDR measurement distribution of driver maneuvers, and the
error associated with the driver response time. Despite the assumptions necessary to compute the benefit
estimates, the trends found when comparing the systems would be unaffected. Future studies could utilize

a nonte carlo simulation technique which would allow for the overall error to be estimated.

5.7 Conclusions

The estimated effectiveness LDW systems in road departure crash scenar&8awaowever,
more advanatLDW systemghat could deliver warnings beforedeing the lane had a higher predicted
benefit of 22% to 29%.DP systems performethe bestand had an estimated effectivenesd@¥. Any
systemthat could activate at lower speeds also had an increased benefit. The LDP systems, which could
activate up tdl s before the lane departure, were shown to not be limited by the time to impact unlike
previous systems. Instead, the majority of crashes with an LDP system occurred because the vehicle was
not travelling above the activation threshold. In the casesenthe LDP system did activate, the vehicle
was unable to avoid the object and return to the road because either the object was very close to the road
edge, the vehicle departed at a large angle, or the vehicle was travelling too quickly to returodd the r
given the LDP systembs st eer ishogd bk thewpridrity of fithrersael f our

departure crash technology.
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6 PREDICTING THE FUTURE OF ROAD DEPARTURE
CRASHES

6.1 Purpose

The purpose of this chapter is to estimtite reduction oDrOOL road departure crashes and

injuries in the futurelue toLDW andLDP systems.

6.2 Methodology
6.2.1 Data Selection
There were81 vehicles in the simulation datasiedom Chapter 5 After applying NASS/CDS

sampling weights, this represen@i315real world crashes.

6.2.2 LDW/LDP Crash Benefits

The crash reduction benefits of LDW/LDP systems in road departure crashes was estimated in
chapter 5Figure49). The malel predicted that LDW systems would prevent betwEsh and45% of
road departure crashdspending on the system configuratibDP systems were more effective and were
predicted to prevenip to 626 of road departure crashes. For any cthatwas avoiled in the model, the
probability of injury was set to zer8ecause the driver reacted to the warning system, the impact speed

changedwhich may have changed the probability of injury.

LDW (0s)A
& Advanced LDW (0.5s)
e Activation Speed (kph)
g >20 if Distracted
I M 50
@ HMI LDW (0.5s or 1.2s)1

LDP (1s)1

0% 25% 50% 75%  100%

Weighted Percent of Crashes Avoided
Figure 49. Weighted percent of crashes avded for each system model and activation speed
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6.2.3 Injury Model

The probability of front occuparsustaining an MAIS 2+knjury for road departure crashes was
estimated using the injury model developgdBareisausing NASS/CDS frontal crashfgil]. The logistic
injury modé has seven inputs: delta belt use, sex, age, crash compatibility, BMI, and striking location
(Table 16). Higher injury severity models lacked enough injured case®mstruct a detailed model of
occupant injuryThe injury model was constructed based on the injury data of front seat occupants
at least 12 years oldvolved in a frontal crash with another vehicle. For road departure crashes,
however, the subject veltécimpacted a roadside object not another vehicle. Thus, in road
departure crashes the crash compatibility and striking locateye zero. The deltav for road
departure crashes was estimated to é 6f the impact velocityo match the actual number of
injured occupantsOf the 81 simulated cases, 58 cases involving 71 occupants contained all the
information necessary to utilize the injury modsince the simulated cases were DrOOL road
departure crashes, no cases involved control loss which coultinesgide impacif the vehicle
stopped or returned to the lane, the probability of an occupant sustaining a MAIS2+F injury was
assumed to be zero. For crashed and parted simulation outcomes, the last velocity was assumed to

be the impact velocity.

Table 16. Frontal impact injury model [61].

Variable Parameter Estimate Standard Error p-value
Intercept -- -6.516 0.863 <0.001
Total DeltaV DeltaV (kph) 0.090 0.019 <0.001
Belt Use Belted -0.769 0.396 0.054

Sex Male -0.891 0.333 0.008

Age 065 1.070 0.492 0.031
CrashCompatibility | Car Struck LTV 1.222 0.368 0.001
BMI BMI (kg/m?) 0.084 0.021 <0.001
Striking Location Rear -1.455 0.501 0.004

6.2.4 Estimating Injury Benefit and Population Attributed Risk

The population attributed rislor injury benefitfor multiple covariates was computed following
Bruzzi 6s mithtapplies thedagigtic model to the population with countermeafikes-or
each simulated system configuration, the estimated number of injuries was computed using EQuation
below. The standard errors from the logistic madeteused inthe calculation to compute 9percentile
confidence intervals of all estimates. The estimated injury reduction for each system configuration was

computed relative to the predicted number of injured occupants in the baseline configuration.
01 Q@WIOQ6 1T "QDii € 0 IWETOED @iwm WO p T

52



6.2.5 Future Fleet Prediction

The annual number of crashes in the US is related to the annual vehicldéravigded(VMT),
which is an estimate of exposure. In 2015, there was an estimated 3.1 trilliotrawviédsdin the US[63].
The annual VMT historically increases by about one percent each yedd J&8]. Based on a 1% annual
increase, the future annual VMT was estimatédure50).
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Figure 50. Annual vehicle milestraveled (VMT) by year.
In order to predict the number of crasltleat could occur in the futureit wasassumed that the
crash rate, the number of crashes per VMT, remained constari?jEdhe annual crash rate forOOL
road departure crashes was computed bas#teasverage annual number of crashdsA$S/CDS2010
to 2015.There were on average 131,923 road departure crashes arfagetjpe =1 or § involving a
single passenger vehidieatdid not rollover. Theestimated crash rate for road departure crashed3vas
crashes per billion VMT. The ratio of MAIS#injured front seat occupants was computed using the same
methodologyl n NASS/ CDS, if the vehiclebds model year was:¢
was not performed. This means that the occupants of these old vehicles are missingfanjugtion.To
account for these injured occupants, the ratio of injured occupants to total ocevgmassumed r@main
constant between the known and unknown occupants. For road departure crashes, there were 130,786
known front seat occupants at led&tyears old with 15,344 injured occupants resulting in an injury rate
of 11.7%.0Overall, there was an estimated 15,608 occupants injured in road departure \widshesa
rollover. The estimated injured occupant rate for road departure crasheswagired occupants per
billion VMT.
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The predicted number of future road departure crashes is dependent endtratpn of LDW
systems into the US fleet. The fleet penetration of LDW was estimated by HLDI irfG4]{8igure51).
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Figure 51. Fleet penetration of LDW in the US fleet as predicted by HLDI
The crash reduction was computed as the product between the annual VMT, crash rate, LDW
effectiveness, and the probability that tiedicle had LDW (Eg13). The same process was used to estimate
the number of MAIS2+F injured front seat occupants 89.1 n NASS/ CDS, if the vehi
was greater than 10 years old, a full investigation was not performed. This means twautrents of
these old vehicles are missing injury informati®o.account for these injured occuparitayasassumd
thatthe ratio of injured occupants to total occupants remained constant between the known and unknown
occupants.
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6.3 Results

6.3.1 Residual Injuries

The 58 simulated crashes usedgredict the reduction in MAIS 2+F injured persons contained 71
occupants of which 29 occupants sustained at least one MAIS2+F injury. This represents 3,066 MAIS 2+F
injured occupants in road departure crashes nationally. For the badelidation which represents the
original crash outcome, the injury model predic8g@60MAIS 2+F injured occupantéTable17). The
expanded activation speed systems had a smadkiserin injured occupant reduction compared to the base

systemThe injury reduction is modest since the additional crashes prevented with the expanded activation
54



threshold are at low impact velocities and have a lower probability of an MAIS2+F injungolao¢cThe
LDP with expanded speed was the only system to not have an injury benefit larger than the crash benefit.
This is because nearly all of the additional crashes avoided with the expanded speed system were missing

occupant injury information or didot result in an injury.

Table 17. The predicted injury benefit for each simulated system

Simulation Percent Crash | MAIS 2+F Injured Percent MAIS 2+F Injured
Reduction Occupants with CI Occupant Reduction with CI
Baseline 0% 3,060+ 570 0%
LDW 15% 2,540+ 200 17% + 17%

LDW with 0 0
Expanded Speed 22% 2,510+ 200 18% + 17%
Advanced LDW 22% 1,950+ 160 36% + 13%

Advanced LDW with 34% 1,910 160 37% +13%
Expanded Speed

HMI LDW 29% 1,680+ 150 45% + 11%

HMI LDW with 0 0
Expanded Speed 45% 1,630+ 150 47% +11%
LDP 40% 1,280+ 370 58% + 14%

LDP with 0 0

Expanded Speed 67% 1,230+ 150 60% +14%

6.3.2 Future Fleet Benefit

Using the67% crash effectiveness of LDIth the expanded activation spefed road departure
crashes and the market penetration, an estindlo of crashes will be prevented in 20Fgure52).
The predicted number of MAIS2+F injuries wasluced by23.3% by 2025 Figure53).
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Figure 52. Predicted percent of road departure crashes avoided by LDP
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Figure 53. Predicted percent of MAIS2+F injured occupants in road departure crashes
prevented by LDP.

In 2025, there will be an estimat&@7,851road departure crashesth LDP resulting inl13,229
MAIS2+F injured occupantassuming an increasing VMFigure54 andFigure55).
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Figure 54. Predicted number of road departure crashes
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Figure 55. Predicted number of MAIS2+F injured occupants in road departure crashes

6.4 Discussion

The introduction of LDP systemahich can activate beforedeing the roadwayhas the potential
to greatly reduce the number of DrOOL road departure crashes and their resulting iflj@iesash and
injury prediction for increasing VMT was always higher than for a constant VMT because it was assumed
that the nurher of crashes increases with VMT. This relationship predicts that the increase in crashes will
surpass the benefit from LDP systems entering the fleet in 2046 and the number of DrOOL road departure
crashes and resulting injuries will begin to increasatiioed development of road departure prevention

systems will be necessary to reduce the number of crashes after 2046.

6.4.1 Validation

The CISS datasdtom 2017 to 2019 was used to identify DrOOL road departure crashes to
understand how the futuggredictions compare over this short time frame. For reference, the average
crashes and injured occupants in CDS from 2011 to 2015, which was used as the initial point for the
prediction model, and the values from CDS in 2015 are provided as refefabbel®). Since CISS has
a slightly different sample population, NHTSA provided a new varifislease yeaR019thatallows a
CDS equivalent population to be determinedgeneral, the estimated crashes and injuries in CISS are
higher than theredictedvalues but are also much higher than the values reported in CDS for the same
population. In addition, the sampled CISS cases are more likely to have known occupawiittjomyes
because they resampled if the injuries in recent vehicles were unkwbthim CISS, the number of tow
away DrOOL road departure crashes changed by over 45,000 crdsteekarge variance in CISS cases
makes it challenging to compare with thedicgon since it is unlikely that the actual number of road

departure crash would have these fluctuations.
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Table 18. Comparison of CISS 2017 to 2019 to the predicted DrOOL crashes and injured

occupants.
Case Year CDS/CISS Prediction Prediction (Increasing
(Actual) (Constant VMT) VMT)

Crashes | MAIS2+F Crashes | MAIS2+F Crashes | MAIS2+F

Injured Injuries Injured

20102015 131,923 15,608 131,923 15,608 131,923 15,608

2015 113,331 13,686 - - - -

2016 - - 130,576 15,466 131,895 15,622

2017 216,577 27,713 129,140 15,314 131762 15,625

2018 196,950 28,560 127,165 15,105 131,057 15,567

2019 169,987 22,269 124,651 14,839 129,764 15,447

2019 168,413 22,246 124,651 14,839 129,764 15,447

(CDS Equivalent)

6.4.2 Limitations

The injury model predictions are largely dependent on the-delfathe frontal crash. Because
roadside objects have varying geometry, mass, and deformation extents, estimating -thés deftizn
unclear.The impact speedsere scaledo estimate the di&-v to match the actual crash injury outcomes in
the baseline configuration.

The simulationgissumedhe LDP system was always activated and the driver would not intervene
during the automated steering. In some real LDP systems, the system deactibetedriifer provides
steering input or pedal application. The LDW/LDP systems were simulated in isolation and did not consider
any possible interactions with other active safety systems such as AEB.

Thesepredictions assumed that the VMT, the numberaghes, the number of injuries in DrOOL
road departure crashes, in the absence of LDW/LDP systems, only increases by 1% each year. This
methodology cannot account for sudden changes to the transportation habits of Americans due to events
such as worldvide pandemics. This methodology also assumed that the best simulated system, LDP with
expanded activation, would follow the LDW market penetration curve. More advanced systems, like this

one, would likely arrive later to the market than LDW systems and Li¥téms would be phased out.

6.5 Conclusions

LDW was predicted to reduce the numbelirgéired front occuparg by 17% inroad departure
crashesLDW/LDP systemghat activate earlier or at lower speed thresholds had higher injury benefits.
The best system, LDRith expanded activation speed, was predicted to reduce the number of injured front
seat occupants by 60% 2025, there will beraestimate®6% reduction in road departure crashes and a

23% reduction innjured front seat occupants due to the markeepation of these systeins
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7 CHARACTERIZATION OF HEAD-ON CRASHES
7.1 Purpose

The objective othapter Avas to determine the frequency of andharacterizéneadon crashes

in the U.S. as a basis for evaluating active safety countermeasures.

7.2 Approach

7.2.1 Data Selection
All recordedopposite directiomrasheshatoccurred between 2011 &B015were extracted from

NASS/GES, NASS/CDS, and FAR®Bhese three databases were selected to cover a large range of crash
severities from police reported crashes (GES), and moderate to fatal injurious crashes (CDS), to fatal
crashes (FARS).

The two most common opposite direction crashes were sideswipe aastamterline headn
crashegFigure56). Fatal and moderate injury crashes were overrepresented amongesrtestine head
on crashes. In contrast, sideswipe crasivere much less likely to result in a moderate to fatal injury.
Therefore, for the remainder of this dissertatmosscenterline crashes will be the fociable19).

I ces A [ cps (MAIS3+F) ]l FARS (Fatal)
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Crash Type

Control Loss -

Avoidance -

0% 25% 50% 75% 100%
Percent of Crashes

Figure 56. The distribution of opposite direction crash types.

59



Table 19. Number of analyzed cases across each of the datasets.

. Injury Weighted Crashes | Weighted Occupants
Dataset Population Severity (unweighted) (unweighted)
All Police-Reported 171,082 481,941
NASSIGES | "1 501 crashes Al (3.045) (8.763)
Tow-Away DrOOL 13,711 16,553
NASS/CDS Crashes MAIS 3+F (136) (171)
DrOOL Crashes with §
FARS Fatally Injured Fatal 12,695 15,765
Occupant

7.2.2 Analyzed Parameters

For every DrOOL headon crash in each database, factors were analyzed from four main
characteristics: road/environment, vehicle, driver, and occupants (Table 1). The road/environment
characteristic was analyzed for each caseesevery vehicle and occupant in the crash interacts with a

road/environment.

Table 20. Data elements for indepth characterization

Characteristic Factors Data Source
Speed Limit All
RoadAlignment All
Road/Environment Number of Lan_es All
Weather Condition All
Surface Condition All
. Roadway Lighting All
Crash Causatior Avoidance Maneuver All
Demographics (age, sex) All
Driver Alcohol Involvement All
Drug Involvement All
Precrash Avoidance All
Maneuvers All
Vehicle Model Year All
Rollover All
: . Demographics (age, sex) All
Injury Causation Occupants B_elt L_Jse All
Ejection All
Seat Location All
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7.3 Results

Fatal heaebn crashes were overrepresented on 55 mph roads and underrepresented at speeds
below 35 mphREigure57). This may be due to the fact that slower moving vehicles likely have a
lower crash delta, which reduces the chance of a fatal injuvlast heagon crashesccur on

straight sections of roadsigure58).
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Figure 57. Distribution of speed limit among crosscenterline headon crashes.
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Figure 58. Distribution of road alignment for cross-centerline headon crashes.
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Two-lane roads were the most common location of feradrashebut these roads are also one of
the most common roadway types in the (F&ure59). Following the NASS/CDS definition, this counts
all lanes on undivided roads and the lanes in the same direction for dividedUnbkis.road departure
crashes in Chapter 1, more than lodléall headon crashes occurred during the daig(re60).
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Figure 59. The number of lanesfor head-on crashes.
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Figure 60. Distribution of lighting conditions in head-on crashes.
Most crashes occurred during typical clear days with dry rdédare61 andFigure62).
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Figure 61. Weather conditions during headon crashes.
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Figure 62. Surface conditiors during headon crashes.
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In almost allheadon cases in FARS, NASS/CDS, and NASS/GES, there was either no evasive
maneuver or the maneuver was unknowigyre 63). Because of the lack of insight from thes¢adats,
Chapter 4 will characterize the evasive actions using EDR inform&allovers occur after less than 2%

of all headon crashesHigure64).

B ces an [ cos (vAis3+F) [l FARS (Fatal)

Unknown -

No Maneuver 4

Steering A

Braking 4

Other Actions 1

Evasive Maneuver

Braking and Steering -

No driver present -

0% 25% 50% 75% 100%
Percent of Crashes

Figure 63. Distribution of evasive maneuvers for heaebn crashes.
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Figure 64. Occurrence of rollovers after headon crashes.
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The age distribution of drivers involved in heawl crashes is relatively evenly distributed
between the ages of 25 and 70 years Bigure65). Fatally injured drivers tend to be older than
the general driver population involved in these headrashes. Maldrivers were more
frequently involved in a heaoin crash Figure66).
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Figure 65. Age distribution of drivers involved in headon crashes.
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Figure 66. Sex of drivers involved in headon crashes.



More severe crashes were overrepresented amongthasesolved alcohol or other impairing
drugs Figure 67 and Figure 68). However, it should be noted that these counts are based on police
assessment of alcohor drug involvement and may not always rely on a test. This could bias the results

toward none or unknown involvement.
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Figure 67. Percentage of heaébn crashes involving alcohol.
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Figure 68. Percentageof headon crashes involving other impairing drugs.
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Before the centerline crossing event, nearly all drivers in a-teatdash were not attempting any
maneuver such as turning on to a new réaglufe69). The model year of vehicles in fatal heacrashes
is essentiallythe same as the model year of all DrOOL road departure crdsbase(70). CDS does not
follow the same curve because NHTSA purposely sampled vehicles that were less than 10 years old.
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Figure 69. Distribution of driver maneuvers before the centerline crossing event.
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Figure 70. Model yeardistribution for vehicles involved in headon crashes.
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Nearly threequarters of the occupants in heaw crashes are in the driver sdag(re71). Since
most of these vehicles contain a single occupant, there is a drastic increase in the frequency of drivers after
occupants reach licensing agégure72). Similar to the driver age distribution, more severe crashes tended
to have older occupants.
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Front Passenger Seat 4 -

Second Row A

Other 4

Unknown -

Seating Location
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Percent of Crashes

Figure 71. Distribution of occupant seating locations during heaebn crashes.
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Figure 72. Age distribution of occupants involved in headon crashes.
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Moderate to fatally injured occupants were more likely to be unbelted duringpheadshes
(Figure73). Occupants we rarely ejected during heaxh crashesHigure74).

B cEes an [ cos (MAIs3+F) [l FARS (Fatal)
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Unknown
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Figure 73. Distribution of occupant belt useduring head-on crashes.
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Figure 74. Occurrence of @cupant ejectionduring head-on crashes.
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Similar to the distribution for drivers, most of the occupants inJoeackashes were malEigure

75).

B ces Al [ cops (vais3+F) [l FARS (Fatal)

Male 1

Female 4

Unknown h
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Figure 75. Distribution of occupant sex in heaeon crashes

Occupant Sex

7.4 Conclusions

Most crosscenterline hea@n crashes occur on straight theme roads on clear days. Older drivers
are more likely to receive moderate to fatal injuries during the-oeactash. These crash datasets did not
contain much information regarding driver evasive actions before-dreadllision. This topic will be
explored in more detail in Chapter 8 and ima@ter 11.
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8 CHARACTERIZATION OF DRIVER EVASIVE ACTIONS IN
HEAD-ON CRASHES

8.1 Purpose
The purpose of this chapter is to deterntimeevasive actions taken by the drsvand to develop
a driver behavior model for both the encroachingienpacted drivers.

8.2 Approach
8.2.1 Data Selection

To be included in this study, NASS/CDS cases with supplemental data in theentsdine
database must have EDR information available for either the encroaching or impacted Velsnkure
that the EDR event recorded corresponds to the impact deganithe NASS/CDS case, only those cases
in which the EDR either recorded an airbag deployment or had avdgieater than 8 kplvere selected
[4, 45]. When an airbag deploys, the data is lockéaltine EDR and cannot be overwritten by lower severity
impacts. A deltav of 8 kph is a significant crash, and it is unlikely that a more significant event not
involving an airbag deployment could occur to overwrite the data. To ensure that the EDRley@ntish
the NASS/CDS events, the first event in the NASS/CDS case must have the largestTdaiaselection
criteria is the same as that used by Scanl@n#dyze intersection crashi@®]. The case selection criteria
aresummarized infable21. There were 157 vehicles witlalid EDR information available. However,
every EDR did not contain all the variables of interest.

Table 21. Case selection

Number of Weighted Number of Weighted
. Number of Number of
Encroaching ) Impacted
) Encroaching . Impacted
Vehicles : Vehicles .
Vehicles Vehicles
NASS/CDS 2014
2015 Headon 13,826 6,350,944 13,826 6,350,944
Crosscenterline
Collision 181 58,219 183 58,222
Database
EDR Valid 62 15,971 95 33,974
EDR Speed 62 15,971 94 33,240
Available
EDR Braking 61 15,710 95 33,974
Available
EDR Yaw Rate 10 2,394 17 5,043
Available
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8.2.2 Data Analysis

The analyses of the cresenterline collisions were separated into two groups: the encroaching and
impacted vehicleThe departure angle was measured from the scene diagram and was defined as the angle
between the path of the vehicle center of gravity tiiedline tangent to the lane line at the first lane
departure. For example tife encroaching vehicle crosses multiple lanes before the centerline, the departure
anglewasmeasured at the first laneghrture not at the centerliriehe distance to impadtom thefirst
lane departurevas measured aise straighfine distance from thpoint of departur¢o the point of impact.

The information recorded by EDRs vary by manufacturer and module type. All EDRs record five
seconds of prerash information. Howeer, the resolution of the measurements can vary from one sample
to ten samples a second. Since the EDR module takes measurements at a specified interval, it likely does
not record a measurement exactly at the time of injgagt A few EDRs do record a measurement at the
moment of impact but it is not negsarily measured at the same period as the rest of the measurements. In
our study, the impact speed was assumed to be the last measurement taken by the EDR. Therefore, the
assumed impact time was no more than one sampling period from the actual impathértravel speed
was assumed to be the first measured speed.

Each case was examined for evidence of braking or steering maneuvers. For thiesERRsrded
brake activation, the brake activation was used to determine whether the driver brakethbefoash.
However, brake activation does not indicate riregnitudeof the deceleration. Therefore, the change in
speed was divided by the brake duration to estimate the deceleration. The average deceleration was
determined for both encroaching and impdcvehicles using a linear regression relating the change in
velocity to the time spent braking. The deceleration was only computed during the consecutive
measurements where the driver activated the brake leading up to thé&gemite steering was defid as
a yaw rate greater than 4 de{8] or a steering wheel angle of 17.5 degrees (Chaptddriljersthat

performed an evasive braking action were assumed to be activating the brake at the last EDR measurement.

8.3 Results
The evasive maneuvers performed by the drivers and their frequency are summarasdaa.

Steering was the most common driver response, followed by braking.
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Table 22. Evasive maneuvers

Evasive Role Action Cases | Percent PQ%Ir?:e d Weighted I\:;\?é?;rnggf
Action Performed | Available | of Cases . Cases

(weighted) Cases
Encroaching 29 61 47 .5% 7,229 15,710 46.0%
Brake | Impacted 76 95 80% 26,230 33,974 77.2%
Total 105 156 67.3% 33,458 49,584 67.5%
Encroaching 5 10 50.0% 1,878 2,394 78.4%
Yaw Impacted 13 17 76.5% 4,056 5,043 80.4%
Total 18 27 66.7% 5,934 7,437 79.8%

Our dataset included one case in which both the encroaching and impacted vehicles had yaw rate
information from the EDRs. However, there were 11 cadexeboth vehicles had braking information.
The majority of impacted vehicles did perform a braking maaebefore the crasiéble23). In contrast,

the majority of encroaching vehicles did not brake before impact.

Table 23. Evasivemaneuvers fa cases in which EDR were available from both vehicles

Evasive Action Cases | Percent Action Weighted Perc_:ent of
Action A Performed | Available | of Cases| Perf_ormed Cases Weighted
(weighted) Cases
Brake Encroaching 3 11 27.3% 1,361 6,540 20.8%
Impacted 9 11 81.8% 6,260 6,540 95.7%
Yaw Encroaching 0 1 0.0% 0 75 0.0%
Impacted 1 1 100.0% 75 75 100.0%

There werel8 casegepresenting 5,933 crasheith both steering and braking data. The majority
of impacteddrivers responded bsteering andbraking(Table10). The impacted vehicle was more likely

to respond ¥ either braking or steering and brakithgn the encroaching vehicle

Table 24. Combination of evasive maneuvers

. Action Percent of
Evasive Action | Vehicle Role Action Percent of Performed Weighted
Performed Cases .
(weighted) Cases
Encroaching 4 40.0% 394 16.5%
No Avoidance Impacted 0 0.0% 0 0.0%
Total 4 22.2% 394 6.7%
Encroaching 3 30.0% 1,333 55.7%
Brake and Stee( Impacted 11 64.7% 3,731 74.0%
Total 14 77.8% 5,065 85.4%
Encroaching 2 20.0% 544 22.7%
Steer Only Impacted 2 11.8% 323 6.4%
Total 4 22.2% 868 14.6%
Encroaching 1 10.0% 121 5.1%
Brake Only Impacted 4 23.5% 987 19.6%
Total 5 27.8% 1,108 118.7%
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8.4 Discussion

In the majority of crosgenterline crashés49.3% of encroaching vehicles and 31.2%gsacted
vehiclesi the vehicle was travelling faster than the speed liFigure 76). In 26 of the 62 cases, the
encroaching vehicle was travellingone than 8 kph (5 mph) over the speed limit. The median travel speed
was 59.6 kph for the encroaching vehicle and 46.7 kph for the impacted vélelee77). Overdl, the

distributions of impact speeds are similar for both the encroaching and impacted vehicles.
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Figure 76. Vehicle speed compared to the posted speed limit. Cases above ltweer line
represent vehicles travelling faster than the posted speed limi€ases above the upper line
represent vehicles travelling more than 5 kph faster than the posted speed limit.
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Figure 77. Distribution of travel speeds
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The median departure angle was 9°. The median departure angle was larger than the 0.4 to 0.6°
reported from naturalistic driving studigg5]. This is likely due to the fact that all case in NASS/CDS are
crasheswhich is not the case in naturalistic data sets.
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Figure 78. Distribution of departure angles

Every encroaching vehicléhat performed a steering maneuver before the impact, steered back
toward their original lane of travell&ble 25). The impacted vehicle was more likely to steer but the
direction of steering was not consistent. They most commonly turned to the right, which is away from the
centerline The encroaching Vecle performed a harder evasive steering maneuver with a median
magnitude of 25 deg/s compared to only 11.7 deg/s by the impacted vEljcie79).

Table 25. The distribution of directions for vehiclesthat performed a steering maneuver

S_teer!ng Role Action Cases Percent Péb;?élr?r:le d Weighted l\j\?er?gef?égf
Direction Performed | Available | of Cases (weighted) Cases Cases
Left Encroachin 0 5 0.0% 0 1,877 0.0%
Impacted 5 13 38.5% 1,149 4,054 28.3%

Right Encroaching 5 5 100.0% 1,877 1,877 100.0%
Impacted 8 13 61.5% 2,905 4,054 71.7%
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Figure 79. Distribution of the maximum yaw rates for 5 encroachingvehicles and 13

impacted vehicleghat performed a steering maneuver

The deceleration was computed using a linear regression of the amount of time the driver was
braking as a function of the chanigevelocity. The average deceleration of the vehicle due to braking was
0.3 g Figure80). This is half of the 0.58 g evasive braking present in intersection ci{dsheEhe evasive
braking deceleration was much lower for crossterline crashes than road departure crasliésh may

indicate less time to react. There was \ithe difference in the deceleration between the encroaching and

impacted vehicles.
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Figure 80. Vehicle deceleration from braking before impacfor 29 encroaching vehicles and

76 impacted vehicles
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Of the vehicleghatperformel a braking maneuver before impact, the median brake duration was
1.0 s for the encroaching vehicle and 0.6 s for the impacted vehigle¢81).
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Figure 81 The distribution of braking duration for 29 encroaching vehicles and 76 impacted
vehiclesthat performed a braking maneuver.

The distribution of vehicle decelerations during the final braking event is shdwgure82. The
median deceleration was 0.§6for the encroaching vehicle and 0.§2or the impacted vehicle. The
decelerations were computed as the change in velocity divided by the duration braking. This method led to
a total six cases with a deceleration greater than 1g, which is not possible from braking alone. Therefore,

there may b other factors involved allowing the vehicle to decelerate faster, such as an incline or an impact.
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Figure 82. The distribution of deceleration during the final braking eventfor 29 encroaching
vehicles and 76 impactedehicles

The median impact speed was 40.3 kph for the encroaching vehicle and 38.0 kph for the impacted
vehicle Figure83). The median delta was 17.2 kph for the encroanbivehicle which is about half of

the impact speed-{gure84). The median delta of 12.4 kphwas lower for the impacted vehidlean the
encroaching vehicle.
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Figure 83. Distribution of single vehicle road departure impact speeds
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Figure 84. Distribution of single vehicle road departure crash impact deltav.
All of the trajectories of the encroaching and impacted vehicles are sh&igune85. The origin
is the point where the encroaching vehicle crosses the centerline. There is a large spread away from the
origin because of the different road shapes. The majority of crashes occurred close to the centerline as seen
by the points on the trajexies inFigure86. Over 25% of crossenterline crashes occurred within 1m of

the centerline.
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Figure 85. Trajectories of vehicles involvedn cross-centerline vehicleto-vehicle collisions
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Figure 86. Distance from the point of departure to the impact location for the encroaching
vehicle

8.4.1 Case Study

One specific case analyzed was case number 550017440. In thies tagearold female was
driving a 2011 Chevrolet HHR through a construction zone on a rurdbtveohighway Figure87). The
vehicle departed the lane and impaae2D10 Ford ESeries van driven by a 3&arold female travelling
the opposite direction. The driver of encroaching vehicle had a MAIS of 4 and the other driver had a MAIS
of 2. The EDR information indicates that both vehicles were travelling aboutrnie sggeed prior to the
crash Figure 88). The impacted vehicle saw the encroaching vehicle and reacted by both steering and
braking simultaneously.
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Figure 87. Case number 550017440. Chevrolet HHR (V1) departs lane and impacts a Ford
E-Series van (V2)

Figure 88. The EDR speed, braking, and yaw rate information for both vehicles
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