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ABSTRACT 

Every year, approximately 34,000 individuals are fatally injured in crashes on US roads [1]. These 

fatalities occur across many types of crash scenarios, each with its own causation factors. One way to 

prioritize research on a preventive technology is to compare the number of occupant fatalities relative to 

the total number of occupants involved in a crash scenario. Four crash modes are overrepresented among 

fatalities: single vehicle road departure crashes, control loss crashes, cross-centerline head-on crashes, and 

pedestrian/cyclist crashes [2]. Interestingly, three of these crash scenarios require the subject vehicle to 

depart from the initial lane of travel. Lane departure warning (LDW) systems track the vehicle lane position 

and can alert the driver through audible and haptic feedback before the vehicle crosses the lane line. Lane 

departure prevention (LDP) systems can perform an automatic steering maneuver to prevent the departure.  

Another method of prioritizing research is to determine factors common among the fatal crashes. 

In 2017, 30.4% of passenger vehicle crash fatalities involved a vehicle rollover [1]. Half of all fatal single 

vehicle road departure crashes resulted in a rollover yet only 12% of fatal multi-vehicle crashes involved a 

rollover [1]. These often occur after the driver has lost 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. Passive safety 

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 curtain airbags 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 maintained to prevent occupant ejection. 

The focus of this dissertation is to evaluate the effectiveness of vehicle-based countermeasures, 

such as lane departure warning and electronic stability control, for preventing or mitigating single vehicle 

road departure crashes, cross-centerline head-on crashes, and single vehicle rollover crashes. This was 

accomplished by understanding how drivers respond to both road departure and cross-centerline events in 

real-world crashes. These driver models were used to simulate real crash scenarios with LDW/LDP systems 

to quantify their potential crash reduction. The residual crashes, which are not avoided with LDW/LDP 

systems or ESC, were analyzed to estimate the occupant injury outcome. For rollover crashes, a novel injury 

model was constructed that includes modern passive safety countermeasures. The results for road departure, 

head-on, and control loss rollover crashes were used to predict the number of crashes and injured occupants 

in the future. This work is important for identifying the residual crashes that require further research to 

reduce the number of injured crash occupants.  
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GENERAL AUDIENCE ABSTRACT 

Every year in the US, approximately 34,000 individuals are fatally injured in many different types 

of crashes. However, some crash types are more dangerous than other crash types. Drift -out-of-lane 

(DrOOL) road departure crashes, control loss road departure crashes, head-on crashes, and pedestrian 

crashes are more likely to result in an occupant fatality than other crash modes. In three of these more 

dangerous crash types, the vehicle departs from the lane before the crash occurs. Lane departure warning 

(LDW) systems can detect when the vehicle is about to cross the lane line and notify the driver with beeping 

or vibrating the steering wheel. A different system, called lane departure prevention (LDP), can provide 

automatic steering to prevent the vehicle from leaving the lane or return lane. In control loss crashes, the 

vehicleôs motion is in a different direction than the vehicleôs heading. During control loss, it is easier for 

the vehicle to roll over which is very dangerous. Electronic stability control (ESC) can prevent control loss 

by applying selective braking to each tire to keep the vehicleôs motion in the same direction as the vehicleôs 

heading. If a rollover still occurs, vehicles are equipped with passive safety systems and designs such as 

seat belts, side curtain airbags, and stronger roofs to protect the people inside. Seat belts can prevent 

occupants from striking 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 from being ejected from the vehicle. 

The focus of this dissertation is to estimate how many crashes LDW, LDP, and ESC systems could 

prevent. This was accomplished by understanding how drivers respond after leaving their lane in real 

crashes. Then, these real crash scenarios were simulated with an LDW or LDP system to estimate how 

many crashes were prevented. The occupants of residual crashes, which were not prevented by the 

simulated systems, were analyzed to estimate the number of occupants with at least one moderate injury. 

Understanding which crashes and injuries that were not prevented with this technology can be used to 

decide where future research should occur to prevent more fatalities in road departure, head-on and control 

loss crashes. 
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1 INTRODUCTION 

Every year, approximately 34,000 individuals are fatally injured in crashes on roads in the US [1]. 

These fatalities occur across many types of crash scenarios, each of which has its own set of causation 

factors. One way to prioritize research on a preventive technology for 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, cross-centerline head-on crashes, and pedestrian/cyclist crashes [2]. 

Interestingly, two of these crash scenarios require the subject vehicle to depart from the initial lane of travel 

before the crash occurs. Another method of prioritizing research is to determine factors common among the 

fatal crashes. In 2017, 30.4% of passenger vehicle crash fatalities involved a vehicle rollover [1]. Half of 

all fatal single vehicle road departure crashes resulted in a rollover yet only 12% of fatal multi-vehicle 

crashes involved a rollover [1].  

The focus of this dissertation is to evaluate vehicle-based countermeasures to prevent or mitigate 

single vehicle road departure crashes, cross-centerline head-on crashes, and single vehicle rollover 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 the road, and colliding with a fixed roadside 

object such as a tree or guardrail. Road departure crashes are one of the most dangerous crash modes. From 

2007 to 2011, drift-out-of-lane road departure crashes accounted for one-third of all crash fatalities despite 

accounting for less than 10% of all crashes [2]. 

1.1.2 Cross-Centerline Head-On Crashes 

DrOOL cross-centerline head-on crashes consist of a vehicle unintentionally crossing the centerline 

and colliding with a vehicle traveling the opposite direction. Head-on collisions are particularly dangerous 

due to the large deceleration experienced upon impact since the vehicles were moving in opposite 

directions. Head-on collisions are overrepresented in fatal outcomes. Head-on crashes comprise only 4% 

of non-intersection crashes but account for 49% of fatalities in non-intersection crashes [3].  

1.1.3 Rollover Crashes 

A vehicle rollover can be either end-over-end or lateral. End-over-end rollovers are extremely rare 

and consist of a very large pitch such that the vehicle does not remain 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 collisions [1]. In 2017, 30.4% of 

passenger vehicle crash fatalities involved a vehicle rollover [1]. Ejection is a key contributor to occupant 

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 objects or other vehicles in addition to the rollover.  

1.2 Countermeasures 

1.2.1 Lane Departure Warning/Prevention Systems 

The high severity of DrOOL road departure and head-on crashes has been a key motivation for the 

development of active safety systems, such as lane 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 travel [4]. Ideally, the driver reacts to the warning and returns to the lane, preventing an impact 

(Figure 1). 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 objects [4]. The reaction time 

of a driver to a haptic or audible LDW system can vary from as low as 0.38s to 1.36s [5]. Additionally, 

LDW effectiveness is dependent on the evasive action taken by the driver. Lane departure prevention (LDP) 

systems remove the need for the driver to react to prevent DrOOL crashes by automatically steering the 

vehicle back toward the original lane. Some LDP systems can provide steering input before departing the 

lane and may also be referred to as lane keeping assist (LKA) systems. Unlike lane centering systems, LKA 

systems may oscillate within lane and may stop any maneuver after departing the lane. 

 
Figure 1. Example of a LDW system preventing a road departure crash by inducing a driver 

maneuver. 

From 2011 to 2015, almost 50% of all moderate to fatal injuries occurred in crashes that could 

benefit from LDW/LDP systems [6]. Over 65% of these LDW/LDP applicable scenarios were DrOOL road 
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departure crashes. Riexinger found that roughly 80% of drivers in drift-out-of-lane road departure crashes 

responded with a steering maneuver [6]. Kusano estimated that between 29-32% of drift-out-of-lane road 

departure crashes could be prevented with an LDW system [7]. Similarly, Scanlon estimated that 26% of 

drift-out-of-lane road departure crashes could be prevented with an LDW system and 32% with an LDP 

system [8]. Several studies have estimated the effectiveness of LDW in road departures, however due to 

the higher relative speed that the subject vehicles approach each other during a head-on collision, the 

effectiveness of LDW and LDP systems may be different in this mode than in road departures (Table 1). 

Cicchino estimated the number of lane departure crashes, including head-on crashes, that were prevented 

by LDW/LDP systems using insurance claim information. The estimated benefit is lower than other 

simulated studies 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 

Cicchino 2018 [9] 

Single vehicle road departure, 

head-on, sideswipe crashes in 

US 

11% (LDW/LDP) 

Sternlund 2017 [10] 

Single vehicle road departure, 

head-on crashes on high-

speed roads in Sweden 

53% (LDW/LDP) 

Riexinger 2018 [4] 
Single Vehicle Road 

Departure crashes in US 

16.7%-21.5% (LDW) 

24.3% (LDP) 

Scanlon 2015 [8] 
Single Vehicle Road 

Departure crashes in US 

26.1% (LDW) 

37.3% (LDP) 

Kusano 2014 [7] 
Single Vehicle Road 

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 crashes. The Roadside Design Guide (RDG) 

specifies design countermeasures such as rumble strips, a clear zone width, traffic barriers [11]. Rumble 

strips are an infrastructure countermeasure similar to a LDW system. When a vehicle crosses the lane and 

contacts the rumble strip, an audible and haptic warning is delivered to the driver. Often this allows the 

driver to safely return to the lane [12, 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 10 m [11]. For hazards that cannot be removed, the RDG can recommend 

the installation of a traffic barrier such as a guardrail, concrete barrier, or cable barrier [11]. One method 

for supporting the installation of a longitudinal barrier uses the RSAP program to estimate if there is an 

overall reduction in the crash cost that offsets the installation of the barrier [14]. The installed barriers are 
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tested to conform with the crash standards indicated in the Manual for the Assessment of Safety Hardware 

[15].  

1.2.3 Electronic Stability Control 

Electronic stability control (ESC) is an active safety feature that detects wheel slip and applies 

selective braking to each tire to maintain vehicle heading. Previous studies have shown that ESC systems 

are effective in preventing control loss crashes. ESC has been estimated to prevent up to 50% of all crashes 

with serious or fatal injuries and could prevent 20% of all non-rear end crashes (Table 2). 

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

Source Method Population 
ESC 

Effectiveness 

Farmer, 2004 [16] 

Induced exposure method 

compared identical makes 

and models 

All crashes 1% 

Single Vehicle 50% 

Single Vehicle 

Rollover 
74% 

Erke, 2008 [17] 

Combined multiple values 

computed across many 

studies 

Single Vehicle 49% 

Loss of control 41% 

Rollover, injuries 69% 

All, non-rear-end 22% 

Dang, 2004 [18] 

Quasi-induced exposure 

compared to multi-vehicle 

crashes 

Single Vehicle 

Passenger Cars 
35% 

Single Vehicle SUVs 67% 

Quasi-induced exposure 

compared to multi-vehicle 

crash fatalities 

Single Vehicle 

Passenger Car 

fatalities 

30% 

Single Vehicle SUVs 

fatalities 
63% 

Papelis, 2010 [19] 

Simulator study with SUV 

and passenger vehicles to 

test loss of control  

180 cases 24.6% 

Lie, 2006 [20] 

Induced exposure method 

compared identical makes 

and models 

All, non-rear-end 16.7% 

Serious/fatal, non-

rear-end 
21.6% 

Single vehicle, wet 

roads 
56.2% 

Single vehicle, icy 

roads 
49.2% 

Single vehicle, dry 

roads 
24.8% 

1.2.4 Rollover Passive Safety 

In the event of a rollover, passive safety features, such as seat belts, side curtain airbags, and 

stronger roofs, may reduce the risk of serious injury to the passengers. Seat belts can prevent occupant 

ejection and injury by restraining the occupant to the seat rather than exiting or moving around inside the 
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vehicle during a rollover crash. Side curtain airbags deploy during a rollover to block 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 and windshield 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 quarter turns using cases from NASS/CDS 1995-2001. 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 injury [21]. However, this 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 1996-2004 and NASS/CDS cases from 1998-2002 [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 analysis. The logistic injury model used multiple predictor 

variables including belt use, intrusion, far-side position, age, height, rollover initiation type, number of 

quarter-turns, vehicle body type. Conroy found that roof intrusion was a significant indicator of injury. 

Funk et al. found that belt use was the best predictor of ejection likelihood, with side curtain airbags the 

next best predictor [23]. Using the Abbreviated Injury Score (AIS), a medically relevant injury scale, Funk, 

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

greater than 3 (MAIS 3+) [24, 25]. The model they developed for predicting AIS 3+ injuries included the 

number of quarter turns, ejection, BMI, and age as predictors. However, the model did not use seat belts as 

a predicting variable. Flannagan constructed a logistic model to predict MAIS3+F injury during a rollover 

based on the occupant age, belt use, roof intrusion, model year, rural road, occupant ejection, and occupant 

sex [26].  

1.3 Driver PRT 

Driver perception-response time (PRT) is a key component in many human factors analyses done 

during the investigation and reconstruction of automotive crashes. Krauss identified four basic stages of 

PRT: detection, identification, decision, and response [27]. 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 necessary, the driver must decide and execute an evasive 

action such as braking or steering. 

Understanding the PRT of a truly unexpected situation, like a cross-centerline encroachment, is 

difficult to accurately assess. Research on the topic of PRT has tended to involve studies 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 be estimated rather than directly measured. Olson and Sivak assessed PRT to unexpected roadway 

hazards when cresting a hill [28]. In a ñsurpriseò condition, the 50th percentile perception time, measured 

as the time difference from the ñfirst possible sighting of the obstacleò to the release of the accelerator 

pedal, was found to be 0.6 to 0.7 seconds. The 50th percentile response time, measured from accelerator 

pedal release to brake pedal application, was approximately 0.4 seconds, summing for a total PRT 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 drivers [29]. 87% of drivers reacted, with 

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 Chiang , the average brake response time 

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

[30]. DôAddario and Donmez investigated brake and steer reaction times to three different hazards (a left-

turn across path, a pedestrian entering the roadway, and a right-incursion 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 (left-turn across path). The researchers stated that only the left-turn 

across path hazard 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 naturalistic driving study [32]. Naturalistic studies may provide more accurate 

measurements of driver reaction time since event is happening during a normal driving scenario rather than 

in a controlled environment such as a test track or simulator [33]. For 40 attentive drivers responding to a 

lead vehicle, the mean measured reaction time was 1.57 seconds for crash and near-crash events. 

Table 3. Summary of some previously measured PRT response times. 

Source Experimental Design Situation Type Driver PRT (s) 

Olson and Sivak 

(1986) [28] 
Controlled Test Site 

Object in lane revealed 

during hill crest 
1.1 

Lerner 

(1993) [29] 
Controlled Test Site Barrels released 1.5 

Broen and Chiang 

(1996) [30] 
Simulator Obstacle 1.33 

DôAddario and Donmez 

(2019) [31] 
Simulator Pedestrian 0.88 

Gao and Davis 

(2017) [32] 
SHRP 2 Car Following Events 1.57 

 

Most studies that measure the driverôs PRT focus on either rear-impact crashes or single-vehicle 

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 vehicle [34]. However, in cross-centerline 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 evasive actions than cross-centerline scenarios. Based on the 

100-Car Naturalistic Driving Study, drivers applied the brakes alone in 70% of car following near-crash 

scenarios, but only 19% in oncoming vehicle near-crashes [35]. Based on event data recorders from cross-

centerline crashes, Riexinger (2019) showed that 80% of drivers performed both a braking and steering 

evasive action before the impact with the encroaching vehicle [36]. 

The most comprehensive and pertinent analysis to the current study is the 2016 work of 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 real/on-road 

driving [37]. Looking at rear-impact crashes and near-crashes, the researchers found that brake onset almost 

always occurred within a half-second 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 not 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. 

  



 

8 

  

2 DATA SOURCES 

2.1 Summary 

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

utilizes multiple datasets that are detailed in the following sections (Table 4). 

Table 4. Summary of data sources. 

Dataset Represented Population Data Type 
Chapter 

Utilized 

FARS 
All fatal, police-reported 

crashes 

Basic crash, vehicle, and 

occupant information 
3, 7, 12 

NASS/GES 
Sample of all police-reported 

crashes  

Basic crash, vehicle, and 

occupant information 
3, 7, 12 

NASS/CDS 

Sample of all police-reported 

crashes with a vehicle towed 

due to damage 

In-depth investigation: 

scene diagram, photographs, 

injury records 

3-10, 12-15 

CISS 
Sample of all police-reported 

crashes with a towed vehicle 

In-depth investigation: 

scene diagram, photographs, 

injury records 

6, 10, 13, 15 

Virginia Tech 

EDR Database 

EDR data extracted from 

NASS/CDS and CISS cases 

Vehicle measurements before 

and during the crash  
4-6, 8-10, 13-15 

NCHRP 17-43 
Drool road departure crashes 

from NASS/CDS 

Detailed road, roadside, and 

encroachment information  
3-6 

Cross-Centerline 

Database 

Head-on crashes from 

NASS/CDS 

Detailed road and encroachment 

information 
7-10 

SHRP 2 Naturalistic driving 
Vehicle dynamics and multiple 

video recordings during trips 
11 

IIHS 

Vehicle Dataset 
Passenger vehicles 

IIHS safety ratings and available 

safety technology by vehicle 

model 

12-15 

NHTSA Component 

Test Database 
Passenger vehicles Roof SWR by vehicle model 12, 13, 15 

National Household 

Travel Survey 
US households 

Basic driving/vehicle 

information: 

vehicle age, miles travelled 

6, 10, 15 
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2.2 FARS 

The Fatality Analysis Reporting System (FARS) is a census of every fatal vehicle crash in the US 

since 1975 [38]. 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 information about the road, 

environment, vehicles, and occupants involved 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 crashes from 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 reports, NASS/GES contains useful information about the road, environment, 

vehicles, and occupants involved in the crash. The Crash Report Sampling System (CRSS) is the successor 

to NASS/GES and contains crashes after the case year 2015. Both NASS/GES and CRSS are useful datasets 

for understanding the overall crash populations in 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 crashes in which at least one passenger vehicle was towed away [40]. Every 

case in NASS/CDS is assigned a weight to represent the total number of similar crashes that occurred in 

the US during that case year. NASS/CDS provides detailed information on each case including vehicle 

deformation, crash causation 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 delta-v is calculated from an energy reconstruction based on the crush 

profile of the vehicle using Win-Smash [41-43]. NASS/CDS contains crash data from 1979 to 2015. The 

Crash Investigation Sampling System (CISS) is the successor to NASS/CDS and currently contains crash 

since 2017 [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 real-world crashes that were investigated in NASS/CDS from 2000 to 

2015. The EDR database is continuing to expand to also include cases from CISS 2017. Most recently 

manufactured vehicles have an EDR installed, which records basic vehicle information in the event of a 

crash. The EDR database is a unique source of direct measurements of vehicle speed before and during a 

crash. The EDR records data, such as delta-v, during the crash to capture the crash pulse. Additionally, five 

seconds of pre-crash information, such as vehicle speed, throttle position, brake activation and engine RPM, 
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are also recorded. Some advanced EDRs record information such as the steering-wheel 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 crash delta-v within 14% [42] and are frequently used to 

understand driver precrash behavior [45, 46]. 

2.6 NCHRP 17-43 

The National Cooperative Highway Research Program (NCHRP) 17-43 database is under 

development at Virginia Tech as a part of a grant from the National Academies of Science [47, 48]. The 

NCHRP 17-43 database contains supplementary data for a total of 1,581 single vehicle road departure 

crashes from NASS/CDS case years 2011 to 2015. The supplementary data includes numeric trajectories, 

speed reconstructions, and detailed roadside information extracted from the NASS/CDS cases. It has been 

used to understand the nature of road departure crashes into barriers [49], understand driver behavior [6, 

36], and to predict the benefits of LDW [4, 50].  

In the NCHRP 17-43 database, there were 97 cases with reconstructed impact speeds and pre-crash 

speeds captured by an associated event data recorder (EDR). The reconstructed impact speed was compared 

to the last recorded pre-crash speed. The reconstructed impact speed was on average 14% lower than the 

EDR impact speed (Figure 2). Most of this error can be attributed to the known 13% underestimation of the 

delta-v using WinSMASH [42].  

 

Figure 2. Comparison of reconstructed impact speeds with EDR recorded speeds. 

2.7 Cross-Centerline Database 

The Virginia Tech Cross-Centerline database contains 232 NASS/CDS cross-centerline crashes 

where at least one passenger vehicle had EDR information available. I developed this dataset for to 
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understand the nature of head-on crashes and to evaluate possible countermeasures. Similar to the NCHRP 

17-43 database, this contains the trajectory positions and headings of every vehicle involved.  

The crashes in the Cross-Centerline database were selected from NASS/CDS 2011-2015. 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 can include rollovers. To be included in 

the database, the crash scenario must be a lane departure that resulted in a crash with a vehicle traveling in 

the opposite direction. Additionally, at least one vehicle involved in the crash must have EDR information 

available (Table 5). 

Table 5. Cross-Centerline database inclusion criteria. 
 Number of Cases Weighted Number of Cases 

NASS/CDS 2011-2015 16,536 7,468,762 

Lane Departure: Opposite Direction Crash 694 184,522 

EDR Information for at Least One Vehicle 232 68,296 

2.8 SHRP 2 

The second strategic highway research program (SHRP 2) is the worldôs largest naturalistic driving 

dataset, containing nearly two petabytes of data [51]. The primary vehicle of over 3,400 drivers was 

equipped with a data acquisition system that recorded information from three-axis accelerometers, three-

axis rate sensors, a global positioning system, forward radar, vehicle network data, lane position, and four 

video feeds (front, rear, driverôs face, and driverôs hands). The SHRP 2 event data also includes whether 

the driver was distracted or engaged in a secondary task based on a review of the driver video. Every trip 

was recorded during the three-year period and captured 8,769 crashes or near-crash events. The current 

study utilized the forward-facing video and the 10 Hz time-series data of vehicle acceleration, brake pedal 

activation, yaw rate, and steering wheel angle from crash and near-crash scenarios [52].  

2.9 NHTSA Component Test Database  

The vehicle SWR was also retrieved from the NHTSA Component Test Database [53]. This 

database provided a collection of the roof crush tests completed to ensure vehicle compliance with FMVSS 

216. Test results are available up to model year 2008. The FMVSS 216 testing procedure prescribes moving 

a rigid, unyielding test block at a rate of 13 mm/s to a maximum displacement of 127 mm [54]. The 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 deformation. FMVSS 

216 requires both sides of the vehicle be tested. 

2.10 IIHS Vehicle Dataset 

The Insurance Institute for Highway Safety (IIHS) maintains vehicle safety information and the 

availability of safety systems in vehicles [55]. These publicly available records of make-model specific 
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safety equipment were used to determine the roof strength to weight ratio (SWR) and ESC availability. 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 string that contains the model of the vehicle and 

may contain the trim, body type, number of doors, 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, ñStandardò, ñOptionalò, and ñNot Availableò. If the ESC availability database 

did not include a vehicle and the model year was 2012 or newer, the vehicle was assumed to be compliant 

with FMVSS 126. Otherwise, if the database did not include a vehicle make/model, it was assumed to not 

have ESC. IIHS measures the roof SWR following the FMVSS 216 test procedures except the test block 

displacement is limited to 5 mm/s [56]. The SWR data from IIHS was organized by vehicle make, model, 

and model year.   

2.11 National Household Travel Survey 

The National Household Travel Survey (NHTS) is a publicly available dataset containing personal 

and household travel information [57]. The NHTS is conducted by the Federal Highway Administration 

(FHWA) every five to eight years to collect basic information about travel 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 travelled 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 smooth out the effects of the 2008 recession, 

which heavily influenced the sales of vehicles and the number of miles travelled during that time (Figure 

3). 



 

13 

  

 
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 year range of 2001 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 vehicle (Figure 4). 

 
Figure 4. The age distribution of vehicles in NASS/CDS 2001-2015 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 objective of chapter 3 was to determine the frequency of and to characterize DrOOL road 

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

3.2 Approach 

3.2.1 Data Selection 

All recorded single vehicle road departure crashes that occurred between 2011 and 2015 were 

extracted from NASS/GES, NASS/CDS, and FARS. These 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). Moderate injury is defined in NASS/CDS based on the Abbreviated Injury Scale 

(AIS), a clinically relevant scale of injury severity [25]. Additionally, the NCHRP 17-43 database was used 

to gain insight into the roadside features during DrOOL road departure crashes. The weighted number of 

cases from NASS/CDS and NASS/GES were used for the analysis. 

The two most common types of road departure crashes were DrOOL and control loss road departure 

crashes (Figure 5). LDW and LDP systems are the primary countermeasure for preventing DrOOL road 

departure crashes while ESC is the primary counter measure for control loss road departure crashes. Only 

DrOOL road departure crashes were considered in this characterization since the following chapters will 

focus on LDW and LDP countermeasures (Table 6).  

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

Dataset Population 
Injury 

Severity 

Weighted Crashes 

(unweighted) 

Weighted 

Occupants 

(unweighted) 

NASS/GES 
All Police-Reported 

DrOOL Crashes 
All  

2,160,271 

(24,497) 

2,817,202 

(32,999) 

NASS/CDS 
Tow-Away DrOOL 

Crashes 
MAIS 3+F 

26,890 

(335) 

28,386 

(374) 

FARS 

DrOOL Crashes with a 

Fatally Injured 

Occupant 

Fatal 29,663 31,947 

NCHRP 17-

43 

Tow-Away DrOOL 

Crashes 
MAIS 3+F 

17,366 

(207) 

18,352 

(231) 

3.2.2 Analyzed Parameters 

For every DrOOL road departure 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 case since every vehicle and occupant in the crash interacts with a 

road/environment.  

Table 7. Data elements for in-depth characterization. 
 Characteristic Factors Data Source 

Crash Causation 

Road/Environment 

Speed Limit 

Road Alignment 

Number of Lanes 

Weather Condition 

Surface Condition 

Roadway Lighting 

Shoulder Width 

Clear Zone Width 

Lane Markings 

Object Struck 

All  

All  

All  

All  

All  

All  

NCHRP 17-43 

NCHRP 17-43 

NCHRP 17-43 

NCHRP 17-43 

Driver 

Avoidance Maneuver 

Demographics (age, sex) 

Alcohol Involvement 

Drug Involvement 

Pre-crash Maneuvers 

All  

All  

All  

All  

All  

Injury Causation 

Vehicle 
Model Year 

Rollover 

All  

All  

Occupants 

Demographics (age, sex) 

Belt Use 

Ejection 

Seat Location 

All  

All  

All  

All  
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3.3 Results 

Fatal DrOOL road departure crashes were overrepresented on 55 mph roads and underrepresented 

at speeds below 35 mph (Figure 6). This may be due to the fact that slower moving vehicles likely have a 

lower crash delta-v, which reduces the chance of a fatal injury. Most DrOOL road departure crashes occur 

on straight sections of roads (Figure 7). Fatal road departure crashes are overrepresented on curved roads. 

 
Figure 6. Distribution of speed limit among DrOOL road departure crashes. 

 
Figure 7. Distribution of road alignment for DrOOL road departure crashes. 



 

17 

  

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 the US (Figure 8). Following the NASS/CDS definition, 

this counts all lanes on undivided roads and the lanes in the same direction for divided roads. Fatal crashes 

were nearly as common at night in the dark as during the day (Figure 9). This may be due to an increased 

number of drowsy or intoxicated drivers at night. 

 
Figure 8. Distribution of  lanes for DrOOL road departure crashes. 

 
Figure 9. Distribution of lighting conditions for DrOOL road departure crashes. 
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Most crashes occurred during typical clear days with dry roads (Figure 10 and Figure 11). Fatal 

crashes may be underrepresented during the rain with wet roads because drivers travelling more cautiously. 

 
Figure 10. Distribution of weather conditions during DrOOL road departure crashes. 

 
Figure 11. Distribution of surface conditions for DrOOL road departure crashes. 
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In almost all cases in FARS, NASS/CDS, and NASS/GES, there was either no evasive maneuver 

or the maneuver was unknown (Figure 12). Because of the lack of insight from these datasets, Chapter 4 

will characterize the evasive actions using EDR information. Fatal DrOOL road departure crashes were far 

more likely to involve a rollover than less severe crashes (Figure 13).  

 
Figure 12. Distribution of driver evasive maneuvers for DrOOL road departure crashes. 

 
Figure 13. Occurrence of rollovers during DrOOL r oad departure crashes. 
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Most drivers in these crashes were relatively young; 40% of drivers were at most 25 years-old 

(Figure 14). More severe crashes tended to have older drivers, which may indicate that older drivers are 

more susceptible to serious injuries. Most of the drivers were male (Figure 15).  

 
Figure 14. Distribution of driver age in DrOOL road departure crashes. 

 
Figure 15. Distribution of driver sex DrOOL road departure crashes. 
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More severe crashes were overrepresented among cases that involved 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. 

 
Figure 16. Involvement of alcohol in DrOOL road departure crashes. 

 
Figure 17. Drug use among drivers in DrOOL road departure crashes. 



 

22 

  

Before departing the road, nearly all drivers were not attempting any maneuver such as turning on 

to a new road (Figure 18). The model year of vehicles in fatal DrOOL road departure crashes is shifted left 

from all DrOOL road departure crashes, which may indicate that newer vehicles protect occupants better 

(Figure 19). CDS does not follow the same curve because NHTSA purposely sampled vehicles that were 

less than 10 years old. 

 
Figure 18. Distribution of maneuvers before departing the roadway. 

 
Figure 19. Distribution of vehicle model year in DrOOL road departure crashes. 
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Over three-quarters of the occupants in DrOOL road departure crashes are in the driver seat (Figure 

20). Since most of these crashes are single occupant crashes, there is a drastic increase in the age distribution 

after occupants reach licensing age (Figure 21). Similar to the driver age distribution, more severe crashes 

tended to have older occupants. 

 
Figure 20. Distribution of occupant seating location. 

 
Figure 21. Age distribution of occupants in DrOOL  road departure crashes. 



 

24 

  

Fatal and MAIS 3+F injured occupants were overrepresented among unbelted occupants and 

ejected occupants (Figure 22 and Figure 23). 

 
Figure 22. Distribution of occupant belt use in DrOOL road departure crashes. 

 
Figure 23. Distribution of ejection occurrence in DrOOL road departure crashes. 
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Similar to drivers, most of the occupants in DrOOL road departure crashes were male (Figure 24).  

 
Figure 24. Distribution of occupant sex in DrOOL road departure crashes. 

Narrow objects, such as poles and trees, were the most common hazard struck first in DrOOL road 

departure crashes (Figure 25). Curbs were 26% of the ñOtherò roadside hazards struck first. 

 
Figure 25. Distribution of the type hazard first contacted in DrOOL road departure crashes. 
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Over 40% of the weighted DrOOL road departure crashes occurred in a location without a shoulder 

(Figure 26). Additionally, half of the DrOOL road departure crashes occurred in locations where the 

measured clear width was less than 2.5 m (Figure 27). Less than 5% of the crashes occurred in locations 

with a measured clear zone width greater than 10 m. The lack of a shoulder and a small clear zone may 

limit the ability for drivers to recover from a departure. 

 
Figure 26. Distribution of the shoulder width at the road departure location. 

 
Figure 27. Distribution o f 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 departures (Figure 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. 

 
Figure 28. Distribution of lane markings for left and right DrOOL road departure crashes. 

3.4 Conclusions 

Most DrOOL road departure crashes occur on straight, 2-lane roads on clear days. Male drivers are 

more likely to be involved in these 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 a departure event. 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 reaction time has been extensively investigated, little has been published on the type 

of evasive maneuvers taken by the driver to recover from a road departure. The purpose of this chapter is 

to understand what evasive maneuvers drivers perform while attempting to avoid roadside obstacles after a 

road departure and to develop a driver behavior model. 

4.2 Methods 

4.2.1 Case Selection Criteria 

To be included in the study, NASS/CDS cases with supplemental trajectory data from the NCHRP 

17-43 database must also have EDR information available. At the time this study was completed, the 

NCHRP 17-43 was not completed and contained only 992 cases. To ensure 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 delta-v greater than 8 kph were selected [4, 6, 45, 50]. When an airbag 

deploys, the data is locked into the EDR and cannot be overwritten by lower severity impacts. A delta-v 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 largest delta-v. This selection criteria is the same as that used by Scanlon to analyze 

intersection crashes [45] and is summarized in Table 8. 

Table 8. Case selection criteria . 
Criteria  Cases Weighted Cases 

NCHRP 17-43 992 343,494 

EDR Information Available 252 92,241 

Airbag Deployment or Delta-V > 8 

kph 

239 88,422 

First Impact Most Severe 123 53,660 

Pre-crash Information Available 97 44,439 

4.2.2 EDR Reconstruction Methodology 

To understand the evasive actions attempted by the driver, only the pre-crash data recorded after 

the initial lane departure is relevant. Assuming constant acceleration between EDR velocity measurements, 

the distance traveled by the vehicle is computed. The time of the initial lane departure was calculated at the 

moment when the EDR-computed distance is greater than the trajectory distance (Figure 29). Additional 

distance was added for cases 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 lane with the same angle as it departed the road (Eq. 1). 
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Figure 29. Example alignment of EDR pre-crash velocity with the trajectory information to 

determine the time of initial lane departure. The red segment represents the time traveled 

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 earlier naturalistic driving studies [35]. A criterion for evasive steering based on the steering 

wheel angle was computed by relating the steering wheel angle to the yaw rate. EDR pre-crash data with 

both yaw rate and steering-wheel angle were used to determine the relationship between the two parameters. 

This excluded rollover crashes because they often are not tracking before tripping. The time-series data 

from ten tracking vehicles in NASS/CDS and NCHRP 17-43 was used to form a linear model relating the 

yaw rate to steering wheel angle before the crash. The steering-wheel angle is proportional to the yaw rate 

by a factor of 4.4 (Figure 30). The threshold for evasive steering based on steering-wheel angle was, 

therefore, 17.5 . 
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Figure 30. Average relationship between steering-wheel angle and yaw rate. 

4.3 Results 

The evasive maneuvers performed by the drivers and their frequency are summarized in Table 9. 

Steering was the most common driver response, followed by braking. There were 16 cases with 

both steering and braking data. The majority of drivers responded by only steering (Table 10). The 

combined maneuvers will be utilized in the following chapter as the foundation for the driver 

behavior model. 

Table 9. Evasive maneuvers in DrOOL road departure crashes. 

Parameter 
Action 

Performed 

Cases 

Available 

Percent 

of Cases 

Action 

Performed 

(weighted) 

Weighted 

Cases 

Percent of 

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 maneuvers in DrOOL road departure crashes. 

Parameter 
Action 

Performed 

Percent of 

Cases 

Action Performed 

(weighted) 

Percent of 

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 Chapter 3, NASS/CDS is inadequate for drawing conclusions about driver evasive 

maneuvers because in over 50% of the cases, the response was unknown (Figure 12). 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/CDS 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 as performing no 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 crashes ï 67.1% of cases and 56.2% of weighted crashes ï the 

vehicle was travelling faster than the speed limit (Figure 31). In 43 of the 82 cases, the vehicle was travelling 

more than 8 kph (5 mph) over the speed limit. The median departure speed was determined to be 54.7 kph. 

Very few road departure crashes occurred at speeds below 25 kph (Figure 32).  

 
Figure 31. Vehicle speed compared to the posted speed limit. Cases above the line represent 

vehicles travelling faster than the posted speed limit. 

 
Figure 32. Cumulative distribution of the departure speed. 
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The distance traveled to the site of impact from the initial lane departure is related to the time from 

the departure to the impact (Figure 33). This is closely correlated with 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 slow- and fast-moving vehicles increases with 

time. Thus, the variation in distance traveled to impact is larger with a longer time to impact. 

 
Figure 33. Relationship between the distance traveled and the time to impact. The slope of 

the line represents the median departure speed of 54.7 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 and 1.36 s [5]. Therefore, 

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 time of 1.36 s could not respond to an LDW in 71% of crashes (Figure 34). LDW 

systems require sufficient time for the driver to react to the warning and perform an evasive maneuver. A 

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 crashes [45]. One 

reason for this difference is there is likely a lower coefficient of friction between the tires and the ground 

when off the road compared to when the vehicle is on pavement. In addition, evasive actions off the road 

and in intersections may be different. The braking is similar to the ñcomfortable decelerationò value of 0.34 

g defined in AASHTOôs Green Book [58]. 

 
Figure 35. Vehicle deceleration from braking before impact. 
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4.5 Limitations 

This study analyzed only those road departures that resulted in crashes with downloaded 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 LDW systems is to reduce the number of road 

departure crashes, which is represented in these data. Because 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 for all vehicles. 

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 vehicle. However, a steering wheel angle of 17° 

would be higher than necessary to maintain lane position, which 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 road. This method cannot exclude the possibility of non-evasive steering actions such as 

the driver falling asleep and causing the vehicle to turn away from the road. These results are also limited 

by the small number of cases that had the EDR 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 tend 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 predict which crashes 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 this chapter was to predict the number of DrOOL road departure crashes after fleet-

wide deployment of LDW/LDP systems. 

5.2 Approach 

5.2.1 Data Selection 

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

the effectiveness of LDW/LDP systems. These are the latest five years available in NASS/CDS. For each 

of these cases, the NCHRP 17-43 database was used to provide the associated coded trajectory of the vehicle 

before the crash. Only cases with an associated EDR download were included. The EDR pre-crash velocity 

data was used to determine the vehicleôs speed along the trajectory. To be included in our study, the first 

event had to be the most severe [45]. Additionally, the EDR needed to record either an airbag deployment 

or a delta-v greater than or equal to 8 kph (5 mph). The airbag deployment locks the EDR data preventing 

subsequent events from overwriting EDR data. The delta-v requirement ensures 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 the pre-crash velocity to be used in this study. 

If the vehicle departed the road more than once before the crash, it was assumed that an LDW/LDP 

system would have had no effect because the driver would already be aware of the departure. Overall, there 

were 81 vehicles in the simulation dataset. After applying NASS/CDS sampling weights, this represented 

an estimated 29,315 real world crashes (Table 11). 

Table 11. Case selection criteria. 

 Number of Cases Weighted Cases 

NCHRP 17-43 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 

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 departure was retrieved from the NCHRP 17-43 

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 object that was impacted in the original crash was assumed to be a 1 m by 1 m 

box located 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 time step of 0.01s (Eq. 2-7) 
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The total force exerted by the tires was limited to 1g. Therefore, any combination of steering and 

acceleration could not exceed 1g (Eq. 8). If the 1g limit was exceeded, then the braking force was 

maintained, and the steering was scaled down such that the magnitude was equal to 1g. 
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5.2.4 Crash Reconstruction 

To define the velocity along the vehicleôs trajectory, the last EDR pre-crash velocity was assumed 

to be the impact velocity. The velocity was assumed to vary linearly between EDR measurements to 

compute the distance traveled [4]. Beginning at the point of impact, the pre-crash velocity was mapped to 

the vehicle trajectory (Figure 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 by a proportional-integral-derivative (PID) controller with the 

following parameters: Kd = 0, Ki = 0.1, Kp = 743.5. The PID controller parameters were determined by 

manually tuning such that the error was reduced quickly (Kd), with minimal offset (Ki), and with minimal 

overshoot (Kd) to a right-angle turn. The PID controller was minimizing the distance between the predicted 

vehicle center in half a second to the intended path of the vehicle. The 0.5s look-ahead 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 trajectory because the 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 reconstructed initial 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 delivered, the driver did not react instantaneously. There was a reaction 

period during which the vehicle continued to travel as before until the driver reacts. Our model considered 

two driver reaction times: 0.38s and 1.36s. The 0.38s and 1.36s reaction times model a fast and slow driver 

reaction time to either a haptic or audible warning [5].  

Once the driver has reacted to the warning, our study considered two different braking magnitudes 

(0.0g, and 0.45g) 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 rear-end crashes. [45, 59]. Thus, there were six different possible driver 

maneuvers, which included no-braking and medium braking maneuvers as well as no-steering, light, and 

heavy steering maneuvers. Each of the six evasive maneuvers were then weighted based on the overall 

likelihood of a driver performing each specific maneuver based on the driver model developed in Chapter 
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4. (Table 12). The steering maneuver was governed by the PID controller, which tried to steer the vehicle 

back into the original lane of travel.  

Table 12. Relative frequency of driver evasive actions. 
 No Braking (0g) Heavy Braking (0.45g) 

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 proprietary. Our model investigated 6 hypothetical LDW 

systems and 2 hypothetical LDP systems (Table 13). There were two simulated activation speeds for the 

LDW and LDP systems: a standard activation and an expanded activation. The standard system activated 

when the vehicle was travelling faster than 50 km/h. This higher speed threshold is intended to prevent 

activations in locations, such as intersections and parking lots, where there may be many lane lines. The 

expanded activation system would 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 activated when the 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 human-machine interface (HMI) LDW system delivered a warning at 0.5 s TTLC if the driver was 

alert and 1.2s TTLC if the driver was distracted. The LDP system always activated at 1.0 s TTLC. Together, 

these systems represent the range of real LDW/LDP system TTC thresholds and activation speeds [60]. For 

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 investigator for all 81 simulated cases in 

the study. If the investigator determined that the driver had ñlooked but not seenò then it was assumed that 

an HMI system would interpret that the driver is attentive. If the investigator was not sure if the driver was 

distracted, it was assumed that the driver was attentive. This assumption would give the driver the latest 

warning and highest activation speed, which is the least favorable system configuration. Based on this 

assumption, of the data set, in approximately 67% of the cases 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 

with Expanded Speed 

>20 if distracted 

>50 otherwise 
0.0 s before lane crossing 

Advanced LDW >50 km/h 0.5 s before lane crossing 

Advanced LDW 

with Expanded Speed 

>20 if distracted 

>50 otherwise 
0.5 s before lane crossing 

HMI LDW  >50 km/h 
1.2s before lane crossing if distracted 

0.5 s before lane crossing otherwise 

HMI LDW  

with Expanded Speed 

>20 if distracted 

>50 otherwise 

1.2 s before lane crossing if distracted 

0.5 s before lane crossing otherwise 

LDP >50 km/h 1.0 s before lane crossing 

LDP 

with Expanded Speed 

>20 if distracted 

>50 otherwise 
1.0 s before lane crossing 

5.2.7 LDW/LDP Effectiveness 

The LDW effectiveness for 8 different systems was estimated based on the 2 reaction times, and 6 

different vehicle maneuvers for each of the 81 cases. This resulted in a total of 7,776 simulations of road 

departure crashes collisions. These simulations were performed on multiple CPU cores by a custom python 

script. Each simulation was weighted 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 LDP model. A crash 

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 (Stopped). A 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 would not have received any warning 

for the base LDW and LDP systems (Figure 37). In cases where the driver was believed to be distracted, 

6.2% of the cases were traveling below the advanced system activation speed of 20 kph (Figure 38). This 

meant that in 6.2% of the cases the advanced LDW/LDP system would not have activated and the original 

crash would not have been prevented. 
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Figure 37. Cumulative distribution of departure speeds for standard system models. 

 
Figure 38. Cumulative distribution of departure speeds for expanded speed 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, compared 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 is shown in Figure 39. The LDP model that 

could activate at 20 km/h if the driver was distracted, had the highest overall benefit of 67%. The LDW 

model with the advanced 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 later than the 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. 

The crash avoidance benefit of the LDW system increased for systems that delivered an earlier 

warning (Figure 40). LDP systems always activated at 1.0 s TTLC and reacted immediately, which 

produced a greater crash reduction than LDW systems. Systems that can activate at lower speeds when a 

driver is distracted have a higher benefit than its counterpart because the system activates for a greater 

proportion of cases.  

 
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 benefit was 15%. In 2018, Riexinger predicted 

the crash benefit of LDW systems to be between 16.7% and 21.5% depending on the reaction time or 19.1% 

on average [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 (Figure 37). Since this studyôs LDW system activates for half as many cases as the 

previous studies the benefits are significantly reduced. Even with an HMI system that allows the LDW 

system to activate at 20 km/h, if the driver is distracted, still does not activate for 6.2% of the simulated 

cases (Figure 38), which causes the benefit from those systems to also be reduced. The predicted benefit of 

LDP systems was higher than the previous estimates by Kusano and Scanlon [7, 8] (Table 14).  

Table 14. Summary of previous LDW studies on road departure crashes. 
Study Case Selection LDW/LDP Effectiveness 

Riexinger 2018 [4] 
Single Vehicle Road Departure 

crashes in US 

16.7%-21.5% (LDW) 

24.3% (LDP) 

Scanlon 2015 [8] 
Single Vehicle Road Departure 

crashes in US 

26.1% (LDW) 

37.3% (LDP) 

Kusano 2014 [7] 
Single Vehicle Road Departure 

crashes in US 
29%-32% (LDW) 

This Study 
Single Vehicle Road Departure 

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. 

Riexinger showed that the highest benefits are to be expected when driver reaction times are the lowest [4]. 

The Advanced and HMI LDW systems, which activate some time before a lane crossing, effectively turn a 

long reaction time into a quicker reaction. If the driver is not distracted, then the Advanced LDW and HMI 

LDW systems behave in the 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 1.2s TTLC, 

which increases the crash benefit over the Advanced LDW system.  

Expanded speed models had a higher benefit than the 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 with the expanded activation speed 

showed a benefit of 45%, which is a 16% increase from the same system that only activated at speeds 

greater than 50 km/h. Despite activating for almost 40% more cases, the highest benefit for expanding the 

activation speed was roughly 27% in the LDP system.  

Similar to the previous study [4], many road departure crashes 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 vehicle. Often the fastest 

driver reaction time (0.38s) and even an early warning of 0.5 s TTLC, left very little time for the driver to 

steer or brake to avoid the object (Figure 41). There was a clear boundary below which the vehicle always 

crashed in the simulation. These cases correspond to scenarios where the driver did not have enough time 

to respond before impact.  

 
Figure 41. The outcome of each crash based on the departure speed and the straight-line 

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 and Heavy Braking. 

Figure 42 displays the same relationship as Figure 41 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 driver is distracted or not. For all 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 driver was 

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 time of 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, 



 

44 

  

are still not avoided with the HMI LDW system. Despite the earlier warning time for distracted drivers, the 

HMI system was often limited by the driver reaction time. 

 
Figure 42. The outcome of each crash based on the departure speed and the straight-line 

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 and Heavy Braking. 

For LDP systems, the vehicle begins steering immediately and does not require driver input. Unlike 

the LDW systems, a lower boundary does not exist for avoided crashes (Figure 43). This indicates that a 

LDP system with a 1.0 s TTLC is able to respond before each crash. Some road departure crashes still 

occurred because the vehicle was unable to completely maneuver out of the path of the hazard. The cases 

in which the simulated vehicle crashed were based on the unique 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 straight-line 

distance to the impacted object from the point of departure for LDP and LDP with Expanded 

Speed Simulations. 

5.5 Residual Crashes 

The discussion that follows examines the residual crashes remaining after installation of the LDP 

with Expanded Speed. The 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 crashes, our 

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 in-depth review of the 26 residual crashes, the crash related factors were grouped into four categories: 

¶ 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 was relatively large. 

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

to a very fast departure speed or come 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 residual crashes by category. 
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 threshold. If 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 driver was distracted in 2 cases and not 

distracted in 11. Figure 44 shows a sample case overlaid onto the original scene diagram for that case. Both 

the original path and the simulated path are displayed. For cases in which the system did not activate, both 

the original and simulated vehicle trajectories were identical.  

 
Figure 44. Sample case showing simulated path for in which there was no system 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 crashes, the impacted object was found to be within one vehicle width of the 

point of departure. In these cases, the vehicle did not fully leave the roadway in the original crash. All five 

cases where the vehicle CG did not depart the lane to contact the object, the impacted object was a pole. In 

these cases, the vehicle does not need to leave the lane at all. In these scenarios, the vehicle was not traveling 

on an interstate our highspeed roadway (median = 58 kph, max = 75 kph) and because of this the system 

tends to activate when the vehicle is already very close to the object.  

Figure 45 displays 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 crash, but is unable 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. 

 
Figure 45. Sample case involving a residual crash in which the impacted 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 difficult to 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 radius that is 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 larger, and the 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 object (Figure 46). 

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

Figure 47 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 to the likelihood of the vehicle 

impacting another roadside object. It was 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 object. The vehicle was unable to return to the road due to the speed at which the vehicle is traveling 

and the curvature of the road. There are two aspects of vehicle physics that are involved in these scenarios. 

For these simulations it was assumed that the vehicle was neither accelerating or decelerating and 

maintained its original departure speed. The first being the actual turning radius that the vehicle takes during 

the simulation. Equation 8 shows the relationship between vehicle speed and vehicle yaw rate. If the turning 

radius is larger than the road radius of curvature, then the vehicle will never return to the road. 
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The second being that the total acceleration of the vehicle is limited to 1g by the friction between 

the tires and the road. This limit affects the maximum possible turning radius that the vehicle may make. 

Equation 9 shows the relationship with how this effect turning radius based and turning speed.  
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In the parted outcomes, the roadway radius was smaller than the turning radius of the vehicle 

calculated using Equation 2. In these scenarios, the roadway ñturns awayò from the vehicle faster than the 

vehicle can turn towards the road. Figure 48 shows a sample case overlaid on the original scene diagram 

that shows this relationship. When using equation 3 to calculate the maximum possible turning radius 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 that of the road.  

 
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 

5.6 Limitations 

Our study excluded cases with multiple departures. Additionally, this study assumed that the first 

impacted object was the only roadside object to be avoided, which may increase the effectiveness estimates. 

The simulation also assumed that no drivers would overcorrect and depart again. In addition, this study 

does not include other lane departure crash modes such as control loss and head-on crashes. 

For this analysis, the study assumed a uniform size for the impacted object across all trajectories. 

In reality, the object size varies greatly between case to case. This would then affect which case vehicles 

would crash and which case vehicles would miss the object as a small object is easier to miss than a larger 

one. This method of analysis would not be ideal for longitudinal barriers, in which the vehicle may be in 

contact for more than one trajectory point, however it does work well for trees/poles, which make up 68.8% 

the impacts used in this study. 

Another limitation to the study was that the friction coefficient is assumed to be constant for every 

case. This would affect a select few cases where road conditions, such as rain and snow, or a change in 

surface type decreased the turning/braking effects. This study did not account for the grade of the road 

which could alter the deceleration of the simulated vehicles. However, 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, and the shape 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 with the driver. Unless 

the investigator indicated the driver was distracted, the assumption was that the driver was attentive. This 

is a conservative assumption since every modeled system would deliver the warning later or at higher 

activation speed.  

There are a number 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 error, 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 monte 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 scenarios was 15%. However, 

more advanced LDW systems that could deliver warnings before leaving the lane had a higher predicted 

benefit of 22% to 29%. LDP systems performed the best and had an estimated effectiveness of 40%. Any 

system that could activate at lower speeds also had an increased benefit. The LDP systems, which could 

activate up to 1 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 cases where the 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 return to the road 

given the LDP systemôs steering limit. These four residual crash types should be the priority of future road 

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 estimate the reduction of DrOOL road departure crashes and 

injuries in the future due to LDW and LDP systems. 

6.2 Methodology 

6.2.1 Data Selection 

There were 81 vehicles in the simulation dataset from Chapter 5. After applying NASS/CDS 

sampling weights, this represented 29,315 real 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 5 (Figure 49). The model predicted that LDW systems would prevent between 15% and 45% of 

road departure crashes depending on the system configuration. LDP systems were more effective and were 

predicted to prevent up to 67% of road departure crashes. For any crash that was avoided in the model, the 

probability of injury was set to zero. Because the driver reacted to the warning system, the impact speed 

changed, which may have changed the probability of injury. 

 
Figure 49. Weighted percent of crashes avoided for each system model and activation speed. 
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6.2.3 Injury Model 

The probability of front occupant sustaining an MAIS 2+F injury for road departure crashes was 

estimated using the injury model developed by Bareiss using NASS/CDS frontal crashes [61]. The logistic 

injury model has seven inputs: delta-v, belt use, sex, age, crash compatibility, BMI, and striking location 

(Table 16). Higher injury severity models lacked enough injured cases to construct a detailed model of 

occupant injury. The injury model was constructed based on the injury data of front seat occupants 

at least 12 years old involved in a frontal crash with another vehicle. For road departure crashes, 

however, the subject vehicle impacted a roadside object not another vehicle. Thus, in road 

departure crashes the crash compatibility and striking location were zero. The delta-v for road 

departure crashes was estimated to be 67% of the impact velocity to match the actual number of 

injured occupants. Of the 81 simulated cases, 58 cases involving 71 occupants contained all the 

information necessary to utilize the injury model. Since the simulated cases were DrOOL road 

departure crashes, no cases involved control loss which could result in a side impact. If 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 Delta-V Delta-V (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 Ó65 1.070 0.492 0.031 

Crash Compatibility Car Struck LTV 1.222 0.368 0.001 

BMI BMI (kg/m2) 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 risk, or injury benefit, for multiple covariates was computed following 

Bruzziôs methodology, which applies the logistic model to the population with countermeasures [62]. For 

each simulated system configuration, the estimated number of injuries was computed using Equation 10 

below. The standard errors from the logistic model were used in the calculation to compute 95th percentile 

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. 

ὖὶὩὨὭὧὸὩὨ ὍὲὮόὶὭὩίὖὶέὦὥὦὭὰὭὸώ έὪ ὍὲὮόὶώὅzὥίὩ ὡὩὭὫὬὸ ρπ 
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6.2.5 Future Fleet Prediction 

The annual number of crashes in the US is related to the annual vehicle miles traveled (VMT) , 

which is an estimate of exposure. In 2015, there was an estimated 3.1 trillion miles traveled in the US [63]. 

The annual VMT historically increases by about one percent each year (Eq .11) [63]. Based on a 1% annual 

increase, the future annual VMT was estimated (Figure 50). 

ὊόὸόὶὩ ὠὓὝ  ὠὓὝ ρȢπρ ρρ 

 
Figure 50. Annual vehicle miles traveled (VMT) by year . 

In order to predict the number of crashes that could occur in the future, it was assumed that the 

crash rate, the number of crashes per VMT, remained constant (Eq. 12). The annual crash rate for DrOOL 

road departure crashes was computed based on the average annual number of crashes in NASS/CDS 2010 

to 2015. There were on average 131,923 road departure crashes annually (acctype = 1 or 6) involving a 

single passenger vehicle that did not rollover. The estimated crash rate for road departure crashes was 43.3 

crashes per billion VMT. The ratio of MAIS2+F injured front seat occupants was computed using the same 

methodology. In NASS/CDS, if the vehicleôs model year was greater than 10 years old, a full investigation 

was not performed. This means that the occupants of these old vehicles are missing injury information. To 

account for these injured occupants, the ratio of injured occupants to total occupants was assumed to remain 

constant between the known and unknown occupants. For road departure crashes, there were 130,786 

known front seat occupants at least 12 years old with 15,344 injured occupants resulting in an injury rate 

of 11.7%. Overall, there was an estimated 15,608 occupants injured in road departure crashes without a 

rollover. The estimated injured occupant rate for road departure crashes was 5.1 injured occupants per 

billion VMT. 
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The predicted number of future road departure crashes is dependent on the penetration of LDW 

systems into the US fleet. The fleet penetration of LDW was estimated by HLDI in 2018 [64] (Figure 51). 

 
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 the vehicle had LDW (Eq. 13). The same process was used to estimate 

the number of MAIS2+F injured front seat occupants (Eq. 14). In NASS/CDS, if the vehicleôs model year 

was greater than 10 years old, a full investigation was not performed. This means that the occupants of 

these old vehicles are missing injury information. To account for these injured occupants, it was assumed 

that the ratio of injured occupants to total occupants remained constant between the known and unknown 

occupants. 

ὖὶὩὨὭὧὸὩὨ ὅὶὥίὬὩί ὠὓὝzὅὶὥίὬ ὙὥὸὩzὒὈὡ ὉὪὪzὖὒὈὡ ρσ  
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6.3 Results 

6.3.1 Residual Injuries 

The 58 simulated crashes used to predict 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 baseline simulation, which represents the 

original crash outcome, the injury model predicted 3,060 MAIS 2+F injured occupants (Table 17). The 

expanded activation speed systems had a small increase in injured occupant reduction compared to the base 

system. The injury reduction is modest since the additional crashes prevented with the expanded activation 
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threshold are at low impact velocities and have a lower probability of an MAIS2+F injured occupant. The 

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 did not result in an injury. 

Table 17. The predicted injury benefit for each simulated system. 

Simulation 
Percent Crash 

Reduction 

MAIS 2+F Injured 

Occupants with CI 

Percent MAIS 2+F Injured 

Occupant Reduction with CI 

Baseline 0% 3,060 ± 570 0% 

LDW 15% 2,540 ± 200 17% ± 17% 

LDW with 

Expanded Speed 
22% 2,510 ± 200 18% ± 17% 

Advanced LDW 22% 1,950 ± 160 36% ± 13% 

Advanced LDW with 

Expanded Speed 
34% 1,910 ± 160 37% ± 13% 

HMI LDW  29% 1,680 ± 150 45% ± 11% 

HMI LDW with 

Expanded Speed 
45% 1,630 ± 150 47% ± 11% 

LDP 40% 1,280 ± 370 58% ± 14% 

LDP with 

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

6.3.2 Future Fleet Benefit 

Using the 67% crash effectiveness of LDP with the expanded activation speed for road departure 

crashes and the market penetration, an estimated 26.1% of crashes will be prevented in 2025 (Figure 52). 

The predicted number of MAIS2+F injuries was reduced by 23.3% by 2025 (Figure 53). 

 
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 estimated 107,851 road departure crashes with LDP resulting in 13,229 

MAIS2+F injured occupants assuming an increasing VMT (Figure 54 and Figure 55). 

 
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 systems, which can activate before leaving the roadway, has the potential 

to greatly reduce the number of DrOOL road departure crashes and their resulting injuries. The crash and 

injury prediction for increasing VMT was always higher than for a constant VMT because it was assumed 

that the number 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 increase. Continued development of road departure prevention 

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

6.4.1 Validation 

The CISS dataset from 2017 to 2019 was used to identify DrOOL road departure crashes to 

understand how the future predictions 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 reference (Table 18). Since CISS has 

a slightly different sample population, NHTSA provided a new variable for case year 2019 that allows a 

CDS equivalent population to be determined. In general, the estimated crashes and injuries in CISS are 

higher than the predicted values 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 occupant injury outcomes 

because they resampled if the injuries in recent vehicles were unknown. Within CISS, the number of tow-

away DrOOL road departure crashes changed by over 45,000 crashes.  The large variance in CISS cases 

makes it challenging to compare with the prediction 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 

(Actual) 

Prediction 

(Constant VMT) 

Prediction (Increasing 

VMT) 

 Crashes MAIS2+F 

Injured 

Crashes MAIS2+F 

Injuries 

Crashes MAIS2+F 

Injured 

2010-2015 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 

(CDS Equivalent) 

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

6.4.2 Limitations 

The injury model predictions are largely dependent on the delta-v of the frontal crash. Because 

roadside objects have varying geometry, mass, and deformation extents, estimating the delta-v is often 

unclear. The impact speeds were scaled to estimate the delta-v to match the actual crash injury outcomes in 

the baseline configuration. 

The simulations assumed the LDP system was always activated and the driver would not intervene 

during the automated steering. In some real LDP systems, the system deactivates if the driver 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.  

These predictions assumed that the VMT, the number of crashes, 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 world-wide 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 LDW systems would be phased out. 

6.5 Conclusions 

LDW was predicted to reduce the number of injured front occupants by 17% in road departure 

crashes. LDW/LDP systems that activate earlier or at lower speed thresholds had higher injury benefits. 

The best system, LDP with expanded activation speed, was predicted to reduce the number of injured front 

seat occupants by 60%. In 2025, there will be an estimated 26% reduction in road departure crashes and a 

23% reduction in injured front seat occupants due to the market penetration of these systems. 
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7 CHARACTERIZATION OF HEAD-ON CRASHES 

7.1 Purpose 

The objective of chapter 7 was to determine the frequency of and to characterize head-on crashes 

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

7.2 Approach 

7.2.1 Data Selection 

All recorded opposite direction crashes that occurred between 2011 and 2015 were extracted from 

NASS/GES, NASS/CDS, and FARS. These 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 and cross-centerline head-on 

crashes (Figure 56). Fatal and moderate injury crashes were overrepresented among cross-centerline head-

on crashes. In contrast, sideswipe crashes were much less likely to result in a moderate to fatal injury. 

Therefore, for the remainder of this dissertation, cross-centerline crashes will be the focus (Table 19).  

 
Figure 56. The distribution of opposite direction crash types. 
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Table 19. Number of analyzed cases across each of the datasets. 

Dataset Population 
Injury 

Severity 

Weighted Crashes  

(unweighted) 

Weighted Occupants  

(unweighted) 

NASS/GES 
All Police-Reported 

DrOOL Crashes 
All  

171,082 

(3,045) 

481,941 

(8,763) 

NASS/CDS 
Tow-Away DrOOL 

Crashes 
MAIS 3+F 

13,711 

(136) 

16,553 

(171) 

FARS 

DrOOL Crashes with a 

Fatally Injured 

Occupant 

Fatal 12,695 15,765 

 

7.2.2 Analyzed Parameters 

For every DrOOL head-on 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 case since every vehicle and occupant in the crash interacts with a 

road/environment.  

Table 20. Data elements for in-depth characterization. 
 Characteristic Factors Data Source 

Crash Causation 

Road/Environment 

Speed Limit 

Road Alignment 

Number of Lanes 

Weather Condition 

Surface Condition 

Roadway Lighting 

All  

All  

All  

All  

All  

All  

Driver 

Avoidance Maneuver 

Demographics (age, sex) 

Alcohol Involvement 

Drug Involvement 

Pre-crash Avoidance 

Maneuvers 

All  

All  

All  

All  

All  

All  

Injury Causation 

Vehicle 
Model Year 

Rollover 

All  

All  

Occupants 

Demographics (age, sex) 

Belt Use 

Ejection 

Seat Location 

All  

All  

All  

All  
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7.3 Results 

Fatal head-on crashes were overrepresented on 55 mph roads and underrepresented at speeds 

below 35 mph (Figure 57). This may be due to the fact that slower moving vehicles likely have a 

lower crash delta-v, which reduces the chance of a fatal injury. Most head-on crashes occur on 

straight sections of roads (Figure 58). 

 
Figure 57. Distribution of speed limit among cross-centerline head-on crashes. 

 
Figure 58. Distribution of road alignment for cross-centerline head-on crashes. 
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Two-lane roads were the most common location of head-on crashes but these roads are also one of 

the most common roadway types in the US (Figure 59). Following the NASS/CDS definition, this counts 

all lanes on undivided roads and the lanes in the same direction for divided roads. Unlike road departure 

crashes in Chapter 1, more than half of all head-on crashes occurred during the day (Figure 60). 

 
Figure 59. The number of lanes for head-on crashes. 

 
Figure 60. Distribution of lighting conditions in head-on crashes. 

Most crashes occurred during typical clear days with dry roads (Figure 61 and Figure 62). 
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Figure 61. Weather conditions during head-on crashes. 

 
Figure 62. Surface conditions during head-on crashes. 
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In almost all head-on cases in FARS, NASS/CDS, and NASS/GES, there was either no evasive 

maneuver or the maneuver was unknown (Figure 63). Because of the lack of insight from these datasets, 

Chapter 4 will characterize the evasive actions using EDR information. Rollovers occur after less than 2% 

of all head-on crashes (Figure 64).  

 
Figure 63. Distribution of evasive maneuvers for head-on crashes. 

 
Figure 64. Occurrence of rollovers after head-on crashes. 

 



 

65 

  

The age distribution of drivers involved in head-on crashes is relatively evenly distributed 

between the ages of 25 and 70 years old (Figure 65). Fatally injured drivers tend to be older than 

the general driver population involved in these head-on crashes. Male drivers were more 

frequently involved in a head-on crash (Figure 66). 

 
Figure 65. Age distribution of drivers involved in head-on crashes. 

 
Figure 66. Sex of drivers involved in head-on crashes. 
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More severe crashes were overrepresented among cases that involved alcohol or other impairing 

drugs (Figure 67 and Figure 68). 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. 

 
Figure 67. Percentage of head-on crashes involving alcohol. 

 
Figure 68. Percentage of head-on crashes involving other impairing drugs. 
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Before the centerline crossing event, nearly all drivers in a head-on crash were not attempting any 

maneuver such as turning on to a new road (Figure 69). The model year of vehicles in fatal head-on crashes 

is essentially the same as the model year of all DrOOL road departure crashes (Figure 70). CDS does not 

follow the same curve because NHTSA purposely sampled vehicles that were less than 10 years old. 

 
Figure 69. Distribution of driver maneuvers before the centerline crossing event. 

 
Figure 70. Model year distribution for vehicles involved in head-on crashes. 
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Nearly three-quarters of the occupants in head-on crashes are in the driver seat (Figure 71). Since 

most of these vehicles contain a single occupant, there is a drastic increase in the frequency of drivers after 

occupants reach licensing age (Figure 72). Similar to the driver age distribution, more severe crashes tended 

to have older occupants. 

 
Figure 71. Distribution of occupant seating locations during head-on crashes. 

 

 
Figure 72. Age distribution of occupants involved in head-on crashes. 
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Moderate to fatally injured occupants were more likely to be unbelted during head-on crashes 

(Figure 73). Occupants were rarely ejected during head-on crashes (Figure 74). 

 
Figure 73. Distribution of occupant belt use during head-on crashes. 

 
Figure 74. Occurrence of occupant ejection during head-on crashes. 
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Similar to the distribution for drivers, most of the occupants in head-on crashes were male (Figure 

75).  

 
Figure 75. Distribution of occupant sex in head-on crashes 

7.4 Conclusions 

Most cross-centerline head-on crashes occur on straight two-lane roads on clear days. Older drivers 

are more likely to receive moderate to fatal injuries during the head-on crash. These crash datasets did not 

contain much information regarding driver evasive actions before head-on collision. This topic will be 

explored in more detail in Chapter 8 and in Chapter 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 determine the evasive actions taken by the drivers and to develop 

a driver behavior model for both the encroaching and impacted drivers. 

8.2 Approach 

8.2.1 Data Selection 

To be included in this study, NASS/CDS cases with supplemental data in the cross-centerline 

database must have EDR information available for either the encroaching or impacted vehicle. To ensure 

that the EDR event recorded corresponds to the impact described in the NASS/CDS case, only those cases 

in which the EDR either recorded an airbag deployment or had a delta-v greater than 8 kph were selected 

[4, 45]. When an airbag deploys, the data is locked into the EDR and cannot be overwritten by lower severity 

impacts. A delta-v 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 EDR events align with 

the NASS/CDS events, the first event in the NASS/CDS case must have the largest delta-v. This selection 

criteria is the same as that used by Scanlon to analyze intersection crashes [45]. The case selection criteria 

are summarized in Table 21. There were 157 vehicles with valid EDR information available. However, 

every EDR did not contain all the variables of interest. 

Table 21. Case selection. 

 

Number of 

Encroaching 

Vehicles 

Weighted 

Number of 

Encroaching 

Vehicles 

Number of 

Impacted 

Vehicles 

Weighted 

Number of 

Impacted 

Vehicles 

NASS/CDS 2011-

2015 Head-On 
13,826 6,350,944 13,826 6,350,944 

Cross-centerline 

Collision 

Database 

181 58,219 183 58,222 

EDR Valid 62 15,971 95 33,974 

EDR Speed 

Available 
62 15,971 94 33,240 

EDR Braking 

Available 
61 15,710 95 33,974 

EDR Yaw Rate 

Available 
10 2,394 17 5,043 
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8.2.2 Data Analysis 

The analyses of the cross-centerline collisions were separated into two groups: the encroaching and 

impacted vehicle. The departure angle was measured from the scene diagram and was defined as the angle 

between the path of the vehicle center of gravity and the line tangent to the lane line at the first lane 

departure. For example, if the encroaching vehicle crosses multiple lanes before the centerline, the departure 

angle was measured at the first lane departure not at the centerline. The distance to impact from the first 

lane departure was measured as the straight-line distance from the point of departure to the point of impact. 

The information recorded by EDRs vary by manufacturer and module type. All EDRs record five 

seconds of pre-crash information. However, 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 impact [45]. A few EDRs do record a measurement at the 

moment of impact but it is not necessarily 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 impact time. The travel speed 

was assumed to be the first measured speed.  

Each case was examined for evidence of braking or steering maneuvers. For the EDRs that recorded 

brake activation, the brake activation was used to determine whether the driver braked before the crash. 

However, brake activation does not indicate the magnitude of 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 impacted vehicles 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 the crash. Evasive steering was defined as 

a yaw rate greater than 4 deg/s [35] or a steering wheel angle of 17.5 degrees (Chapter 4). Drivers that 

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 summarized in Table 22. 

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

Evasive 

Action 
Role 

Action 

Performed 

Cases 

Available 

Percent 

of Cases 

Action 

Performed 

(weighted) 

Weighted 

Cases 

Percent of 

Weighted 

Cases 

Brake 

Encroaching 29 61 47.5% 7,229 15,710 46.0% 

Impacted 76 95 80% 26,230 33,974 77.2% 

Total 105 156 67.3% 33,458 49,584 67.5% 

Yaw 

Encroaching 5 10 50.0% 1,878 2,394 78.4% 

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 cases where both vehicles had braking information. 

The majority of impacted vehicles did perform a braking maneuver before the crash (Table 23). In contrast, 

the majority of encroaching vehicles did not brake before impact. 

Table 23. Evasive maneuvers for cases in which EDRs were available from both vehicles. 

Evasive 

Action 
Role 

Action 

Performed 

Cases 

Available 

Percent 

of Cases 

Action 

Performed 

(weighted) 

Weighted 

Cases 

Percent of 

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 were 18 cases representing 5,933 crashes with both steering and braking data. The majority 

of impacted drivers responded by steering and braking (Table 10). The impacted vehicle was more likely 

to respond by either braking or steering and braking than the encroaching vehicle.  

Table 24. Combination of evasive maneuvers. 

Evasive Action Vehicle Role 
Action 

Performed 

Percent of 

Cases 

Action 

Performed 

(weighted) 

Percent of 

Weighted 

Cases 

No Avoidance 

Encroaching 4 40.0% 394 16.5% 

Impacted 0 0.0% 0 0.0% 

Total 4 22.2% 394 6.7% 

Brake and Steer 

Encroaching 3 30.0% 1,333 55.7% 

Impacted 11 64.7% 3,731 74.0% 

Total 14 77.8% 5,065 85.4% 

Steer Only 

Encroaching 2 20.0% 544 22.7% 

Impacted 2 11.8% 323 6.4% 

Total 4 22.2% 868 14.6% 

Brake Only 

Encroaching 1 10.0% 121 5.1% 

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 cross-centerline crashes ï 49.3% of encroaching vehicles and 31.2% of impacted 

vehicles ï the vehicle was travelling faster than the speed limit (Figure 76). In 26 of the 62 cases, the 

encroaching vehicle was travelling more 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 vehicle (Figure 77). Overall, the 

distributions of impact speeds are similar for both the encroaching and impacted vehicles. 

 
Figure 76. Vehicle speed compared to the posted speed limit. Cases above the lower line 

represent vehicles travelling faster than the posted speed limit. Cases above the upper line 

represent vehicles travelling more than 5 kph faster than the posted speed limit. 

 
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 studies [65]. This is likely due to the fact that all case in NASS/CDS are 

crashes, which is not the case in naturalistic data sets. 

 
Figure 78. Distribution of departure angles. 

Every encroaching vehicle that performed a steering maneuver before the impact, steered back 

toward their original lane of travel (Table 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 vehicle performed a harder evasive steering maneuver with a median 

magnitude of 25 deg/s compared to only 11.7 deg/s by the impacted vehicle (Figure 79). 

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

Steering 

Direction 
Role 

Action 

Performed 

Cases 

Available 

Percent 

of Cases 

Action 

Performed 

(weighted) 

Weighted 

Cases 

Percent of 

Weighted 

Cases 

Left 
Encroaching 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% 

 



 

76 

  

 
Figure 79. Distribution of the maximum yaw rates for 5 encroaching vehicles and 13 

impacted vehicles that 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 change in velocity. The average deceleration of the vehicle due to braking was 

0.3 g (Figure 80). This is half of the 0.58 g evasive braking present in intersection crashes [45]. The evasive 

braking deceleration was much lower for cross-centerline crashes than road departure crashes, which may 

indicate less time to react. There was very little difference in the deceleration between the encroaching and 

impacted vehicles.  

 
Figure 80. Vehicle deceleration from braking before impact for 29 encroaching vehicles and 

76 impacted vehicles. 
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Of the vehicles that performed a braking maneuver before impact, the median brake duration was 

1.0 s for the encroaching vehicle and 0.6 s for the impacted vehicle (Figure 81). 

 
Figure 81. The distribution of braking duration for  29 encroaching vehicles and 76 impacted 

vehicles that performed a braking maneuver. 

The distribution of vehicle decelerations during the final braking event is shown in Figure 82. The 

median deceleration was 0.56 g for the encroaching vehicle and 0.32 g for 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 be 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 event for  29 encroaching 

vehicles and 76 impacted vehicles. 

The median impact speed was 40.3 kph for the encroaching vehicle and 38.0 kph for the impacted 

vehicle (Figure 83). The median delta-v was 17.2 kph for the encroaching vehicle, which is about half of 

the impact speed (Figure 84). The median delta-v of 12.4 kph was lower for the impacted vehicle than the 

encroaching vehicle. 

 
Figure 83. Distribution of single vehicle road departure impact speeds. 
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Figure 84. Distribution of single vehicle road departure crash impact delta-v. 

All of the trajectories of the encroaching and impacted vehicles are shown in Figure 85. 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 trajectories in Figure 86. Over 25% of cross-centerline crashes occurred within 1m of 

the centerline. 

 
Figure 85. Trajectories of vehicles involved in cross-centerline vehicle-to-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 this case a 73-year-old female was 

driving a 2011 Chevrolet HHR through a construction zone on a rural two-lane highway (Figure 87). The 

vehicle departed the lane and impacted a 2010 Ford E-Series van driven by a 25-year-old 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 about the same speed 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. 

 


































































































































































































